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Summary 
A complex interplay of material, mechanical, and biological factors governs the 

performance of bone implants and scaffolds. Key determinants include surface func-

tionalization, Young’s modulus of the base material (e.g., metals, or polymers), mor-

phometric properties (e.g., curvature, porosity), mechanical features (e.g., effective 

elastic modulus, and Poisson’s ratio, defined as the negative ratio of transverse strain 

to longitudinal strain), and mass transport parameters (e.g., permeability). All these 

properties are often designed to enhance osseointegration significantly within the con-

text of both bone replacement and regeneration. Regarding Poisson’s ratio, auxeticity 

(i.e., negative values of Poisson’s ratio) is a distinct property of trabecular bone, which 

assumes a high relevance for implant design.  

To address these challenges, meta-biomaterials offer a unique opportunity to tune 

all the above-mentioned properties, enhancing the rate of tissue regeneration. These 

designer materials derive their effective properties mainly from their engineered mi-

croarchitecture rather than solely from their material composition. This has led to the 

development of meta-implants, a new generation of bone implants that exhibit rare or 

unprecedented functionalities. Conventional solid hip joint implants are mainly under 

mechanical bending, and due to their design, a physical gap may be created between 

the surrounding bone and the implant in such conventional implants. Under such cir-

cumstances, the particles released from the bearing surfaces may enter the gap and 

trigger an inflammatory response, replacing the bone tissue with fibrous tissue around 

the implant, a process known as osteolysis. On the other hand, meta-implants minimize 

the risk of such physical gaps between the surrounding bone and implants, thereby re-

ducing the risk of implant loosening. 

While the next generation of “hip meta-implants” addresses this issue by using 

auxeticity to minimize the risk of gaps forming, a fundamental challenge remains: 

“How can the effects of auxeticity on cell and tissue response be studied in isolation 

from many intrinsically coupled properties of meta-biomaterials (e.g., elastic/shear 

moduli, porosity, pore size, permeability)?”  This question forms the core of my disser-

tation, which focuses on decoupling Poisson’s ratio from interdependent scaffold prop-

erties to achieve tunable auxetic behavior while preserving structural and functional 

integrity. Beyond structural design, understanding how Poisson’s ratio influences bone 

cell mechanobiology is vital for ensuring meta-implants promote healthy tissue regen-

eration. This leads to a key sub-question: “How does Poisson’s ratio affect bone cell 

response in meta-biomaterials?” Exploring this extends the research into the biological 

implications of meta-biomaterials.  

Addressing these challenges demands an interdisciplinary approach, including i. 

mechanical design to isolate Poisson’s ratio from all other scaffold properties, ii. 
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additive manufacturing (AM) of meta-biomaterials and their mechanical characteriza-

tions, iii. bone cell culture of meta-biomaterials and their cellular assessments, and iv. 

creating shape-morphing meta-biomaterials via 4D bioprinting for prospective dy-

namic cell culture studies.   

After the introductory Chapter 1, we review auxeticity as a mechanobiological 

tool to create meta-biomaterials in Chapter 2. More specifically, we focus on the ef-

fects of Poisson’s ratio (negative to positive values) on the (bone) cell responses. We 

also briefly discuss how Poisson’s ratio can influence the cell response in meta-bio-

materials under dynamic conditions. 

In Chapter 3, we report on the development of 3D meta-biomaterials featuring 

Poisson’s ratios within the range of -0.74 and +0.74. The Poisson’s ratio of these meta-

biomaterials is nearly isolated from other parameters, including porosity, pore size, and 

effective elastic modulus. The 3D meta-biomaterials featuring complicated microarchi-

tectures are additively manufactured using two-photon polymerization (2PP). We also 

characterize their mechanical properties at the microscale under compression loading. 

The meta-biomaterials are seeded with murine preosteoblast cells using in vitro cell 

culture models to assess their interaction with cells. Meta-biomaterials with positive 

Poisson’s ratios (PPRs) resulted in higher metabolic activity and larger cell-induced de-

formations than those with negative values. We also study the osteogenic differentia-

tion of the preosteoblast cells seeded on the meta-biomaterials using Runx2 immuno-

fluorescence staining and matrix mineralization (i.e., Alizarin red staining) assays. The 

outcome indicate that the meta-biomaterials provide an environment for the preosteo-

blast cells to differentiate, showing the significant potential impact of 3D meta-bio-

materials in engineering the bone tissue. However, the main drawback of the study in 

this Chapter was the partial isolation of the Poisson’s ratio.  

In the subsequent research in Chapter 4, we improved the isolation of the Pois-

son’s ratio using a systematic multi-objective design approach. This Chapter focuses on 

computational modeling and design of meta-biomaterials with extensive simulations 

to isolate the Poisson’s ratio as much as possible. We introduce non-stochastic unit cells 

featuring reduced anisotropy with three orthotropic planes of symmetry, making isola-

tion of Poisson’s ratio less challenging. To explore the design space of our meta-bio-

materials, we explicitly establish the required geometrical relationships and thus gen-

erated 43,000 number of designs. The generated meta-biomaterials are simulated us-

ing a numerical homogenization method based on a 3D voxelization approach. We suc-

cessfully isolate the Poisson’s ratio from other mechanical properties (i.e., effective 

elastic and shear moduli and anisotropy level), morphological properties (i.e., relative 

density, pore size, tortuosity, surface-to-volume ratio, and connectivity) and mass 

transport parameters (i.e., permeability) with an average deviation below 9% using a 

multi-objective optimization technique. The 3D meta-biomaterials are selectively 
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fabricated using PolyJet 3D printing and 2PP techniques at the macro- and microscales, 

respectively. We also characterize their mechanical properties by measuring their ef-

fective elastic modulus, to validate the predictions of our computational models.  

Chapter 5 focuses on the dynamic aspect of this research project, namely, 4D 

bioprinting in biomedical applications, particularly in bone tissue engineering. This is 

because meta-implants and meta-biomaterials are under dynamic loading and defor-

mation in cell culture environments. Therefore, in this chapter and Chapter 6, we aim 

to understand “how does 4D printing create dynamic meta-biomaterials?”. Chapter 5 

first provides the various types of smart (bio)materials, external stimuli, and mechani-

cal design used in 4D bioprinting. Then, we critically review the biomedical applications 

of 4D printing and discuss biomedical research’s future directions. These directions in-

clude in vivo tissue engineering, multi material implementations with reversible shape 

morphing, fast responses, micro scalability, remote activation, and the applications of 

multi-physics-based modeling and machine learning to predict the structure-property 

and design–shape morphing relationships of 4D (bio)printed constructs. 

In Chapter 6, we take a step forward through 4D printing of dynamic microstruc-

tures, such as meta-biomaterials, via 2PP from a biocompatible poly(N-isopropy-

lacrylamide), pNIPAM,-based hydrogel. Systematic studies were first performed to 

evaluate the correlation between the printing parameters (i.e., laser power, scanning 

speed, and hatching angle) and the density of pNIPAM components (i.e., monomer and 

crosslinker) in terms of shape morphing and printability. The thermomechanical prop-

erties of the hydrogels, including the elastic modulus, thermal expansion coefficients, 

and angular deflection, were also measured at different printing doses and activation 

temperatures. Based on these experimental characterizations, we developed a thermo-

mechanical model to predict shape morphing in 4D printed soft microstructures under 

the applications of soft grippers, drug delivery systems, and meta-biomaterials.  

Chapter 7 provides conclusions and recommendations regarding the promising 

avenues for future research. Our research has opened a new pathway in bone tissue 

engineering, particularly when developing meta-implants. We concluded that isolating 

Poisson’s ratio from other mechanical, morphometric, and mass transport properties 

is possible. Second, the Poisson’s ratio significantly affects the bone cell response, in-

cluding metabolic activity, cell adhesion, cell morphology, and cell differentiation. 

Moreover, it is possible to create meta-biomaterials with shape-morphing capability 

such that their Poisson’s ratio changes over time. 
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Samenvatting 
Een complex samenspel van materiaal, mechanische en biologische factoren be-

paalt de prestaties van botimplantaten en scaffolds. Belangrijke determinanten zijn on-

der meer oppervlaktefunctionaliteit, de Young-modulus van het basismateriaal (bijv., 

metalen of polymeren), morfometrische eigenschappen (bijv. kromming, porositeit), 

mechanische kenmerken (bijv. effectieve elasticiteitsmodulus en Poisson’s ratio, gede-

finieerd als de negatieve verhouding van transversale rek tot longitudinale rek), en 

massatransportparameters (bijv., permeabiliteit). Al deze eigenschappen zijn vaak ont-

worpen om osseointegratie significant te verbeteren in de context van zowel botvervan-

ging als regeneratie. Wat de Poisson’s ratio betreft, is auxeticiteit (d.w.z., negatieve 

waarden van de Poisson’s ratio) een kenmerkende eigenschap van trabeculair bot, die 

zeer relevant is voor het ontwerp van implantaten. 

Om deze uitdagingen aan te pakken, bieden meta-biomaterialen een unieke kans 

om alle bovengenoemde eigenschappen af te stemmen, waardoor de snelheid van weef-

selregeneratie wordt verbeterd. Deze ontworpen materialen ontlenen hun effectieve ei-

genschappen voornamelijk aan hun ontworpen microarchitectuur in plaats van uitslui-

tend aan hun materiaalsamenstelling. Dit heeft geleid tot de ontwikkeling van meta-

implantaten, een nieuwe generatie botimplantaten die zeldzame of ongekende functio-

naliteiten vertonen. Conventionele massieve heupgewricht implantaten staan voorna-

melijk onder mechanische buiging, en door hun ontwerp kan er een fysieke kloof ont-

staan tussen het omliggende bot en het implantaat in dergelijke conventionele implan-

taten. Onder dergelijke omstandigheden kunnen de deeltjes die vrijkomen van de lage 

oppervlakken de kloof binnendringen en een ontstekingsreactie uitlokken, waarbij het 

botweefsel wordt vervangen door fibreus weefsel rond het implantaat, een proces dat 

bekend staat als osteolyse. Aan de andere kant minimaliseren meta-implantaten het 

risico op dergelijke fysieke kloven tussen het omliggende bot en de implantaten, waar-

door het risico op losraken van het implantaat wordt verminderd. 

Terwijl de volgende generatie “heup meta-implantaten” dit probleem aanpakt 

door auxeticiteit te gebruiken om het risico op het ontstaan van kloven te minimalise-

ren, blijft er een fundamentele uitdaging: “Hoe kunnen de effecten van auxeticiteit op 

de cel- en weefselrespons worden bestudeerd in isolatie van de vele intrinsiek gekop-

pelde eigenschappen van meta-biomaterialen (bijv., elastische/schuifmoduli, porosi-

teit, poriegrootte, permeabiliteit)?” Deze vraag vormt de kern van mijn proefschrift, 

dat zich richt op het ontkoppelen van de Poisson’s ratio van onderling afhankelijke 

scaffold-eigenschappen om instelbaar auxetisch gedrag te bereiken met behoud van 

structurele en functionele integriteit. Naast structureel ontwerp is het begrijpen hoe de 

Poisson ratio de mechanobiologie van botcellen beïnvloedt van vitaal belang om ervoor 

te zorgen dat meta-implantaten gezonde weefselregeneratie bevorderen. Dit leidt tot 

een belangrijke deelvraag: “Hoe beïnvloedt de Poisson’s ratio de respons van botcellen 
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in meta-biomaterialen?” Het verkennen hiervan breidt het onderzoek uit naar de bio-

logische implicaties van meta-biomaterialen. 

Het aanpakken van deze uitdagingen vereist een interdisciplinaire benadering, 

waaronder: i. mechanisch ontwerp om ’de Poisson’s ratio te isoleren van alle andere 

scaffold-eigenschappen, ii. additieve manufacturing (AM) van meta-biomaterialen en 

hun mechanische karakteriseringen, iii. botcelcultuur van meta-biomaterialen en hun 

cellulaire beoordelingen, iv. het creëren van vormveranderende meta-biomaterialen 

via 4D-bioprinten voor prospectieve dynamische celcultuurstudies. 

Na het inleidende Hoofdstuk 1 bespreken we in Hoofdstuk 2 auxeticiteit als 

een mechanobiologisch tool om meta-biomaterialen te creëren. Meer specifiek richten 

we ons op de effecten van de Poisson’s ratio (van negatieve tot positieve waarden) op 

de respons van (bot)cellen. We bespreken ook kort hoe de Poisson’s ratio de celrespons 

in meta-biomaterialen onder dynamische omstandigheden kan beïnvloeden. 

In Hoofdstuk 3 rapporteren we over de ontwikkeling van 3D meta-biomateria-

len met Poisson ratios in het bereik van -0,74 tot +0,74. De Poisson’s ratio van deze 

meta-biomaterialen is bijna geïsoleerd van andere parameters, waaronder porositeit, 

poriegrootte en effectieve elasticiteitsmodulus. De 3D meta-biomaterialen met gecom-

pliceerde microarchitecturen worden additief vervaardigd met behulp van two-photon 

polymerization (2PP). We karakteriseren ook hun mechanische eigenschappen op mi-

croschaal onder compressiebelasting. De meta-biomaterialen worden bezaaid met mu-

rine preosteoblast cellen met behulp van in vitro celcultuurmodellen om hun interactie 

met cellen te beoordelen. Meta-biomaterialen met positieve Poisson’s ratios (PPRs) re-

sulteerden in hogere metabole activiteit en grotere, door-cellen-veroorzaakte vervor-

mingen dan die met negatieve waarden. We bestuderen ook de osteogene differentiatie 

van de preosteoblast cellen die op de meta-biomaterialen zijn gezaaid met behulp van 

Runx2 immunofluorescentie staining en matrix mineralisatie (d.w.z., Alizarin red stai-

ning) assays. De uitkomsten geven aan dat de meta-biomaterialen een omgeving bieden 

voor de preosteoblast cellen om te differentiëren, wat de significante potentiële impact 

van 3D meta-biomaterialen aantoont in het engineeren van botweefsel. Echter, het be-

langrijkste nadeel van de studie in dit Hoofdstuk was de gedeeltelijke isolatie van de 

Poisson ratio.  

In het daaropvolgende onderzoek in Hoofdstuk 4 hebben we de isolatie van de 

Poisson’s ratio verbeterd met behulp van een systematische multi-objectieve ontwerp-

aanpak. Dit hoofdstuk richt zich op computationele modellering en ontwerp van meta-

biomaterialen met uitgebreide simulaties om de Poisson’s ratio zo veel mogelijk te iso-

leren. We introduceren niet-stochastische eenheidscellen met verminderde anisotropie 

en drie orthotrope symmetrievlakken, waardoor de isolatie van de Poisson’s ratio min-

der uitdagend wordt. Om de ontwerpruimte van onze meta-biomaterialen te verken-

nen, hebben we expliciet de vereiste geometrische relaties vastgesteld en zo 43,000 

ontwerpen gegenereerd. De gegenereerde meta-biomaterialen worden gesimuleerd 
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met behulp van een numerieke homogenisatie methode gebaseerd op een 3D voxeliza-

tion benadering. We isoleren succesvol de Poisson’s ratio van andere mechanische ei-

genschappen (d.w.z., effectieve elasticiteits- en schuifmoduli en anisotropie niveau), 

morfologische eigenschappen (d.w.z. relatieve dichtheid, poriegrootte, tortuositeit, op-

pervlak-tot-volume verhouding en connectiviteit) en massatransportparameters 

(d.w.z., permeabiliteit) met een gemiddelde afwijking van minder dan 9% met behulp 

van een multi-objectieve optimalisatietechniek. De 3D meta-biomaterialen worden se-

lectief vervaardigd met behulp van PolyJet 3D printen en 2PP technieken op respectie-

velijk macro- en microschaal. We karakteriseren ook hun mechanische eigenschappen 

door hun effectieve elasticiteitsmodulus te meten, om de voorspellingen van onze com-

putationele modellen te valideren. 

Hoofdstuk 5 richt zich op het dynamische aspect van dit onderzoeksproject, na-

melijk 4D bioprinten in biomedische toepassingen, met name in botweefsel enginee-

ring. Dit is omdat meta-implantaten en meta-biomaterialen onder dynamische belas-

ting en vervorming staan in celcultuuromgevingen. Daarom streven we in dit hoofdstuk 

en Hoofdstuk 6 ernaar te begrijpen “hoe creëert 4D printen dynamische meta-bioma-

terialen?”. Hoofdstuk 5 geeft eerst de verschillende soorten smart (bio)materialen, ex-

terne stimuli en mechanisch ontwerp die worden gebruikt in 4D bioprinten. Vervolgens 

beoordelen we kritisch de biomedische toepassingen van 4D printen en bespreken we 

de toekomstige richtingen van biomedisch onderzoek. Deze richtingen omvatten in vivo 

tissue engineering, multimateriaal implementaties met omkeerbare shape morphing, 

snelle respons, microschaalbaarheid, activering op afstand, en de toepassingen van 

multifysica modellering en machine learning om de structuur-eigenschap en ontwerp-

vormverandering relaties van 4D (bio)geprinte constructen te voorspellen. 

In Hoofdstuk 6 zetten we een stap voorwaarts door 4D printen van dynamische 

microstructuren, zoals meta-biomaterialen, via 2PP van een biocompatibele poly(N-

isopropylacrylamide), pNIPAM,-gebaseerde hydrogel. Systematische studies werden 

eerst uitgevoerd om de correlatie te evalueren tussen de printparameters (d.w.z., laser-

vermogen, scansnelheid en hatching angle) en de dichtheid van pNIPAM componenten 

(d.w.z., monomeer en crosslinker) in termen van shape morphing en printbaarheid. De 

thermomechanische eigenschappen van de hydrogels, inclusief de elasticiteitsmodulus, 

thermische uitzettingscoëfficiënten en hoekafwijking, werden ook gemeten bij verschil-

lende printdoses en activeringstemperaturen. Op basis van deze experimentele karak-

teriseringen hebben we een thermomechanisch model ontwikkeld om shape morphing 

in 4D-geprinte zachte microstructuren te voorspellen onder de toepassingen van soft 

grippers, drug delivery systems en meta-biomaterialen.  

Hoofdstuk 7 biedt conclusies en aanbevelingen met betrekking tot de veelbelo-

vende wegen voor toekomstig onderzoek. Ons onderzoek heeft een nieuwe weg geopend 

in botweefsel engineering, met name bij het ontwikkelen van meta-implantaten. We 
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concludeerden dat het isoleren van de Poisson’s ratio van andere mechanische, mor-

fometrische en massatransporteigenschappen mogelijk is. Ten tweede beïnvloedt de 

Poisson’s ratio significant de respons van botcellen, inclusief metabole activiteit, celad-

hesie, celmorfologie en celdifferentiatie. Bovendien is het mogelijk om meta-biomate-

rialen te creëren met shape-morphing capaciteit zodanig dat hun Poisson’s ratio in de 

loop van de tijd verandert. 
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1 Introduction 

“We shall not cease from exploration 

and the end of all our exploring 

will be to arrive where we started 

and know the place for the first time.” 

 

Little Gidding, T.S. Eliot 
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1.1 Background 

Orthopedic implants, particularly those used in hip replacements, may suffer from 

inflammatory responses, osteolysis, and poor osseointegration, especially in older pa-

tients, leading to bone-implant interface failures [1]. This challenge stems from the fact 

that traditional solid or porous implants fail to match the mechanical properties (e.g., 

elastic modulus) of native bone tissue as well as suboptimal bone-implant interface 

conditions. Over time, these factors may lead to aseptic loosening and require further 

surgeries [2]. Moreover, traditional implants are not tailored to individual patients. 

Therefore, there is no guarantee that they will perform optimally for every patient [3]. 

Finally, they might be costly and time-consuming in fabrication [3]. As a result, there 

is a growing need for advanced implant designs that better facilitate osseointegration, 

ultimately enhancing patients’ recovery and quality of life.  

One promising way to enhance osseointegration in bone implants, besides bio-

chemical processes, such as coating, is to design implants replicating the microstruc-

tural features of (trabecular) bone. These features include fundamental mechanical 

properties (e.g., effective elastic modulus and loading characteristics), morphometric 

aspects (e.g., porosity, pore shapes, and surface-to-volume ratios), mass transport 

properties (e.g., permeability), and design strategies (e.g., combining various unit cell 

geometries) [4] (Figure 1). Meta-biomaterials are well-suited for this purpose as they 

offer a wide range of properties, from mechanical to mass transport. These materials 

can exhibit unique behaviors, such as an NPR (or auxeticity), where they thicken when 

stretched. Such properties arise from their underlying microstructures and can be ad-

justed through geometrical design [5]. 

Research has shown that combining auxetic and non-auxetic meta-biomaterials in 

the design of bone implants, so-called “meta-implants”, can improve mechanical fixa-

tion, cellular proliferation, and bone cell differentiation more effectively than tradi-

tional implants [1] (Figure 1). This is mainly because, in conventional implants, a phys-

ical gap may develop between the surrounding bone and the implants under bending 

[5]. Therefore, the particles released from load-bearing articulating surfaces, such as 

the acetabular cup and the femoral head, can reach the gap and cause inflammatory 

infections, particularly osteolysis [5].  

To further support the benefits of meta-implants, it is important to assess their 

cellular interactions with bone cells in vitro at the microscale. This is particularly criti-

cal given the limited availability of donor tissues and the goal of reducing animal use in 

experimental studies. As meta-implants are made of different unit cells (e.g., honey-

comb or re-entrant microarchitectures), understanding how these unit cell shapes in-

fluence cellular response and mechanobiology is important. Particularly, if we consider 

Poisson’s ratio as a key representation of the pore shape, it is still not fully clear how 

Poisson’s ratio regulates the bone cells’ fate, despite current studies. For this purpose, 
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isolating biophysical cues is a critical but challenging task. That is because desired 

properties often conflict and are interrelated. To elucidate the effects of Poisson’s ratio 

on mechanobiology, we need to isolate Poisson’s ratio from other mechanical, morpho-

metric, and mass transport properties. While there are some studies where the effect of 

Poisson’s ratio or pore shapes have been elucidated in meta-biomaterials, they are 

mainly limited to 2D meta-biomaterials [6, 7] and neglect the importance of isolating 

Poisson’s ratio from other properties [8, 9].  

These cellular responses can be examined either under static conditions, where 

meta-biomaterials are immersed in a physiological medium, or under dynamic condi-

tions using a bioreactor to simulate material deformation or in a microfluidic system 

with a circulated medium [2]. Most of the research in this field has been done on (bone 

cells) in a static condition. However, the main drawback is that the pore shape changes 

under mechanical loading, and therefore, we need to elucidate the effect of Poisson’s 

ratio on mechanobiology under dynamic mechanical loading. Second, the cellular mi-

croenvironment is dynamic, which may cause meta-biomaterials to deform. Therefore, 

the dynamic response of meta-biomaterials should be studied too. Under static condi-

tions, research has demonstrated that auxeticity in meta-biomaterials can enhance os-

seointegration and cell differentiation [9-11]. Studies have specifically examined the ef-

fects of auxetic behavior in promoting bone integration, with auxetic materials outper-

forming their non-auxetic counterparts. To fabricate dynamic meta-biomaterials for 

studying the effect of Poisson’s ratio on cell response under dynamic cell culture, one 

promising technique is 4D printing. 4D printing technology integrates time into 3D 

printing technologies by employing stimuli-responsive (or smart) materials. Meta-bio-

materials can, thus, tune their function or shape upon exposure to external stimulus, 

such as heat or magnetic field [12].  

Multiple steps need to be followed to clarify the effects of Poisson’s ratio on the 

mechanobiological responses of meta-biomaterials (Figure 1). i. the rational design of 

meta-biomaterials with isolated Poisson’s ratio; ii. AM of the designed meta-biomateri-

als at both micro- and macroscale, particularly via 2PP, iii. mechanical characterization 

of the fabricated meta-biomaterials and comparing experimental observations with 

computational results; iv. Cell culture of the meta-biomaterials with bone cells (e.g., 

preosteoblasts) under static conditions and their cellular assessments; v. 4D printing 

of meta-biomaterials with dynamic shape morphing and studying their mechanobi-

ological response under dynamic conditions for the future.  

1.2 Rational design of meta-biomaterials  

There are several techniques to design 3D meta-biomaterials and disentangle their 

properties rationally. However, each method has pros and cons, and a technique can 

be chosen depending on the application. For instance, a conventional way is to use di-

rect finite element modeling (FEM) [13], which is a commonly employed method to 
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predict the mechanical behavior of complex meta-biomaterials, allowing for the evalu-

ation of stress-strain relationships and mechanical properties, such as Poisson’s ratio 

under different loading conditions. This technique mainly uses solid elements, which 

may not be very efficient regarding simulation time, but it offers more highly accurate 

data. In this technique, the isolation process is based on trials and errors; therefore, 

few properties can be tuned [14].  

On the other hand, there are techniques, such as homogenization-based FEM [15], 

in which the simulation time is much lower. The homogenization technique efficiently 

calculates the elastic properties of heterogenous structures with microarchitectures at 

the macroscopic level. This technique assumes a perfect bonding between void and 

solid materials or multiple materials) [16, 17]. The asymptotic homogenization method 

computes the macroscopic elasticity tensor by integrating the locally varying elasticity 

tensor, strain field, and prescribed strain field. This approach yields a governing elas-

ticity equation, where the effective elasticity tensor is determined numerically. FEM 

discretization is applied to solve the equation and obtain the global displacement fields. 

Topology optimization is another powerful computational tool for designing meta-

biomaterials to optimize the internal structure of materials for specific mechanical and 

biological functions [18]. By systematically distributing material within a given design 

space, this technique enables the creation of structures with desired properties, such as 

tailored Poisson’s ratio, effective elastic modulus, and porosity. In tissue engineering, 

topology optimization helps develop porous architectures that enhance cell prolifera-

tion, nutrient transport, and osseointegration by controlling pore size, shape, and con-

nectivity. For example, optimizing scaffold geometry in bone tissue engineering en-

hanced load-bearing capacity and improved the mimicry of natural bone’s mechanical 

properties [19]. This technique also allows the design of auxetic structures, improving 

their mechanical adaptability and interaction with surrounding tissues.  

Machine learning [20, 21] and multi-objective optimizations [22] are other effi-

cient techniques for isolating Poisson’s ratio from all other properties. However, in 

these techniques, many data points are required beforehand to train the machine or 

optimize the results. For instance, in a recent study, a machine learning-based ap-

proach was employed to design 2D random-network meta-biomaterials with desired 

mechanical properties (i.e., effective elastic modulus and Poisson’s ratio) as inputs [21]. 

The machine learning model used in that study was trained based on the beams-based 

FEM data with a very efficient simulation time.  

1.3 3D printing of meta-biomaterials   

The advancements in 3D printing technology combined with the ever-increasing 

demand for miniaturization across industries have supercharged the development of 

micro 3D and 4D printing technologies. Various AM techniques exist to create meta-
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biomaterials at different scales, from 2PP to FDM or PolyJet 3D printing [23]. How-

ever, one main criterion that the selection of the fabrication technique must meet is the 

biocompatibility or non-cytotoxicity of the materials, as these meta-biomaterials are 

used in the context of cell mechanobiology studies and must not hamper the immune 

system, induce cell mortality, or trigger inflammatory processes. Another criterion is 

the Young’s modulus of the base material. In bone tissue engineering, as the Young’s 

modulus of bone is in the GPa range [24], a biomaterial with a Young’s modulus of at 

least a few GPa is required. 

In this dissertation, we aimed to elucidate the cellular interaction with meta-bio-

materials by 3D printing them at the microscale. 2PP is one promising AM technique 

for fabricating complex 3D structures at the microscale.   

1.3.1 Two-photon polymerization 

Two-photon polymerization is a versatile 3D printing technique used for the fab-

rication of dynamic structures both at the micro and nanoscale [25]. Unlike conven-

tional light-based photopolymerization techniques that involve the absorption of a sin-

gle photon to initiate photopolymerization, this novel micro-fabrication technique in-

volves the simultaneous absorption of two near-infrared photons (i.e., two-photon ab-

sorption [26]) in a photosensitive material called the photoresist [27]. In this tech-

nique, a tightly focused femtosecond pulsated near-infrared (780 nm) laser beam pro-

vides the photons that trigger the polymerization process. Ti: sapphire lasers are widely 

preferred for inducing two-photon absorption as they can produce ultrahigh peak 

power with a very short pulse width of approximately 100 femtoseconds. In addition to 

the above, the central wavelength of Ti: sapphire lasers is about 800 nm, roughly equal 

to half the wavelength of UV photopolymerization. This enables simple control of the 

threshold energy for polymerization and results in high spatial resolution of the printed 

structure [28].  

In two-photon absorption, two photons are simultaneously absorbed by a photo‐

sensitive resin [29]. In single photon absorption, upon illumination of the laser light to 

a photo‐sensitive material, a photon will be absorbed if its energy level is higher or 

equal to the band gap between the excited electronic state and the ground state. In two‐

photon absorption, two NIR-photons are simultaneously absorbed so that at the focal 

point, the absorbed energy is equivalent to that of one UV-photon. The photocurable 

resin used in 2PP is a liquid-state resin transparent to NIR light but very absorptive in 

the UV range. In the two‐photon absorption process, the photoresist is only polymer-

ized in the desired voxel, and the rest of the resin is not affected by the laser beam. This 

is one of the primary reasons that enables the 2PP process to create intricate nanostruc-

tures with excellent spatial resolution. Generally, a photoresist consists of four main 

components: the monomer, photoinitiator, cross-linker, and base solvent [30]. The rel-

ative proportions of each of these components determine the properties of the structure 
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printed. Upon exposure to the femtosecond laser, rapid polymerization of the photore-

sist occurs through three stages. The first stage involves the formation of a radical, 

which leads to the initiation of chain formation and its propagation (second stage). 

There is a point during the polymerization process where two radically active polymer 

chains combine to form a single chain, thus resulting in chain termination (third stage) 

[31].  

1.4 Poisson’s ratio and mechanobiology    

The effect of Poisson’s ratio on mechanobiology has mainly been investigated in 

2D [6, 7, 11, 32]. In 2D meta-biomaterials, however, the cells cannot sense 3D unit cell 

shapes, which can influence cell fate. For instance, in a recent study, three different 2D 

meta-biomaterials with different pore shapes, including bowtie, brickstone, and hon-

eycomb, representing NPR, ZPR, and PPR, were 2PP fabricated [6]. As the effective 

elastic modulus of the meta-biomaterials was in the kPa range; therefore, cells could 

deform them. Such a design was proposed to elucidate the mechanotransductory mech-

anisms involved in the interactions of mesenchymal stem cells (MSCs) and meta-bio-

materials in 2D by converting the cell-induced displacements to forces. In another 

study, it was concluded that NPR meta-biomaterials provide a better environment for 

MSCs in terms of cell growth but also affect MSC proliferation and chondrogenic in-

duction [11].  

On the other hand, there are only a few studies on the effects of Poisson’s ratio on 

cell response in 3D [8, 9, 33]. These 3D meta-biomaterials provide a better understand-

ing of how cells interact with pores with different shapes. The study showed how cells 

crawl inside or on the unit cells of the 3D meta-biomaterials, depending on the scale 

[8]. In another study, three parameters, including Poisson’s ratio, effective elastic mod-

ulus, and pore size, were considered in the design of meta-biomaterials. The expansion 

and neural differentiation of pluripotent stem cells on 3D meta-biomaterials with Pois-

son’s ratios ranging from 0 to -0.45 were investigated. They benchmarked the response 

to their meta-biomaterials with that of regular scaffolds with a Poisson’s ratio of +0.30 

[9]. It was shown that the auxetic scaffolds promoted the formation of smaller cell ag-

gregate and enhanced the expression of the neuronal marker β-tubulin III upon neural 

differentiation.  

1.5 4D printing of dynamic meta-biomaterials  

Incorporating shape-morphing capabilities into 3D printing technology, known as 

4D printing, has opened up new solution spaces across research and allowed for the 

fabrication of structures that are nearly impossible to create using conventional fabri-

cation techniques. Shape morphing in 4D printed structures is initiated when they are 

exposed to certain external stimuli, including high temperatures, light, moisture, elec-

tric or magnetic fields, and a change in pH [12]. The development of smart drug delivery 
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systems in biomedicine, micro-grippers, and micro-actuators in soft robotics are exam-

ples of the promising applications of 4D printing. In biomedical engineering, 4D bi-

oprinting is mainly based on four pillars [12]. i. rational mechanical design, ii. biocom-

patibility and stimuli-sensitivity of the material, iii. 3D printing, and iv. stimulation 

setup and configuration. The rational control over these four pillars creates biomedical 

devices with controlled shape-morphing capabilities, which are also compatible with 

the body. For instance, considering temperature-responsive biomaterials, they must 

operate within body temperatures (i.e., 37 °C), such as pNIPAM [34-36]. However, 

many other materials (e.g., poly-lactic acid (PLA) with a high glass transition temper-

ature [37]) or stimuli are incompatible with the body.  

Widely used 4D printing techniques include fused deposition modeling (FDM), 

stereolithography (SLA), digital light processing (DLP), direct inkjet writing (DIW), se-

lective laser sintering (SLS), electron beam melting (EBM), and 2PP [12]. The selection 

of the type of 3D printing technology depends on various factors, such as fabrication 

throughput, accuracy, length scale, mechanical properties of the base material, biocom-

patibility of the base material, and the suitability of the 3D printing technique [384]. 

For example, DIW is a promising method in which the cell can be directly added to inks 

to 3D print relatively large-scale, dynamic tissue-engineered constructs [39].  

For fabricating dynamic 3D microstructures, 2PP is a great candidate due to its 

precision and wide range of biocompatible photoresists [40-43]. In biomedicine, 2PP 

4D printing at a microscale has allowed for the development of micro-swimmers capa-

ble of acting as drug delivery agents and assisting in the plasmonic heating of cancer 

cells [44]. The fabrication of micro-grippers and micro-actuators via 2PP 4D printing 

has also opened new doors for soft robotics applications at the microscale. Geometry 

also plays a significant role in determining the shape-morphing capabilities of the 

printed structure. In this regard, mechanical metamaterials, whose properties can be 

tuned by altering their micro-architectures, have been used to develop structures that 

exhibit complex shape-morphing characteristics not found in nature. Mechanical met-

amaterials’ unique properties include negative thermal expansion coefficients, negative 

compressibility, negative stiffness, and auxeticity [45, 46]. 
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Figure 1. A schematic illustrating the overall objectives of this dissertation, which is based on four inter-

disciplinary pillars: i. Mechanical design, in which Poisson’s ratio is isolated from all other mechanical, 

morphometric, and mass transport properties. ii. Additive manufacturing and mechanical characteriza-

tion of meta-biomaterials. 3. Bone cell culture of meta-biomaterials and their mechanobiological assess-

ments. 4. 4D printing and dynamic cell mechanobiology of meta-biomaterials. Note that the meta-implant 

image was reproduced from [1]. 

 

1.6 Dissertation aim and outline  

This dissertation contains seven chapters addressing the challenges associated 

with the design of 3D meta-biomaterials with isolated properties, their additive manu-

facturing, and their bone cellular responses. This fundamental challenge was catego-

rized into two conditions: static and dynamic. Although we mainly focused on the bone 

cellular response and Poisson’s ratio in meta-biomaterials under static conditions, we 

also provided a solution to create dynamic meta-biomaterials via 4D printing. To tackle 

these challenges, we had to answer the following sub-questions:  

What is the state of the art about the influence of Poisson’s ratio on cellular responses 

in tissue engineering applications? 

Chapter 2 presents a literature study on the relationship between mechanobiol-

ogy and meta-biomaterials. We focus on auxeticity and the effects of Poisson’s ratio on 

the cell response in terms of cell growth, cell differentiation, and focal adhesions. We 

also briefly review how Poisson’s ratio and mechanobiology interact in a dynamic envi-

ronment. We conclude that a deeper understanding of the isolation of Poisson’s ratio 
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in meta-biomaterials is required to assess its effect on the mechanobiology of cells in 

tissue engineering.   

What are the effects of Poisson’s ratio on the preosteoblast cell response in terms of 

cell growth, metabolic activity, and differentiation? 

In the research presented in Chapter 3, we report on the development of five 

different 2PP 3D-printed meta-biomaterials with nearly isolated Poisson’s ratio. We 

conclude that 3D meta-biomaterials with PPRs exhibit higher metabolic activity, cell 

proliferation, and cell-induced deformation compared to those with NPRs. However, 

the isolation was not optimal, and therefore, we aimed to fully isolate Poisson’s ratio 

from many other properties, including mechanical, morphometric, and mass transport 

properties, which led us to Chapter 4. 

Is it mechanically possible to isolate Poisson’s ratio from most other mechanical, mor-

phometric, and mass transport properties? 

In Chapter 4, we provide a powerful computational method to isolate Poisson’s 

ratio from many other properties, including elastic modulus, shear modulus, Poisson’s 

ratio, Zener ratio (i.e., mechanical anisotropy level), porosity, pore size, tortuosity, sur-

face-to-volume ratio, connectivity, and permeability. We employ a homogenization-

based FEM-based method with a relatively fast response time (< 1 min) to generate 

43,000 simulations. We finally isolate the Poisson’s ratio via multi-objective optimiza-

tion method while keeping all other properties as constant as possible with a deviation 

of less than 9%. As it was unclear how 4D (bio)printing can be used for tissue engineer-

ing applications, we also provide a literature review on the biomedical applications of 

4D bioprinting. This helps us better understand dynamic microenvironments and how 

cells react to them.   

What are the biomedical applications of 4D printing? 

In Chapter 5, we review 4D printing and its biomedical applications. It includes 

biomedical devices, such as stents, implants, occluders, drug delivery systems, and 

wound healing applications. This review article provides a deeper knowledge of the dy-

namic behavior of biomedical matters, which led to the following chapter.  

Can we 4D print meta-biomaterials at small scales?  

In the research presented in Chapter 6, we develop a temperature-responsive 

hydrogel, pNIPAM, with a working temperature around body temperature. The hydro-

gel can be 3D printed at the microscale via 2PP for soft robotics applications, drug de-

livery systems, and dynamic meta-biomaterials. We also develop a computational 

model to predict the shape morphing in the abovementioned applications. The final 

chapter of this dissertation (Chapter 7) discusses the results of the previous chapters 

and suggests some directions for future research. 
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Mechanical and morphological design parameters, such as stiffness or porosity, play 

important roles in creating orthopedic implants and bone substitutes. However, we 

have only a limited understanding of how the microarchitecture of porous scaffolds 

contributes to bone regeneration. Meta-biomaterials are increasingly used to precisely 

engineer the internal geometry of porous scaffolds and independently tailor their me-

chanical properties (e.g., stiffness and Poisson’s ratio). This is motivated by the rare or 

unprecedented properties of meta-biomaterials, such as auxeticity). It is, however, not 

clear how these unusual properties can modulate the interactions of meta-biomaterials 

with living cells and whether they can facilitate bone tissue engineering under static 

and dynamic cell culture and mechanical loading conditions. Here, we review the recent 

studies investigating the effects of the Poisson’s ratio on the performance of meta-bio-

materials with an emphasis on the relevant mechanobiological aspects. We also high-

light the state-of-the-art additive manufacturing techniques employed to create meta-

biomaterials, particularly at the micrometer scale. Finally, we provide future perspec-

tives, particularly for the design of the next generation of meta-biomaterials featuring 

dynamic properties (e.g., those made through 4D printing). 

2.1 Introduction 

3D lattice structures have been widely studied for the design of orthopedic im-

plants that are used for complex bone reconstructions. The success of designing these 

porous implants relies on several factors, including the mechanical properties of the 

constituting materials (e.g., stiffness), their geometrical features at the micro-scale 

(e.g., pore geometry), and their local surface characteristics [1]. All these design factors 

must be considered simultaneously to adequately mimic (micro-)environment of the 

(bony) tissue and facilitate the tissue integration process (i.e., osseointegration). 

“Stress-shielding” may occur at the bone-implant interfaces if the mechanical 

properties of the implanted biomaterial (e.g., metal- or ceramic-based materials char-

acterized by high stiffness) do not match those of the host tissue particularly when the 

implant is stiffer than the surrounding tissue, causing the local deformations of the sur-

rounding tissue to be smaller than they would naturally be. According to the Wolff’s 

law, this phenomenon can result in bone resorption and, eventually, aseptic loosening 

[2]. 

From a microstructural viewpoint, implants and scaffolds need to be porous for 

several reasons: i. to effectively mimic the morphology of the bone [3]; ii. to facilitate 

mass transport within the scaffolds/implants, enabling the delivery of nutrients and 

oxygen to the cells residing in the scaffolds [4]; and iii. to replicate the stiffness of the 

native bone which ranges between 0.2 and 20 GPa [5]. 

The response of bone cells to biomaterials (e.g., cell adhesion, proliferation, and 

differentiation) is influenced by the geometry of such porous structures, including pore 
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shape, pore size, porosity, (local) surface curvatures, and surface nano-patterning. The 

effects of some of the geometrical parameters, such as porosity [6], surface curvature 

[7], and surface nano-patterning [8], on the one hand and those of the elastic modulus 

[9] on the other hand have been extensively studied. However, the effects of some other 

design parameters, including the Poisson’s ratio, on the bone regeneration process in 

general and bone cell response in particular remain elusive. Any such effects can result 

either from the mechanical behavior associated with auxeticity or be a direct conse-

quence of the specific shape of the unit cells used for creating auxetic behavior in such 

architected biomaterials (e.g., the re-entrant unit cell). In both cases, mechanobiologi-

cal pathways are expected to be responsible for regulating the effects of auxeticity on 

the bone regeneration process.  

To gain a better understanding of how various geometrical and mechanical factors 

influence the cell response and bone tissue regeneration process, it is important to sep-

arate the various effects from each other as much as possible and study them in isola-

tion. One effective approach for tuning, controlling, and decoupling mechanical and 

morphological properties is the use of a class of engineered architected materials 

known as mechanical meta-materials. The distinct, unusual properties of these mate-

rials at the meso-scale originate from their (geometrical) design at the microscale [2, 

10-13]. Among the unusual properties of mechanical meta-materials is auxeticity. Due 

to their microarchitectural designs, such as the geometry of their unit cells, mechanical 

metamaterials with NPR expand transversely when stretched longitudinally. In bio-

medical applications, biocompatible materials can be employed to create multi-physics 

metamaterials, which are defined as meta-biomaterials [2, 14, 15]. To rationally design 

meta-biomaterials with controlled mechanical and morphological properties, as well as 

adequate mechanical strength, various methods, such as (topology) optimization, [11] 

artificial intelligence (e.g., machine learning) [16,17], analytical models, [18] and finite 

element analyses [19], have been employed, depending on the specific requirements of 

the application at hand. These techniques utilize mathematical algorithms to optimize 

the material’s configuration, predict its mechanical properties, and stimulate its behav-

ior under different loading conditions. Combining these methods provides a robust ap-

proach to design advanced meta-biomaterials tailored to meet diverse biomedical 

needs. 

Interestingly, auxetic behavior has been frequently observed in biological materi-

als, including hard tissues [20], soft tissues [21], and cells [22], highlighting its im-

portance as a mechanobiological design tool for creating biomimetic meta-biomateri-

als. Recent studies have also shown that auxeticity in meta-biomaterials can modulate 

cell differentiation and proliferation [23-26], and may guide the alignment, orientation, 

and migration of cells (e.g., fibroblast) [24]. Moreover, the rational design of the mi-

croarchitecture of meta-biomaterials can enhance the mechanical fixation and longev-

ity of meta-biomaterial-based implants as compared to their conventional counterparts 
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[27]. On one hand, meta-biomaterials offer a wide range of tunable properties, from 

mechanical (e.g., stiffness) and geometrical parameters (e.g., porosity) to mass 

transport properties. On the other hands, these properties are entangled, and it is very 

challenging to decouple them for studying the individual effects of a specific parameter 

on the biological response. This gap in the literature underscores the need for further 

research to assess the true effects of auxeticity on cell response at different length 

scales. 

Furthermore, since the geometry of the unit-cell in meta-biomaterials changes un-

der (mechanical) loading conditions, a better understanding of the role of auxeticity in 

interactions with living cells is required. This understanding will significantly contrib-

ute to the design of meta-biomaterials and their ability to facilitate tissue regeneration. 

We have, therefore, dedicated a section of this paper to the mechanobiological studies 

of meta-biomaterials in dynamic cell microenvironments.  

This article reviews the currently existing evidence regarding the ways auxetic be-

havior influences the performance of biomaterials. We critically discuss the potential 

of auxeticity as a design tool for the development of the next generation of meta-bio-

materials and summarize the recent literature on the consequences of (non-)auxetic 

behavior on the responses of living cells. To this end, we propose novel design ap-

proaches and testing methods to incorporate the effects of the Poisson’s ratio into the 

design of meta-biomaterials for future research. Furthermore, we review advanced ad-

ditive manufacturing and 4D printing techniques that can be used for creating meta-

biomaterials with time-dependent properties. 

2.2 Auxeticity in biological materials 

Auxeticity is found in soft tissues, hard tissues, organs, and cells. Examples of hard 

tissues exhibiting NPR include trabecular bone [20] and the annulus fibrosus of the 

intervertebral disc [25, 28, 29]. Soft tissues showing auxetic behavior include cat skin 

[30], salamander skin, [31] arterial endothelium [32, 33] (under both wall shear 

stresses and cyclic circumferential strain induced by blood flow), cow teat skin [34], 

arteries [33, 35], and tendons [21]. In addition, some evidence of auxetic behavior has 

been found in living cells, such as embryonic epithelia [36, 37] and the nuclei of embry-

onic stem cells [22]. 

To measure the auxetic behavior of these biological materials, different tech-

niques, such as imaging, computational modeling, and in vitro mechanical testing, 

have been employed. For example, the auxetic behavior of trabecular bone has been 

studied by performing in vitro experiments on the human tibia under triaxial compres-

sive loading. The auxeticity in the spongy parts of such bones has been demonstrated 

by calculating the material constants of a transversely isotropic model via computa-

tional models [200]. It should, however, be noted that the values of the Poisson’s ratio 
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in biological materials may depend on the level of the applied strains or the aspect ra-

tios of the tested tissue specimens. For example, in cow teat skin, NPR is only reported 

for specimens with a specific range of length to width ratios (i.e., 1.4-2.45) and under 

certain levels (35%) of applied strains [34]. In vivo and ex vivo experiments have been 

performed on tendon specimens taken from several species, such as human peroneus 

brevis, human Achilles tendons, and deep flexor tendons (pig and sheep) to study their 

auxetic behavior (Figures 1a-c) [21]. The Poisson’s ratio has been measured using non-

destructive medical imaging techniques (e.g., magnetic resonance imaging (MRI)) for 

in vivo conditions and mechanical testing for ex vivo [21] conditions (Figure 1c). Re-

garding the auxeticity in the nuclei of embryonic stem cells during the differentiation 

process [22], it has been found that the cross-section of the nuclei contracts under com-

pressive loading [22]. Moreover, the stiffness of the nuclei has been found to increase 

under compressive loading [22] (Figures 1d and e). These observations have been ver-

ified using fluorescent optical microscopy and scanning electron microscopy (SEM), as 

well as by measuring local forces using atomic force microscopy (AFM) [22]. 

There are also studies employing auxeticity in the design and implementation of 

medical devices. For example, in ex vivo studies, auxetic cardiac patches have been 

used to mimic the native heart movements against myocardial infraction (Figure 1f) 

[9]. Furthermore, an auxetic meta-biomaterial has been successfully implemented for 

the treatment of lumbar disc herniation (LDH) in an in vivo rabbit model (Figure 1g) 

[38]. Further review of such studies is, however, beyond the scope of this review article, 

as we will be only focusing on the in vitro mechanobiological behaviour of meta-bio-

materials. 

There are several biological substances with nearly zero Poisson’s ratio (ZPR). 

These materials, therefore, exhibit no to little contraction or expansion when subjected 

to compression or tension. Examples of these biological materials are cartilage, cornea, 

and brain [39,40]. Poisson’s ratio-driven meta-biomaterial designs (i.e., auxetic, zero, 

or non-auxetic) may, therefore, help in mimicking the properties of native tissues and 

facilitate the regeneration of tissues in vitro [23-25, 41], ex vivo [9], and in vivo [38]. 
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Figure 1. a-c. Tendon is an example of a soft tissue showing auxetic behavior. Adapted with permission 

from ref [21]. Copyright 2015 Elsevier. a. Some MRI images of the human tendon. b. This has been observed 

in an MRI image of the human tendon that expands under stretching in vivo. c. Some ex vivo results of the 

uniaxial testing of the human Achilles tendon showing the dependency of the Poisson’s ratio on the applied 

axial strain. d-e. Auxeticity in the nuclei of embryonic stem cells. Adapted with permission from ref [22]. 



      
Chapter 2: Auxeticity and mechanobiology (literature review)  

 

19 

2 

Copyright 2014 Springer Nature; d. Epifluorescence images of a cross-section of the nuclei of a cell before 

and after entering a microfluidic channel. e. The variation of the lateral strain (i.e., 𝑆𝑇) with the axial strain 

(i.e., 𝑆𝐴) for both non-auxetic and auxetic nuclei. f. A schematic drawing of an auxetic patch and a repre-

sentative image of the auxetic patch implemented in a rat after two weeks [9]; the scale bar shows 2 mm. 

g. The in vivo implementation of an auxetic surface-based meta-scaffold into the LDH of a rabbit [38]. g. 

(left) A schematic drawing of the NPR meta-biomaterial and its constituting unit-cell; (middle) testing the 

mechanical performance of the NPR meta-biomaterial using a commercially available LDH model; (right) 

the SEM image of nucleus pulposus cells when adhered to an NPR meta-biomaterial. h-m. Some examples 

of strut-based meta-biomaterials with h. NPR, i. PPR, j. nearly ZPR, and k. transversely isotropic prop-

erties. Reproduced with permission from ref [63]. Copyright 2020 Elsevier, l. Chiral metamaterials (bend-

ing-dominated), and m. isotropic buckyball meta-biomaterial. 

 

2.3 Auxeticity in bone tissue engineering 

2.3.1 Poisson’s ratio-driven mechanotransduction  

The microenvironment experienced by cells is an important factor in bone tissue 

engineering. Geometry (e.g., surface curvature, pore shape), surface characteristics 

(roughness, cell-friendly coating), and the cell culture conditions (i.e., static or dy-

namic) are among the factors determining the microenvironment of cells. They affect 

cell-cell and cell-extracellular matrix (ECM) interactions, the plasma membrane, the 

cytoskeleton, and nuclear components through integrin-mediated force-feedback at 

adhesion sites [7, 42-44]. Cells are constantly exposed to various mechanical stimula-

tions, both extracellular and intracellular, and can respond to changes in these forces 

through mechanotransductory pathways. These pathways involve the conversion of 

mechanical signals into biochemical signals that regulate cell behavior [7, 44, 45]. This 

conversion is mediated by a range of specialized proteins and molecules, including in-

tegrins, focal adhesions (vinculin, paxillin), cytoskeletal elements, and signaling mole-

cules. These components work together to orchestrate the formation of complex net-

works that can activate or inhibit various cellular pathways [7, 46]. 

Mechanoreceptors, such as integrins, initiate mechano-sensation through physi-

cal bonding between the bone cells and loading via the ECM. The connection between 

mechanotransduction and cellular responses can be studied via both biological assays 

and computational tools [47]. While there are numerous studies examining these pro-

cesses in 2D environments, the mechanotransductory mechanisms associated with 3D 

meta-biomaterials remains largely elusive [48]. 

Mechanical cues modulate the remodeling rate of the bony tissue and influence its 

regeneration [42]. Cellular processes, such as adhesion, proliferation, differentiation, 

and gene expression are, therefore, affected by mechanical forces, in addition to bio-

physical cues, such as geometry and substrate stiffness. The above-mentioned micro-

environmental factors can change the mechanical forces (e.g., stretching, compressive, 

and shear flow) that can alter the mechanobiology of cells [42] (e.g., bone cells [49], 
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epithelial cells [50]) through changes in the magnitude or rate of the loads experienced 

by the cells. For example, bone cells respond to compressive forces and produce bio-

chemical cues, such as prostaglandin, that lead to the formation of new tissue through 

interactions between biomechanical and biochemical cues [42, 49]. Moreover, it has 

been shown that auxeticity plays an important role in how mechanotransductory events 

affect stem cells [22, 26, 51, 52]. Although there has been limited research exploring 

the role of the Poisson’s ratio in mechanotransduction, a recent study has examined its 

impact on the focal adhesion of embryonic fibroblasts using immunological staining of 

vinculin. [52] The study compares two different 2D meta-biomaterials with PPR and 

NPR and finds that both structures exhibit similar patterns of integrin marker expres-

sion, indicating that the Poisson’s ratio may not significantly impact integrin-mediated 

adhesions in 2D environments [52]. However, further studies are needed to fully un-

derstand how the Poisson’s ratio and other mechanical properties of 3D meta-bio-

materials affect mechanotransduction and cell behavior. 

Understanding the interplay between mechanical properties and cellular behavior 

is crucial for the development of advanced meta-biomaterials with tailored properties 

for use in various biomedical applications. Further research in this area could inform 

the design of these materials and improve their performance in tissue engineering and 

regenerative medicine. 

The rational design of microarchitectures of meta-biomaterials will, thus, allow for 

tuning the local deformations developed in meta-biomaterials in response to globally 

applied deformations and enable the on-demand generation of mechanotransductory 

cues for controlling bone modelling or remodeling processes. The links between phys-

ical cues (e.g., materials properties, stiffness) [53], surface (bio-)functionalization [54], 

and geometry (e.g., curvature [7]) on one hand and biochemical signaling of cells on 

the other have been extensively studied. Hence, we only focus on the role of auxeticity 

in the mechanobiological response of meta-biomaterials, particularly for bone tissue 

engineering purposes. 

2.3.2 Meta-biomaterials and their interactions with living cells 

The emergence of meta-biomaterials has provided unparalleled opportunities in 

expanding the design space of biomedical devices. Meta-biomaterials pave the way for 

establishing optimal architecture-property-functionality relationships so that multi-

functional biomedical devices (e.g., orthopedics implants) can be developed.  

Mechanical metamaterials are composed of several building blocks or unit cells 

that can be arranged in an ordered or disordered manner. This makes their effective 

properties different from those of the base materials from which they are made and 

directly links them to the design of their microarchitecture. Examples of these unusual 

properties are ultra-stiff, ultra-lightweight (i.e., the ratio of the elastic modulus to 
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density) [55], sequential shape-change [56], negative compressibility [57], and NPR (or 

auxeticity) [58] in which the effective shear modulus is larger than the bulk modulus 

[59]. Here, we only focus on the auxetic behavior of meta-biomaterials and discuss the 

methodologies proposed in the past for tuning this specific property. 

The rational design of the microarchitectures of meta-biomaterials is the first step 

in adjusting their auxetic behaviors. In this regard, meta-biomaterials can be divided 

into two main categories, namely strut-based and sheet-based meta-biomaterials. Alt-

hough the Poisson’s ratio can be tuned from negative to positive in sheet-based meta-

biomaterials too [60], there is currently limited information available regarding the in-

teraction of sheet-based auxetic meta-biomaterials with living cells [38]. We will, there-

fore, focus on strut-based meta-biomaterials and their mechanobiological responses. 

Moreover, cell culture conditions may play an important role in determining the re-

sponse of cells to auxetic meta-biomaterials. Therefore, in the following sections, we 

provide an overview of the response of cells to strut-based meta-biomaterials under 

both static and dynamic cell culture conditions. 

2.3.3 Meta-biomaterials under static conditions 

 From the viewpoint of mechanical properties, strut-based meta-biomaterials can 

be divided into two main sub-categories, namely stretch-dominated and bending-dom-

inated [59]. The parameter that determines whether a lattice structure is bending-dom-

inated or stretch-dominated is the Maxwell number which is related to the average 

number of struts connecting to a specific node [61,62]. In general, the higher the degree 

of connectivity, the higher the mechanical properties of the structure. From a lateral 

deformation viewpoint, however, the range of the Poisson’s ratio is wider in bending-

dominated structures than in stretch-dominated structures. As such, the effects of aux-

eticity are more central in bending-dominated lattice structures. Figure 1h-m shows 

several examples of strut-based meta-biomaterials with different properties (e.g., a 

wide spread of Poisson’s ratios from negative to positive values). In such meta-bio-

materials, the Poisson’s ratio depends on the angle between the struts, the width and 

height of the unit cells, and the aspect ratio of the struts. The Poisson’s ratio of meta-

biomaterials can, therefore, be adjusted within the thermodynamically admissible 

range of the Poisson’s ratio for isotropic materials (i.e., -1 to 0.5). Covering such a broad 

range of Poisson’s ratios is impossible within the realm of conventional materials. 

Moreover, the Poisson’s ratio of strut-based meta-biomaterials can be tuned to be ei-

ther different or the same in various directions. For example, the Poisson’s ratio in two 

specific planes zy and xy (i.e., 𝑣𝑥𝑦  and 𝑣𝑧𝑦) can be designed to be equal (Figures 1h-j). 

In the meta-biomaterial depicted in Figure 1k, however, the Poisson’s ratios are differ-

ent in different directions, as this transversely isotropic meta-biomaterial exhibits an 

NPR in one plane and a PPR in another plane [63]. Living cells may, therefore, 
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experience different Poisson’s ratios or different (global or local) deformation regimes 

in different planes when interacting with such architected biomaterials. 

There are several in vitro studies in the literature studying the mechanobiological 

properties of strut-based meta-biomaterials (either in 2D or 3D) with different Pois-

son’s ratios using different cell types (e.g., fibroblasts, osteoblasts, chondrocytes, and 

myoblasts) [23, 26, 35, 52, 64]. From the mechanical design viewpoint, however, the 

effects of the Poisson’s ratio are often coupled with those of microarchitectural design 

and mechanical properties (e.g., stiffness, pore size, porosity, and strut thickness). 

Given the fact that these properties are inter-related, changing the Poisson’s ratio with-

out affecting the other parameters is extremely challenging [26, 64]. There is, therefore, 

not much evidence yet as to what the isolated effects of auxetic behavior are on cell 

response, making it difficult to determine whether auxetic materials are superior to 

non-auxetic biomaterials (i.e., structures with a PPR or a ZPR) in terms of cell differ-

entiation and proliferation.  

In addition to the shape of individual unit cells, the dimensions of unit cells play 

an important role in determining the biological response of meta-biomaterials. There 

is always a trade-off between the size of living biological cells and the feature size of the 

meta-biomaterial (e.g., pore size). If the pore size of the meta-biomaterial is signifi-

cantly smaller than the size of a single cell, the cell growth inside such a microscale 

meta-biomaterial may be compromised [25]. This is due to potential disturbance in 

mass transport. In meso-scale meta-biomaterials, however, the feature size of the lat-

tice structure can be larger than the size of a single living cell (e.g., 1000 µm > pore size 

> 100 µm), allowing cells to easily penetrate into the internal pores of the lattice struc-

ture. In such cases, the auxetic behavior can influence cell adhesion, cell proliferation, 

and cell differentiation. [24] Moreover, in both micro- and meso-scale meta-biomateri-

als, cell alignment and migration can be influenced by auxeticity [24]. 

As the mechanical properties of 2D, 2.5D, and 3D lattice structures are different, 

various mechanobiological responses can be expected. In 2D meta-biomaterials, for ex-

ample, the in-plane properties are more dominant than the out-of-plane properties. 

These properties can be employed, for instance, to dominate the auxetic behavior of the 

lattice structure in one direction [65] or to create hybrid meta-biomaterials [66] by ra-

tionally combining unit cells with opposite values (i.e., negative and positive values) of 

the Poisson’s ratio (Figure 2a). 

Meta-biomaterials have been assessed for their cytocompatibility. For example, 

Figures 2b [65] and 2c [66] show the adhesion and viability of fibroblast cells and the 

viability of human MSCs in contact with meta-biomaterials. Other interactions with 

cells, such as gene expression, cell morphology, or cell migration are not extensively 

studied as of yet.  
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Our knowledge of the role of the Poisson’s ratio in guiding cell mechanobiology 

and cell responses when interacting with meta-biomaterials is limited to a few studies. 

One example is a study in which three different 2D meta-biomaterials with NPR, ZPR, 

and PPR were designed and tested in the presence of mouse bone marrow MSCs [23] 

(Figure 2d, top images). However, other geometrical and mechanical properties at the 

macro-scale (≥ cm) were not constant in that study. For example, there was a difference 

of 310 kPa in the compressive elastic modulus of the PPR (2.63 MPa) and NPR (2.94 

MPa) meta-biomaterials. Nevertheless, it was argued that the Poisson’s ratio influences 

the proliferation and differentiation of mouse bone marrow MSCs [23] (Figure 2d, bot-

tom images). Moreover, it was reported that NPR meta-biomaterials exhibit a superior 

performance as compared to their PPR and ZPR counterparts in terms of cell prolifer-

ation and cell differentiation [23]. More specifically, the most viable stem cells were 

observed in the NPR scaffolds, followed by those residing in ZPR structures, while the 

smallest number of cells were found in the PPR specimens. The proliferation assay 3-

[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) showed that the 

proliferation was higher in the NPR meta-biomaterials on days 1, 3, and 5. It was ob-

served that NPR meta-biomaterials promote the differentiation of mBMMSCs into 

chondrocytes, as evidenced by the expressions of proteoglycans and chondrocyte stro-

mal glycosaminoglycan markers [23]. Moreover, stem cells could penetrate through the 

structures, as shown by a cell viability assay imaged by confocal laser scanning micros-

copy (Figure 2d, bottom images). It is, however, unclear whether the differences be-

tween NPR meta-biomaterials and other experimental groups were due to the differ-

ence between their Poisson’s ratios or are caused by dissimilarities in the stiffnesses 

and/or porosity of the meta-biomaterials with different Poisson’s ratios or by the fact 

that NPR scaffold may better mimic the native soft tissue (i.e., cartilage). 
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Figure 2. Some examples of the response of cells to strut-based meta-biomaterials. a. Some examples of 

two different 2D hybrid meta-biomaterials and their SEM images (a-i, of a millimeter-scale 3D printed 

meta-biomaterial made from polyaliphatic urethane acrylate with isobornyl acrylate fabricated by using 

an SLA technique (more specifically, dynamic optical projection stereolithography). Adapted with permis-

sion from ref [65]. Copyright 2017 Elsevier, and a-ii, millimeter-scale 3D printed meta-biomaterials fabri-

cated by a custom-made SLA technique from poly(ethylene glycol) diacrylate (PEGDA). Adapted with per-

mission from ref [66]. Copyright 2012 Elsevier. b. Fluorescent images of PPR and NPR regions of hybrid 

meta-biomaterials seeded with fibroblast cells after 3 weeks of cell culture. Adapted with permission from 

ref [65]. Copyright 2017 Elsevier; the scale bar shows 250 µm. c. Fluorescent images showing F-actin and 
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nuclei of the hybrid meta-biomaterial seeded with human MSCs. Adapted with permission from ref [66]. 

Copyright 2012 Elsevier. d. The effects of three types of 2D meta-biomaterials with a PPR, an NPR and a 

ZPR (top side) on the proliferation of MSCs (bottom side). [23] e and f. The interaction of human turbinate 

MSCs with 2.5D cylindrical meta-biomaterials; [35] e. Some optical microscopy images of NPR and PPR 

meta-biomaterials, which were 3D printed by SLA from PEGDA polymer. f. Confocal optical microscopy 

images of F-actin and nuclei of human turbinate MSCs; scale bar shows 300 µm. g and h. The response of 

mouse embryonic stem cells (ESCs) and human induced pluripotent stem cells (hiPSCs) to 3D strut-based 

meta-biomaterials made through a multi-step thermo-mechanical fabrication technique from polyure-

thane foams. Adapted with permission from ref [64]. Copyright 2018 John Wiley and Sons, and Repro-

duced with permission from ref [26]. Copyright 2017 Elsevier, respectively. g. The configurations of two 

3D meta-biomaterials with PPR and NPR while being in contact with hiPSCs. Adapted with permission 

from ref [64]. Copyright 2018 John Wiley and Sons. h. (left) Fluorescent images of the expression of the β-

tubulin III marker of mouse ESCs within both PPR (upper row) and NPR scaffolds (lower row). Reproduced 

with permission from ref [26]. Copyright 2017 Elsevier; the scale bar shows 200 µm. h. (right) Some fluo-

rescent images of the expression of the neural markers (Hoechst, Nestin and β-tubulin III) of the human 

iPSK3 cells within both PPR (upper row) and NPR scaffolds (lower row). Reproduced with permission from 

ref [26]. Copyright 2017 Elsevier; the scale bar is 100 µm. Blue, red, and green show Hoechst, Nestin, and 

β -tubulin III, respectively. i and j. 2D multi-scale NPR meta-biomaterials made through melt electro writ-

ing (MEW). Adapted with permission from ref [68]. Copyright 2021 Elsevier. i. Some fluorescent images 

of F-actin and nuclei of BMSCs on days 1, 10, and 30, with different magnifications; the scale bar is 200 

µm. j. Some magnified fluorescent image of F-actin and nuclei of bone marrow stromal cells (BMSCs) and 

human umbilical vein endothelial cells (hUVECs) on day 30. 

 

Tuning the local values of the Poisson’s ratio within a 2D meta-biomaterial has 

been used to control the cellular forces transmitted in regions with different Poisson’s 

ratios when interacting with embryonic fibroblasts (10T1/2) [52]. The focal adhesion 

measurements of those cells have shown that the deformations applied by the cells to 

those meta-biomaterials were larger in the NPR regions as compared to the regions 

with PPR. [52] Both regions in the scaffolds showed high cell proliferation. Different 

cell division patterns were, however, observed in those two regions with unusual cell 

division occurring for the cells interacting with NPR zones, which may cause genetic 

instability and potentially lead to cancer [52]. 

In addition to 2D (or 2.5D) planar meta-biomaterials, 2.5D cylindrical meta-bio-

materials (with an in-plane microarchitecture and an out-of-plane thickness) have 

shown controllable Poisson’s ratios (Figure 2e) [35]. It has been observed that these 

structures can also tune the mechanobiological response of the human turbinate MSCs 

[35]. On day 1, no significant differences were observed in cell densities (i.e., prolifera-

tion) between the non-auxetic and auxetic scaffolds (Figure 2f) [35]. On days 4, 7, and 

11, however, significantly higher cell proliferation was observed in the auxetic scaffolds. 

From such microscopical observations, it was concluded that, in the non-auxetic grids, 

the cells only covered a part of the available surface area, whereas, in the auxetic struc-

ture, the cells fully covered the entire area of the scaffold and were strongly intercon-

nected (Figure 2f) [ 35]. This may be attributed to the geometrical design of the scaf-

folds given that the interspacing between the struts was smaller in the NPR scaffolds as 
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compared to the PPR ones. Under such conditions, cells may grow and proliferate more 

easily in the NPR scaffolds. 

Although 3D meta-biomaterials can provide a more realistic environment for cells 

and tissues [67] to grow, only a limited number of studies have assessed their mecha-

nobiological responses [26, 64]. These studies have analyzed the differentiation of plu-

ripotent stem cells (mouse ESCs and hiPSCs) under interactions with 3D meta-bio-

materials [26, 64] (Figure 2g). The first example included two types of auxetic and non-

auxetic meta-biomaterials with different Poisson’s ratios as well as different stiffnesses, 

porosities, and pore sizes. The values were respectively -0.45, 44 kPa, 90.65%, and 250-

300 µm for the auxetic meta-biomaterial and 0.3, 100 kPa, 96.31%, and 300-400 µm 

for the non-auxetic one [26, 64] (Figure 2g). In another example, however, Poisson’s 

ratios were decoupled from other mechanical properties, including stiffness, resulting 

in two different auxetic meta-biomaterial designs. The first group had the same Pois-

son’s ratio (-0.45) but different stiffnesses (i.e., 10 and 94 kPa) while the second group 

had the same stiffness (almost 100 kPa) but different Poisson’s ratios (0.3 and -0.45). 

Various differentiation markers, such as β‐tubulin III, alkaline phosphatase (ALP), Oct‐

4, Nanog, CD31, and VE‐cadherin, were assayed for neural [26] and vascular differen-

tiation [64]. From the biological results of the first category (day 16), the vascular mark-

ers CD31 and VE-cadherin were assessed by immunohistochemistry and flow cytome-

try, and respectively showed 56% and 49% for the auxetic scaffolds. For the non-auxetic 

scaffolds (in the first category), the vascular markers CD31 and VE-cadherin were 16% 

and 28%, respectively. It can be concluded that there was more vascular differentiation 

associated with the cells cultured on the auxetic scaffolds. Similarly, the ALP expres-

sion, as an indicator of undifferentiated cells, showed that the non-auxetic scaffolds 

had higher ALP activity than the auxetic ones. Similarly, the expression of Oct‐4 and 

Nanog was higher for the non-auxetic scaffolds [64]. As for neural differentiation, it 

was observed that the auxetic meta-biomaterials upregulated the expression of β‐tubu-

lin III marker as compared to the non-auxetic specimens (Figure 2h) [26]. The neural 

differentiation of mouse ESCs of the second category (i.e., decoupling of the Poisson’s 

ratio and stiffness) on day 6 showed a similar trend, confirming the role of auxeticity 

and stiffness in improving neural differentiation (according to the expressions of Nes-

tin, PAX6, and β-tubulin III). This suggests that both NPR scaffolds with higher Pois-

son’s ratio but similar stiffnesses and NPR scaffolds with higher stiffness, but similar 

Poisson’s ratios promoted neural differentiation. [26] It is, however, important to note 

that the increased vascular differentiation and neural expression associated with the 

NPR scaffolds as compared to the PPR meta-biomaterials may be due to the differences 

in the pore sizes (i.e., 200-250 µm vs. 300-400 µm), pore shapes, porosities, or stiff-

nesses of both groups. 

The relationship between the pore size and the unit cell size is of great importance 

in the design of meta-biomaterials. AM is a promising tool for creating meta-
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biomaterials at different length scales, from micro- to meso-scales, and with different 

pore and unit cell sizes. AM enables the incorporation of more complex features in the 

design of meta-biomaterials (e.g., Figures 2i and j [68] and Figures 3a-c [24]). This 

approach helps in better mimicking the microstructural complexity of native (bony) 

tissue and regulating cell responses at multiple length scales [68, 69]. 

 

Figure 3. a-c. SEM images of 3D strut-based meta-biomaterials 3D printed by 2PP technique and cultured 

with fibroblast cell lines. Adapted with permission from ref [24]. Copyright 2020 John Wiley and Sons; at 

different magnifications. d. The mechanobiological modelling of the interactions of a single eukaryotic cell 

with an NPR meta-biomaterial in both deformed and undeformed configurations. Adapted with permission 

from ref [73]. Copyright 2015 IOP Publishing. e-g. A schematic illustration of mechanically (e) and 
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remotely (g) dynamic cell culture in meta-biomaterials (f [113]). h. A 4D printed meta-biomaterial at the 

microscale. [97] h. (top) the initial state of the meta-biomaterial (i.e., initial shape). h. (bottom) shows the 

deformed shape of the meta-biomaterial (i.e., temporary shape) under temperature stimulation with two 

different magnifications. i and j. A 2PP 4D printed platform with a reversible actuation capability to me-

chanically stimulate a single cell. [87] i. A SEM image and a schematic drawing of the platform in the 

presence of a single cell. j. Some fluorescent images of the F-actin and nuclei of the stretched and un-

stretched single cells. 

 

Porous structures with random microarchitectures can also exhibit an auxetic be-

havior [41, 70, 71]. These structures can be fabricated using either AM or conventional 

techniques (e.g., foaming) [41, 70, 71]. The data regarding the biological assessment of 

meta-biomaterials with random microarchitectures is limited. A rare example is the 

investigation of the proliferation of an osteoblast-like cell line (MG-63) under static and 

dynamic loading conditions in the presence of foam-based auxetic scaffolds where the 

stiffness (via the base material) and degrees of hydrophilicity of the specimens were 

varied [41]. The auxetic scaffolds made from polyurethane (PU) promoted the prolifer-

ation of chondrocytes between days 3 and 5, which was 1.3 times higher than the non-

auxetic specimens [71]. After day 5, however, there was no significant difference in the 

proliferation of the cells interacting with the auxetic and non-auxetic scaffolds, likely 

because 100% confluence was already reached [71]. Table 1 summarizes the reported 

biological performance and fabrication techniques of strut-based meta-biomaterials, 

with 2D meta-biomaterials being the most studied structures for such biological anal-

yses.  

 

Table 1. An overview of the current literature investigating the biological responses of meta-biomaterials 
with different values of the Poisson’s ratio, scales, material properties, fabrication techniques, and cell 
types. 

Shape 
Unit cell 

type 
Scale Material 

Manufactur-

ing tech-

nique 

Cell types 

2D rectangular 

ZPR  

Meso  PEG pSLA 

Human 

MSCs 

[114,66] 
PPR/NPR 

3D rectangular NPR 
Micro/ 

Meso 

Organic−inorganic 

hybrid SZ2080 
2PP 

Mouse fi-

broblasts 

[24] 

2D rectangular NPR  
Micro/ 

Meso 
PCL MEW 

hUVECs & 

BMSCs [68] 

2D rectangular PPR/NPR  Meso  
Polyaliphatic ure-

thane acrylate blend 
pSLA 

Fibroblasts 

[65] 

2D rectangular PPR/NPR  Micro  N.A DLP N.A [52] 

3D 

rectangular 
PPR/NPR  N.A  PU 

A compressed 

carbon diox-

ide assisted 

technique 

ESCs & hiP-

SCs [26,64] 
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2.5D tubular NPR  Meso PCL MEW N.A [115] 

2D circular 
PPR/ZPR/

NPR  
Meso 

CNF/PEGDA aero-

gel 

SLA and 

freeze-drying 

Mouse 

BMSC [23] 

2D rectangular NPR Micro Silicon 
Deep reactive 

ion etching 

Human 

MSCs [73] 

3D rectangular NPR Macro HA/ PGLA& PU 

Solvent cast-

ing/salt 

leaching 

MG-63 

[41,70,71] 

2.5D tubular PPR/NPR Micro PEGDA pSLA 

Human tur-

binate 

MSCs [35] 

  

In addition to in vitro studies on meta-biomaterials, several works have focused 

on computational modeling and optimization of bone scaffolds with respect to their 

mechanobiological responses [72]. More specifically, in auxetic meta-biomaterials, the 

interaction between a single eukaryotic cell and a 2D auxetic meta-biomaterial has been 

modeled [73]. This model has been employed to design a cell-growth sensor to measure 

the forces applied by cells to the auxetic scaffold (Figure 3d). More interestingly, the 

presence of the cells can also change the mode shapes of the scaffold and even their 

orders of appearance [73]. 

2.3.4 Meta-biomaterials under dynamic conditions  

To effectively mimic the microenvironments of tissues and the homogenous dis-

tribution of cells within scaffolds, it is important to consider the impact of the dynamic 

behavior of either meta-biomaterials (i.e., dynamic loading condition) or the environ-

ment (i.e., dynamic environments). Indeed, in the body, the dynamic microenviron-

ment surrounding cells continually regulates different cell functions, such as differen-

tiation and proliferation. To better mimic these conditions, dynamic cell cultures need 

to be employed [74]. There are several factors that can improve cell proliferation and 

differentiation under dynamic cell culture conditions. Dynamic cell cultures provide 

mechanical forces that resemble those found in native tissues, thereby enabling a tran-

sition between biochemical and biomechanical cues. They also create a uniform cell 

distribution and establish a dynamic supply of nutrient to cells [75-78]. Another benefit 

of using dynamic cell cultures is that they allow for guiding cell growth in the scaffolds 

in a specific (confined) environment. To clearly elucidate the effects of the Poisson’s 

ratio of meta-biomaterials on cell response, dynamic loading conditions must be ap-

plied. It is, therefore, important to know how dynamic cell cultures work and to imple-

ment this approach in future research to better understand the living cell – meta-bio-

material interactions. Moreover, the biodegradation rate of scaffolds depends on the 

type of loading and may be different under dynamic loading conditions as compared to 

static conditions [25]. The biodegradation rate of scaffolds should match the deposition 
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rate of the newly formed ECM to maintain a balance between the degradation and for-

mation of new tissue [25]. 

There are generally two methods to operate a dynamic cell culture: mechanically 

induced loading (e.g., mechanical bioreactors) and remotely induced (e.g., mag-

netic/electric field or ultrasonic field) actuation [76] (Figures 3e-g). Although auxetic 

behavior is more dominant under dynamic loading, only a few studies have investigated 

simultaneous mechanical loading and cell culturing of meta-biomaterials [41, 70]. A 

foam-based auxetic scaffold is the only example that was tested under dynamic cell cul-

ture conditions. The results of that study showed a higher proliferation of MG-63 oste-

oblast-like cells (i.e., 200% for the stiffer scaffold and 20% for the softer one) under 

dynamic cell culture conditions. [41] There is, however, no example of a remotely in-

duced dynamic cell culture platform testing the mechanobiological response of meta-

biomaterials.  

2.4 Micro-AM technology to fabricate meta-biomateri-

als  

Over the past years, AM technology has matured enough to create meta-biomateri-

als with reliable and reproducible properties that can mimic some of the biological and 

mechanical characteristics of the native bony tissue. The progress of AM techniques has 

paved the way for creating meta-biomaterials with complex microarchitectures, 

thereby enabling the creation of a platform to effectively assess the role of microarchi-

tectural features, such as auxeticity and local curvatures, in (bone) tissue engineering 

processes. 

Light-assisted AM techniques have, so far, been the most widely used 3D printing 

methods to create meta-biomaterials at the microscale. This is due to the availability of 

a wide range of materials (i.e., biocompatible polymers) and the ability of these tech-

nique to print at very high resolutions with minimum feature sizes in the micron range 

[67, 79]. Examples of these techniques are SLA [35, 65] and 2PP [24, 80, 81]. Different 

meta-biomaterials with 3D multi-scale features and sizes down to sub-micron ranges 

have been 3D printed using 2PP [82-91]. The 2PP AM technique, like other similar 

light-assisted techniques, can be combined with conventional manufacturing tech-

niques (e.g., molding) in a hybrid fashion to push the boundaries of the existing 3D 

printing techniques. This approach has been used, for example, to study the curvature-

dependent mechanobiology of bone cells at the micro-scale, by integrating molded 2PP 

3D printed structures and creating soft elastomeric micro-surfaces [92]. This approach 

can be further extended to develop meta-biomaterials with tunable morphological and 

material properties in the future. 

One challenge in creating microscale meta-biomaterials is the trade-off between 

the printing time and print quality, particularly when covering multiple length scales. 
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A higher degree of geometrical complexity often translates to a longer fabrication time 

and more complex post-processing steps. In addition, biocompatibility, biodegradabil-

ity, and printing throughput are the most challenging aspects of micro-fabrication, par-

ticularly for 2PP [93]. In future studies, stimuli-responsive materials, such as magneto-

responsive materials, can be used to create meta-biomaterials with dynamic and tuna-

ble properties [94]. 

2.5 Future research  

Here, we reviewed the current progress of meta-biomaterials, their corresponding 

biological assessments, and the relevant mechanobiological pathways. We specifically 

focused on how the different values of the Poisson’s ratio (i.e., the degree of auxeticity), 

which is an indication of the geometrical properties of lattice structures, can influence 

the biological responses of meta-biomaterials. In addition, we highlighted the im-

portance of dynamic cell culturing and its effects on (bone) tissue engineering using 

meta-biomaterials. In this section, we discuss the outlook and future directions of this 

research line and provide several suggestions for follow-up studies. 

2.5.1 Outlook and future work 

Auxeticity, as a “mechanobiological tool” for the development of the next genera-

tion of meta-biomaterials, can fine-tune the bone regeneration process. Several studies 

dealing with the effects of the Poisson’s ratio on the mechanobiological response of 

meta-biomaterials have already appeared in the literature. However, more studies are 

needed to elucidate the isolated effects of the Poisson’s ratio on the cell response. That 

is because the Poisson’s ratio and other geometrical and mechanical properties of meta-

biomaterials are highly inter-related. Extreme care, therefore, needs to be taken to en-

sure these factors are separated from each other to the maximum possible extent. 

Another missing aspect in the current body of literature is the effects of the Pois-

son’s ratio on the responses of cells in 3D meta-biomaterials. The variations in the con-

figuration of struts in 2D and 3D structures may cause notable differences in the re-

sponse of cells interacting with such meta-biomaterials. Therefore, the mechanobiolog-

ical results of 2D and 2.5D meta-biomaterials cannot necessarily be extrapolated to the 

3D ones. To date, only a limited number of studies have addressed the role of the Pois-

son’s ratio in 3D meta-biomaterials [26, 64]. Further investigations are, therefore, re-

quired to understand any such differences between 2D and 2.5D structures on the one 

hand and 3D structures on the other. 

From a biological viewpoint, only a few cell types have been so far used to assess 

the potential of meta-biomaterials in (bone) tissue engineering. Further research with 

different cell types (i.e., either cell lines or primary cells) is, therefore, required both 

under mono-culture and co-culture conditions. Moreover, most of the biological as-

sessments performed on meta-biomaterials are limited to the assessment of their 
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cytocompatibility and cell proliferation. Other biological assays are, thus, required to 

investigate the effects of meta-biomaterial properties on the differentiation of cells. In 

addition, in vivo experiments are needed to allow for the implementation of meta-bio-

materials in clinical settings. 

From a manufacturing viewpoint, it remains challenging to create multi-scale 

meta-biomaterials at different length scales with high throughput. Recent develop-

ments in multi-material AM have provided new opportunities for incorporating more 

complexity in the design of meta-biomaterials through the deposition of soft and hard 

materials [19]. This may help in decoupling the Poisson’s ratio from other mechanical 

properties, thus providing additional flexibility in the design of meta-biomaterials. 

Moreover, organic-inorganic hybrid materials [95] can be used to independently tune 

the elastic modulus and mechanical performance of meta-biomaterials along with their 

Poisson’s ratio. These materials can be 3D printed at the microscale, providing precise 

control over their microarchitectural features and offering a promising avenue for the 

development of advanced engineered microenvironments with multifaceted function-

alities for various biomedical applications. 

In addition, it is still unclear how meta-biomaterials can stimulate cell response 

under dynamic loading conditions. Meta-biomaterials can show rare properties under 

external loading, such as local shape-morphing, which can be tuned by varying the 

Poisson’s ratio of individual unit cells (Figure 3h) [96-98]. However, not much is 

known about how these unique features can influence the cell response. Although it has 

been shown that external stimuli, such as magnetic or electric fields, light, and ultra-

sound, may improve new tissue formation [99, 100] or facilitate in vitro studies [101], 

their effects in connection with meta-biomaterials remain elusive. It is also not quite 

clear how these external stimuli can trigger other biochemical/biological activities in 

cells and alter their gene expression [76, 87]. One example of such systems is a 4D 

printed reversible scaffold designed to mechanically stimulate single cells with the aim 

of altering their gene expressions (e.g., Figures 3i and j, 2PP [87]). More studies are 

needed to explore the response of cells to the meta-biomaterials stimulated by either 

mechanical loading or by other types of external stimulus.  

4D (bio) printing is a promising AM technology to study the dynamic properties 

of meta-biomaterials and their cell responses. Creating 4D-printed meta-biomaterials 

(i.e., structures changing their shape with time [102]) with auxetic properties may be a 

new research direction to promote tissue formation and influence the response of cells 

to such types of biomaterials. This approach can provide additional functionality for 

the design of meta-biomaterials, for example, to create medical devices with integrated 

drug delivery systems providing certain antimicrobial activities. [103] 4D-printed med-

ical devices have many applications ranging between cardiovascular engineering [75] 

to orthopedic implants [104] and beyond to create specific biological responses. 877] 
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One recent example of such applications involves the development of stimuli-respon-

sive deployable metamaterials with dynamic Poisson’s ratios (Figure 3h [97, 105, 106]). 

Moreover, 4D-printed deployable implants can be implanted using minimally invasive 

surgical techniques. Upon external actuation or stimulation, such deployable meta-im-

plants expand and fit into a cavity or defect zone [107,108]. It is, however, important to 

gain a better understanding of the interaction between 4D-(bio-)printed structures and 

living tissues. For example, 4D (bio)printing technology can be used to control the ori-

entation of hMSCs, human embryonic stem cell-derived cardiomyocytes, and endothe-

lial cells in a light-responsive cardiac construct [96]. Finally, to comprehensively un-

derstand the dynamic mechanobiology of meta-biomaterials, follow-up studies on im-

plementing 4D-printed meta-biomaterials as micro-robots [97, 98, 109, 110] can be 

conducted in the future.  

The lack of multi-physics computational models for simulating the mechanobi-

ological response of meta-biomaterials and their interactions with living cells is another 

challenge in this field. Such in silico models represent powerful tools for designing op-

timal meta-biomaterials with the aim of reducing the cost and time associated with 

such studies. These models, when coupled with bone modeling approaches [111,112], 

can serves as an effective tool to predict the mechanical behavior resulting from various 

microarchitectural designs of meta-biomaterials. They can be also used to better un-

derstand the mechanobiological events (e.g., force transmission) occurring within dif-

ferent cell compartments (e.g., nuclei and cytoplasm). 

 

2.6 Conclusions 

Although it has been shown that biophysical cues, such as mechanical properties 

(e.g., stiffness) and geometrical properties (e.g., pore size and porosity), are among the 

most important parameters to successfully design orthopedic implants, there is a lack 

of understanding as to how microarchitectures influence the bone tissue regeneration 

process. One parameter than can widely vary depending on the microarchitectural de-

sign is the Poisson’s ratio. In particular, it has been shown that the sign of the Poisson’s 

ratio (i.e., negative or positive values) may play a notable role in guiding force trans-

mission across cells, while also affecting the cell response in terms of cell proliferation, 

adhesion, differentiation, and directionality. Here, we discussed the current state of the 

art regarding the Poisson’s ratio-driven meta-biomaterials and their effects on cell-bi-

omaterial interactions. 

Auxetic behavior has been observed in native (soft and hard) tissues and cells, 

highlighting its importance in designing the next generation of scaffolds and implants. 

In order to effectively design architected biomaterials inspired by native tissues, it is 

essential to consider not only the stiffness and microarchitectural parameters of such 



      
Chapter 2: Auxeticity and mechanobiology (literature review)  

34 

biomaterials (e.g., local curvature, porosity, and pore size) but also their Poisson’s ratio. 

There is some evidence in the literature suggesting that NPR meta-biomaterials pro-

mote proliferation and differentiation of cells in vitro. It is, however, necessary to de-

couple the effects of the Poisson’s ratio from other geometrical and mechanical prop-

erties. Moreover, most current studies are limited to 2D meta-biomaterials, and needs 

to be extended to 3D variants. 

The concept of auxeticity assumes an even more interesting role within dynamic 

loading conditions. Advanced technologies, such as 4D (bio)printing technologies, have 

shown great promise in creating such meta-biomaterials with dynamic properties. This 

requires the use of stimuli-responsive biomaterials and a further analysis of the re-

sponse of living cells to 4D-printed meta-biomaterials. Future studies of such novel ef-

fects call for interdisciplinary approaches in which engineers and scientists from vari-

ous backgrounds, such as mechanical engineering, biology, physics, and materials sci-

ence, work together to achieve a better understanding of the mechanobiological path-

ways driving the response of cells to auxetic and non-auxetic meta-biomaterials. 
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The Poisson’s ratio and elastic modulus are two parameters determining the elastic be-

havior of biomaterials. While the effect of elastic modulus on the cell response is widely 

studied, very little is known regarding the effects of the Poisson’s ratio. The micro-ar-

chitecture of meta-biomaterials determines not only the Poisson’s ratio but also several 

other parameters that also influence cell response, such as porosity, pore size, and ef-

fective elastic modulus. It is, therefore, very challenging to isolate the effects of the 

Poisson’s ratio from those of other micro-architectural parameters. Here, we computa-

tionally design meta-biomaterials with controlled Poisson’s ratios, ranging between -

0.74 and +0.74, while maintaining consistent porosity, pore size, and effective elastic 

modulus. The 3D meta-biomaterials were additively manufactured at the micro-scale 

using 2PP, and were mechanically evaluated at the meso-scale. The response of murine 

preosteoblasts to these meta-biomaterials was then studied using in vitro cell culture 

models. PPR meta-biomaterials resulted in higher metabolic activity than those with 

NPRs. The cells could attach and infiltrate all meta-biomaterials from the bottom to the 

top, fully covering the scaffolds after 17 days of culture. Interestingly, the meta-bio-

materials exhibited different cell-induced deformations (e.g., shrinkage or local bend-

ing) as observed via scanning electron microscopy. The outcomes of osteogenic differ-

entiation (i.e., Runx2 immunofluorescence staining) and matrix mineralization (i.e., 

Alizarin red staining) assays indicated the significant potential impact of these meta-

biomaterials in the field of bone tissue engineering, paving the way for the development 

of advanced bone meta-implants. 

3.1 Introduction 

Both the effective elastic modulus of scaffolds (~stiffness) and the biomaterial’s 

Young’s modulus may modulate cell fate and subsequent tissue development through 

mechanotransduction pathways involving cytoskeletal reorganization, and changes in 

gene expression and protein synthesis [1-4].  It is, therefore, necessary to consider the 

elastic modulus of the target tissue in the design of biomaterials and scaffolds, which 

can vary greatly from soft tissues (e.g., brain with an elastic modulus of approximately 

1-4 kPa [5-7]) to hard tissues (e.g., cancellous bone with an elastic modulus of around 

0.04-1 GPa [6, 8]). 

Several strategies can be employed to modulate the effective elastic modulus of 

scaffolds depending on the targeted tissue, biochemical properties, and manufacturing 

techniques. These strategies encompass a variety of factors, including the base mate-

rial, coating, external stimuli, and geometrical cues [9-11]. For instance, in porous scaf-

folds or implants, the micro-architectural design determines the effective elastic mod-

ulus with porosity and pore size serving as critical morphological parameters that need 

to be tailored to mimic native tissues [12, 13].  

In addition to the effective elastic modulus, the Poisson’s ratio is a crucial factor 

in biomaterial design and is known to play a significant role in regulating cell behavior 
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[9, 14-17]. The Poisson’s ratio of architected biomaterials with repetitive unit cells is a 

function of the kinematic design of their underlying mechanisms. This ratio can be var-

ied from negative to positive values by rationally adjusting the geometrical designs of 

the repetitive unit cells [18, 19]. Mechanical metamaterials offer a promising approach 

to control the Poisson’s ratio while keeping the effective elastic modulus unaffected. 

These materials are a class of advanced engineered materials featuring unconventional 

properties owing to their micro-architectural design [20-27]. 

One example of the unusual properties of mechanical metamaterials is the auxetic 

property. Auxetic metamaterials expand transversely when stretched longitudinally 

and contract transversely when compressed longitudinally, which is the opposite of the 

behavior shown by conventional materials [20, 28-31]. This unique property can make 

auxetic materials ideal for use in hybrid hip implants, as they can expand on the side of 

the implant experiencing tension under bending [32]. This can solve the current chal-

lenges in traditional hip implants which exhibit shrinkage on the tension side and ex-

pansion on the compression side under such loading conditions. Expansion on the 

compression side is beneficial as it promotes adherence to the surrounding bone and 

prevents aseptic loosening. However, the shrinkage on the tension side may eventually 

lead to the creation of a gap between the bone and the implant, increasing the risk of 

implant loosening. Auxetic meta-biomaterials could address this problem by offering 

an NPR on the tension side of such implants, which has been already demonstrated as 

a conceptual design and early prototype [32]. Such a design, therefore, can prevent im-

plant loosening and improve the connection between the implant and the surrounding 

bone [32, 33]. Therefore, auxetic meta-biomaterials have the potential to offer unique 

solutions to the challenges faced in the design of implantable medical devices [34]. 

To better understand the effects of mechanical cues on cell-scaffold interactions, 

both effective elastic modulus and Poisson’s ratio must be considered. However, the 

maximum values of both the Poisson’s ratio and effective elastic modulus are coupled 

with each other (Hashin–Shtrikman bounds [35-37]). The effective elastic modulus is 

coupled with micro-architectural parameters, which makes it challenging to change ei-

ther the morphology or the elastic behavior without affecting the other. However, ra-

tional design techniques could be used to decouple the Poisson’s ratio of meta-bio-

materials from their effective elastic modulus and morphological properties.  

Recent studies have highlighted the significance of the Poisson’s ratio in regulating 

cell behavior [9, 13, 17, 38-40]. For example, NPR meta-biomaterials have been shown 

to differently affect cell proliferation [17], differentiation [9], alignment, and direction-

ality, as compared to PPRs [16]. However, most research has focused on the effect of 

the Poisson’s ratio in 2D (and 2.5D) meta-biomaterials, with only a few studies inves-

tigating the impact of the Poisson’s ratio in 3D biomaterials [9, 16, 40]. In those studies, 

however, the interdependence between micro-architectural parameters, Poisson’s 
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ratio, and effective elastic modulus, has not been sufficiently addressed. Here, we aim 

at elucidating the independent effects of the Poisson’s ratio in 3D micro-environments 

on the response of preosteoblast cells.  

Advanced micro-AM techniques, such as 2PP, have emerged as a valuable tool for 

exploring the influence of the Poisson’s ratio on cell response in 3D micro-/meso-scale 

structures [41-44]. The 2PP technique creates high-resolution, complex meso-scale 

structures with micro-metric or sub-micrometric features [45-50], enabling the crea-

tion of 3D scaffolds with varying Poisson’s ratios and allowing the study of the impact 

of these properties on the cell behavior in 3D. Moreover, the availability of chemically 

cytocompatible photoresists makes the 2PP technique a potential tool in cell biology 

studies [42]. 

In this study, we first used computational mechanics and the FEM to rationally 

design meta-biomaterials with different values of the Poisson’s ratio (range of - 0.74 to 

+ 0.74) while maintaining similar values of the effective elastic modulus, porosity, pore 

size, and strut diameter. Then, we employed the 2PP technique to fabricate these com-

plex meta-biomaterials at the meso-scale (i.e., 1356.0×1356.0×1800.0 µm3 with a strut 

diameter of 36.0 μm) using a methacrylate photosensitive polymer (called IP-QTM). 

Subsequently, we measured the mechanical properties of IP-Q at the micro-scale (i.e., 

a cylinder with equal diameter and height of 30.0 µm) for our FEM models using micro-

compression, and similarly, characterized the mechanical properties of the meta-bio-

materials at the meso-scale to validate our rational design approach. Finally, we evalu-

ated the response of mouse preosteoblasts seeded onto the meta-biomaterials by as-

sessing their viability, metabolic activity, spatiotemporal organization, as well as the 

osteogenic differentiation and matrix mineralization. 

Our study provides new insights into the importance of the Poisson’s ratio, as a 

mechanical cue in the design of meta-biomaterials. This offers new opportunities for 

developing innovative 3D-engineered micro-environments that can be customized for 

specific tissue engineering and regenerative medicine applications. 

3.2 Results  

3.2.1 Design of the meta-biomaterials  

Five distinct structures with controlled Poisson’s ratios, namely negative (NPR), 

zero (ZPR and Hybrid), and positive (PPRp and PPRs), were designed based on the re-

sults of the computational models (Figure 1.b-d). The NPR, PPRs and Hybrid (a combi-

nation of NPR and PPR) designs were created with the same porosity, longitudinal ef-

fective elastic modulus (= 𝐸𝐿, Figure 1.d.i), pore size, strut diameter, and overall dimen-

sions. The PPRp exhibited almost identical porosities but different values of the effec-

tive longitudinal elastic modulus as compared to the NPR meta-biomaterial. The ZPR 
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meta-biomaterial featured a near-zero Poisson’s ratio (Figure 1.d.iii), but a different 

pore shape as compared to the Hybrid one. The designed structures exhibited different 

mechanical behaviors when loaded in different directions (𝑥 or 𝑦), as they were trans-

versely isotropic structures. We, therefore, reported the transverse effective elastic 

modulus (= 𝐸𝑇, Figure 1.d.i) and its ratio to the longitudinal effective elastic modulus 

(Figure 1.d.iii and Table 1).  

 

Figure 1. A schematic illustration of the design process for meta-biomaterials. a.i: A 3D representation of 

the meta-biomaterials, displaying the corresponding geometrical parameters, a global coordinate system 
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(𝑥 − 𝑦 − 𝑧), and reference points (i.e., RP1-RP4). 𝐿𝑡 and 𝑊𝑡 represent the overall height and width of the 

meta-biomaterials, respectively. a.ii: A depiction of a unit cell of the meta-biomaterials, highlighting the 

pore size (𝑃𝑆) and the diameter (𝐷) of the yellow sphere. a.iii: A 2D schematic representation of a unit cell 

of the meta-biomaterials with corresponding geometrical parameters. ℎ𝑢 and 𝑤𝑢, ℎ, 𝑙 , and 𝜃  represent the 

overall height and width of a unit cell, length of vertical struts, length of tilted struts, and the angle between 

two struts, respectively. a.iv. The preosteoblast cells after 1 day of culture (immunofluorescence staining 

of actin). The scale bar represents 100 µm. b. A schematic illustration of the final design of the meta-bio-

materials and their corresponding unit cells. c. The deformation pattern of the meta-biomaterials modelled 

using FEM at 6% longitudinal strain under quasi-static loading. The contour qualitatively displays the 

magnitude of the measured displacement in the specified units (blue represents the lowest magnitude while 

red indicates the highest one). d. The final numerical results of the meta-biomaterials in terms of the lon-

gitudinal stresses/strains (i.), Poisson’s ratio (i.e., 𝑣𝑦𝑧) (ii.) and the ratio of the longitudinal effective elastic 

modulus to the transverse one (iii.).   
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We also assessed the deformation pattern of the meta-biomaterials under a certain 

compression strain (= 6%) (Figure 1.c). The designs with NPRs and ZPRs exhibited dif-

ferent modes of deformation (lateral sliding), unlike those with a PPR (i.e., 𝑣𝑦𝑧). The 

mechanical and morphological parameters of the final design of the meta-biomaterials 

are presented in Table 1. It is worth mentioning that the PPR designs (i.e., PPRp and 

PPRs) exhibited NPR in one direction (i.e., 𝜈𝑥𝑧, Table 1). We believe that this can be 

improved in further studies by considering three symmetric planes in the design of the 

meta-biomaterials.  

3.2.2 3D Printing and mechanical characterization of the meta-bi-

omaterials   

We used 2PP to fabricate the designed meta-biomaterials at the micro-scale 

(Video 1 of the supplementary material and Figure 2.a). However, printing complex 

micro-structures via 2PP requires finding refined printing parameters (e.g., laser 

power, scanning speed, slicing distance (the 𝑧-distance between two adjacent layers), 

and hatching distance (the 𝑥-, and 𝑦- distance between two adjacent polymerized 

lines)), stitching parameters (e.g., block size, shear angle and connection between 

blocks), scanning mode (piezo or 𝑧-drive), and acceleration and movement of the stage. 

Structures that needed to be supported during the printing process, such as NPR and 

Hybrid, required careful attention to ensure high-quality prints. The detailed printing 

parameters are described in the experimental section. 

We measured the mechanical properties of IP-Q at the micro-scale and found that 

its engineering stress-strain curves are highly nonlinear (Figure 2.b.i and Video 2 of the 

supplementary material). We considered such nonlinearity (hyperelastic behavior) in 

the modeling of the meta-biomaterials through the third-order reduced polynomial hy-

perelastic model. Based on the material’s behavior at smaller strain (below 5% in Figure 

2.b.i), the Young’s modulus of the IP-Q was found to be 823.00± 23 MPa (mean value 

± SD).  

To characterize the macro-mechanical properties of the 3D printed specimens 

(Figure 2.c), we obtained the engineering stress-strain variation (Figure 2.b.ii). The 

stress values, represented by the mean values with their corresponding standard devi-

ations as shaded regions, display significant fluctuations, which can be attributed to the 

densification and possible damage (at higher strains) in the studied lattice structures. 

We focused on the initial linear part of the stress/strain graph (i.e., < 2% axial strain) 

to determine the effective elastic modulus of our specimens (Figure 2.b.ii, and Table 1). 

It is worth noting that we included a solid pedestal (14001400200 m3) beneath 

each scaffold (Figure 2.c). The addition of the solid pedestal was required to prevent 

the specimens from moving and ensure their stability during cell culture, thus facilitat-

ing subsequent handling and processing steps. This modification is expected to be 
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particularly helpful in the development of complex and delicate biofabricated struc-

tures with low relative densities (< 10%), where maintaining their stability and avoiding 

potential disruptions during cell culture is of utmost importance. 

The deformation patterns of meta-biomaterials following compression tests were 

captured using an optical microscope (Figure 2.d). In these tests, the structures, par-

ticularly in the middle part, were observed to deform laterally, either to the right or left, 

under large deformation at 50% longitudinal strain.  

 

Figure 2. a. A schematic representation of the 2PP technique employed for fabricating meta-biomaterials 

from IP-Q photoresist on a silicon substrate using a laser (10 objective). b. The mechanical evaluation of 

IP-Q cylinders (i) and meta-biomaterials (ii); i. The engineering stress-strain curves measured for IP-Q-

based specimens at the micro-scale under 25% strain and a strain rate of 0.25 µm s-1. The scale bars in the 

upper and lower images correspond to 50 and 500 µm, respectively. The red and black lines represent 

mean and standard deviation, respectively. ii. The compression testing of the meta-biomaterials at 50% 

strain (1 mm displacement) performed with a displacement rate of 10 µm s-1. c. The SEM images of meta-

biomaterials 3D printed using 2PP, showcasing their respective unit cells at higher magnifications. The 
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scale bars for the overall structures and unit cells measure 500 and 100 µm, respectively. d. The optical 

microscopy of compressed meta-biomaterials at 50% strain (1 mm displacement) when tested using a dis-

placement rate of 10 µm s-1. The scale bar represents 300 µm. 

 

3.2.3 Attachment and growth of the preosteoblast cells  

The polymerized IP-Q resin employed for the creation of the meta-biomaterials 

was found to be cytocompatible, following viability tests conducted on the MC3T3-E1 

preosteoblasts (Figure S1 of the supplementary material). The cells were able to attach, 

grow, and migrate upwards to the top surfaces of the structures in about 6 days, as 

confirmed by SEM imaging after various culturing times (Figure 3). This was supported 

by the seeding along the y-direction (Figure 1.a.i), which facilitated cell growth through 

the pores and onto the flat pedestal. The micro-architectures of the unit cells promoted 

the upward growth of the cells. After 17 days, the cells had already covered the entire 

meta-biomaterials. However, it was observed that the NPR scaffolds had fewer cells as 

compared to the other structures (Figures 3, 4; days 6 and 10).  

Interestingly, increasing the cell culture time revealed local bending of the struts 

in the cell-laden meta-biomaterials (Figures 3, 4, and S2 of the supplementary mate-

rial). As cells grew upward, they appeared to crawl along the struts, stretching them 

until the entire meta-biomaterial was covered. This resulted in local bending, which 

was more pronounced in the NPR group than in the other groups.  

Cell growth together with the shrinkage of the cells as well as the meta-biomateri-

als over time induce 3D deformation in meta-biomaterials (see Figures 3 and 4.b, with 

statistical data reported in Table S1 in the supplementary material). This effect was par-

ticularly prominent in the PPRp group, where the shape of the structure transitioned 

from a cuboid to a pyramid.  

To determine whether the observed substantial deformation is a result of living 

cells interacting with the meta-biomaterials, a control group without cells on day 17 was 

also examined. This group underwent the same culture, fixation, and dehydration con-

ditions as the cell culture specimens with cells (first column of Figure 3). To quantify 

the deformation of these meta-biomaterials, the shrinkage of their top surface was 

measured (Table 2). It should be noted that the shrinkage was calculated based on a 

comparison between the initial configuration immediately after fabrication and the 

current surface area.  

The induced deformation in the cell-free meta-biomaterials was negligible for the 

NPR, ZPR, PPRs and Hybrid groups on day 10, except for the PPRp group. The PPRp 

group exhibited an average shrinkage of 29.1% on day 17, which warrants consideration 

when evaluating the final deformation attributed to the cells (Figure 3, first column).  
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Furthermore, to ascertain whether the deformation observed in the meta-bio-

materials was attributable to living cells interacting with the structures or cell shrinkage 

during SEM imaging processes, we quantified the shrinkage of the meta-biomaterials 

before fixation and dehydration on day 17 (Figure 3, last column, control with cells be-

fore fixation and dehydration). The optical images of the meta-biomaterials (top sur-

faces) revealed that PPRp group had experienced the highest degree of shrinkage as 

compared to the other meta-biomaterials (46.1% vs. 21.1%). This finding suggests that 

the final deformation depicted in the SEM images resulted from both the forces exerted 

by the cells and the shrinkage caused by cell dehydration and specimen processing.  

 

Figure 3. SEM images of cell-laden meta-biomaterials on various days of the cell culture experiments. 

Included are optical microscopy images of control specimens without cells post-fixation and dehydration 

(day 17, first column), and control specimens with cells pre-fixation and dehydration after a 17-day culture 
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period. Scale bars for all the SEM and optical microscopy images measure 500 and 700 µm, respectively. 

Red annotations highlight local deformations resulting from cellular growth. 

 

Table 2. The shrinkage ratio of the top surface of the cell-free meta-biomaterials (after dehydration) and 

cell-laden meta-biomaterials (before dehydration). 

Type NPR [%] ZPR [%] PPRp [%] PPRs [%] 
Hybrid 

[%] 

Control (no cell after dehydration), 

day 17 
5.9±0.5 9.3±1.1 29.1±2.1 7.0±0.6 12.7±0.9 

Control (with cells before dehydra-

tion), day 17 
21.1±1.0 24.1±2.4 46.1±3.1 22.2±2.0 21.6±1.1 

 

3.2.4 Metabolic activity and osteogenic response of the preosteo-

blast cells  

The metabolic activity of the cells seeded on the different meta-biomaterials in-

creased with time (Figure 4.c, with statistical data reported in Table S2 of the supple-

mentary material), indicating that the cells could proliferate and grow within the micro-

porous structures. It is important to note that, to account for the effects of the metabolic 

activity of the initial cell population, the metabolic activities were normalized by divid-

ing them by their corresponding day 1 value. This adjustment was made because most 

cells were situated on the pedestal during the early stages of cell culture (Figure 3 and 

4). The PPRp and PPRs groups displayed the highest metabolic activity at later time 

points, while the NPR group had the lowest (Figure 4.c).  
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Figure 4. a. High-magnification SEM images of meta-biomaterials exhibiting local deformation (bend-

ing) induced by cellular activity. Red arrows indicate cell presence, while ellipses and rectangles highlight 

cell-induced deformation (bending). The scale bar measures 50 µm, except for the NPR image at day 6, 

which has a 100 µm scale bar. b. A quantitative analysis of the SEM-measured deformations, represented 

as the shrinkage ratio of the top-surface of the meta-biomaterial specimens, with (𝑝 − 𝑣𝑎𝑙𝑢𝑒 = < 0.0001,

𝐹 (4, 23) = 48.19, 𝜂2 = 0.8934), (𝑝 − 𝑣𝑎𝑙𝑢𝑒 = < 0.0001, 𝐹 (4, 25) = 26.09, 𝜂2 = 0.8068) and (𝑝 − 𝑣𝑎𝑙𝑢𝑒 =

 < 0.0001, 𝐹 (4, 25) = 17.30, 𝜂2 = 0.7346) on days 10, 13 and 17, respectively. Note that the number of in-

dependent samples per each group was 6 except for the NPR on day 10, which was 5. c. The normalized 

metabolic activity of the cells across a 17-day culture period (relative to day 1), with (𝑝 − 𝑣𝑎𝑙𝑢𝑒,

𝐹 (𝐷𝐹𝑛 = 4, 𝐷𝐹𝑑 = 32), 𝜂2) of (0.0009, 6.150, 0.4346), (< 0.0001, 10.07, 0.5573) and (< 0.0001, 29.15, 

0.7846) on days 10, 13 and 17, respectively. Note that the number of independent samples per each group 

at each timepoint was 7, except for PPRs and Hybrid groups, which was 8. Statistical significance is de-

noted by *, **, ***, **** corresponding to 𝑝 < 0.05, 𝑝 < 0.01, 𝑝 < 0.001, and 𝑝 < 0.0001, respectively. The 

non-asterisks groups indicate that the differences between the groups are not statistically significant (i.e., 

𝑝 > 0.05). 

 

To evaluate the osteogenic response of the preosteoblast cells, three groups were 

selected, namely NPR, PPRp, and Hybrid. The NPR group comprised meta-biomateri-

als with an extreme NPR, the PPRp represented meta-biomaterials with an extreme 

PPR (i.e., 𝑣𝑦𝑧) as a counterpoint to the NPR group, and the Hybrid group served as a 

control group possessing almost the same effective elastic moduli and porosity as the 

NPR group but with a near-zero Poisson’s ratio. The osteogenic differentiation of the 

cells was assessed by measuring the expression of Runx2 after 10 days of culture (Fig-

ure 5.a.i and 5.b.i and Video 3-8 of the supplementary material) whereas matrix min-

eralization was assessed by Alizarin red staining of the matrix after 17 days of culture 
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(Figure 5.a.ii and 5.b.ii and Video 9-14 of the supplementary material). Both assess-

ments were representative of the top surface of the scaffolds and not the entire 3D 

structures.  

After 17 days of culture, a mineralized matrix was detected in all the three different 

meta-biomaterials (Figure 5.a.ii and 5.b.ii). Interestingly, the mineralized matrix pre-

sents on the surface of the NPR specimens, which exhibited less cell coverage, pre-

sented a relatively ordered pattern (predominantly within the pores).  

 

Figure 5. The osteogenic responses of preosteoblasts-laden meta-biomaterials. a. The confocal micros-

copy images of Runx2 (a.i) and mineralized matrix (a.ii) on days 10 and 17, respectively. The green rec-

tangle represents the initial cross-section of the meta-biomaterials post-fabrication. b. A quantitative 



      
Chapter 3: Bone cell response in 3D meta-biomaterials under static conditions 

 

54 

analysis of Runx2 (b.i) and mineralized matrix (b.ii). No statistically significant differences were detected 

(𝑝 > 0.05) for the Runx2 and ARS assays. 

 

3.3 Discussion 

3.3.1 Rational design and fabrication of the meta-biomaterials   

The developed meta-biomaterials with controlled Poisson’s ratio were found to in-

fluence the response of preosteoblast cells. To design the meta-biomaterials studied 

here, several physical parameters, including, porosity, pore size, strut diameter, and 

effective elastic modulus (~stiffness), were considered, so as to mimic the properties of 

the trabecular bone as much as possible. Nevertheless, the effective elastic modulus of 

the developed meta-biomaterials was not still in the range of the trabecular bone (0.04-

1 GPa [6,8]). This point can be addressed either by adjusting the micro-architecture of 

the meta-biomaterials or by changing the base material from which the meta-bio-

materials are made. Geometry-based adjustment of the effective elastic modulus of the 

meta-materials can be achieved by changing the strut diameter, changing the angle be-

tween the struts (θ), and modifying the ratio of the height of the unit cells to their width 

(i.e., ℎ𝑢/𝑤𝑢 in Figure 1.a.iii). As such, increasing strut diameter leads to increased val-

ues of the effective elastic modulus while also drastically decreasing the Poisson’s ratio. 

Changing the angle between the struts (𝜃) can disrupt the compatibility between the 

pore sizes of the designs and affect the effective elastic modulus. The ℎ𝑢/𝑤𝑢 value af-

fects the pore size, effective elastic modulus, and porosity such that a lower ratio leads 

to better consistency for pore size, considering the cell size and the similarity of pore 

sizes in both PPR and NPR meta-biomaterials.  

Another approach for manipulating the effective elastic modulus of meta-bio-

materials is to modify the additive manufacturing parameters. For example, the 

Young’s modulus of the base material (IP-Q) varies during the 2PP process as the de-

livered dose of energy (i.e., laser power × scanning speed-1) increases [56], or as the 

slicing distance and hatching distance [56] decrease. Modifying some other printing 

parameters (e.g., by switching between alternate and non-alternate hatch lines) may 

also have similar effects. However, decreasing the scanning speed, slicing distance, or 

hatching distance drastically increases the printing time for such complex meta-bio-

materials. We optimized the final designs and printing parameters considering the 

complexity of the designs, printing quality, printing time, while also decoupling their 

Poisson’s ratio from other properties. More details of the optimization process used to 

adjust the parameters of the manufacturing process can be found in the experimental 

section.  

The meta-biomaterials in this study exhibited transversely isotropic behavior, 

meaning that they had two planes of symmetry. This resulted in two effective elastic 
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moduli (i.e., 𝐸𝑥𝑥, and 𝐸𝑦𝑦) and three Poisson’s ratios (i.e., 𝜈𝑦𝑧, 𝜈𝑥𝑧, and 𝜈𝑥𝑦). In the lon-

gitudinal direction (i.e., y-direction), the Poisson’s ratio was decoupled from other me-

chanical and morphological parameters in some designs, particularly, the NPR and 

PPRs. However, it is yet not decoupled from effective elastic modulus in the transverse 

direction (i.e., 𝐸𝑦𝑦), Table 1. One way to overcome this is to design a fully isotropic meta-

biomaterials with three symmetrical planes (i.e., 𝑥𝑦, 𝑧𝑦, and 𝑥𝑧). In this case, only one 

effective elastic modulus and one Poisson’s ratio would be enough to characterize the 

meta-biomaterials, and therefore, the decoupling procedure may become less challeng-

ing.  

We used 2PP and IP-Q photoresist for fabricating the meta-biomaterials studied 

here because our primary objective in the current study was to understand the response 

of bone cells (e.g., cell growth and differentiation) to meta-biomaterials with micro-

architectural dimensions that are of the same order of magnitude as the size of individ-

ual cells. While it is important to study the effects of the fabrication technique and the 

constituting material on the response of cells to such meta-biomaterials, the options 

for such types of studies are currently limited because 2PP is the only 3D printing tech-

nique capable of generating free-form architected biomaterials with such small dimen-

sions and with precisely controlled architectures. Moreover, changing the fabrication 

technique can influence the surface properties of the produced meta-biomaterials, 

which might subsequently affect cell responses. All these potential effects need to be 

studied in the future. 

While the overall quality of the printed meta-biomaterials was assessed using 

SEM, the quality of the 3D printed meta-biomaterials can be further analyzed in future 

via other imaging techniques, such as micro-computed tomography (µ-CT) or confocal 

microscopy.  

3.3.2 Mechanical characterization    

The experimental and numerical values of the longitudinal effective elastic modu-

lus were in good agreement (Table 1, ZPR and PPRp groups). We attribute the slight 

discrepancies between the experimental and numerical values to errors in the micro-

mechanical compression tests, the inaccuracies of the macro-mechanical uniaxial test 

machine, the print quality, and the post-development shrinkage of the structures.  

Regarding the pattern transformation of the meta-biomaterials under compres-

sion test, the specimens with PPRs were unable to withstand such large deformations 

while those with ZPRs or NPR deformed without failure up to 50% longitudinal strain. 

This was attributed to the much larger 𝐸𝐿/𝐸𝑇  value of the PPRp group as compared to 

the other experimental groups. The NPR, PPRs, and Hybrid specimens had the same 

values of the effective elastic modulus but highly different ultimate strengths (Figure 

2.a.ii). For the structures with the same effective elastic modulus, Hybrid and NPR 
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specimens had the highest and lowest ultimate strength, respectively. Moreover, the 

Hybrid specimens showed a higher plateau stress after yielding as compared to the 

PPRs and NPR specimens. This capability was more highlighted when the cellular 

forces largely deformed the structures. Such post-yield fluctuations of the stress-strain 

were mainly due to structural densifications caused by excessive deformation. In PPRp, 

however, there was only a negligible degree of densification (Figure 2.a.ii and c). The 

maximum principal stress in all the structures occurred near the corners of the struts 

but with different distributions and magnitudes depending on the type of the structure. 

For instance, the maximum principal stress of PPRp was higher in the middle layer, 

unlike the NPR for which the maximum values occurred in the top and bottom layers. 

The distribution of the maximum principal stress in PPRs was more homogeneous than 

in the other groups. 

Following the experimental and numerical results (Figure 2.d), the PPR struc-

tures, which are characterized by maximal effective elastic modulus ratios (PPRp) and 

minimal effective elastic modulus ratios (PPRs), experienced collapse under large de-

formation. The discrepancy between the experimental and FEM patterns for the PPRp 

and PPRs groups can be attributed to the inability of our FEM model to detect damage 

(or failure [57]) and collapse in the struts. 

3.3.3 Cell-induced deformation of the meta-biomaterials  

The fact that the local bending was more pronounced in the NPR meta-biomateri-

als can be attributed to the larger length of the struts (ℎ) in this group, resulting in 

increased bending deformation. In contrast, the ZPR group, consisting of straight 

struts, demonstrated greater resistance to local bending. This may explain the fewer 

number of cells observed in the NPR group as compared to the ZPR and PPRp groups. 

Furthermore, from a geometrical perspective, the NPR meta-biomaterial exhibits 

a negative and acute angle between the struts (i.e., 𝜃˂0), whereas the ZPR and PPRp 

structures are characterized by zero or positive angles (i.e., 𝜃 ≥ 0). Such sharp and neg-

ative angles in the unit cell of the NPR group may decrease cell growth as compared to 

the other groups. However, this requires further experiments and dedicated data anal-

ysis. Additionally, a noticeable graded bending of the struts was observed, specifically 

in the NPR group on day 8 (Figure S2 of the supplementary material). This suggests 

that prior to day 17, when the meta-biomaterial was not yet entirely covered by the cells, 

the first layer of the meta-biomaterial (particularly in the NPR group) was subjected to 

bending, resulting in the top surface deforming less (i.e., smaller localized bending) 

(Figure S2 of the supplementary material). 

The higher shrinkage in the PPRp group can be attributed to the increased 𝐸𝐿/𝐸𝑇  

value in the PPRp group. A higher 𝐸𝐿/𝐸𝑇 value implies that while the PPRp group exhib-

ited a greater longitudinal effective elastic modulus, it possessed a substantially lower 
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effective elastic modulus in the transverse direction than the longitudinal one, leading 

to diminished mechanical strength in the transverse direction (Figure 1.d.ii and Table 

1). Consequently, cells can more readily deform these structures (Figure 3). Therefore, 

the volumetric contraction was more pronounced in the PPRp group, as compared to 

local bending. 

The cell-induced shrinkage of the meta-biomaterials can be used to study some 

aspects of mechanotransduction in bone cells. The force transmitted from the cell nu-

clei to focal adhesion and then to the meta-biomaterials can be back-calculated using 

computational models [58]. This type of analysis, which is based on computational 

modeling of some aspects of the relevant mechanobiological processes, can offer a tool 

for indirect measurement of cellular forces [59,60]. 

The shrinkage of the non-seeded specimens (Figure 3, first column) was attributed 

to the properties of the IP-Q material and the micro-architectures of the designed meta-

biomaterials. Capillary forces during the fixation and dehydration of the specimens 

caused them to shrink. In the case of the PPRp group, higher shrinkage was observed 

due to the greater differences in its longitudinal and transverse effective elastic moduli 

(Figure 1.d.ii). 

3.3.4 Metabolic activity and osteogenic response of the preosteo-

blast cells  

The reduced metabolic activity in the NPR group is likely due to the sharp angles 

in the NPR specimens as compared to the PPR structures, which probably hindered 

cellular adaptation to this micro-architecture, as suggested by the SEM images (Figure 

3, day 10 and S2 of the supplementary material, days 8, 13). This may have adversely 

affected cell growth. Surprisingly, our findings contrast with the reports available in the 

literature suggesting that auxeticity provides a more favorable environment for mesen-

chymal stem cells growth [17]. Such contradictory results warrant further investigation 

for clarification. These discrepancies may be due to the improved isolation of the Pois-

son’s ratio from other micro-architectural parameters in this study as compared to 

other studies, as well as due to the different cell types, unit cell types and material used. 

Furthermore, although cells managed to reach and cover most of the meta-biomaterials 

after 17 days of culture, cell-free spaces remained visible. This observation was sup-

ported by the increasing metabolic activity measured until day 17 and higher magnifi-

cation SEM images (Figure 4 and S2 of the supplementary material).  

Regarding the osteogenic response of the preosteoblast cells in the meta-bio-

materials, no significant differences in the expression of Runx2 were detected among 

the various groups (Figure 5.b.i). However, the expressions of both Runx2 and ARS 

were non-significantly higher in the NPR group as compared to the PPR one (Figure 

5.b.i and ii). Previous studies have shown that the neural differentiation of pluripotent 
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stem cells may be higher in PPR scaffolds as compared to auxetic scaffolds [9]. These 

findings confirm that the scaffolds were able to support the osteogenic differentiation 

of preosteoblasts and matrix mineralization. Further research is required to fully un-

derstand the effects of the Poisson’s ratio on these cellular functions. However, the unit 

cell geometry appears to influence cell growth in these structures, warranting addi-

tional exploration. 

It is worth mentioning that different types of ordered or disordered (i.e., random) 

meta-biomaterials [61] can be designed with the same Poisson’s ratios. It is entirely 

possible and, indeed, likely that cells respond differently to distinct unit cell designs, 

even if the structures maintain an identical Poisson’s ratio. This aspect was a central 

focus of our study, where we observed different cell behaviors with the ZPR and Hybrid 

meta-biomaterials, despite both exhibiting almost similar values of the Poisson’s ratio. 

It should be also noted that while we studied the response of cells to the designed 

meta-biomaterials under static culture conditions, the cells themselves deformed the 

meta-biomaterials significantly over a 17-day culture duration (Figure 3). It is, however, 

important to study the effects of external, dynamic loading on the cell response of meta-

biomaterials. Introducing dynamic loading conditions can add complexities, such as 

changes in the movement of the medium, temporal changes in the pore size, differences 

in the structure of the unit cell, and local cellular deformations. These factors might 

influence the cell behavior and need to be further studied in the future. Here we used 

the cell seeding along the y-direction. We believe that the direction of cell seeding might 

also influence the cell responses (e.g., cell proliferation and differentiation) due to var-

iations in the unit cell configurations and their mechanical properties. 

3.4 Materials and methods 

3.4.1 Rational design of the meta-biomaterials 

To determine the optimal parameters for the 3D design of meta-biomaterials, we 

started off with 2D structures to initially guess the mechanical properties. This ap-

proach was advantageous as computational modeling of 2D structures is more straight-

forward than that of 3D structures. Moreover, there is an explicit analytical relationship 

describing the relationship between the design parameters of hexagonal unit cells and 

the Poisson’s ratio (𝑣) of the resulting 2D meta-biomaterial [51]:  

𝑣 = −𝜀𝑇/𝜀𝐿;  𝑣𝑦𝑧 = ((ℎ/𝑙 + 𝑠𝑖𝑛 𝜃) 𝑠𝑖𝑛 𝜃)) / 𝑐𝑜𝑠2 𝜃 ;    (1) 

where 𝜀𝑇 and 𝜀𝐿 denote the transverse and longitudinal strains, respectively. The geo-

metrical parameters ℎ, 𝑙 and 𝜃 are illustrated in Figure 1.a.iii. The porosity of such meta-

biomaterials is defined as: 
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𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = (1 − 𝑉𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑/𝑉𝑠𝑜𝑙𝑖𝑑) × 100;    (2) 

where 𝑉𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑  and 𝑉𝑠𝑜𝑙𝑖𝑑  respectively refer to the volumes of the meta-biomaterial cal-

culated from a CAD software and the volume of a solid cube encompassing the entire 

meta-biomaterial structure (𝐿𝑡 × 𝑊𝑡 × 𝑊𝑡 in Figure 1.a.i).  

Furthermore, we defined pore size as the diameter of the largest sphere that can 

fit within a unit cell of the meta-biomaterials (i.e., the yellow sphere in Figure 1.a.ii). 

To rationally design the meta-biomaterials studied here, we employed a combina-

tion of a customized Matlab (R2022b) code (Mathworks, US), SolidWorks (2022, Das-

sault Systèmes, France), and computational models created using a commercial non-

linear FEM code (Abaqus, 2022, Dassault Systèmes, France) for modeling the meta-

biomaterials and expediting the process. We applied Equation 1 to obtain a rough ap-

proximation of 𝑣𝑦𝑧 and study the effects of geometrical parameters (e.g., ℎ and 𝑙, and 

𝜃) on it, which is valid for 2D structures. First, we designed a 2D auxetic meta-bio-

material with a large absolute value of the (negative) Poisson’s ratio (= -1) to serve as a 

reference in our mechanical design. Subsequently, we adjusted the geometrical param-

eters to match the mechanical and morphological properties of the auxetic structure for 

other designs. Multiple iterations were performed to calculate the longitudinal effective 

elastic modulus, porosity, pore size, and strut diameter in 2D structures. 

Using the initial approximation of these parameters (e.g., unit cells size, pore size 

and porosity) in 2D and the cell size constraint, we determined the final 3D designs 

along with their corresponding unit cells (Figure 1.b) via 3D FEM. We assumed the 

meta-biomaterials are comprised of 6×6×3 unit cells with an overall dimension of 

1356.0×1356.0×1800.0 µm3 (in 𝑥, 𝑧, and 𝑦, Figure 1.a.i) with a particular definition of 

the pore size (Figure 1.a.ii) and parametrized unit cells (Figure 1.a.iii). We first applied 

two constraints to limit the permitted porosity and pore size. We limited the porosity 

to the values found for the trabecular bone (i.e., 50-95%) [52] while the pore sizes were 

limited to values exceeding 100.0 µm to allow for easy penetration of preosteoblast cells 

into the meta-biomaterials and to facilitate mass transport. The latter constraint was 

based on our measurement of the size of the preosteoblast cells (MC3T3-E1) via visu-

alizing their cytoskeleton morphologies, which indicated that the cells were in the ap-

proximate range of 50-100 µm (Figure 1.a.iv). The unit cell parameters (e.g., ℎ or 𝑙), 

were, therefore, adjusted to have a similar effective elastic modulus but different Pois-

son’s ratio values. This resulted in a pore size of 180.1 ± 5.3 µm and a strut diameter of 

36.0 µm. 

It is noted that both effective elastic moduli and Poisson’s ratios reported in Figure 

1.d and Table 1 were calculated at small strains (= 1 %) to minimize the effects of plas-

ticity and damage on the calculation. It is worth noting that to calculate the mechanical 
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and morphological properties of the meta-biomaterials, we used 3D solid elements (in-

stead of beam elements). We merged the struts of meta-biomaterials to create a uni-

form, single-solid structure. Therefore, no concerns of struts overlapping and multiple 

mass counting [53] exist. 

3.4.2 FEM analysis 

The .step (the standard for the exchange of product data) files of the designs were 

imported from SolidWorks into Abaqus. To model the constitutive behavior of the base 

material (IP-Q), which exhibited a highly nonlinear behavior (Figure 2.b.i), we used 

hyperelastic models, allowing IP-Q to be compressible but assuming it to be isotropic. 

Different hyperelastic models, including Neo-Hookean (Ψ = 𝐶10(𝐼1̅ − 3) +
1

𝐷
(𝐽 − 1)2), 

Mooney-Rivlin (Ψ = 𝐶10(𝐼1̅ − 3) + 𝐶01(𝐼2̅ − 3) +
1

𝐷
(𝐽 − 1)2), and third-ordered reduced 

polynomial (Ψ = ∑ 𝐶𝑖0(𝐼1̅ − 3)𝑖3
𝑖=1 +

1

𝐷𝑖
(𝐽 − 1)2i) were examined. Ψ, Ῑ𝑖, 𝐶𝑖𝑗, 𝐷 , and 𝐽  rep-

resent strain energy density function, the invariants of the modified Cauchy-Green ten-

sors, distortional response-related coefficients, volumetric response-related coeffi-

cients, and total volume ratio, respectively. We calibrated the models based on the uni-

axial engineering stress/strain of the polymerized IP-Q under compression loading 

(Figure 2.b.i), considering strains < 6%, and calculated the material constants. For this 

purpose, the engineering stress (𝐏, first Piola–Kirchhoff stress tensor) was derived 

from the strain energy density function as 𝐏 = ∂Ψ/ ∂𝐅 , where 𝐅 is the deformation gra-

dient tensor. In uniaxial compression test, considering 𝜆𝑥, 𝜆𝑦  and 𝜆𝑧, as stretches in 𝑥, 𝑦 

and 𝑧 directions, 𝐅3×3 = [𝜆𝑥 , 0, 0; 0, 𝜆𝑦 , 0; 0, 0, 𝜆𝑧] with 𝜆𝑥 =  𝜆𝑦. We found the best curve 

that fitted on the above-mentioned constitutive models and our experimental data in 

Matlab (R2022b) (Mathworks, US) to calibrate the material constants. The third-order 

reduced polynomial model provided the best fit between the modeling and experi-

mental results, ensuring enhanced computational stability with a coefficient of deter-

mination (𝑅2) of 0.9910. The material coefficients for the model were determined as 

𝐶10 = 52.80 MPa, 𝐶20 = 11521.43 MPa, 𝐶30 = −603444.78 MPa, 𝐷1 = 0.0003 MPa−1 and 

 𝐷2 = 𝐷3 = 0. The very small values of the volumetric response-related coefficients (𝐷𝑖) 

indicated that IP-Q is nearly incompressible. 

To apply the boundary conditions to the meta-biomaterials, all the degrees of free-

dom of the reference points (RPs) were kinematically coupled to the corresponding 

node sets in the model (Figure 1.a.i). RP1, RP2, RP3, and RP4 were respectively located 

on the top surface of the structures in the 𝑥𝑧 plane, the left side of the structures in the 

𝑦𝑧 plane, the bottom surface of the structures in the 𝑥𝑧 plane, and the right side of the 

structures in the 𝑦𝑧 plane. In addition, the sets of RP1-RP3 and RP2-RP4 were respec-

tively used to model the meta-biomaterials along the longitudinal and transverse direc-

tions. It is worth mentioning that no RP was considered in the 𝑥𝑦 plane as the meta-
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biomaterials were transversely isotropic. The nonlinear static solver of Abaqus was 

used for all the simulations, which were assumed to be quasistatic in nature. Geometric 

nonlinearities were also considered due to the micro-architectural complexity of the 

meta-biomaterials. To measure the longitudinal effective elastic modulus (𝐸𝐿) and Pois-

son’s ratio (𝑣𝑦𝑧 or 𝑣𝑦𝑥), the structures were loaded along the y-direction (loading I) un-

der displacement-controlled conditions. For the transverse effective elastic modulus 

(𝐸𝑇), the structures were loaded along the 𝑥- or 𝑧-direction (loading II) under displace-

ment-controlled conditions. The boundary conditions for the loadings I and II were 

(𝑢𝑦,𝑅𝑃3
= 0, 𝑢𝑦,𝑅𝑃1

= 0.05 × 𝐿𝑡) and (𝑢𝑥,𝑅𝑃2
= 0, 𝑢𝑥,𝑅𝑃4

= 0.05 × 𝑊𝑡), respectively, where 

𝑢 is the displacement. The meta-biomaterials were discretized with 3D quadratic tetra-

hedral elements of type C3D10. To ensure the robustness of our numerical analyses and 

achieve mesh-independent results, we performed a mesh sensitivity analysis with var-

ying element sizes. The results of this study demonstrated the values calculated for the 

effective elastic modulus converge within 4% when 450000 elements are used. 

The engineering stresses of the simulations were calculated by taking the reaction 

force derived from the FEM modeling and dividing it by the initial projected cross-sec-

tional area of the meta-biomaterials (𝑊𝑡 × 𝑊𝑡 in loading I and 𝐿𝑡 × 𝑊𝑡 in loading II). 

The engineering strain was calculated by taking the displacement of the relevant RP 

(RP1 in loading I and RP2 in loading II) and dividing it by the initial height (𝐿𝑡   in load-

ing I) or initial width of the meta-biomaterials (𝑊𝑡  in loading II). Ultimately, the longi-

tudinal and transverse  effective elastic moduli were computed using the reaction force 

of the RPs and the projected cross-sectional areas as: 

𝐸𝐿 = (𝐹𝑅𝑃1/(𝑊𝑡 × 𝑊𝑡))/𝜀𝐿; 𝐸𝑇 = (𝐹𝑅𝑃2/(𝐿𝑡 × 𝑊𝑡))/𝜀𝑇;    (3) 

where 𝐹𝑅𝑃1, and 𝐹𝑅𝑃2, respectively represent the longitudinal reaction force of RP1 (in 

loading I), and the longitudinal reaction force of RP2 (in loading II). 

The Poisson’s ratios in two orthogonal planes (i.e., 𝑣𝑦𝑧 (= 𝑣𝑦𝑥), 𝑣𝑥𝑦  (= 𝑣𝑧𝑦), and 𝑣𝑥𝑧  

(= 𝑣𝑧𝑥)) were calculated using the following equations: 

𝑣𝑦𝑧 = −(𝑢̅𝑧−𝑟𝑖𝑔ℎ𝑡 − 𝑢̅𝑧−𝑙𝑒𝑓𝑡)/(𝑊𝑡 × 𝜀𝑦,𝐿): loading in the 𝑦-direction; 

𝑣𝑥𝑦 = −(𝑢̅𝑦−𝑏𝑜𝑡𝑡𝑜𝑚 − 𝑢̅𝑦−𝑡𝑜𝑝)/(𝐿𝑡 × 𝜀𝑥,𝐿): loading in the 𝑥-direction; 

𝑣𝑥𝑧 = −(𝑢̅𝑧−𝑟𝑖𝑔ℎ𝑡 − 𝑢̅𝑧−𝑙𝑒𝑓𝑡)/(𝑊𝑡 × 𝜀𝑥,𝐿): loading in the 𝑥-direction; 

   (4) 

where 𝑢̅ indicates the average displacements of the nodes on the corresponding sur-

faces. For example, 𝑢̅𝑧−𝑟𝑖𝑔ℎ𝑡  shows the average displacement of the nodes in the z-di-

rection that are placed on the right side of the meta-biomaterial in Figure 1.a.i. Also, 

𝜀𝑥,𝐿 and 𝜀𝑦,𝐿  correspond to the applied longitudinal strains in the x- and y-directions, 

respectively. 
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3.4.3 2PP-based fabrication of the meta-biomaterial specimens 

 The meta-biomaterials were fabricated using 2PP. Their designs were created us-

ing a commercial CAD software, SolidWorks (Dassault Systèmes, France), and was ex-

ported as a .stl (standard triangle language) file. These .stl files were then imported into 

the DeScribe software (Nanoscribe, Germany) to generate General Writing Language 

(.gwl) files. The .gwl files were subsequently imported into Nanowrite (printing soft-

ware, Nanoscribe, Germany) for connection to the 2PP 3D printer, facilitating the fab-

rication of the final meta- biomaterials. The specimens were then printed using a Pho-

tonic Professional GT+ (Nanoscribe, Germany) 3D printer. 

The dip-in laser lithography (DiLL) configuration was employed, with a 10 ob-

jective featuring a numerical aperture (N.A) of 0.30. The lens was chosen based on the 

size of the specimens and solid/void features that needed to be reproduced. A negative 

tone-methacrylate-based photoresist known as IP-Q (Nanoscribe, Germany) with a re-

fractive index of 1.49 was used as the photoresist. The specimens were printed on sili-

con substrates (25×25×0.7 mm3 in dimensions, Nanoscribe, Germany) featuring a re-

fractive index of 3.71. 

Furthermore, as the 3D meta-biomaterials exceeded the writing field and working 

distance of the 10× objective (707.10×707.10 µm2 and 700 µm, respectively), we divided 

them into smaller blocks (Figure 2.a). We also conducted multiple printing trials to re-

fine the printing parameters, particularly for the NPR and Hybrid groups. These two 

groups theoretically had some features that need supports, which were practically chal-

lenging to print. To overcome this challenge, we employed a piezo scanning mode in-

stead of 𝑧-drive for the stage movement. This approach was chosen because 𝑧-drive 

movement can cause mechanical stage movement and photoresists instability, poten-

tially leading to micro-movement and print imperfection. Another technique to avoid 

photoresist instability immediately after the print starts is to decelerate the mechanical 

movement of the stage in printing blocks that likely require support. This was achieved 

by reducing the acceleration and velocity of the stage to 5 mm s-2 and 100 mm s-1, re-

spectively.  

To improve print quality in solid structures, we considered the integration of a 

shear angle (the angle between the stitched designs) with a specific overlap. Since the 

meta-biomaterials consisted of tilted struts, it is noticeable to consider the effects of the 

tilted struts’ angles (i.e., 𝜃) and shear angle at the same time. A proper shear angle is 

recommended be selected so that the stitching planes create an angle between the ma-

terial and themselves. In this case, a shear angle close to zero is favorable for NPR, 

PPRp, PPRs, and Hybrid groups, as these structures had already tilted struts. For the 

ZPR group, however, a shear angle of 20o was chosen, as there are no tilted struts.  
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Additionally, overlaps between the segments and the number of contours as well 

as their distances were adjusted to optimize the print quality of the NPR and Hybrid 

groups. This was accomplished by conducting several tests on a unit cell of the NPR 

group (without stitching) to determine the optimal conditions for these parameters. 

Before printing the meta-biomaterials, the silicon substrates were cleaned with 

acetone and isopropyl alcohol (IPA; both from Sigma-Aldrich, Germany) using a lint-

free wipe and were subsequently blow dried with nitrogen. To further clean and activate 

the surface of the substrates, an oxygen plasma cleaner (Diener electronic GmbH, Ger-

many) was employed at 80 W with a gas flow rate of 5 cm3 min-1, and a pressure of 0.12 

bar for 15 min. To enhance the adhesion between the specimens and substrates, silani-

zation with 3–(Trimethoxysilyl) propyl methacrylate (Sigma-Aldrich, Germany) for 1 

hour. Silanization facilitates effective chemical bonding by rendering the substrate sur-

face hydrophobic. A suitable concentration of 3-(Trimethoxysilyl) propyl methacrylate 

was established at 2.67% v/v by diluting it with ethanol. Following silanization, the 

specimens were washed with acetone, distilled water, and were then air-dried. 

After exposing the specimens, the samples were immersed in propylene glycol 

monomethyl ether acetate (PGMEA, Sigma-Aldrich, Germany) for 1 hour in a borosili-

cate Petri dish to dissolve the unpolymerized photoresist. Subsequently, the specimens 

were rinsed with IPA for 5 min in a Petri dish to eliminate the PGMEA. To further re-

duce capillary force-induced deformation in the structures and to provide stronger 

bonding between the specimens and silicon substrates, Novec 7100 engineered fluid 

(Sigma-Aldrich, Germany) was applied for 30 s, as this solvent exhibits a lower surface 

tension than IPA. 

3.4.4 Micro-mechanical test experiment 

To measure the mechanical properties of the polymerized IP-Q at the micro-scale 

and integrate them into our FEM models, a compression test was performed on stand-

ard micro-cylindrical specimens with equal diameter and height of 30.0 µm using the 

FT-NMT03 nano-mechanical testing system (FemtoTools, FT-NMT03, Switzerland). 

The specimens were 3D printed using 2PP with the same parameters as the actual 

meta-biomaterials, which included a laser power of 50 mW, a scanning speed of 

100000 µm/s, a slicing distance of 5 µm, and a hatching distance of 1 µm. We assumed 

that the IP-Q possessed isotropic elastic properties. A 200 mN silicon probe with a tip 

cross-section of 50×50 µm2 was employed to compress the specimens. To visualize the 

interface between the probe and the specimens, the FT-NMT03 machine was inte-

grated into a scanning electron microscope (JSM-6010LA, LEOL, Japan). To account 

for the stiffness of the silicon substrate and the adhesive used between the substrate 

and sample holder, the substrate’s stiffness was initially measured at a 0.25 µm s-1 dis-

placement rate with a 3 µm displacement. Following this, the compression experiment 

was conducted at the same displacement rate but at a 25% strain, after establishing 
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contact between the probe and specimen. The final engineering (nominal) stress and 

strain were obtained by dividing the derived force and loading displacement to the ini-

tial cross-section area and initial length, respectively.  

3.4.5 Macro-mechanical compression test 

To measure the mechanical properties of the meta-biomaterials at the macro-

scale, a mechanical uniaxial test machine (LLOYD instrument LR5K, UK) with a 5 N 

load cell was employed. All the experiments were conducted in the compression mode 

at a stroke rate of 10 µm s-1 until 50% strain. The acquired force-displacement data was 

used to calculate the engineering stress and engineering strain of the specimens by di-

viding them by the initial projected cross-section and by the height of the specimens, 

respectively. The effective elastic modulus of the meta-biomaterials was then deter-

mined from the linear portion of the engineering stress-strain curve. 

3.4.6 Preosteoblast cell culture 

Mouse preosteoblast cells (MC3T3-E1, Sigma Aldrich, Germany) were pre-cul-

tured in alpha minimum essential medium (α-MEM without nucleoside) supplemented 

with 10% (v/v) fetal bovine serum and 1% (v/v) penicillin-streptomycin (all from 

Thermo Fisher Scientific, US) for one week at 37 °C and 5% CO2. The culture medium 

was refreshed every 2 days. To sterilize the specimens, they were first immersed in 70% 

ethanol for 10 min, followed by twice submersion in 1× phosphate buffered saline (PBS) 

(Sigma Aldrich, Germany). Subsequently, the specimens were exposed to UV light for 

20 min. For all biological assessments except for the PrestoBlue assay, the specimens 

were glued to a transparent polymethyl methacrylate (PMMA) substrate (9 mm in di-

ameter and 2 mm in thickness) using a biocompatible silicone adhesive and were placed 

in a 24-well plate. The cells were seeded on the specimens along the y-direction (1×105 

cells per sample) in a 24-well plate. After 4 hours of incubation, the specimens were 

transferred to new well plates (Greiner, Bio-One, The Netherlands). From day 2, the 

cells were supplied with osteogenic medium containing 50 µg mL-1 ascorbic acid 

(1:1000) and 4 mM β-glycerophosphate (1:500) (both from Sigma Aldrich, Germany). 

All the cell culture experiments were conducted with at least three replicates per group, 

and two independent experiments were carried out for each assay.  

3.4.7 Immunofluorescence staining of the cytoskeleton 

The cells were fixated by washing the specimens with 1× PBS twice, followed by 

immersion in 4% (v/v) formaldehyde solution (Sigma Aldrich, Germany) for 10 min. 

After washing the cells with 1× PBS twice, they were permeabilized by immersion in 

0.5% Triton X-100/PBS solution (Sigma Aldrich, Germany) at 4 °C for 5 min, followed 

by incubation in 1% BSA/PBS (Sigma Aldrich, Germany) at 37 °C for 5 min. Anti-vin-

culin mouse monoclonal primary antibody (1:100 in 1% bovine serum albumin 

(BSA)/PBS, Sigma Aldrich, Germany) and rhodamine-conjugated phalloidin (1:1000 



      
Chapter 3: Bone cell response in 3D meta-biomaterials under static conditions 

65 

3 

in 1% BSA/PBS, Thermo Fisher Scientific, US) as a primary antibody were added fol-

lowed by incubation for 1 hour at 37 °C. This was followed by washing the cells in 0.5% 

Tween-20/PBS (Sigma Aldrich, Germany) three times for 5 min each. The specimens 

were then incubated again in Alexa Fluor 488, donkey antimouse polyclonal secondary 

antibody (1:200 in 1% BSA/PBS, Thermo Fisher Scientific, US) at room temperature 

for 1 h. Finally, the specimens were washed with 0.5% Tween-20/PBS three times for 5 

min each, followed by 5 min washing with 1× PBS.  

3.4.8 PrestoBlue assay 

This assay was used to measure the metabolic activity of the cell-laden meta-bio-

materials after 1, 3, 6, 8, 10, 13, and 17 days of culture. Accordingly, the specimens (𝑛 =

4) were placed in a 96-well plate without the PMMA substrates (with 300 µL of α-

MEM). α-MEM with 10% PrestoBlue (300 µL, Thermo Fisher Scientific, US) was added 

and the specimens were incubated for one hour at 37 °C and 5% CO2. Subsequently, 

100 µL of the incubated medium was transferred to a 96-well plate (Greiner, Bio-One, 

The Netherlands) in duplicate. Finally, the metabolic activity of the specimens was 

measured by using a Victor X3 micro-plate reader (PerkinElmer, Groningen, The Neth-

erlands) at a 530 nm excitation wavelength and 595 nm emission wavelength.  

3.4.9 SEM imaging 

To conduct SEM imaging, the specimens were washed and fixated following the 

same steps as for cytoskeleton staining. After washing the specimens with 1× PBS, fol-

lowed by distilled water for 5 min (twice each step), the specimens were dehydrated in 

50%, 70%, and 96% ethanol for 15, 20, and 20 min, respectively. Subsequently, the 

specimens were dried in air overnight at room temperature. Prior to SEM imaging, gold 

sputtering was performed on all the specimens at 20 mA for 20 s twice in ±45o tilted 

configurations to ensure a homogeneous distribution of the gold layer with a thickness 

of ~12 nm. An SEM (JEOL JSM-IT100, Japan) was used to image the specimens.  

3.4.10 Runx2 staining 

First, the specimens were fixated and permeabilized following a similar procedure 

as for F-actin. The specimens were then incubated in a dilution of primary and second-

ary antibodies, including Runx2 rabbit monoclonal primary antibody (1:250 in 1% 

BSA/PBS, Abcam, UK), and Alexa Fluor 488, donkey anti-rabbit polyclonal secondary 

antibody (1:200 in 1% BSA/PBS, Thermo Fisher Scientific, US), respectively.  

3.4.11 Alizarin red staining (ARS) 

Initially, the specimens were fixated using the same fixation procedure. The spec-

imens were then incubated in 2% (w/v) ARS solution (Sigma Aldrich, Germany) for 30 

min in the dark, followed by washing them five times with distilled water. 
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3.4.12 Fluorescence microscopy 

A fluorescent microscope (ZOE fluorescent cell imager, Bio-Rad, The Nether-

lands) was employed to visualize the cytoskeleton of the stained cells (20× objective 

featuring 0.4 NA).  

3.4.13 Live/dead assay 

After washing the meta-biomaterials with 1× PBS twice, a solution of 2 µM calcein 

and 3 µM ethidium homodimer-1 (both from Thermo Fisher Scientific, Waltham, MA, 

USA) in 1 ml 1× PBS was added to the specimens, which were then stored in dark for 

30 min at room temperature. 

3.4.14 Confocal imaging 

A confocal microscope (Zeiss LSM 710, USA) with a 10× objective and 0.25 NA (air 

configuration) was used to image the Runx2 and ARS. The confocal microscope covered 

263 µm (25 slices of z-stack). A laser with 50% power at a wavelength of 543 nm was 

used. For ARS, only one channel with excitation and emission wavelengths of 543 and 

562 nm, respectively, was used. For Runx2, a laser with a wavelength of 488 nm and 

60% power with two channels (488 nm and 540 nm) and (543 nm and 562 nm) was 

employed for the excitation and emission wavelengths, respectively.  

3.4.15 Image Analysis 

To quantitatively compare the expression levels of Runx2 and ARS, Fiji (ImageJ, 

National Institutes of Health, USA) was utilized. The .czi images from the confocal were 

imported into fiji prior to the measurement. To measure the maximum intensity and 

modification of the images, a macro code (.ijm) was written.  The contrast of all the 

images were enhanced by 0.35 saturated pixels and the final images were derived based 

on the maximum intensity of each layer.  

3.4.16 Statistical Analysis 

Origin (2022, USA) was used for the micro- and macro-mechanical tests for the 

calculation of the means and standard deviations. Prism (9.4.1, GraphPad, US) was also 

utilized for biological results, including metabolic activity, shrinkage of the meta-bio-

materials, and osteogenic responses (i.e., Runx2 and ARS) to calculate the mean and 

standard deviations, adjusted 𝑝-value, and effect size (i.e., eta-squared (𝜂2) and Cohen’s 

d values). All the experiments were performed with at least three replicates, and two 

independent sets of biological experiments for the statistical analyses. We performed a 

normality test using the Shapiro–Wilk test with alpha= 0.05, to confirm the normal 

distribution of the data in each group. Moreover, the repeatability of the second inde-

pendent set of the biological experiments were assessed via the Student’s T-test. We 

also performed ordinary one-way ANOVA test, followed by post-hoc analysis using the 
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Tukey’s multiple comparison test for considering the interaction effect between groups. 

It is noted that for all the experiments and graphs, a 𝑝 < 0.05 was considered as statis-

tically significant. Moreover, 𝜂2 was calculated based on the ratio of the sum of squares 

between groups and the total sum of squares [54]. For pairwise analysis, the Cohen’s d 

value was calculated based on the ratio of the mean differences between two groups 

and the total pooled standard deviation of the same two groups as follows [55]: 

Cohens′𝑑 value =
(𝑀1−𝑀2)

𝑆𝐷𝑝𝑜𝑜𝑙𝑒𝑑
; 𝑆𝐷𝑝𝑜𝑜𝑙𝑒𝑑 = √

(𝑛1−1)×𝑆𝐷1
2+(𝑛2−1)×𝑆𝐷2

2

𝑛1+𝑛2−2
;              (5) 

where 𝑀, 𝑆𝐷, n, and  𝑆𝐷𝑝𝑜𝑜𝑙𝑒𝑑  indicate the mean of each group, the standard deviation 

of each group, the sample size of each group, and the pooled standard deviation of two 

groups 1 and 2, respectively. The subscripts 1 and 2 represent groups 1 and 2, respec-

tively. Moreover, 𝐹 (𝐷𝐹𝑛, 𝐷𝐹𝑑) ratio shows the distribution of degrees of freedom in 

the numerator (𝐷𝐹𝑛) and the dominator (𝐷𝐹𝑑), and was defined as the ratio of the 

mean square between groups and within groups. We reported the 𝜂2 and 𝐹 (𝐷𝐹𝑛, 𝐷𝐹𝑑) 

values for the comparison groups in which a statistically significant difference at each 

timepoint was observed.  

3.5 Conclusions 

We studied the influence of the Poisson’s ratio of 3D meta-biomaterials on the 

behavior of preosteoblast cells. Therefore, we initially used computational models to 

rationally design 3D meta-biomaterials. In this design, the Poisson’s ratio was isolated 

from other micro-architectural parameters and mechanical properties, such as the ef-

fective elastic modulus, porosity, and pore size. For the fabrication of these complex 

meta-biomaterials at the meso-scale, we used an advanced micro-AM technique (i.e., 

2PP) and IP-Q as the base material. Both the micro- and meso-mechanical characteri-

zations of the IP-Q and meta-biomaterials showed a high degree of material nonlinear-

ity (i.e., hyperelastic behavior). The hyperelastic behavior of the polymerized IP-Q pho-

toresist was modeled using the third-order reduced polynomial model. We designed 

the final meta-biomaterials using an FEM approach, considering the hyperelastic prop-

erties of the polymerized IP-Q, porosity of the trabecular bone, and the size of preoste-

oblasts. The cell-laden meta-biomaterials exhibited differences in terms of cell infiltra-

tion along the struts, (lateral) structural deformation over time, and metabolic activity 

of the cells. The cells seeded on the meta-biomaterials with PPRs (i.e., 𝑣𝑦𝑧) demon-

strated significantly higher levels of metabolic activity and induced more deformation 

of the structures as compared to those seeded on the auxetic meta-biomaterials. This 

difference in the cell responses is likely due to the unit cell geometry and anisotropy in 

the effective elastic modulus, with the PPRP having the most pronounced anisotropy, 

leading to increased deformation.  
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Furthermore, all the meta-biomaterials considered here supported the osteogenic 

differentiation of preosteoblasts as well as matrix mineralization. However, there were 

no significant differences between the various groups. This study presents a new plat-

form for the design, fabrication, and assessment of meso-scale meta-biomaterials with 

controlled Poisson’s ratios. The presented design approach also holds considerable 

promise for the development of bone implants and may contribute toward expanding 

our understanding of how physical cues impact cell responses, both individually and in 

combination 

3.6 Supplementary material 

 

 

Figure S1. Fluorescent microscopy images illustrating the viability of the MC3T3-E1 preosteoblast cells 

seeded on the different meta-biomaterials for 1 and 3 days, as determined by live/dead assay (scale bar = 

100 µm). The results indicated that the IP-Q material is not cytotoxic for these cells and that the cells could 

grow on all the meta-biomaterials. 
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Figure S2. SEM images showing the morphology of the cell-laden meta-biomaterials. The scale bars for 

the images of day 3 is 100 µm and for days 8 and 13 is 200 µm, except for the PPRp on day 13, which is 100 

µm. 

 

 

 

 

 



      
Chapter 3: Bone cell response in 3D meta-biomaterials under static conditions 

 

70 

Table S1. The Cohen’s d absolute values obtained from the Tukey’s multiple comparison test for the shrink-

age ratio of the top surface of the cell-laden meta-biomaterials on days 10, 13 and 17. The effect sizes are 

only reported for the comparison groups with an adjusted 𝑝-value < 0.05. 

Cohen’s d absolute values of the top-surface shrinkage ratio 

Group             Day 10 Day 13 Day 17 

NPR vs. ZPR 3.0 3.6 - 

NPR vs. PPRp 4.0 2.3 2.6 

NPR vs. PPRs 3.7 4.7 - 

NPR vs. Hybrid - 2.3 - 

ZPR vs. PPRp 7.9 4.5 3.1 

ZPR vs. Hybrid 1.5 - - 

PPRp vs. PPRs 10.1 5.0 3.1 

PPRp vs. Hybrid 4.5 3.4 3.4 

 

Table S2. The Cohen’s d absolute values obtained from the Tukey’s multiple comparison test for the nor-

malized metabolic activity of the preosteoblast cells seeded on the meta-biomaterials, on days 10, 13 and 

17. The data presented here correspond to the comparison groups with an adjusted 𝑝-value < 0.05. 

 Cohen’s d absolute values of the normalized metabolic activity 

Group Day 10 Day 13 Day 17 

NPR vs. ZPR 3.2 3.1 2.1 

NPR vs. PPRp 2.0 2.1 3.2 

NPR vs. PPRs 2.3 3.8 6.8 

ZPR vs. PPRp - - 1.8 

ZPR vs. PPRs - - 4.1 

PPRp vs. Hybrid - 1.4 2.4 

PPRs vs. Hybrid - 2.0 4.5 
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Meta-biomaterials are engineered biomaterials with unprecedented properties derived 

from their microscale design, positioning them as promising candidates for developing 

medical devices (e.g., meta-implants). A significant challenge in developing meta-bio-

materials lies in effectively decoupling their intertwined mechanical properties (e.g., 

elastic and shear moduli, Poisson’s ratio) and morphometric properties (e.g., porosity, 

connectivity, surface area) properties. To address this challenge, we introduced non-

stochastic unit cells featuring cubic and isotropic properties with three orthotropic 

planes of symmetry. We explicitly derived the geometrical relationships necessary to 

explore our design spaces and calculate the morphometric properties (e.g., pore sizes). 

We employed a numerical homogenization method based on a 3D voxelization ap-

proach to model the unit cells of the meta-biomaterials within our design space, repre-

senting the empty and solid phases in a binary format. Through an extensive number 

of simulations (i.e., 43,000) and a multi-objective optimization technique, we success-

fully isolated the Poisson’s ratio while maintaining other mechanical properties (i.e., 

effective elastic and shear moduli, and mechanical anisotropy level), morphological 

properties (i.e. relative density, pore size, tortuosity, surface-to-volume ratio and con-

nectivity) and mass transport parameters (i.e., permeability) as constant as possible, 

with an average deviation below 10.9%. The resultant meta-biomaterials were addi-

tively manufactured using PolyJet 3D printing and two-photon polymerization tech-

niques, respectively at the macro- and microscales. Mechanical testing was conducted 

on these fabricated meta-biomaterials to validate the predictions of our computational 

models. The established computational model and fabricated meta-biomaterials pro-

vide promising avenues for advancing tissue engineering and facilitating studies in cell 

mechanobiology, enabling precise exploration of the isolated effects of mechanical and 

morphometric properties. 

4.1 Introduction 

Meta-biomaterials are engineered, biocompatible materials whose unique proper-

ties arise from the architecture of their artificial microstructure. These materials open 

a wide design space for real-world applications, particularly in biomedical engineering, 

where they enable the creation of structures with unprecedented properties, such as 

auxeticity that surpass those of conventional materials [1-4]. Meta-biomaterials are 

made from stochastic or non-stochastic building blocks, such as strut-based [5-7] or 

surface-based [8, 9] unit cells. The specific arrangement and the geometric design of 

these repetitive unit cells offer extensive design freedom, enabling designers to custom-

ize the properties of meta-biomaterials [3].  

The design flexibility of meta-biomaterials extends beyond mechanical properties 

(e.g., elastic modulus, shear modulus, Poisson’s ratio, and mechanical anisotropy 

level). It includes morphometric (e.g., porosity, pore size, tortuosity, surface/volume 

ratio, and connectivity) and mass transport (i.e., permeability and diffusivity) 
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properties. However, mechanical, morphometric, and mass transport properties are of-

ten interdependent, meaning adjusting one parameter (e.g., increasing the effective 

elastic modulus) can lead to changes in others (e.g., Poisson’s ratio). Furthermore, 

these properties are intertwined, and in certain applications, such as mimicking tissue 

microenvironments, it is crucial to decouple them to achieve specific mechanical and 

morphometric properties [10]. This challenge is magnified when seeking extreme prop-

erties, such as high values of PPR or NPR [1]. 

There are certain known facts regarding the mechanical, morphological, and mass 

transport properties of meta-biomaterials. For instance, the relationship between the 

relative mass density and the elastic modulus is known to be of a power-law nature [11], 

with the effective elastic modulus of any microarchitectural design being constrained 

by the Hashin–Shtrikman bound [12], for any given relative mass density. Another ex-

ample is the relationship between porosity and permeability [11], which depends on the 

pore shape, and is correlated with other properties, such as the Poisson’s ratio. Theo-

retical limits exist also for the Poisson’s ratio, 𝑣, of 3D isotropic solid materials, where 

it can range between −1.0 (i.e., extremely high shear modulus and low bulk modulus) 

to 0.5 (i.e., extremely high bulk modulus and low shear modulus) according to 𝐵/𝐺 =

(𝑣 + 1)/3(0.5 − 𝑣), assuming positive values for both 𝐵 (i.e., bulk modulus) and 𝐺 (i.e., 

shear modulus) [11]. In the context of meta-biomaterials, penta-mode meta-biomateri-

als and auxetic meta-biomaterials can exhibit Poisson’s ratios of 0.5 [13], and −1 [14, 

15], respectively. However, in the context of meta-biomaterials, achieving simultaneous 

control over several mechanical parameters, such as Poisson’s ratio, shear modulus, 

and bulk modulus is highly challenging and has yet to be fully realized.  

To decouple these properties more effectively, it is advantageous for meta-bio-

materials to be as more mechanically isotropic as possible. However, 3D meta-bio-

materials often exhibit inherent anisotropy due to the spatial arrangement of their 

struts, particularly in non-stochastic unit cells [16]. The degree of anisotropy in lattice-

based meta-biomaterials depends on factors, such as the symmetry of the unit cells 

(e.g., the number of mirror planes), and unit cell parameters (e.g., strut diameter, strut 

length, strut angle). Consequently, the microarchitecture of the unit cell as well as its 

geometric parameters need to be rationally designed. In addition to mechanical anisot-

ropy, geometrical symmetry (e.g., two [1], or three planes of symmetry [17]) is crucial 

for certain applications, such as studying the effects of directionality in the mechano-

biology of cells [18]. Therefore, there is a demand for developing meta-biomaterials 

with minimal mechanical anisotropy, such as isotropic or cubic properties, character-

ized by the fewest possible elasticity coefficients. 

The ability to independently tune the Poisson’s ratio is particularly important in 

the design of biomedical devices and in the study of cellular mechanobiology. Isolating 

the Poisson’s ratio from other mechanical and morphometric properties is an area that 
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remains unexplored. The Poisson’s ratio can serve as a powerful design tool in creating 

the next generation of implants, known as meta-implants [19], where local tailoring of 

this property can lead to a better match in deformation characteristics with the sur-

rounding bone tissues [19]. Moreover, in mechanobiological studies, Poisson’s ratio has 

been shown to influence the proliferation and differentiation of bone cells (preosteo-

blasts) [1], fibroblasts [18], and human mesenchymal stem cells [20]. However, tuning 

the Poisson’s ratio without affecting other properties remains a significant challenge. 

Existing studies have primarily focused on limited aspects, such as nearly zero values 

[17], 2D structures [20, 21], and asymmetric values across three orthogonal directions 

[1, 20]. 

To design meta-biomaterials with multiple desired properties simultaneously, 

particularly, to isolate their Poisson’s ratio, various methodologies can be employed. 

They include direct FEMs [22], numerical homogenization [23], inverse design using 

physics-informed deep learning approaches [3, 24, 25], multi-objective optimization 

[17] and trials and errors [26]. Each technique has its advantages and drawbacks in 

terms of computational costs, simplicity, accuracy, and versatility. For instance, the di-

rect FEM using solid elements yields accurate results but is computationally expensive. 

One efficient method may involve using FEM methods (e.g., homogenization-based 

[27]) to perform extensive number of simulations rapidly, followed by multi-objective 

optimization to isolate Poisson’s ratio in meta-biomaterials.  

In this study, we propose a new design of 3D meta-biomaterials and characterize 

their mechanical, morphometric, and mass transport properties.  The goal is to isolate 

the Poisson’s ratio from other properties of the meta-biomaterial, achieving both ex-

treme negative and positive values. The properties we targeted include the Poisson’s 

ratio 𝑣, the effective elastic modulus 𝐸eff, the effective shear modulus 𝐺eff, the Zener 

ratio 𝐴, the relative mass density  𝜌, the pore size 𝑃𝑆, the permeability 𝑘, the tortuosity 

τ, the surface-to-volume ratio 𝑆/𝑉, and the connectivity 𝑍𝑔. The designed meta-bio-

materials exhibited either isotropic properties (i.e., with only two independent elastic 

coefficients) or cubic symmetry (i.e., with three independent elastic coefficients). We 

conducted extensive numerical simulations using FEM-based numerical homogeniza-

tion to calculate the elastic properties. Critical values within the design space were de-

termined through explicit geometrical analysis of the meta-biomaterials. To isolate the 

Poisson’s ratio from all other properties, we employed a multi-objective optimization 

technique with a high throughput. Finally, we 3D printed the designed meta-biomateri-

als at different length scales using PolyJet and 2PP technologies and experimentally 

characterized their mechanical properties at the macroscale. 
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4.2 Results and discussion  

4.2.1 Mechanical properties of the meta-biomaterials 

We investigated the correlation between the mechanical properties of 3D meta-

biomaterials proposed in Figure 1, in terms of 𝜃 and normalized 𝐿 (i.e., 𝐿/𝐻, Figure 2a). 

This analysis provided a comprehensive understanding of the design space of our meta-

biomaterials in terms of 𝑣, 𝐸eff/𝐸0, 𝐺eff/𝐺0, and 𝐴. It should be also noted that the re-

sults we report here are based on the categories that are defined in the Materials and 

Method section (i.e., Category I (𝜃min < 𝜃 ≤ 90.0o), Category II (90.0o < 𝜃 ≤ 135.0o), 

and Category III (135.0o < 𝜃 < 𝜃max)). 

 

Figure 1. a. A general illustration of the objective of this study, showing a 3D symmetric meta-biomaterial 

with isolated Poisson’s ratio alongside its mechanical, morphometric and mass transport properties. b. A 

schematic drawing of a 3D unit cell of the meta-biomaterial in a Cartesian coordinate system, with three 

planes of geometrical symmetry and periodic boundary conditions. c. The classification of unit cells into 

three distinct categories: Category I (𝜃𝑚𝑖𝑛 < 𝜃 ≤ 90.0𝑜, shown in blue), Category II (90.0𝑜 < 𝜃 ≤ 135.0𝑜, 

shown in green), and Category III (135.0𝑜 < 𝜃 < 𝜃𝑚𝑎𝑥,shown in yellow). Here, 𝜃, 𝐿 and 𝑑 are the three input 

parameters, while 𝐻 represents the overall size of the unit cell. d. A 2D schematic drawing of a unit cell 
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from Category I, used to calculate parameters ℎ, ℎ𝑝, and 𝑃𝑆𝑊. e. A 2D schematic drawing of a Category II 

unit cell, illustrating the calculation of 𝑃𝑆𝑊. f. A 2D schematic drawing of a Category III unit cell, also used 

to calculate 𝑃𝑆𝑊. g. A 3D schematic showing a unit cell with labeled nodes. These labels are necessary for 

reporting their coordinates and morphometric properties. h. A 3D schematic drawing of 2 × 2 × 2 unit cells 

(from Category II) demonstrating 𝑃𝑆𝑊 and 𝑃𝑆𝐵 i. A 3D schematic showing 𝑃𝑆𝐵 when 𝐿 is small enough that 

the green sphere does not touch the non-boundary struts but touches the red struts (boundary ones). j. A 

2D schematic drawing for deriving an explicit formula for the maximum 𝐿 in Category I unit cells. k. The 

critical values of 𝜃 and 𝐿 in our meta-biomaterial design. The blue unit cell has the minimum 𝜃 (46.6𝑜), 

maximum 𝐿 (200.9/300), and 𝑑 = 8.0/300. In contrast, the yellow unit cell features the maximum 𝜃 

(177.7𝑜), and the minimum and maximum 𝐿 (140.5/300), with 𝑑 = 8.0/300. 

 

In Category I, the Poisson’s ratio ranged between −0.59 and 0.26, with a notable 

sign change from negative to positive occurring around 𝜃 = 68.0o (Figure 1a, and b). 

This early transition in sign, as compared to the typical 90.0o transition seen in 1D or 

2.5D metamaterials, results from the 3D design and geometrical symmetry (i.e., geo-

metrical constraints) of the unit cells. For small values of normalized 𝐿 (until 𝐿/𝐻 <

65.0/300), the Poisson’s ratio remained positive, but it increased further as 𝐿 increased 

(indicated by the blue color contour in Figure 2a). For Category II, the Poisson’s ratio 

ranged between 0.01 and 0.34. Within this category, increasing 𝜃 up to 120.0o led to an 

increase in the Poisson’s ratio, which then decreased again as 𝜃 approached 135.0o. 

Similarly, the Poisson’s ratio increased with 𝐿 until 𝐿/𝐻 = 100.0/300, but decreased 

beyond this point. In Category III, the Poisson’s ratio ranged between 0.01 and 0.33, 

with increasing of both 𝜃 and 𝐿 resulting in a decrease of the magnitude of ν. It should 

also be noted that Categories I, II, and III contained 38.63%, 36.89%, and 24.49% of 

the data, respectively in terms of the number of simulations conducted per Category.  

The 3D distribution of 𝐸eff/𝐸0 indicated that its variation with 𝜃 was generally 

smooth, except for a number of critical angles (i.e., 𝜃 > ~170.0o and 𝜃 < ~60.0o, Figure 

2a and Figure S2a-i of the supplementary material). The higher values of 𝐸eff/𝐸0 at 

these angles are likely due to the strut overlapping effects. In this case, a much higher 

number of voxels is required to capture the elastic moduli accuracy, which, in general, 

increases the computational cost. In Category II, the variation of 𝐸eff/𝐸0 vs. 𝜃 was rela-

tively constant when considering the effect of 𝐿. Across Categories I, II, and III, 𝐸eff/𝐸0 

ranged between 2.054 × 10−6 and 0.014 (mean ± SD: 0.001 ± 0.001), between 

3.223 × 10−6 and 0.018 (0.002 ± 0.002) and between 9.483 × 10−6 and 0.011 (0.002 ± 

0.002), respectively. 
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Figure 2. The mechanical properties of the meta-biomaterials. a. 3D surface plots of the mechanical prop-

erties as functions of 𝜃 and 𝐿, with a color bar representing the Poisson’s ratio (𝑣). b. The effects of the strut 

diameter (𝑑) on 𝑣, 𝐸𝑒𝑓𝑓/𝐸0, 𝐺𝑒𝑓𝑓/𝐺0 and 𝐴. The color bar corresponds to the changes in 𝜃. c. The evaluation 

of the elastic properties, including the normalized 𝐸𝑒𝑓𝑓 (𝐸𝑒𝑓𝑓/𝐸0, i.), 𝐺𝑒𝑓𝑓 (𝐺𝑒𝑓𝑓/𝐺0, ii.) and 𝐴 (iii.) in relation 

to the Poisson’s ratio (𝑣). The light blue highlight in the plot 𝐴 (iii) marks the range between 0.95 and 1.05 

for 𝐴 (i.e., fully isotropic unit cells). d. The stiffness maps of the unit cells with minimum (𝐴𝑚𝑖𝑛 =

9.20 × 10−4, i.), unity (𝐴 = 1.0, ii.) and maximum Zener ratio (𝐴𝑚𝑎𝑥 = 1.90, iii.). The input parameters for 

these unit cells respectively were 𝜃 = 99.0𝑜, 𝐿 = 7.9/300 and 𝑑 = 8.0/300, 𝜃 = 86.9𝑜, 𝐿 = 121.9/300 and 𝑑 =

22.0/300 and 𝜃 = 131.0𝑜, 𝐿 = 103.5/300 and 𝑑 = 8.0/300 . e. The variation of 𝐸𝑒𝑓𝑓/𝐸0 vs. 𝐺𝑒𝑓𝑓/𝐺0 in relation 

to the 𝑣 (color bar). 

 

The 3D distribution of 𝐺eff/𝐺0 as a function of 𝜃 and 𝐿 showed a normal-like dis-

tribution with a maximum peak, indicating that 𝐺eff/𝐺0 increased to a maximum at cer-

tain values of 𝜃 (i.e., 𝜃 = 135.0o) and 𝐿 (i.e., 𝐿/𝐻 = 100.0/300), before decreasing 
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(Figure 2a and Figure S2a-i of the supplementary material). In Categories I and II, 

𝐺eff/𝐺0 increased with 𝜃, but it decreased in Category III as 𝜃 increased. Similar to the 

distribution of 𝐸eff/𝐸0, 𝐺eff/𝐺0 showed an unexpected increase at the critical values of 𝐿 

(i.e., 𝐿/𝐻 > 160.0/300) when 𝜃 was very small (i.e., 𝜃 < 60.0o). The ranges of 𝐺eff/𝐺0 

for Categories I, II, and III were 6.003 × 10−7 to 0.007 (6.834 × 10−5 ± 1.491 × 10−4), 

6.90 × 10−7 to 0.006 (2.564 × 10−4 ± 5.497 × 10−4), and 7.186 × 10−7 to 0.005 

(1.352 × 10−4 ± 2.704 × 10−4), respectively.  

The distribution of 𝐴 was similar to that of 𝐺eff/𝐺0, with peaks occurring at similar 

values of 𝜃 (i.e., 𝜃 = 135.0o) and 𝐿 (i.e., 𝐿/𝐻 = 100.0/300, Figure 2a and Figure S2a-i 

of the supplementary material). The level of anisotropy, 𝐴, in Categories I, II, and III 

ranged from 9.56 × 10−4 to 1.26 (0.17 ± 0.27), 9.21 × 10−4 to 1.85 (0.32 ± 0.47), and 

9.33 × 10−4 to 0.83 (0.0574 ± 0.09), respectively. All the categories could generate an-

isotropic meta-biomaterials with 𝐴 < 1.00, but only Category II produced meta-bio-

materials with 𝐴 > 1.00, indicating that Category II structures are generally more iso-

tropic as compared to those from Categories I and III (especially for very small or large 

values of 𝜃). 

Another key input parameter that significantly affected the mechanical properties 

of meta-biomaterials was the strut diameter, 𝑑, in addition to the spatial rearrangement 

of the struts (i.e., 𝜃 and 𝐿). Varying 𝑑 from 8.0/300 to 25.0/300 had a pronounced effect 

on 𝑣, 𝐸eff/𝐸0, 𝐺eff/𝐺0, and 𝐴 (Figure 2b). In particular, changes in the strut diameter not 

only altered the magnitude of 𝑣 but also switched its sign from negative to positive when 

𝑑 > 25.0/300. Moreover, increasing 𝑑 led to a nonlinear decrease in 𝑣 for the unit cells 

in Category I. However, the effects of changes in 𝑑 on other mechanical properties could 

be compensated by adjusting 𝜃 and 𝐿. While increasing 𝑑 significantly boosted 𝐸eff/𝐸0 

and 𝐺eff/𝐺0, it had a minimal impact on 𝐴. 

To further explore the correlation between the mechanical properties (i.e., effec-

tive elastic and shear moduli and Zener ratio) and Poisson’s ratio, we examined their 

2D distributions (Figure 2c). The variation of 𝐸eff/𝐸0 vs. 𝑣 in Category I showed that 

higher values of Poisson’s ratio could only be achieved by decreasing 𝐸eff/𝐸0, making it 

challenging to expand the design space for auxetic meta-biomaterials with higher 

𝐸eff/𝐸0 [28, 29]. 

The meta-biomaterials from Category III exhibited the highest 𝐸eff/𝐸0 as com-

pared to Category I, but their Poisson’s ratio tended towards zero. The maximum 

𝐸eff/𝐸0 was observed in unit cells with approximately right angles and negligible ℎ (i.e., 

𝜃 = 90.2o, 𝐿 = 137.0/300 and 𝑑 = 24.0/300; Figure 2c-i, marked by a cyan ellipse). Fig-

ure 2c indicates that as the Poisson’s ratio becomes more negative, the design space 

tightens in terms of the effective elastic modulus. Nonetheless, some of our meta-bio-

materials achieved a similar range of 𝐸eff/𝐸0 in Category I and III, which the Poisson’s 
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ratios ranged between −0.30 and 0, and 0.30 and 0, respectively. Moreover, Poisson’s 

ratio values in our 3D symmetric meta-biomaterials covered a wide range from −0.59 

to 0.34, which is rare in 3D meta-biomaterials with symmetric properties. It should be 

noted that the blue data points in Figure 2c-i, encircled in purple, belong to the unit 

cells from Category I with a very large 𝐿 (e.g., 𝜃 = 50.8o, 𝐿 = 177.2/300 and 𝑑 =

24.0/300). 

A similar trend was observed for the effective shear modulus, 𝐺eff/𝐺0, but with a 

tighter distribution (in terms of area, Figure 2c-ii). As shown in Figure 2a-ii, the meta-

biomaterials with PPRs (Categories II and III) exhibit higher 𝐺eff/𝐺0, which is opposite 

to pentamode meta-materials [13]. Comparing the variations of 𝐸eff/𝐸0 and 𝐺eff/𝐺0 we 

found that: i. while meta-biomaterials with right angles (the blue unit cell in Figure 2c-

i) exhibited the highest 𝐸eff/𝐸0, they showed relatively low 𝐺eff/𝐺0, and ii. meta-bio-

materials with maximum 𝐺eff/𝐺0 exhibited nearly maximum 𝑣, whereas those with 

maximum 𝐸eff/𝐸0, showed nearly zero 𝑣. The maximum 𝐺eff/𝐺0 occurred when 𝜃 ap-

proached 135.0o (i.e., 𝜃 = 129.3o, 𝐿 = 96.1/300, and 𝑑 = 25.0/300, Figure 2c-ii). 

The level of mechanical anisotropy, 𝐴 (Figure 2c-iii), however, provided a broader 

design space than 𝐸eff/𝐸0 and 𝐺eff/𝐺0, particularly in regions with NPRs. The meta-bi-

omaterials with a high 𝐴 (i.e., 𝐴 > 1.50), belonged to those from Category II with a 𝜃 

ranging from 101.2o to 131.0o. More specifically, the unit cell with 𝜃 = 131.0o, 𝐿 =

103.5/300 and 𝑑 = 8.0/300 possessed the highest level of anisotropy (i.e., 𝐴 = 1.85, 

Figure 2c-iii). Moreover, similar to 𝐺eff/𝐺0, the maximum 𝐴 occurred at maximum 𝑣. 

To visually illustrate the level of anisotropy of the unit cells, we plotted their stiff-

ness maps for respectively minimum, unity, and maximum 𝐴 (Figure 2d). For unit cells 

with 𝐴 < 1.00, the homogenized stiffness tensor surfaces were much thinner, but the 

stiffness values in the 𝑥, 𝑦, and 𝑧 directions) remained the same. For example, the min-

imum 𝐴 belonged to unit cells with 𝜃 between 99.0o and 107.0o, 𝐿 = 7.7/300 and 𝑑 =

8.0/300. This means that these meta-biomaterials exhibited similar Poisson’s ratios 

and effective elastic and shear moduli along three orthogonal directions (i.e., 𝑥, 𝑦, or 𝑧), 

but significantly different properties in other directions (e.g., 45.0o respect to 𝑥). Meta-

biomaterials with 𝐴 values around 1 (i.e., 0.95 < 𝐴 < 1.05, shown in the blue shadow in 

Figure 2c-iii), all exhibited PPRs (i.e., 𝑣avg = 0.25). We also presented a histogram of 

the data at this region (Figure S2a-ii of the supplementary material), confirming that 

auxetic meta-biomaterials predominantly exhibit higher levels of anisotropy than non-

auxetic ones, as observed in previous studies [17]. 

Regarding the correlations between 𝐸eff/𝐸0, 𝐺eff/𝐺0, and 𝐴, let us consider Figure 

2e. First, depending on the Poisson’s ratio, meta-biomaterials exhibited either a high 

𝐺eff/𝐺0 but lower 𝐸eff/𝐸0 (PPRs) or a low 𝐺eff/𝐺0 but high 𝐸eff/𝐸0 (nearly ZPRs and 

NPRs). For meta-biomaterials with 𝐴 around unity (i.e., 0.95 < 𝐴 < 1.05), the 
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correlation between 𝐸eff/𝐸0 and 𝐺eff/𝐺0 was linear, similar to isotropic materials (sub-

plot in Figure S2a-ii of the supplementary material). It should, however, be noted that 

this linearity only applied to meta-biomaterials with PPRs. 

4.2.2 Morphometric properties of the meta-biomaterials  

We determined the morphometric properties of the meta-biomaterials, including 

𝑃𝑆W, 𝑃𝑆B and 𝑃𝑆𝑅 (see Section “Materials and methods) for different values of the input 

parameters (i.e., 𝜃, 𝐿 and 𝑑), according to our derived geometrical relationships (Table 

1), Figure 3. The variation of 𝑃𝑆W with 𝜃 indicated that increasing 𝜃 led to an increase 

in 𝑃𝑆W until 𝜃 reached 120.0o, after which 𝑃𝑆W decreased as 𝜃 continued to increase 

towards its maximum value. However, this relationship depended on the magnitude of 

𝐿. At small values of 𝐿 (i.e., 𝐿/𝐻 < 0.1), 𝑃𝑆W was almost independent of 𝜃, as the unit 

cell size became very small. For unit cells with 0.1 < 𝐿/𝐻 < 0.4, the variation of 𝑃𝑆W 

with 𝜃 exhibited symmetry, meaning that the same 𝑃𝑆W could be achieved in both Cat-

egories I and III. However, since larger values of 𝐿 (i.e., 𝐿/𝐻 > 0.4) primarily occurred 

in Category I, isolating the Poisson’s ratio became challenging for such unit cells. 𝑃𝑆W 

in Categories I, II, and III ranged between 0.03 and 0.91 (0.29± 0.19), 0.03 and 0.94 

(0.43± 0.22), and 0.03 and 0.63 (0.22± 0.13), respectively. 
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Figure 3. The morphometric properties of the meta-biomaterials. a. The 2D distribution of 𝑃𝑆𝑊, 𝑃𝑆𝐵 and 

𝑃𝑆𝑅 vs. 𝜃. The color bar indicates the variation of 𝐿/𝐻. b. The evaluation of the 𝑃𝑆𝑊, 𝑃𝑆𝐵 and 𝑃𝑆𝑅 in terms 

of 𝑣. The color bar represents the changes in 𝜃. c. The 2D correlation between 𝜌, 𝑆/𝑉 and 𝜏 as a function of 

𝜃, with the color bar corresponding to the changes in 𝐿/𝐻. d. The evaluation of 𝜌, 𝑆/𝑉 and 𝜏 in terms of 𝑣. 

The color bar indicates the changes in 𝜃. 

 

 

 

 

 

 

 



      
Chapter 4: Isolation of Poisson’s ratio in 3D meta-biomaterials  

86 

Table 1. A summary of the final form of the geometrical relationships in Categories I, II and III of our 

meta-biomaterials.  

Category Category I Category II Category III 

𝜽 θmin<θ≤90o 90o<θ≤135o 135o<θ<θmax 

𝑳 0 < 𝐿 ≤ 𝐿max 0<L≤0.36H 0<L≤0.36H 

𝑷𝑺𝐖 2L(sin θ - cos θ)-d 2L(sin2 θ - sin θ cos θ)-d 2L√sin2 θ - cos2 θ +1-d 

𝑷𝑺𝐁 
min (√2H-d & 

√3H2+8L2 sin2 θ-8HLsinθ-d ) 

min (√2H-d & 

√3H2+8L2 sin2 θ-8HLsinθ-d ) 

      min(√2H-d & 

√3H2+8L2 sin2 θ-8HLsinθ-d ) 

𝑷𝑺𝐦𝐢𝐧 𝑑 𝑑 𝑑 

𝑳𝐦𝐢𝐧 PSW=PSmin PSW=PSmin PSW=PSmin 

𝑳𝐦𝐢𝐧 
2d

2(sinθ- cos θ)
 

2d

2(sin2 θ -sinθ cos θ)
 

2𝑑

2√𝑠𝑖𝑛2 𝜃 − 𝑐𝑜𝑠2 𝜃 + 1
 

𝑳𝐦𝐚𝐱 √2H=2r+d+C h=hmin=d/2 h=hmin=d/2 

𝑳𝐦𝐚𝐱 
√2(H-d)

2√sin2 θ - cos2 θ +1
 

H/2-d/2

|sin θ - cos θ|
 

H/2-d/2

|sin θ - cos θ|
 

𝜽𝐜𝐫𝐢𝐭𝐢𝐜𝐚𝐥 Lmin=Lmax − Lmin=Lmax 

𝜽𝐦𝐢𝐧 
(d+PSmin) (2√sin2 θmin - cos2 θmin +1) -

√2(H-d)(2(sin θmin - cos θmin))=0 
− − 

𝜽𝐦𝐚𝐱 − − 

(
H

2
-

d

2
) (2√sin2 θmax - cos2 θmax +1) -

(d+PSmin)(|sin θmax -

cos θmax|)=0 

 

On the other hand, the variation of 𝑃𝑆W with 𝑣 did not follow a consistent pattern 

(Figure 3b). In Category I, sharper angles resulted in a smaller (tighter) 𝑃𝑆W, consistent 

with the behavior predicted by Eq. 5. This behavior is similar to the variation of the 

effective elastic and shear moduli vs. Poisson’s ratio (Figure 2a). This means that to 

achieve auxetic meta-biomaterials with larger Poisson’s ratios, one has to deal with a 

narrower design space in terms of 𝑃𝑆W, requiring sharper (smaller) angles. 

Conversely, the variation of 𝑃𝑆B behaved oppositely to 𝑃𝑆W, with respect to the 

input parameters 𝜃 and 𝐿 (Figure 3a). In Category III, 𝑃𝑆B reached a plateau around 

𝜃 = 155.0o, remaining unchanged with further changes in 𝜃 (highlighted by the red rec-

tangle in Figure 3a). This plateau occurred at the maximum value, where 𝑃𝑆B was equal 

to the face diagonal of the cube, √2𝐻 − 𝑑 (Figure 1e). The slight variation in 𝑃𝑆B within 

this plateau region was due to the differences in the strut diameter. The normalized 

𝐿/𝐻 in this plateau region ranged from approximately 0.30 to 0.45. Overall, 𝑃𝑆B in Cat-

egory III ranged between 1.18 and 1.39 (1.35± 0.03). In Category I, 𝑃𝑆B decreased when 

𝜃 increased, ranging from 0.92 to 1.39 (1.14± 0.15). In Category II, increasing 𝜃 led to 

an increase in 𝑃𝑆B, ranging from 0.93 to 1.39 (1.24± 0.12). Similar to 𝑃𝑆W, 𝑃𝑆B exhibited 
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a random distribution with respect to 𝑣, further complicating the isolation of Poisson’s 

ratio (Figure 3b). 

The design space in terms of 𝑃𝑆𝑅 displayed a smooth distribution across Catego-

ries I to III, indicating that similar 𝑃𝑆𝑅 values could be generated (Figure 3a). This 

aspect is crucial for the subsequent optimization of the meta-biomaterials. For the unit 

cells with very small 𝐿/𝐻 (i.e., 𝐿/𝐻 < 0.1), where 𝑃𝑆W was minimal, 𝑃𝑆𝑅 was very large 

(i.e., 𝑃𝑆𝑅 > 10.0), which does not facilitate the optimization. Similar to 𝑃𝑆W, 𝑆𝑅 showed 

a symmetric variation with respect to unit cells at 𝜃 = 120.0o. 𝑃𝑆𝑅 in Categories I, II, 

and III ranged from 1.07 to 41.63 (6.85 ± 6.42), 1.04 to 41.63 (4.85± 5.19), and 1.92 to 

41.63 (9.36± 7.01), respectively. Considering the distribution of 𝑃𝑆𝑅 vs. 𝑣 (Figure 3b), 

the unit cells with the largest 𝑃𝑆𝑅 typically exhibited nearly zero Poisson’s ratios, as 

their 𝐿/𝐻 was very small. 

The variation of the relative mass density with the input parameters indicated that 

increasing 𝜃 results in decreased relative mass density, until 𝜃 = 135.0o (in Categories 

I and II). This trend is due to the variation of ℎ with 𝜃 (Eq.2 and Figure S1a of the sup-

plementary material). In Category III, however, increasing 𝜃, resulted in a slight in-

crease in the relative mass density, following the same trend as ℎ. As for 𝐿, larger values 

of 𝐿 resulted in a higher relative mass density, as more material is required. For very 

small values of 𝐿, the unit cells did not significantly contribute to the overall properties 

of the meta-biomaterials, making the variation of the relative mass density with 𝜃 al-

most negligible (Figure 3c). The relative mass density in Categories I, II and III ranged 

from 0.17 to 7.67 (2.03± 1.39), 0.16 to 5.77 (1.51± 0.99), 0.16 to 3.99 (1.33± 0.86), re-

spectively. The relationship between Poisson’s ratio and relative mass density followed 

an irregular pattern, making the optimization challenging. 

According to Eq.S22, 𝑆/𝑉 is only dependent on the strut diameter 𝑑. Figures 3c 

and 3d also indicated that the distribution of 𝑆/𝑉 is not dependent on the other two 

input parameters 𝜃 and 𝐿. In our designed meta-biomaterials, 𝑆/𝑉 ranged from 0.16 to 

0.5, as we changed the normalized strut diameter from 8.0/300 to 25.0/300. Moreo-

ver, the relationship between 𝑆/𝑉 and Poisson’s ratio followed an irregular pattern, 

particularly in Category I (Figure 3d). 

The distribution of tortuosity (see Section “Materials and method) followed an or-

dered trend concerning the input parameters 𝜃 and 𝐿 (Figure 3c). However, there was 

no clear pattern regarding the variation of tortuosity with Poisson’s ratio, making de-

coupling more challenging (Figure 3c). The effect of 𝜃 on the tortuosity was such that 

meta-biomaterials from Category I exhibited higher tortuosity values, while those from 

Categories II and III, particularly Category II, showed lower tortuosity. This is because 

the meta-biomaterials from Category II featured minimum ℎ (Figure S1a of the supple-

mentary material), leading to minimum 𝐿short and, consequently, minimum tortuosity. 
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In Categories I and II, increasing 𝜃 resulted in decreased tortuosity particularly in Cat-

egory I, indicating that increasing 𝜃 from its minimum value to 135.0o results in a 

smoother path or shorter 𝐿short (as per Eq. 24). Regarding the effect of 𝐿, increasing 𝐿 

led to an increase in 𝐿short and, consequently, increased tortuosity, regardless of the 

unit cells category. Overall, Eq.24 demonstrated a correlation between tortuosity and 

the input parameters. 

In Category I, tortuosity ranged from 1.06 to 3.61, with a mean of 1.90 and a stand-

ard deviation of 0.47. The minimum and maximum tortuosity values belonged to meta-

biomaterials with 𝜃 = 89.0o, 𝐿 = 9.2/300, and 𝑑 = 8.0/300 and 𝜃 = 46.8o, 𝐿 =

200.0/300, and 𝑑 = 8.0/300, respectively. In Category II, tortuosity ranged from 1.03 

to 1.96 with a mean of 1.32 and a SD of 0.18. The minimum and maximum tortuosity 

values belonged to meta-biomaterials with 𝜃 = 123.0o, 𝐿 = 7.8/300, and 𝑑 = 8.0/300 

and 𝜃 = 90.2o, 𝐿 = 144.5/300 and 𝑑 = 9.0/300, respectively. In Category III, tortuosity 

ranged from 1.03 to 1.87 with a mean of 1.32 and an SD of 0.15. The minimum and 

maximum tortuosity values in Category III belonged to meta-biomaterials with 𝜃 =

135.0o, 𝐿 = 9.0/300 and 𝑑 = 8.0/300, and 𝜃 = 177.0o, 𝐿 = 138.0/300, and 𝑑 = 8.0/300, 

respectively. 

The three plots in Figure 3c illustrate that relative mass density, 𝑆/𝑉, and tortuos-

ity followed a similar pattern in our meta-biomaterial designs, described as 𝐴 −

𝐵(sin𝜃 − cos𝜃 − 𝐶), in which 𝐴, 𝐵, and 𝐶 are constants that primarily depend on 𝐿. This 

pattern suggests that auxetic meta-biomaterials (Category I) have the potential to ex-

hibit higher values of relative mass density, 𝑆/𝑉, and tortuosity as compared to non-

auxetic ones (i.e., Category III and II). This trend of relative mass density has also been 

shown in other studies [1]. 

4.2.3 Multi-objective Optimization of the meta-biomaterials  

To isolate the Poisson’s ratio from other properties, a systematic multi-objective 

optimization approach was necessary. We aimed to find two meta-biomaterials (or a 

pair) featuring maximum difference in Poisson’s ratio and minimum difference in other 

parameters, including mechanical and morphometric parameters. This means that one 

meta-biomaterial exhibits an extreme NPR, and the other one exhibits an extreme PPR; 

while the other mechanical and morphometric properties remain as constant as possi-

ble. Nevertheless, due to the complexity of our optimization, we only considered the 

mechanical properties in the objection function as Eq.3. We first calculated the objec-

tive function for all the possible pairs (i.e., 𝑖, 𝑗) of the 43,000 number of simulations, 

which was equal to 1,848,957,000 numbers of pairs. We established the histogram of 

the calculated values of the objective function, which was Gaussian-like (Figure S3a-i 

of the supplementary material). Based on this normality, we only focused on data 
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whose objective function values fell within 0 and 2𝑆𝐷 range to avoid high computa-

tional costs (Figure 4a).  

 

Figure 4. The results of the multi-objective optimization. a. The histogram of the deviation in all mechan-

ical and morphometric properties for each pair comparison. b.i. The final optimized meta-biomaterials 

with isolated Poisson’s ratio at 10%, 15%, 20% and 32% deviations. Only two pairs were achieved (pairs I 

and II), one with maximum deviation of 31.37% (pair I) and the other one with 18.93% (pair II). The hori-

zontal blue line indicates the average of all mechanical and morphometric properties (excluding Poisson’s 

ratio) in the pair II. The final unit cells #1 and #2 with isolated Poisson’s ratio are shown. b.ii. The stiffness 

map of the unit cell #1, which is similar to unit cell #2 showing their level of anisotropy.  

 

We then computed the deviation (or difference) of each mechanical and morpho-

metric properties in each pair (between two unit-cells) using Eq.4 (Figure 4a). We com-

puted the deviation of each property for all the possible pairs to calculate the (total) 

average deviation, as a criterion to find the optimal pairs It is important to note that 
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the high deviations (> 100%) for the Poisson’s ratio were due to the differences in the 

sign of the Poisson’s ratios (negative vs. positive) in each pair comparison. Following 

the histogram of the deviations (Figure 4a), fewer pairs exhibited lower deviations, 

which is expected. Particularly, this was more highlighted for the deviations of the mor-

phometric properties, as they were not directly involved in the objective function. It is 

also shown that the relative mass density, and tortuosity are the most challenging ones 

in our optimization method (Figure 4a).  

However, we set three different levels for the maximum deviation of each param-

eter: 10%, 15%, 20%, and 32%. The results of our optimization showed that it is not 

possible to find a pair of meta-biomaterials with the maximum deviation of less than 

18.93%. For the deviation of less than 31.37%, we found two pairs as presented in Figure 

4b-i. Two pair comparisons were notable: one with a maximum deviation of 31.37% 

(pair I, Figure 4b-i) and another with 18.93% (pair II, Figure 4b-i). In pair I (two unit 

cells from Category I), the maximum deviation of 31.37% belongs to the relative mass 

density, highlighting its challenging impact on our optimization process. We selected 

pair II, with a maximum variation of 18.93%, where the average variation across all 

properties (except for Poisson’s ratio) was 8.60%. The two corresponding unit cells in 

pair II, labeled as unit cell # 1 and unit cell # 2 are illustrated in Figure 4b. Interestingly, 

although both unit cells belong to Category I (i.e., 𝜃 < 90.0o), the first unit cell exhibited 

an NPR (i.e., 𝜈 = −0.14), while the second had a PPR (i.e., 𝜈 = 0.11). 

To assess the anisotropy level of these two unit cells, we also plotted their stiffness 

maps (Figure 4b-ii). These maps revealed that both unit cells exhibit cubic symmetry 

with normalized elastic moduli of 𝐸eff/𝐸0 = 0.017 and 𝐺eff/𝐺0 = 6.245 × 10−4. Previ-

ously, this meant that these two meta-biomaterials are not only geometrically symmet-

ric, but also exhibit similar mechanical properties in the three orthogonal directions of 

𝑥, 𝑦 and 𝑧. All mechanical and morphometric properties of these two unit cells are re-

ported in Table 2. These two meta-biomaterials exhibit very similar mechanical prop-

erties (deviations of less than 10%) but are slightly different in their morphometric 

properties (deviations of 18.93%, 16.22%, and 14.24%, respectively for the relative mass 

density, surface-to-volume ratio, and tortuosity).  
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Table 2. The mechanical and morphometric parameters of the meta-biomaterials with isolated Poisson’s 

ratio (i.e., 𝜃1 = 64.0𝑜, 𝐿1 = 104.5/300 and 𝜃2 = 71.0𝑜, 𝐿2 = 84.5/300). 

Properties Simplified model Deviation [%] 

Parameter design #1 design #2 - 

𝑣 [−] -0.14 0.11 178.57 

𝐸 [MPa] 0.016 0.017 4.82 

𝐺 [MPa] 6.55 × 10−4 5.94 × 10−4 9.32 

𝐴 [−] 0.07 0.08 9.68 

𝑃𝑆𝑅 [−] 3.75 3.63 3.18 

𝜌 [−] 0.40 0.32 18.93 

𝑆/𝑉 [µ𝑚−1] 0.5 0.5 0 

𝜏 [−] 2.07 1.78 14.24 

𝑍𝑔 [−] 2.42 2.42 0 

𝑘 [𝑚2] 3.10 × 10−9 4.07 × 10−9 23.83 

 

To validate the tortuosity calculated from Eq.S24 (supplementary material) in our 

modeling, we compared it with values obtained from a 3D voxel-based model using a 

customized plugin in ImageJ [30]. To achieve this, we used 𝑛 = 300 for the voxelization 

to achieve a highly detailed 3D model. The distribution and the mean of the tortuosity 

were calculated (Figure S3b of the supplementary material). The tortuosity values de-

rived from Eq.S24 for designs #1 and #2 were 2.07 and 1.89, respectively, while the 

values from the 3D solid model were 2.27 and 1.93, respectively. The comparison be-

tween these results showed a high level of agreement, validating our approach. 

Regarding the connectivity of the meta-biomaterials, it should be noted that all the 

generated structures (with arbitrary 𝐿 and 𝜃 input parameters) had the same connec-

tivity. This uniformity arises from the total number of elements and the local connec-

tivity of each node in these meta-biomaterials (Figure 1). Given the local connectivity 

of 2 for the marginal nodes of the unit cells (i.e., nodes P1, P5, P8, P19, P13, and P16 in 

Figure 1g), and using Eq.S20 from the supplementary , the calculated connec-

tivity of the meta-biomaterials was 2.42. 

The permeability of the Poisson’s ratio-isolated meta-biomaterials calculated us-

ing FEM (Figure S3c of the supplementary material), showed a strong correlation with 

the variation in tortuosity and relative mass density. The final deviation of the perme-

ability between unit cells #1 and 2 was about 23.83% (Table 3). The distribution of the 

Elucident line (𝐿𝑒) vs. straight line (𝐿𝑔) indicated a higher fluctuation for design #1 as 

compared to design #2 (Figure S3b from the supplementary material). This is because 

design #1 has a sharper angle than design #2. The pressure distribution and the flow 

speed contours are also presented in Figure S3c of the supplementary material. The 

similarity in permeability variation to that of the tortuosity and relative mass density 

can be attributed to the interrelated nature of these properties, which often have 
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nonlinear relationships [31]. Therefore, controlling one parameter can provide partial 

control over the others. 

It is worth mentioning that the most challenging property to control in our model 

was the relative mass density (Figure 4). One potential solution is to use hollow struts 

instead of solid ones. This approach would allow for simultaneous tuning of mechanical 

and morphometric properties with greater flexibility. However, fabricating such micro 

meta-biomaterials with hollow struts poses significant challenges. For instance, alt-

hough 2PP can theoretically 3D print these structures, removing the resin trapped 

within the hollows is very challenging. 

4.2.4 3D Printing and mechanical characterization of the meta-bi-

omaterials   

To validate the results of our computational model, we 3D-printed six different 

meta-biomaterials and characterized their effective compressive modulus. To normal-

ize the effective elastic modulus of the meta-biomaterials, it was necessary to first meas-

ure the Young’s modulus of the base photoresist (IP-Q) (Figure 5a). From the linear 

region of the stress/strain curve in Figure 5a, Young’s modulus was calculated to be 

1008.2 ±7.5 MPa. 
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Figure 5. The mechanical characterization of the meta-biomaterials at the macroscale. a. The uniaxial 

compression stress (𝜎) of the polymerized resin vs. strain (ԑ) at a displacement rate of 5 𝑚𝑚/𝑠. The red 

solid line represents the mean, and the blue shadow indicates the standard deviation. b. Images of six 

PolyJet 3D printed meta-biomaterials with different geometrical parameters. c. The stress/strain response 

of the six meta-biomaterials under a uniaxial compression test with a 5 mm/s displacement rate. The black 

solid line and the blue shadow indicate the mean and the upper/lower bounds.

 

The six meta-biomaterials, selected from different categories with varying input 

parameters, were 3D printed using an inkjet printing combined with UV curing, 

PolyJet, (Figure 5b). We then characterized the compression behavior of these meta-

biomaterials under uniaxial loading at a displacement rate of 5 mm/s. The results are 

displayed in Figure 5c and Table 3, with additional details provided in Supplementary 
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videos S6-11. The experimentally measured effective elastic modulus showed strong 

agreement with our computational model. The minor discrepancies observed between 

the computational model and experimental results are likely due to 3D printing imper-

fections, assumptions in the computational models, potential sliding of the specimens 

on the bottom and top surfaces during testing, and the voxel resolution in our model. 

 

Table 3. The comparison between the results derived from the numerical homogenization method and the 

3D solid elements.  

Meta-bio-

material 
Unit 

cell 

Homogenization 

method 

3D solid ele-

ments 
Experiment 

Solid-

Works 

𝐿 [× 1

/300], 𝜃 [𝑜], 

 𝑑 [× 1/300] 

𝐸eff

/𝐸0 [× 10−4] 
ʋ [−] ρ [%] 

𝐸eff

/𝐸0 [× 10−4] 
ʋ [−] 

𝐸eff

/𝐸0 [× 10−4] 
ρ [%]  

110, 65, 20 

 

6.400 0.05 3.55 5.680 0.00 6.799 3.43 

110, 60, 20 

 

9.840 0.02 3.57 8.320 -0.06 9.642 3.46 

140, 60, 14 

 

0.800 -0.17 2.02 0.800 -0.22 0.897 0.90 

90, 120, 14 

 

4.800 0.32 1.22 4.640 0.30 3.010 3.01 

100, 150, 14 

 

4.640 0.32 1.26 4.720 0.30 3.728 3.73 

100, 90, 14 

 

0.960 0.24 1.38 0.960 0.24 0.906 0.91 
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Furthermore, we 3D printed the meta-biomaterials at the microscale using the 

2PP technique, which enables micrometric feature resolution (Figure S4 of the supple-

mentary material). This included fabricating final structures with a normalized strut 

diameter of 8. 0/300 (Figure S4a-iv and S4a.v of the supplementary material), indicat-

ing the scalability of our developed meta-biomaterials. We also performed a compres-

sion test on a meta-biomaterial with 𝜃 = 65.0o, 𝐿 = 110.0/300, and 𝑑 = 20.0/300, cap-

turing an optical image of the deformed specimen (Figure S4b of the supplementary 

material). 

4.3 Summary and conclusions 

We introduced 3D geometrically symmetric meta-biomaterials with fully isotropic 

(i.e., characterized by elastic modulus and Poisson’s ratio) and cubic properties (i.e., 

characterizing by elastic and shear moduli and Poisson’s ratio), defined by 9 planes of 

symmetry. To explore the design space of these proposed meta-biomaterials in terms 

of mechanical and morphometric properties, we developed all necessary geometrical 

relationships in terms of input parameters (i.e., strut angle, strut length, and strut di-

ameter). By determining critical values in these relationships, we explored a broad de-

sign space for optimizing the proposed meta-biomaterials. 

We employed an effective computational method combining homogenization 

techniques and FEM based on the 3D voxelization of the non-stochastic unit cells to 

calculate their mechanical, morphometric, and mass transport properties. We con-

cluded that this method allowed achieving a broad spectrum of symmetric Poisson’s 

ratios, ranging from −0.59 (Category I) to 0.34 (Category II), which is rare in 3D meta-

biomaterials. Furthermore, we fine-tuned the level of anisotropy in our meta-bio-

materials based on input parameters, resulting in high and low Zener ratios for unit 

cells from Categories I and II, respectively. We also concluded that meta-biomaterials 

from Category II exhibited a higher level of mechanical isotropy than other categories.  

Through extensive simulations and a multi-objective optimization technique, 

which minimized an objective function incorporating elastic properties (i.e., Poisson’s 

ratio, effective elastic and shear moduli, and Zener ratio) while constraining morpho-

metric properties, we successfully isolated Poisson’s ratio from other mechanical and 

morphometric characteristics. The analyses of many designs allowed identifying two 

with highly different Poisson’s ratio (i.e., one negative and one positive) while all the 

other mechanical and morphometric parameters differed by less than 11%. This will 

enable studying the isolated influence of the Poisson's ratio on cell-growth and differ-

entiation.  

We also fabricated our proposed meta-biomaterials using PolyJet and 2PP tech-

niques, achieving precise control over feature resolution at both macro- and mi-

croscales, respectively. We mechanically characterized the compression behavior of our 
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3D printed meta-biomaterials to validate our predicted computational results. The ex-

perimental results confirmed the high accuracy of our computational predictions, vali-

dating the robustness of our computational model and fabrication approach.  

We believe that our methodology for designing 3D symmetric meta-biomaterials 

and effectively isolating Poisson’s ratio not only advances the understanding of the me-

chanical design of meta-biomaterials but also opens new avenues for future mechano-

biological studies, particularly when focusing on the effect of a single parameter. These 

advancements have significant implications for real-world applications, particularly in 

the development of meta-implants that can be tailored to optimize cellular responses 

and enhance bone tissue regeneration. 

4.4 Material and methods  

4.4.1 Geometrical design of the meta-biomaterials  

The detailed derivation of the equations related to the geometrical design of our 

meta-biomaterials is provided in the supplementary material, with a summary of all 

the geometrical formulas presented in Table 1. It should be noted that we categorized 

our designs into three categories, namely Category I, Category II, and Category III, 

based on the parameters 𝜃 and 𝐿 (Figure 1c). Specifically:  

Category I: 𝜃min < 𝜃 ≤ 90.0o and 0 < 𝐿 ≤  𝐿max,  

Category II: 90.0o < 𝜃 ≤ 135.0o and 0 < 𝐿 ≤ 0.36𝐻 

Category III: 135.0o < 𝜃 < 𝜃max and 0 < 𝐿 ≤ 0.36𝐻.  

In our designs, two distinct pore sizes were defined, given that the proposed meta-

biomaterials are composed of repetitively arranged monolithic unit cells. The first pore 

size refers to the internal pore shape within the unit cell, termed as the “pore size 

within” (𝑃𝑆W, represented by the dark green sphere in Figure 1h). The second pore size 

is defined by the voids created between adjacent unit cells, referred to as the “pore size 

between” (𝑃𝑆B, represented by the light green sphere in Figure 1h). These pore sizes 

have direct and explicit relationships with 𝜃 and 𝐿, the actual form of which depends 

on the Category. As these two pore sizes play a role in both unit cells and the meta-

biomaterials, we considered their ratio, named pore size ratio (𝑃𝑆𝑅) as 𝑃𝑆𝑅 = 𝑃𝑆B/𝑃𝑆W, 

in our final optimization process. 

After extracting all the geometrical correlations for the critical values of the input 

parameters, we generated a large number of unit cells within the design space defined 

by our model (i.e., 𝜃min, 𝜃max, 𝐿min, and 𝐿max, as shown in Figure 1k). The generation 

process is further illustrated in the supplementary video S1. 
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4.4.2 Voxelization of the meta-biomaterials  

To voxelize the meta-biomaterials, we considered a single unit cell as a representa-

tive structure, which is encapsulated within a 3D cube of side-length 𝐻, as previously 

mentioned. We assumed 𝐻 to be identically unity in the three orthogonal directions. 

Let 𝑛 represent the number of voxels along each orthogonal direction (i.e., 𝑥, 𝑦, and 𝑧), 

resulting in each voxel being cubic as well and having a size of 𝐻/𝑛. The voxel matrix 

was a binary matrix composed of zeros and ones, where each value indicated the ab-

sence (zero) or presence (one) of materials within the unit cell. The overall size of the 

unit cell is equal to the matrix of 𝑛 × 𝑛 × 𝑛. The criterion for determining the presence 

of the material was whether the minimum distance from the voxel’s center to the line 

segment of the strut was less than the strut diameter. The detailed information on the 

calculation of the minimum distance can be found in [27]. 

To generate the voxel representation of the unit cells, we first parametrically for-

mulated the coordinate systems of all the vertices of the unit cells (Figure 1g), as de-

tailed in Table S1 of the supplementary material. We assumed that the coordinate sys-

tem originated at the corner of the cube (Figure 1c). 

The overall size of the unit cell and the quality of the voxelated unit cell depend on 

the number of voxels, 𝑛, along the orthogonal directions. Figure S1b of the supplemen-

tary material illustrates unit cells in 2D and 3D. It is worth noting that the relative mass 

density of the unit cells was also calculated through the voxelization process. This was 

done by taking the ratio of the volume of voxels with material (i.e., with entries of 1) to 

the total volume of the unit cell. 

4.4.3 Measuring the connectivity, tortuosity, and permeability of 

the meta-biomaterials 

The connectivity of the meta-biomaterials was calculated as the ratio of the sum of 

the connectivity at each node in the unit cell to the total number of nodes in the unit 

cell [32]. The corresponding formula for the connectivity is provided in Section S2 of 

the supplementary material. The surface-to-volume ratio (𝑆/𝑉) was calculated as the 

ratio of the total surface area of the struts in a unit cell to the total volume of the unit 

cell. The empirical equation for this calculation is also detailed in Section S2 of the sup-

plementary material. 

We defined the geometrical tortuosity (i.e., 𝜏), as the ratio of the shortest path 

length from the inlet to the output of the flow (from the top to the bottom of the unit 

cell, specifically between nodes P1 and P16 as shown in Figure 1g) to the end-to-end 

length of the unit cell, referred to as Euclidean length (𝐿e). The formula for calculating 

tortuosity is presented in Section S2 of the supplementary material. For greater preci-

sion, tortuosity was also calculated using a 3D model based on the voxelization of the 
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3D unit cells, using a customized plugin in ImageJ [30]. This purpose involved first 

voxelizing the unit cells and then generating all the 2D image slices (𝑧-stacks), as shown 

in the supplementary videos S2-S4. We merged all the 𝑧-stacks in ImageJ to create a 

3D voxelized unit cell and then applied the Tortuosity plugin from [30] to compute the 

tortuosity. 

To calculate the permeability of the meta-biomaterials, we employed a commercial 

FEM code, COMSOL Multiphysics (6.1, COMSOL Inc, Sweden). Considering the overall 

size of the unit cells, we modeled a cavity within a cube with the dimensions 

300 × 300 × 300 µm3. The model was set up using the creeping flow regime to solve the 

continuity and Navier Stokes equations. At the inlet boundary, the pressure was set to 

10−3Pa, while atmospheric pressure was set to zero at the outlet. The boundaries that 

correspond to the solid-fluid interface were defined as walls, with a no-slip boundary 

condition applied. Symmetry boundary conditions were used for the outer boundaries. 

The mass density and flow viscosity were respectively set to 1000 kg/m3 and 0.001 Pa. s. 

The permeability of the meta-biomaterials was then calculated using Eq. 25 from Sec-

tion S2 of the supplementary material. 

4.4.4 Numerical homogenization modeling of the meta-biomateri-

als 

To model the meta-biomaterials in this study, we applied periodic boundary con-

ditions (Figure 1b) to significantly reduce the computational time. This approach is par-

ticularly useful because the real meta-biomaterials have complex microarchitectures 

composed of multiple unit cells oriented in different directions (i.e., 𝑥, 𝑦, and 𝑧). More-

over, we employed a computational homogenization technique to calculate the effective 

mechanical properties, including the effective elastic modulus (𝐸eff), shear modulus 

(𝐺eff), and anisotropy ratio (𝐴) [27]. The use of this homogenization method was moti-

vated by the high computational cost associated with finite element modeling of such 

complex meta-biomaterials. 

The homogenization technique is an efficient method for calculating the macro-

scopic mechanical properties of heterogenous structures with microarchitectures, as-

suming perfect bonding between different phases in the material (e.g., between void 

and solid material or between two different materials) [27, 33]. In the asymptotic ho-

mogenization method, the macroscopic elasticity tensor is derived from the locally var-

ying elasticity tensor, strain field, and prescribed strain field (Eqs.S26-29 of the sup-

plementary material). This process results in a governing elasticity equation, in which 

the effective elasticity tensor is solved numerically by discretizing the equation using 

FEM to calculate the global displacement fields. Detailed descriptions of the implemen-

tation of this method can be found in [33] and [27] for 2D and 3D boundary value prob-

lems. Here, we used the customized MATLAB function provided by [27]. 
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4.4.5 3D solid FEM of the meta-biomaterials 

To validate the numerical homogenization results of the 3D meta-biomaterials, we 

analyzed 3D solid elements of the meta-biomaterial designs using FEM via the com-

mercial nonlinear FEM code, Abaqus, (2022, Dassault Systèmes, France). The meta-

biomaterials were simulated using a quasi-static solver, accounting for geometrical 

nonlinearity due to the complexity of the structures. Specifically, the “.step” (the stand-

ard for the exchange of product data) files of the designs, consisting of 5 × 5 × 5 unit 

cells, were imported from SolidWorks (2022, Dassault Systèmes, France) into Abaqus. 

The same material properties used in the homogenization method were applied here, 

specifically a linear isotropic material with 𝐸0 = 1250 MPa and 𝑣 = 0.45. 

Two reference points were defined and kinematically coupled to all the nodes on 

the top and bottom surfaces of the meta-biomaterials. As a boundary condition, all the 

degrees of freedom at the bottom reference point were fixed (i.e., 𝑈 = 𝑈𝑅 = 0). The 

meta-biomaterials were subjected to mechanical loading by applying a uniaxial com-

pression displacement with 1% strain. It is important to note that, due to the symmetry 

of the meta-biomaterials in three orthogonal directions, we only loaded the specimens 

along one direction, 𝑦, in all the 3D solid elements simulations and experiments. 

The meta-biomaterials were meshed using 3D quadratic tetrahedral elements (10 

nodes), known as C3D10 as shown in Figure S1c of the supplementary material. To en-

sure the reliability of our numerical investigations and obtain consistent outcomes re-

gardless of the mesh size, we conducted a mesh convergence analysis. The results indi-

cated that the effective elastic modulus values converged within a 4% range when using 

1.4 million elements, with an hour-long simulation time. 

The engineering stress of the meta-biomaterials was calculated by dividing the re-

action force derived from the FEM modeling by the initial projected cross-sectional 

area of the meta-biomaterials. The engineering strain (ԑ) was calculated by dividing the 

displacement of the top reference point by the initial height of the meta-biomaterials. 

Ultimately, the effective elastic modulus was computed using the reaction force at the 

top reference point (i.e., 𝐹𝑅𝑃top
) and the projected cross-sectional area as follows: 

𝐸eff =
𝐹𝑅𝑃top

𝐻2𝑁z𝑁x

×
1

ԑ
       (1) 

The Poisson’s ratio was calculated by considering the lateral deformations of ei-

ther the middle nodes or all nodes. Depending on the approach, the values of the Pois-

son’s ratios may differ slightly. Here, we assumed that the middle layers were suffi-

ciently far from the boundary conditions (top for loading and bottom for fixed con-

straints) and calculated the Poisson’s ratio based on this assumption as follows: 



      
Chapter 4: Isolation of Poisson’s ratio in 3D meta-biomaterials  

100 

 𝑣 =
−ԑx

ԑy
=

−(𝑈𝑥left
−𝑈𝑥right

)

ԑ𝐻𝑁x
;          (2) 

where 𝑈𝑥left
 and 𝑈𝑥right

 are the average displacements (along 𝑥) of the middle nodes on 

the highlighted blue and green planes in Figure 1b. 

4.4.6 Multi-objective optimization process for the meta-biomateri-

als  

Multi-objective optimization was employed to isolate Poisson’s ratio from the me-

chanical and morphometric properties of the meta-biomaterials. To achieve this, we 

first considered mechanical properties, including 𝐸eff, 𝐺eff, 𝐴, and 𝑣 in the objective 

function (𝑂𝐹), defined as follows:  

𝑂𝐹 =
|𝑣𝑖 + 𝑣𝑗|

|𝑣𝑖| + |𝑣𝑗|
+

|𝐸eff𝑖
− 𝐸eff𝑗

|

|𝐸eff𝑖
| + |𝐸eff𝑗

|
+

|𝐺eff𝑖
− 𝐺eff𝑗

|

|𝐺eff𝑖
| + |𝐺eff𝑗

|
+

|𝐴𝑖 − 𝐴𝑗|

|𝐴𝑖| + |𝐴𝑗|
       (3) 

The positive sign in the Poisson’s ratio term helps identify pairs of meta-bio-

materials with different signs (one positive and one negative). We aimed at minimizing 

the objective function values to achieve a pair of meta-biomaterials with extremely dif-

ferent Poisson’s ratio (one negative one positive) but similar other properties. To nor-

malize the contribution of each parameter in the objective function (Eq.3), we divided 

each difference by its corresponding magnitude (i.e., |𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟1𝑖| + |𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟1𝑗|), 

in which i and j stand for unit cell 1 and unit cell 2 in each pair, respectively.  

To find the optimal pair with the maximum similarity in 𝐸eff, 𝐺eff and 𝐴 but with 

opposite signs of 𝑣, we sorted the values of the objective function. To accelerate the 

optimization process, we filtered the data by assuming a normal-like distribution, only 

those values within 0 and 2𝑆𝐷 range were considered. All other properties were simi-

larly sorted for the data within this range. The deviation between all pairs (𝐷) was also 

calculated as follows: 

𝐷x =
|𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑖 − 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑗|

max(|𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑖| and |𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑗|)
× 100       (4) 

4.4.7 PolyJet 3D printing of the meta-biomaterials  

We used a multi-material 3D printer, the Polyjet J5 (MediJet®, Stratasys® Ltd., 

USA), which is a spray-based inkjet printer, to fabricate our meta-biomaterials. Polyject 

printing works based on the spray inkjet method, in which the droplets of a photoresist 

are polymerized via UV. The commercially available photoresist VeroMagentaTM 

(RGD841, Stratasys® Ltd., USA), a relatively hard material, was used. Due to the 
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complexity of our meta-biomaterials, particularly those from Category 1 (re-entrant 

unit cells) that require supports, we used a water-soluble photoresist, WSS™150 (Stra-

tasys® Ltd., USA), as the support material. The specimens were soaked in tap water 

overnight to remove the support material, followed by air drying in a fume hood over-

night. The .stl files of the meta-biomaterials were imported into the printer’s compati-

ble software (GrabCAD Print) for the fabrication. 

4.4.8 2PP-based fabrication of the meta-biomaterial specimens 

The meta-biomaterials at the micro-level were fabricated using 2PP. 2PP is an ad-

vanced 3D printing technique capable of fabricating very small features, from a few 

hundred nanometers to larger scales (centimeters) by two-photon absorption of a 

femtosecond laser [34, 35]. The initial designs were created using SolidWorks (2022, 

Dassault Systèmes, France), and then exported as .stl files. These files were imported 

into DeScribe software (Nanoscribe, Germany) to generate .gwl files, which were sub-

sequently used in Nanowrite software (printing software, Nanoscribe, Germany) to in-

terface with the 2PP 3D printer for the fabrication process. The printing was carried 

out using a Photonic Professional GT+ 3D printer from Nanoscribe. 

The DiLL configuration was employed, using a 10× objective featuring a N.A of 

0.30. This lens was chosen based on the size of the specimens and solid/void features 

that needed to be accurately reproduced. A negative tone, methacrylate-based resin 

known as IP-Q (Nanoscribe, Germany) with a refractive index of 1.49 was used as the 

photoresist. The specimens were printed on silicon substrates (25×25×0.7 mm3, Na-

noscribe, Germany) with a refractive index of 3.71 @ 780 nm. 

For the stage movement during the print, we employed the piezo modality instead 

of the 𝑧-drive one. That is because the 𝑧-drive movement can induce micro-mechanical 

instability in the stage and the photoresists, potentially leading to imperfections. Given 

the maximum 300 µm range for the piezo mode, the overall size of the meta-biomateri-

als (i.e., 1.5 × 1.5 × 1.5 mm3), and the writing field of the 10× objective (707.10×707.10 

µm2), we stitched the meta-biomaterials into smaller blocks. To further avoid photore-

sist instability at the start of the printer, we decelerated the mechanical movement of 

the stage to 5 mm/s2 with a maximum velocity of 100 mm/s. After conducting multiple 

printing trials to optimize the printing parameters, we finalized the following settings: 

100% laser power (i.e., 50 mW), 30000 µm/s scanning speed, and 1 µm for both slicing 

and hatching distances. 

To improve print quality in solid structures, we integrated a block shear angle (the 

angle between the stitched designs) with a specific overlap. Since the meta-biomaterials 

contain tilted struts, it was crucial to consider the effects of both the tilted struts and 

the block shear angle at the same time. A block shear angle of 40o was selected for all 
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types of the meta-biomaterials to achieve better printing quality, along with 5 µm over-

laps in both vertical and longitudinal directions. 

Additionally, overlaps between the segments and the number of contours, as well 

as their spacing, were optimized to enhance the printing quality. This optimization was 

achieved by conducting several tests on a unit cell of the meta-biomaterials (without 

stitching) to determine the best settings for these parameters. Based on the quality of 

the prints, five contours with a spacing of 1 µm were selected. 

Before printing, the silicon substrates were cleaned with acetone and IPA (both 

from Sigma-Aldrich, Germany) using a lint-free wipe, followed by blow drying with ni-

trogen. To further clean and activate the surface of the substrates, an oxygen plasma 

cleaner (Diener Electronic GmbH, Germany) was used at 80 W with a gas flow rate of 

5 cm3/min and a pressure of 0.12 bar for 15 minutes. To enhance the adhesion between 

the specimens and substrates, silanization was performed by submersing the substrates 

into pure 3–(Trimethoxysilyl) propyl methacrylate (Sigma-Aldrich, Germany) for 1 

hour. Silanization facilitates effective chemical bonding by making the substrate sur-

face hydrophobic. After silanization, the specimens were washed with IPA and distilled 

water, followed by air-drying. 

After exposing the specimens, they were immersed in PGMEA (Sigma-Aldrich, 

Germany) for 1 hour in a borosilicate petri dish to dissolve the unpolymerized resin. 

The specimens were then rinsed with IPA for 5 minutes to remove residual PGMEA. To 

further reduce capillary force-induced deformation in the structures and to enhance 

bonding between the specimens and silicon substrates, Novec 7100 engineered fluid 

(Sigma-Aldrich, Germany) was applied for 30 seconds, as this solvent has a lower sur-

face tension than IPA. 

4.4.9 Macro-mechanical compression test 

To measure the mechanical properties of the meta-biomaterials at the macroscale, 

we employed a mechanical uniaxial test machine (LLOYD instrument LR5K, UK) 

equipped with load cells for 5kN (to calculate the Young’s modulus of the bulk material 

using cylindrical specimens), 100 N (for the specimen numbers 1, 2, 4, and 5 from Fig-

ure 5b) and 50 N (for the specimen numbers 3 and 6 from Figure 5b), respectively. All 

the experiments were conducted in the quasi-static compression mode at a stroke rate 

of 5 mm/s. The force displacement data acquired during testing was used to calculate 

the engineering stress and engineering strain of the specimens by dividing the force by 

the initial projected cross-sectional area and the displacement by the height of the spec-

imens, respectively. The effective elastic modulus of the meta-biomaterials was then 

determined from the linear portion of the engineering stress-strain curve. 
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4.4.10 Meso-mechanical compression test 

For uniaxial compression of the 2PP 3D printed meta-biomaterials, we used a dy-

namic mechanical testing machine (MechanoCulture TX, CellScale, Canada). For this 

purpose, we used a 10 N load cell to compress the specimens under load-controlled 

mode (with a maximum force of 1 N) over a 10 second period. 

4.4.11 SEM and optical imaging 

Prior to SEM, all the specimens were sputter-coated with gold at 20 mA for 20 

seconds twice, using ±45o tilted configurations to ensure a homogeneous distribution 

of the gold layer, which was approximately ~12 nm. SEM imaging was performed using 

a JEOL JSM-IT100 (Japan). For optical imaging of our specimens, we used a Keyence 

Digital Microscope VHX-6000 (Keyence, Japan). 

4.5 Supplementary material 

4.5.1 Geometrical design of the meta-biomaterials  

The meta-biomaterials proposed here were geometrically symmetric (Figure 1b). 

They possess 9 planes of symmetry, particularly in three orthogonal planes 𝑥𝑦, 𝑥𝑧 and 

𝑦𝑧. To design the meta-biomaterials, we assumed that their unit cell was encapsulated 

within a cube with a fixed size of 𝐻 (Figure 1c). The six tails of the unit cell (i.e., the red 

dots in Figure 1c) were fixed on the six faces of the cube. This means that those bound-

ary nodes are always attached to those faces while all other geometrical parameters vary 

(i.e., 𝜃 and 𝐿). By changing the geometrical input parameters, the non-boundary nodes 

move along the face diagonal of the cube.  

The dimension 𝐻 serves as a scale factor for the overall size of the meta-biomateri-

als and does not change their mechanical properties. Therefore, it was not considered 

as an input parameter in our computational model. To avoid the effect of the overall 

size (i.e., 𝐻) on the mechanical and morphometric results, we normalized the dimen-

sions, such as 𝐿, 𝑑 and pore sizes by dividing them to 𝐻. 

To parametrically design our meta-biomaterials, we derived all the relationships 

between the geometrical and morphometric parameters (e.g., pore sizes). The param-

eter ℎ, referred to as the tail length (Figure 1d), had to be explicitly derived first. To 

achieve this, we extracted the following geometrical constraints (Figure 1d).  

ℎp =
𝐻

2
− ℎ; 𝑥 = 𝐿𝑐𝑜𝑠𝜃 − ℎ;     (S1) 

Therefore, by ensuring consistency along the 𝑦 direction (i.e., 𝑥 + 𝑦 = 𝐻/2), the 

parameter ℎ was derived as follows: 
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ℎ =
𝐻

2
− 𝐿(sin 𝜃 − cos𝜃)    (S2) 

The parameter ℎ/𝐻, therefore, depends on 𝐿/𝐻 and 𝜃. To further clarify the rela-

tionship between ℎ and 𝐿 and 𝜃, we plotted the normalized ℎ (ℎ/𝐻) vs. 𝜃 for different 

values of 𝐿/𝐻 (Figure S1a). The maximum value of ℎ/𝐻 (= 0.5) occurs at the minimum 

𝜃, which is 45°, and remains constant at this value regardless the values of 𝐿/𝐻. Con-

versely, the minimum ℎ/𝐻 is observed at 𝜃 = 135°. However, considering the con-

straint ℎ/𝐻 ≥ 0, the point where ℎ/𝐻 = 0 varies with 𝐿/𝐻, particularly when 𝐿/𝐻 ≥

0.35. For instance, when  𝐿/𝐻 = 0.5, ℎ/𝐻 reaches zero at 𝜃 = 90° (Figure S1a). Note that 

the critical value of 𝐿/𝐻 at which  ℎ/𝐻 = 0 at 𝜃 = 135° is obtained by considering Eq.S2 

as follows:: 

𝐿 =
𝐻

2(sin 𝜃h−cos𝜃h)
= 0.35𝐻     (S3) 

Therefore, based on this dependence of geometrical parameters (𝜃 and 𝐿), we clas-

sified the unit cells into three categories; Category I, when 𝜃min < 𝜃 ≤ 90° and 0.0 <

𝐿 ≤  𝐿max, Category II, when 90° < 𝜃 ≤ 135° and 0.0 < 𝐿 ≤ 0.35𝐻 and Category III 

when 135° < 𝜃 < 𝜃max and 0.0 < 𝐿 ≤ 0.35𝐻 (Figure 1c). Note that the 𝐿max can theoret-

ically be infinite, but its practical limit will be determined by the minimum overlap con-

straint when patterning the unit cells. 

The critical values of 𝜃 and 𝐿 (i.e., 𝜃min, 𝜃max, 𝐿min and 𝐿max) define the design 

space of our meta-biomaterials, making their accurate calculation essential. These crit-

ical values are determined differently, depending on the type of the unit cell (the ranges 

of 𝜃). To begin, we first need to calculate the pore sizes.  

In Categories I, II and III, the pore size within is equal to the diameter of the blue 

circle encapsulated within the unit cell as shown in Figure 1d, 1e and 1f, respectively 

(i.e., 𝑃𝑆W = 2𝑟d − 𝑑). In case of Category I,  𝑃𝑆W is therefore as follows, considering 

Eq.S1:  

𝑃𝑆W = 2ℎp − 𝑑 = 𝐻 − 2ℎ − 𝑑;     (S4) 

where 𝑑 corresponds to the strut diameter. The final form of 𝑃𝑆W was derived as fol-

lows, considering Eq. S2: 

𝑃𝑆W = 2𝐿(sin 𝜃 − cos 𝜃) − 𝑑     (S5) 

In Category II, similarly, 𝑃𝑆W is equal to following formula (Figure 1e): 

𝑃𝑆W = 2ℎp sin(𝜋 − 𝜃) − 𝑑     (S6) 

Eventually, 𝑃𝑆W in Category II is formulated as follows, considering Eq.S1: 
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𝑃𝑆W = 2𝐿(sin2 𝜃 − sin 𝜃 cos 𝜃) − 𝑑    (S7) 

In Category III, 𝑟𝑑 is formulated as follows (Figure 1f): 

𝑟𝑑 = √𝐿2 + ℎp
2 − 2ℎp𝐿𝑐𝑜𝑠(𝜋 − 𝜃) = 𝐿√sin2 𝜃 − cos2 𝜃 + 1    (S8) 

Therefore, considering 𝑃𝑆W = 2𝑟d − 𝑑, the final form of 𝑃𝑆W is as follows:  

𝑃𝑆W = 2𝐿√sin2 𝜃 − cos2 𝜃 + 1 − 𝑑                                                                                             (S9) 

The pore size between, 𝑃𝑆B, on the other hand, is three dimensionally calculated 

by considering at least 2 × 2 × 2 unit cells, as illustrated in Figure 1h, the light green 

sphere. To calculate 𝑃𝑆B, let’s consider the cube created by 2 × 2 × 2 unit cells. To create 

such a cube, we linearly pattern a unit cell eight times. The pore size between is equal 

to the distance between two unit cells on the body diameter of the cube (e.g., the dis-

tance between the unit cells at the corner top and the one at the corner bottom). Con-

sidering node P20 (Figure 2g) of the top unit cell and node 𝑃10transfer (Figure 2g) of the 

bottom unit cell, the coordinate of node 𝑃10transfer was calculated by transforming the 

top unit cell by (𝐻, 𝐻, −𝐻). Therefore, 𝑃𝑆B was derived as follows: 

𝑃𝑆B = √3𝐻2 + 8𝐿2 sin2 𝜃 − 8𝐻𝐿𝑠𝑖𝑛𝜃 − 𝑑  (S10) 

However, at a certain condition, for instance, when 𝐿 is small, 𝑃𝑆B is equal to the 

face diagonal of the 3D red cube (Figure 1i) as √2𝐻, regardless of strut diameter. There-

fore, in this case 𝑃𝑆B is as follows:  

𝑃𝑆B = √2𝐻 − 𝑑 (S11) 

To determine which equation applies, one approach is to compare Eqs. S10 and 

S11 and solve for critical values of 𝐿 at each 𝜃, where the two expressions are equal. 

Alternatively, a simpler and more practical method is to calculate 𝑃𝑆B as the minimum 

of the two values (i.e., 𝑃𝑆B = 𝑚𝑖𝑛(𝑃𝑆B
𝑆10, 𝑃𝑆B

𝑆11 ). 

Here, to calculate the minimum of 𝐿, 𝑃𝑆W should also be minimum. Considering 

𝑃𝑆min as the minimum of the 𝑃𝑆W, and Eq.S5 for Category I, the minimum of 𝐿 is ex-

plicitly formulated as follows: 

𝐿min =
𝑑+𝑃𝑆min

2(sin𝜃−cos 𝜃)
                                                                                           (S12) 

 

Similarly, for Category II, considering Eq.S7, the minimum of 𝐿 is equal to: 

𝐿min =
𝑑+𝑃𝑆min

2(sin2 𝜃−sin𝜃 cos 𝜃)
                                                                                          (S13) 
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For Category III, by considering Eq.S9, the minimum of the 𝐿 is calculated as fol-

lows: 

𝐿min =
𝑑+𝑃𝑆min

2√sin2 𝜃−cos2 𝜃+1
                                                                                          (S14) 

It should be notated that 𝑃𝑆min must not be smaller than strut diameter 𝑑, as values 

below this threshold lead to overlapping struts. Such overlaps complicate the voxeliza-

tion process, particularly for unit cells in Categories I and III with very sharp angles, by 

increasing computational cost and reducing model accuracy. We here set 𝑃𝑆min = 𝑑, 

but to further avoid these problematic configurations, greater 𝑃𝑆min can be chosen (e.g., 

𝑃𝑆min = 2𝑑). 

On the other hand, the maximum of 𝐿 is achieved for different conditions, depend-

ing on the Category. In Category I, it is achieved when 𝑟 (Figure 1j) is equal to the half 

of the face diagonal of the unit cell. However, we should also consider the strut diameter 

and a clearance between two tips of adjacent struts (i.e., 𝐶, the diameter of the green 

circle in Figure 1j). Therefore, considering 𝑟 = 𝐿√sin2 𝜃 − cos2 𝜃 + 1, 𝐿max is explicitly 

formulated as follows: 

𝐿max =
√2𝐻 − 𝑑 − 𝐶

2√sin2 𝜃 − cos2 𝜃 + 1
 (S15) 

To calculate the clearance 𝐶, the value of 𝐿max should be the same for Categories I 

and II when 𝜃 = 90o. But we need to calculate 𝐿max in Categories II and III first.  

In Categories II and III, 𝐿max is achieved when ℎ is minimum. However, we con-

sidered a minimum for ℎ (i.e., ℎmin = 𝑑/2), because of the strut diameter. Therefore, 

considering Eq.S2 and ℎmin, 𝐿max is as follows: 

𝐿max =
𝐻/2−ℎmin

|sin 𝜃−cos 𝜃|
;           (S16) 

The constant 𝐶, considering same value for both Eqs.S15 and 16 when 𝜃 = 90.0o, is 

equal to √2𝑑 − 𝑑 and therefore the final form of Eq.S15 is as follows: 

𝐿max =
√2(𝐻 − 𝑑)

2√sin2 𝜃 − cos2 𝜃 + 1
  (S17) 

The critical values of θ (i.e., 𝜃min in Category I and 𝜃max in Category III) are 

achieved when the maxima and minima of 𝐿 are equal (i.e., 𝐿min = 𝐿max). Therefore, in 

Category I, 𝜃min is calculated through the following equation using fsolve function in 

Matlab.  
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 (𝑑 + 𝑃𝑆min)(2√sin2 𝜃min − cos2 𝜃min + 1) − √2(𝐻 −

𝑑)(2(sin 𝜃min − cos 𝜃min)) = 0        
          (S18) 

Similarly, 𝜃max (in Category III) was calculated by considering Eqs.S14 and 16, 

through the following equations (via fsolve function in Matlab): 

(
𝐻

2
−

𝑑

2
) (2√sin2 𝜃max − cos2 𝜃max + 1)

− (𝑑 + 𝑃𝑆min)(|sin 𝜃max − cos 𝜃max|) = 0 

 (S19) 

Table S1. The parametrized coordinates of the nodes of a unit cell. These coordinates were used to system-

atically voxelize the unit cells when changing the input parameters (i.e., 𝜃, 𝐿 and 𝑑). 

node 𝒙 𝒚 𝒛 

𝑷𝟏 𝐻/2 𝐻 𝐻/2 

𝑷𝟐 𝐻/2 𝐻/2 + 𝐿(𝑠𝑖𝑛𝜃 − 𝑐𝑜𝑠𝜃) 𝐻/2 

𝑷𝟑 𝐻/2 + 𝐿𝑠𝑖𝑛𝜃 𝐻/2 + 𝐿𝑠𝑖𝑛𝜃 𝐻/2 

𝑷𝟒 𝐻/2 + 𝐿(𝑠𝑖𝑛𝜃 − 𝑐𝑜𝑠𝜃) 𝐻/2 𝐻/2 

𝑷𝟓 𝐻 𝐻/2 𝐻/2 

𝑷𝟔 𝐻/2 + 𝐿𝑠𝑖𝑛𝜃 𝐻/2 𝐻/2 + 𝐿𝑠𝑖𝑛𝜃 

node 𝒙 𝒚 𝒛 

𝑷𝟕 𝐻/2 𝐻/2 𝐻/2 + 𝐿(𝑠𝑖𝑛𝜃 − 𝑐𝑜𝑠𝜃) 

𝑷𝟖 𝐻/2 𝐻/2 𝐻 

𝑷𝟗 𝐻/2 𝐻/2 + 𝐿𝑠𝑖𝑛𝜃 𝐻/2 + 𝐿𝑠𝑖𝑛𝜃 

𝑷𝟏𝟎 𝐻/2 + 𝐿𝑠𝑖𝑛𝜃 𝐻/2 𝐻/2 − 𝐿𝑠𝑖𝑛𝜃 

𝑷𝟏𝟏 𝐻/2 𝐻/2 + 𝐿𝑠𝑖𝑛𝜃 𝐻/2 − 𝐿𝑠𝑖𝑛𝜃 

𝑷𝟏𝟐 𝐻/2 𝐻/2 𝐻/2 − 𝐿(𝑠𝑖𝑛𝜃 − 𝑐𝑜𝑠𝜃) 

𝑷𝟏𝟑 𝐻/2 𝐻/2 0 

𝑷𝟏𝟒 𝐻/2 + 𝐿𝑠𝑖𝑛𝜃 𝐻/2 − 𝐿𝑠𝑖𝑛𝜃 𝐻/2 

𝑷𝟏𝟓 𝐻/2 𝐻/2 − 𝐿(𝑠𝑖𝑛𝜃 − 𝑐𝑜𝑠𝜃) 𝐻/2 

𝑷𝟏𝟔 𝐻/2 0 𝐻/2 

𝑷𝟏𝟕 𝐻/2 − 𝐿𝑠𝑖𝑛𝜃 𝐻/2 − 𝐿𝑠𝑖𝑛𝜃 𝐻/2 

𝑷𝟏𝟖 𝐻/2 − 𝐿(𝑠𝑖𝑛𝜃 − 𝑐𝑜𝑠𝜃) 𝐻/2 𝐻/2 

𝑷𝟏𝟗 0 𝐻/2 𝐻/2 

𝑷𝟐𝟎 𝐻/2 − 𝐿𝑠𝑖𝑛𝜃 𝐻/2 𝐻/2 + 𝐿𝑠𝑖𝑛𝜃 

𝑷𝟐𝟏 𝐻/2 − 𝐿𝑠𝑖𝑛𝜃 𝐻/2 𝐻/2 − 𝐿𝑠𝑖𝑛𝜃 

𝑷𝟐𝟐 𝐻/2 − 𝐿𝑠𝑖𝑛𝜃 𝐻/2 + 𝐿𝑠𝑖𝑛𝜃 𝐻/2 

𝑷𝟐𝟑 𝐻/2 𝐻/2 − 𝐿𝑠𝑖𝑛𝜃 𝐻/2 − 𝐿𝑠𝑖𝑛𝜃 

𝑷𝟐𝟒 𝐻/2 𝐻/2 − 𝐿𝑠𝑖𝑛𝜃 𝐻/2 + 𝐿𝑠𝑖𝑛𝜃 

 

4.5.2 Measuring the connectivity, tortuosity, and permeability of 

the meta-biomaterials  

The connectivity of the meta-biomaterials was calculated as follows [32]:  
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𝑍g =
∑ 𝑍i

m
i=1

𝑚
;       (S20) 

where 𝑚 is the total number of nodes in the unit cell (here, 𝑚 = 24), as shown in Figure 

1g. Moreover, the connectivity in each node (i.e., 𝑍i) was calculated based on the num-

ber of struts connected to each node.  

The surface-to-volume ratio (𝑆/𝑉) was simply calculated as the ratio of the total 

surface of the struts in a unit cell to the total volume of the struts as follows:  

𝑆

𝑉
=

𝜋𝑑(6ℎ + 24𝐿)

𝜋 (
𝑑
2

)
2

(6ℎ + 24𝐿)

;       (S21) 

where the simplified form of Eq.S21 is as follows: 

𝑆/𝑉 = 4/𝑑       (S22) 

The geometrical tortuosity (i.e., 𝜏) was calculated as follows: 

𝜏 =
𝐿short

𝐿𝑒   
=

2ℎ + 4𝐿

𝐻  
;        (S23) 

where 𝐿short and 𝐿𝑒 are the shortest path through the pores and the straight-line dis-

tance (or Euclidean distance) across the unit cell, respectively. Considering Eq.S2 for 

ℎ, the final relationship for 𝜏 will be as follows:  

𝜏 = 1 −
2𝐿

𝐻
(𝑠𝑖𝑛𝜃 − 𝑐𝑜𝑠𝜃 − 2)     (S24) 

To calculate the permeability, 𝑘, the following relationship from Darcy’s law of 

media flow in the porous medium was employed: 

𝑘 = 𝑢out𝜇
𝐻

∆𝑃
 ;     (S25) 

where 𝑢out, 𝜇, 𝐻 and ∆𝑃 correspond to the flow velocity of the outlet, dynamic viscosity 

of the fluid, the length of the unit cell and the pressure difference between the outlet 

and inlet, respectively.  

4.5.3 Numerical homogenization modeling of the meta-biomateri-

als  

The macroscopic elasticity tensor, 𝐸𝑖𝑗𝑘𝑙
𝐻 , of a periodic structure according to the 

homogenization theory is as follows [33]:  

𝐸𝑖𝑗𝑘𝑙
𝐻 =

1

|𝑉|
∑ ∫𝐸𝑝𝑞𝑟𝑠(ԑ𝑝𝑞

0(𝑖𝑗)
− ԑ𝑝𝑞

(𝑖𝑗)
)(ԑ𝑟𝑠

0(𝑖𝑗)
− ԑ𝑟𝑠

(𝑖𝑗)
)𝑑𝑉

𝑉

M

e=1

     (S26) 
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where 𝑉, 𝐸𝑝𝑞𝑟𝑠, ԑ𝑝𝑞
0(𝑖𝑗)

, ԑ𝑝𝑞
(𝑖𝑗)

 are respectively describe the volume of the unit cell, the lo-

cally varying stiffness tensor, macroscopic strain fields (unit strains in six directions for 

3D problems), and locally varying strain fields, which is described as follows:  

ԑ𝑝𝑞
(𝑖𝑗)

= ԑ𝑝𝑞(𝜒𝑖𝑗) = 1/2 (𝜒𝑖𝑗
𝑝,𝑞 + 𝜒𝑖𝑗

𝑞,𝑝) ;     (S27) 

wherein 𝜒𝑚𝑙 is the displacement field and can be solved through the elasticity equations 

with prescribed macroscopic (unit) strains as follows:  

∫ 𝐸𝑖𝑗𝑝𝑞ԑ𝑖𝑗(𝑤)ԑ𝑝𝑞(𝜒𝑚𝑙)𝑑𝑉
𝑉

∫ 𝐸𝑖𝑗𝑝𝑞ԑ𝑖𝑗(𝑤)ԑ𝑝𝑞
0(𝑚𝑙)

𝑑𝑉
𝑉

      (S28) 

where 𝑤 is a virtual displacement field. According to homogenization technique, the 

final stiffness matrix is derived by discretizing Eq.S28 based on FEM. By skipping the 

FEM details, the final form of the homogenized constitutive matrix (𝐶𝐻), assuming isot-

ropy and linear elastic property for the base material (i.e., only two parameters of Pois-

son’s ratio and Young’s modulus), is finally described as follows [33,27]: 

Cij
H =

1

|𝑉|
∑ ∫ (χ(e)

0(𝑖) − χ(e)
(𝑖))

𝑇
𝑘e(χ(e)

0(𝑖) − χ(e)
(𝑖))𝑑𝑉(𝑒)

𝑉(𝑒)
(𝑒)

       (S29) 

where χ(e)
0(𝑖) is the unit displacement and χ(e)

(𝑖) is the global displacement field which 

is calculated from the global stiffness from the FEM. It should be noted that the 𝐶𝐻 is 

the constitutive matrix for the elements which depends on the Young’s modulus and 

Poisson’s ratio of the based isotropic material and is a 6 × 6 symmetric matrix in Voigt 

notation [36]. 

The effective elastic moduli from the homogenized constitutive matrix (CH) can be 

determined as follows: 

𝐸x =
1

𝑆11
; 𝐸y =

1

𝑆22
; 𝐸𝑧 =

1

𝑆33
;      (S30) 

where, S is the homogenized compliance matrix and obtained as 
1

CH. 

Similarly, the effective shear moduli can be obtained from the other three diagonal 

entries of the CH matrix as follows: 

𝐺yz =
1

𝑆44
; 𝐺zx =

1

𝑆55
; 𝐺xy =

1

𝑆66
           (S31) 

The Poisson’s ratios in different planes are as follows based on the generalized 

Hooke’s law:  
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𝑣xy = −
𝑆21

𝑆11
; 𝑣yx = −

𝑆12

𝑆22
; 𝑣xz = −

𝑆31

𝑆11
; 𝑣zx = −

𝑆13

𝑆33
; 𝑣yz = −

𝑆32

𝑆22
; 𝑣zy =

−
𝑆23

𝑆33
 

         (S32) 

It should be noted that the 𝑣xy can also be calculated in terms of the homogenized con-

stitutive matrix (CH) as follows [36, 37]: 

𝑣xy =
𝐶12

𝐻

𝐶11
𝐻 +𝐶12

𝐻 ;           (S33) 

Depending on the magnitude of the entries of the matrix CH or SH, the meta-bio-

materials behave differently, ranging from anisotropic to fully isotropic. The fully iso-

tropic meta-biomaterials are identified with only two mechanical parameters named 

elastic modulus and Poisson’s ratio in which the shear modulus is dependent on these 

two parameters. On the other hand, however, if the meta-biomaterial is identified with 

three properties namely elastic modulus, shear modulus and Poisson’s ratio, it is called 

cubic meta-biomaterials. In this case, it possess 9 planes of mirror symmetry, although 

they have the same effective moduli and same effective shear moduli along the three 

orthogonal directions [38]. As such, depending on the number of the independent 

properties, different mechanical properties can be assigned to the meta-biomaterials. 

One parameter to determine the level of anisotropy is called Zener ratio, which is cal-

culated in terms of the entries of the matrix CH as follows [39]: 

𝐴 =
2𝐶44

𝐻

𝐶11
𝐻 −𝐶12

𝐻 ;           (S34) 

If the 𝐴 is equal or close to 1, means that the meta-biomaterial is isotropic.  

4.5.4 Effects of voxels number on the elastic properties of the meta-

biomaterials 

We parametrically analyzed the effect of the number of voxels along each axis, 𝑛, 

on the mechanical properties and relative density of the meta-biomaterials. This pa-

rameter indicates the resolution of voxelization of the meta-biomaterials. Finer voxeli-

zation results in more precise results; however, it also significantly increases the com-

putational costs. Therefore, a trade-off between computational costs and the precision 

of the results was necessary to determine the optimal number of voxels. To achieve this, 

𝑛 was varied from 35 to 185, and the resultant mechanical properties (i.e., 𝑣, 𝐸eff, 𝐺eff 

and 𝐴), relative density and simulation time were calculated (Figure S1d of the supple-

mentary material). The convergence of all properties achieved after voxel number of 

160, resulting in significant computational costs (e.g., over 500 s per each simulation, 

see Figure S1d of the supplementary material). However, to perform relatively large 

number of simulations (~43,000), we selected 𝑛 = 75 as a relatively optimal number 
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of voxels. Moreover, the voxelized unit cells of the meta-biomaterials were visualized to 

represent the fineness of the voxelization (Figure S1e of the supplementary material). 

Following this illustration for the effect of 𝑛, the voxelized unit cell with 𝑛 = 75 exhib-

ited a desirable fineness compared to those with 𝑛 < 75. It should be noted that the 

convergence study of the voxel numbers in our meta-biomaterials was performed on a 

single unit cell (Figure S1 of the supplementary material). However, since different 

meta-biomaterials may require varying voxel numbers for convergence, additional 

studies, particularly on Category I unit cells with a high degree of overlap, may be nec-

essary to improve precision.  

4.5.5 Validation of the homogenization results  

The homogenization method that we employed here is an in-house numerical 

package based on the voxelization of unit cells and the application of periodic boundary 

conditions. To make sure the validity of our results, we compared them with those de-

rived from the 3D solid elements using commercial FEM code (i.e., Abaqus). Six differ-

ent unit cells with varying input parameters were analyzed through both the homoge-

nization method and the 3D solid elements, with the corresponding results presented 

in Table 1. We also measured the actual relative density via 3D solid elements using 

SolidWorks, as reported in Table 1. The results demonstrated that our in-house com-

putational tool is highly reliable for simulating meta-biomaterials. 

It is important to note that the discrepancies between the values of 𝑣, 𝐸eff/𝐸0, and 

𝜌 derived from the numerical homogenization and the 3D solid elements due to the 

following reasons: i. The middle layers were exclusively considered for calculating the 

Poisson’s ratio of the 3D meta-biomaterials in the solid elements. This approach re-

sulted in slightly different 𝑣 values comparing to considering the entire nodes. For in-

stance, for a meta-biomaterial with 𝜃 = 60.0o, 𝐿 = 140.0/300, and 𝑑 = 14/300 (as 

listed in Table 1), the value of 𝑣 considering the nodes on the middle unit cells featured 

22.72% variation with the solid elements, however, the variation was 13.63% if all side 

nodes (Figure 1b) is considered. ii. We employed the periodic boundary conditions for 

the homogenization method, while, in the 3D solid elements, we only considered 

5 × 5 × 5 unit cells due to computational costs considerations. It is noted that the rea-

son that we chose 5 × 5 × 5 unit cells for the 3D solid elements was because the results 

of the 3D solid element and the homogenization converged for 5 × 5 × 5 unit cells. 

Based on our preliminary study, the Poisson’s ratio did not reach a plateau as early as 

the effective elastic modulus. Consequently, the absolute values of the Poisson’s ratio 

and effective elastic modulus derived from the 3D solid models were slightly larger and 

smaller, respectively, than those from the homogenization method making them more 

sensitive to the number of the unit cells considered. iii. The results of the homogeniza-

tion method depend on the number of voxels along each axis, 𝑛. For example, with 𝑛 =

120 (instead of 75), the variation of the Poisson’s ratio with the 3D solid element for a 
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meta-biomaterial with 𝜃 = 60.0o, 𝐿 = 140.0/300, and 𝑑 = 14.0/300 was 13.63% instead 

of 22.72% (when 𝑛 = 75). 

 

Figure S1. a. the variation of the tail length (ℎ) vs angle (𝜃) of the unit cells at different lengths (𝐿). b. 

Schematics showing two 3D voxelized unit cells, their 2D maps, and their 3D isosurface plot. c. The discre-

tized 3D meta-biomaterials with a proper mesh type and number of elements for the 3D solid element anal-

ysis. d. The results of the effect of the 𝑛 on the convergency of elastic properties including 𝑣, 𝐸𝑒𝑓𝑓, 𝐺𝑒𝑓𝑓, and 

𝐴 , and 𝜌 and simulation time. e. A schematic showing the accuracy of the voxelization in terms of number 

of voxels varying from 25 to 185 for a certain unit cell with , 𝜃 = 60.0𝑜, 𝐿 = 140.0/300 and 𝑑 = 14.0/300.  
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Figure S2.  a.i the distribution of the 𝐸𝑒𝑓𝑓/𝐸0, 𝐺𝑒𝑓𝑓/𝐺0 and 𝐴 in terms of 𝜃. The color bar corresponds to 

the Poisson’s ratio values. a.ii. The histogram plot of the Zener ratio in terms of 𝜃 when 0.95 < 𝐴 < 1.05, 

meaning the fully isotropic meta-biomaterials. b. the dependency of the morphometric properties on the 

input parameters of the unit cells (𝜃 and 𝐿). 
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Figure S3. a.i. the histogram of the objective function value defined in Eq.S33, which shows a normal-like 

distribution. a.ii. the distribution of the Von Misses stress within two 3D meta-biomaterials (category I 

and III) under 1% strain through 3D solid elements FEM. Note that a magnification of 10 was used here to 

magnify the deformation. b. The correlation between the Elucident (𝐿𝑒) and straight path lines (𝐿𝑔) within 

the isolated meta-biomaterials with respect to the Poisson’s ratio (unit cells #1 and 2). c. the result of the 

permeability study on the isolated meta-biomaterials with respect to the distributions of the pressure and 

speed of the flow. 
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Figure S4. 2PP 3D printing of a selected set of meta-biomaterials with input parameters, including a. i.  

𝜃 = 65.0𝑜, 𝐿 = 110.0/300 and 𝑑 = 20.0/300. ii. 𝜃 = 60.0𝑜, 𝐿 = 140.0/300 and 𝑑 = 14.0/300, iii. 𝜃 = 120𝑜,

𝐿 = 90.0/300 and 𝑑 = 14.0/300, iv. 𝜃 = 64𝑜, 𝐿 = 104.5/300 and 𝑑 = 8.0/300, v. 𝜃 = 100.0𝑜, 𝐿 = 42.9/

300 and 𝑑 = 8.0/300. b. an optical image of a meta-biomaterial featuring 𝜃 = 65.0𝑜, 𝐿 = 110.0/300 and 

𝑑 = 20.0/300 (the SEM illustrated in a.i) deformed within 10 s loading and 1000 mN force. 
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4D bioprinting endows 3D printed (bio-)materials with multiple functionalities and dy-

namic properties. 4D printed materials have been recently used in biomedical engi-

neering for the design and fabrication of biomedical devices, such as stents, occluders, 

micro-needles, smart 3D-cell engineered micro-environments, drug delivery systems, 

wound closures, and implantable medical devices. However, the success of 4D printing 

relies on the rational design of 4D printed objects, the selection of smart materials, and 

the availability of appropriate types of external (multi-)stimuli. Here, we first highlight 

the different types of smart materials, external stimuli, and design strategies used in 

4D bioprinting. Then, we present a critical review of the biomedical applications of 4D 

printing and discuss the future directions of biomedical research in this exciting area, 

including in vivo tissue regeneration studies, the implementation of multiple materials 

with reversible shape memory behaviors, the creation of fast shape-transformation re-

sponses, the ability to operate at the microscale, untethered activation and control, and 

the application of (machine learning-based) modeling approaches to predict the struc-

ture-property and design-shape transformation relationships of 4D (bio)printed con-

structs.  

5.1 Introduction 

AM processes, also known as 3D printing techniques, enable the fabrication of 3D 

objects with complex geometries and tailored mechanical properties [1-5]. This tech-

nology, however, has hitherto been largely constrained to the creation of static objects 

that exhibit constant properties over time [6, 7]. This limitation has been mitigated by 

the advent of 4D printing, a disruptive technology that introduces a temporal compo-

nent to the traditionally static 3D printed constructs, thereby enabling the fabrication 

of dynamic structures that respond to external stimuli. 

The implications of 4D printing are profound. These dynamic structures can un-

dergo controlled transformation between multiple states, thereby exhibiting advanced 

functionalities, such as shape adaptation and environmental responsiveness [8]. Unlike 

3D printing objects, which feature static applications, 4D printed constructs have found 

applications in a variety of fields including, but not limited to, self-assembly [9], self-

healing [10, 11], shape-morphing (e.g., self-folding) [12, 13], and multi-functionality 

[14]. This range of applications extends from wearable and medical devices to robotic 

systems, sensors, and actuators [7]. 

In regenerative medicine, 4D bioprinting has the potential to revolutionize tissue 

engineering by enabling the creation of functional tissues and organs [15]. Moreover, 

the technology’s scalability across various length scales (i.e., from micro to macro [16, 

17]) opens the door for the production of miniaturized soft robots and sensors [16, 17] 

as well as micro-scaffolds for in vitro cell studies [18, 19]. 
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The cornerstone of 4D printing is the rational selection of stimuli-responsive ma-

terials, such as shape memory polymers (SMPs), hydrogels, and liquid crystal polymers 

(LCPs), among others [16]. The successful integration of these materials is dependent 

on a well-designed interaction mechanism, a compatible 3D printing technique, and 

the precise application of external stimuli. Particularly in biomedical applications, the 

materials selected must also meet biocompatibility criteria to be considered for in vivo 

use. 

Various 3D printing technologies serve as the foundational methods for 4D print-

ing processes. These include DIW [15], FDM [20], vat photo-polymerization [21] (e.g., 

SLA or DLP [22]), direct laser writing (DLW) (e.g., 2PP [23, 24]), SLS [25], and selec-

tive laser melting (SLM) [26]). Moreover, hybrid techniques that combine 3D printing 

with conventional manufacturing processes have also been developed, including mold-

ing-integrated [27] and electroless metallic plating-integrated 4D printing [28]. The 

choice of a specific 4D printing process depends on various factors, including the in-

tended application, the length scale, the mechanical and biological properties of the 

relevant materials, as well as the production method (e.g., batch or mass productions) 

[6]. 

Design strategies, often inspired by origami/ kirigami-based principles [29-32]), 

are integrated into 4D printing processes to create multi-functional structures that 

challenge the boundaries of conventional manufacturing techniques. These strategies 

operate at various lengths and time scales, potentially transforming how materials and 

devices are conceptualized and fabricated. 

Given the growing interest in personalized healthcare solutions, 4D printing has 

attracted considerable attention for its role in pioneering advanced biomedical devices, 

including stents, occlusion devices, micro-needles (MNs), implants, and scaffolds, 

among others [33]. Nevertheless, the practical implementation of 4D printed biomedi-

cal devices requires a comprehensive understanding of the underlying principles and 

mechanisms that govern the 4D bioprinting process. This review, therefore, aims to 

elucidate these principles by offering a detailed explanation of the 4D printing process, 

an overview of the range of smart (bio-)materials, and a comprehensive analysis of rel-

evant applications in biomedicine. 

5.2 4D printing process 

The dynamism inherent in 4D printed constructs stems from their ability to un-

dergo temporal transformations between multiple states (i.e., commonly a shift from a 

temporary to a permanent configuration) upon exposure to external stimuli [19, 34]. 

This introduces an additional layer of complexity to the design process, necessitating 

careful consideration of three fundamental parameters: i. the selection of stimuli-
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responsive materials, ii. the types of external stimuli to be employed, and iii. the ra-

tional design of the geometry and/or topology of the 4D printed construct [35]. 

Among stimuli-responsive materials, SMPs and hydrogels have received a great 

deal of attention, owing to their wide applicability and responsiveness to a diverse 

range of stimuli (e.g., physical, chemical, or biological stimuli [36, 37]). For example, 

SMPs can return to a pre-determined shape upon thermal activation, while hydrogels 

may swell or contract in response to changes in pH or temperature. This broad array of 

activation mechanisms provides designers with a range of possibilities for engineering 

tailored responses in 4D printed constructs. 

Moreover, the mechanics of design cannot be underestimated as it plays a pivotal 

role in the predictability and controllability of self-morphing behaviors. Devising a suit-

able geometry is essential for channeling the intrinsic material properties and stimuli-

responsiveness into the desired mechanical performance. As such, there is a growing 

emphasis on the necessity to develop complex algorithms and computational tools for 

the geometrical and topological optimization of 4D printed constructs. 

The stimulus itself, acting as a trigger for the dynamic change, requires careful 

selection and calibration. Stimuli can range from light, heat, and humidity to more spe-

cialized triggers, such as electric or magnetic fields, and even biological molecules, such 

as enzymes. The type of stimulus chosen has direct implications for the application at 

hand. For instance, in the biomedical context, the use of bio-responsive stimuli is a key 

to the development of smart drug delivery systems or tissue scaffolds that adapt to the 

physiological environment. 

To elucidate, consider the application of 4D printing in drug delivery systems. In 

such a scenario, the geometric design should facilitate controlled substance release, 

while material selection should ensure biocompatibility and responsiveness to physio-

logical stimuli (e.g., pH changes in the digestive tract). Furthermore, the external stim-

ulus (e.g., a bio-responsive element) should be carefully aligned with the specific med-

ical requirements, whether they relate to time-release mechanisms or targeted drug de-

livery. 

This section, therefore, aims to provide a comprehensive review of the critical ele-

ments underpinning the 4D printing process, including an analysis of the most prom-

ising stimulus-responsive materials, a classification and evaluation of applicable exter-

nal stimuli, and a discussion on the advancements in geometrical design methodologies 

for 4D constructs. 

5.2.1 Materials 

The smart materials used in 4D printing for biomedical applications must meet a 

triad of crucial criteria: i. biocompatibility, to ensure physiological safety, ii. functional 
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responsiveness under physiological conditions, such as body temperature or pH levels, 

and iii. mechanical robustness during and after shape transformation [38, 39]. For ex-

ample, temperature-sensitive 4D printed biomedical constructs should not only be bi-

ocompatible but also operational at body-compatible temperatures (~37 oC). As an-

other example, the magnetic fields actuating magneto-responsive 4D printed biomedi-

cal devices must exhibit non-cytotoxic properties to ensure cellular safety [40]. 

Stimuli-responsive or “smart” materials manifest characteristics, such as shape 

transformation or shape memory effect (SME), upon exposure to specific external stim-

uli [16, 41]. While shape transformation entails an immediate shift from a temporary 

to a permanent state, SME materials possess the ability to “memorize” and revert to 

their original shape upon re-exposure to an activating stimulus. The kinetics of these 

transformations – specifically, the rate of shape change – is an aspect of paramount 

significance in specific sectors, such as soft robotics [42]. Despite significant progress 

in the creation of fast-response 4D printed objects, the field remains in its early stages 

and requires further studies. 

In the ever-evolving landscape of 4D printing research, the continuous exploration 

and integration of novel materials and design methodologies serve as catalysts for ad-

vancements in biomedical applications. A plethora of smart materials, such as SMPs, 

hydrogels, LCPs, shape memory alloys (SMAs), dielectric elastomers (DEs), piezoelec-

tric materials, magneto-active materials, and bioactive particles or fillers, meet the 

aforementioned criteria. Notably, SMPs and hydrogels emerge as the forerunners in 

the domain of 4D bioprinting, owing to their superior printability, biocompatibility, 

and capacity for complex shape transformation [36, 43-45]. 

5.2.1.1 Types of 4D-printing materials 

5.2.1.1.1 SMPs 

SMPs are smart polymers that are renowned for their stimuli-responsive proper-

ties. Upon exposure to specific external stimuli, such as temperature, light, or pH, these 

polymers can transition between their temporary and permanent shapes [41, 46]. Such 

morphological changes can range from simple bending to more complex forms, such as 

helixing or topographical modifications, depending on the mechanical properties of the 

SMPs [47]. In the domain of biomedicine, the versatile properties of SMPs (i.e., bio-

compatibility, mechanical robustness, tunability (i.e., tailored stiffness), and processa-

bility [48]) have facilitated their deployment in various applications, such as bone re-

pair tools [49], drug delivery systems [50, 51], occlusion devices [52, 53], scaffolds [54, 

55], and embolization devices [56]. 

Two distinct methodologies can be employed for programming the SME in SMPs: 

manual and AM-based processes [57]. The latter, albeit more challenging, is often more 

effective in achieving complex shape transformations but requires a comprehensive 
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understanding of printing parameters and geometrical complexities for effective shape 

morphing. In contrast, the manual method provides a less precise and sophisticated 

but more straightforward programming options.  

SMPs may be characterized as being one-way, two-way, or multi-way SMEs de-

pending on their cyclic behavior and the number of stored shapes, which can be chem-

ically manipulated [58, 59]. To quantify the SME in SMPs, such parameters as the 

strain recovery ratio (𝑅𝑟) and the strain fixity ratio (𝑅𝑓), are widely used [60] (Figure 

1.a.i). These parameters quantify the capability of SMPs to recover to their original 

shape and to maintain a temporary shape, respectively [60]. Ideally, both 𝑅𝑟 and 𝑅𝑓 

should approach 100% for an SMP to be considered highly effective. 

To schematically illustrate the programming and recovery steps in SMPs, Figure 

1.a.i illustrates a 3D thermo-mechanical cycle of SMPs to demonstrate their program-

ming and recovery steps at the macroscale. The cycle includes four steps: i. loading 

(path AB), ii. cooling (path BC), iii. unloading (path CD), and iv. heating or recovery 

(path DA or DE). The first three steps are collectively referred to as the “programming” 

process. During the loading stage, one (or multiple) temporary shape(s) are formed. 

The cooling stage stabilizes the temporary shapes, which result from the solidification 

phenomenon. External loads are removed during the unloading stage. The permanent 

shape is retrieved in the heating stage. The heating stage comprises two recovery pro-

cesses: stress-free-strain-recovery and fixed-strain-stress-recovery processes. In the 

stress-free-strain-recovery process, shape or strain is recovered under stress-controlled 

conditions (the green hashed line or blue solid line in Figure 1.a.i). In the fixed-strain-

stress-recovery process, force is retrieved under strain-controlled conditions (the red 

dashed line in Figure 1.a.i). It is worth noting that the loading stage does not necessarily 

require temperatures higher than Ttrans (known as cold programming) [61]. 

SMPs can be made from either natural polymers, such as polypeptides, polysac-

charides, or from synthetic ones, such as PLA and polycaprolactone (PCL) [62, 63]. 

While synthetic polymers usually offer superior mechanical strength as compared to 

the natural ones, they might pose toxicity risks [64]. Biodegradable SMPs can be syn-

thesized using synthetic monomers, such as ε-caprolactone and p-dioxanone [65]. 

Temperature-responsive SMPs are commonly used due to their broad range of 

glass transition temperatures, which can vary from -70 to 150 °C [66]. SMPs with 

higher glass transition temperatures are preferred for extreme conditions. For instance, 

a high-temperature responsive SMP based on polyamide/diacrylate has been 4D 

printed using a light-assisted AM technique called liquid crystal display (LCD) 3D 

printing [67] (Figure 1.a.ii). The glass transition temperatures of SMPs can be adjusted 

to achieve body-friendly temperatures by modifying the involved chemical reagents or 

manufacturing processes. In the first method, the composition of the base SMP is 
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altered through copolymerization and adjusting the concentration of cross-linkers [68, 

69]. In the second method, the glass transition temperature is controlled by creating 

composite SMPs through multi-material 4D printing [57, 59, 70] or by adding nano-

/micro-particles to SMPs [71]. In addition, 3D printing parameters, such as printing 

speed, can influence the glass transition temperature. 

5.2.1.1.2 Hydrogels 

Hydrogels constitute a fascinating subset of smart soft polymers due to their 

unique hydrophilic characteristics and versatile mechanical properties. Composed of a 

3D network that encompasses both swelling and non-swelling polymeric components 

[72], hydrogels can absorb substantial amounts of water, leading to transitions between 

distinct states: sol-gel, gel-gel, and gel-sol-gel [45]. These transitions are dependent on 

environmental parameters, such as water content, temperature, pH levels, and ionic 

concentrations [45]. 

Molecularly, hydrogels can be stabilized through either chemical bonding (e.g., 

irreversible, covalent bonds) or physical bonding (e.g., reversible, hydrogen, and van 

der Waals’ bonds) [73]. Striking a balance between swelling ratio and mechanical 

strength represents a central challenge in hydrogel research. This trade-off becomes 

particularly pivotal in the domain of 3D printing, where sufficient stiffness is necessary 

for the construction of freestanding structures. The crosslinking density is a crucial fac-

tor in this regard, as a higher crosslinking density leads to increased stiffness of the 

hydrogel [74]. 

Owing to their inherent biocompatibility and bioprintability, hydrogels have been 

intensively researched for their applicability in 4D printing within biomedical settings. 

They have demonstrated the capability for complex and controllable deformations, 

even in the presence of living cells [15]. Various 3D printing techniques, such as extru-

sion-based printing [75, 76], laser-assisted bioprinting [77, 78], and the drop-on-de-

mand (DOD) technique [79], have been employed to fabricate hydrogel-based struc-

tures. Each method comes with its unique set of challenges, including the quest for high 

resolutions in 4D printed structures. DOD, for example, is a promising technique that 

addresses this challenge by accurately controlling the deposition of hydrogel droplets 

and the timing between them to achieve the required resolution [80]. 

In the rapidly expanding field of 4D printing, hydrogels have been deployed as 

shape-morphing agents in many applications, such as sensors, soft actuators [81], con-

trolled drug delivery systems [44], and in vitro studies on cellular differentiation [18]. 

For example, temperature-responsive hydrogels offer exciting possibilities in soft ro-

botics and actuators by allowing the formation of reversible shape-morphing structures 

[82]. However, achieving complex shape morphing with hydrogels for advanced appli-

cations requires rational mechanical design, including non-homogeneous geometries, 
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multi-material constructs, and carefully engineered mechanisms for the application of 

external stimuli [15, 83, 84]. 

Electro-active hydrogels add another layer of functionality by enabling both neg-

ative and positive curvatures within a single construct. This is achieved through ra-

tional design of electrode patterns and the modulation of electric fields [85-87] (Figure 

1.b.i [87]), opening up new avenues for applications, such as tissue engineering. Such 

capability of achieving complex shape morphing in hydrogels, and their printability has 

opened up new avenues for applications such as tissue engineering (e.g., 4D bioprinting 

of engineered cartilage with tailored shape-morphing behavior [15], Figure 1.b.ii). 

Furthermore, hydrogels have demonstrated significant potential in the domain of 

controlled drug delivery. They provide an optimized platform for controlled drug re-

lease and ensure biocompatibility with both the encapsulated drugs and the surround-

ing biological tissues. This encapsulation also affords a protective mechanism against 

environmental contaminants, thereby enhancing the stability and efficacy of the carried 

drugs [88-90]. 
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Figure 1. Examples of different stimulus-responsive materials. a.i. A 3D schematic drawing of program-

ming and recovery thermomechanical cycles in the 4D printing process is presented for typical tempera-

ture-responsive SMPs. It includes four steps, namely loading, cooling, unloading, and heating, with their 

corresponding shapes. a.ii. An illustration demonstrating the permanent and temporary shapes of a 4D 

printed structure made by LCD. Reproduced with permission. [67]. Copyright 2022, Elsevier. b.i. Electro-

active hydrogel actuation under a multipolar spatial electric field for inducing negative and positive mean 

radii of curvatures [87] (i.1). This implementation creates a sequential actuation process within 80 s in an 

electroactive hydrogel-based actuator (i.2). ii. A 4D bioprinted water-responsive hydrogel made through 

DIW [15]. The top, middle, and bottom sub-figures show the initial design, the initial shape of the 4D printed 

hydrogel, and the transformed shape. The scale bars represent 10 mm. c.i. The micro-configurations of 

LCPs, showing the disruption of orders in the presence of heat (1), light (2), and an electric field (3). Repro-

duced with permission [94]. Copyright 2022, Springer Nature. c.ii. A 4D printed LCP is depicted, exhibiting 

a shape-morphing behavior upon exposure to temperature changes Reproduced with permission [95]. Cop-

yright 2022, Wiley-VCH. The scale bar represents 10 mm. d.i. A schematic drawing illustrating inkjet-

based multi-material 4D printing of DEs. Reproduced with permission [157]. Copyright 2021, Wiley-VCH. 
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d.ii. 4D printing of multi-layer DEs with different configurations and their topological shape-morphing to 

mimic a simple semi-spherical out-of-plane deformation (1 and 2) as well as a human face (3 and 4) [146]. 

 

5.2.1.1.3 Liquid crystal materials 

LCPs and liquid crystalline elastomers (LCEs) are distinct classes of liquid crystal-

line materials [91, 92] that offer unique mechanical and functional characteristics, ow-

ing to their specialized molecular structures. LCPs are thermoplastic polymers re-

nowned for their superior mechanical strength, excellent chemical resistance, high-

temperature stability and biocompatibility [93]. These properties make them suitable 

candidates for a range of biomedical applications, such as such as surgical instruments, 

dental devices, orthopedic implants, and controlled drug delivery systems [94]. 

Conversely, LCEs fall under the category of soft smart polymers and are capable 

of large, reversible, and rapid actuations. They consist of liquid crystals (or mesogens) 

integrated within an elastomeric matrix, demonstrating molecular anisotropy and en-

tropic elasticity [95]. The actuation behavior in LCEs depends on the alignment of the 

mesogens, which can be triggered through mechanical stretching, shearing, or external 

stimuli, such as temperature changes. Mesogens can be incorporated into an elasto-

meric matrix either as a side chain or main chain [96]. The exposure to external stimuli 

causes a nematic–isotropic phase transition, leading to SME in LCPs [95, 97, 98]. Fig-

ure 1.c.i illustrates the micro-mechanism of three different LCEs in the presence of 

heat, light, and electric field [94]. LCEs find application in areas, such as soft robotics 

(e.g., robotic surgical tools), artificial muscles, actuators, and controlled drug delivery 

systems [99]. 

Advanced AM techniques have been employed to fabricate structures from both 

LCPs and LCEs, with each method presenting specific advantages and limitations 

[100]. For example, DIW is a technique that permits mesogen alignment along the 

printing direction [96]. Although it lacks precision and complex shape-morphing capa-

bilities, DIW enables the creation of functionally graded LCE-based structures by mod-

ulating the printing parameters. In contrast, DLP offers high-precision fabrication but 

faces challenges in mesogens alignment, resulting in simpler structures [101]. Hybrid 

AM techniques combine the advantages of DIW with those of DLP to facilitate the fab-

rication of complex LCE-based constructs (Figure 1.c.ii) [95]. 

While the potential of LCPs and LCEs in the realm of 4D printing and soft robotic 

is undeniable, significant challenges remain. For instance, in electro-active LCP-based 

actuators, there is a risk of undesirable increases in electrical conductivity. Further-

more, the high-temperature sintering process involved in 4D printing can lead to unin-

tended deformations. Additionally, the curing times for LCP actuators, which can span 

from a few minutes to several hours, limit rapid fabrication capabilities [102-104]. 
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To address these challenges, innovative approaches are being investigated. One 

such approach involves the use of UV-assisted printing to produce LCE-based soft ac-

tuators with biphasic liquid metal conductors [105]. This technique enables the reali-

zation of multifaceted shape-changing patterns through the employment of different 

LCE double-layer cross structures. By modulating the sequence and path of the printing 

process for these double layers, diverse deformation modes can be achieved [105]. 

5.2.1.1.4 SMAs 

SMAs are metal-based smart materials that exhibit remarkable shape recovery ca-

pabilities in response to certain types of stimuli, such as temperature changes or mag-

netic fields. Generally composed of two main phases (i.e., martensite (at lower temper-

atures) and austenite phase (at higher temperatures)), SMAs can undergo transfor-

mations between various shapes [26]. Depending on the cyclic behavior of SMAs, they 

can be categorized into three groups: one-way, two-way, and pseudoelastic SMAs [106]. 

The first two categories exhibit SME and can be programmed. However, pseudoelastic 

SMAs can completely recover their shapes without any additional recovery processes 

(without SME). Therefore, pseudoelastic SMAs behave similar to elastic materials and 

are, thus, less desirable for 4D printing applications [106]. Nickel-Titanium (NiTi) alloy 

can be an example of these three categories, depending on the thermomechanical cy-

cling [106].  

The behavior of SMAs is dependent on their chemical compositions and micro-

structures. An archetypal example is NiTi alloy. At temperatures below the martensite 

finish temperature, the alloy can be deformed and adopts a different shape. However, 

upon heating above the austenite start temperature, it reverts to its original form, 

thereby demonstrating one-way SME. This behavior is closely related to the nickel con-

tent and the microstructure of the alloy. Conversely, two-way SME, where the alloy “re-

members” distinct shapes at varying temperatures, is facilitated through mechanical 

training of the material. Moreover, an increment in the nickel content usually correlates 

with elevated transformation temperatures in SMAs. 

The fabrication of SMA structures typically employs NiTi and Ni-Mn-Ga alloys. 

These can be manufactured using various AM techniques, such as powder bed-based 

methods (e.g., SLM [26, 107-109], directed energy deposition, electron beam melting 

[110], powder bed binder jetting [108, 111]), or extrusion-based techniques (e.g., inject 

3D printing) [112]. However, the 4D printing of SMAs remain relatively less studied as 

compared to smart polymers, such as SMPs and hydrogels. This can be attributed to 

several factors, including their low stretchability, challenges in their 3D printing pro-

cesses, prolonged manufacturing timelines, and higher costs [26]. Each of the AM tech-

niques used for the fabrication of SMA specimens has certain advantages and disad-

vantages. The SLM technique offers high resolution and the ability to create complex 

geometries from SMA. However, these benefits come at the cost of high energy 
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consumption and the necessity for specialized equipment and extensive parameter op-

timization. The high-temperature gradients involved in SLM processes can also affect 

the phase transitions in SMAs, impacting their shape memory properties [113, 114]. Di-

rected energy deposition is well known for its ability to manufacture large-scale com-

ponents. However, the deposition process may induce internal stresses that affect the 

mechanical properties of the SMA [115]. Electron beam melting offers high precision 

but is generally more expensive and requires a high-vacuum environment, which can 

be restrictive [116]. Powder bed binder jetting provides an option with lower thermal 

impact. However, the binder materials can interfere with the properties of SMAs [108, 

117]. Finally, extrusion-based techniques, such as inkjet 3D printing, have the ad-

vantage of low material waste but often face limitations in resolution and speed, making 

them less suitable for complex SMA components [118]. 

As an alternative to Nickel-based alloys, copper (Cu) alloys have recently been 

used as other types of SMAs, next to high temperature β-Ti alloys. Cu alloys present 

distinctive advantages, such as significantly lower costs as compared to Nickel-based 

SMAs. Cu alloys (e.g., Cu-Al-Ni [26]), also offer versatility in tailoring thermal and me-

chanical properties through alloying [26]. These alloys are also capable of demonstrat-

ing both one-way and two-way SMEs. The use of Cu alloys allows for a broader range 

of activation temperatures and may enhance electrical conductivity, offering new ave-

nues for stimulus-response in 4D printing applications [26]. However, the transition to 

Cu-based SMAs requires extensive evaluation for biomedical applications, particularly 

focusing on issues, such as biocompatibility and corrosion resistance [26]. Further-

more, β-Ti SMAs (e.g., Ti–Nb) exhibit high transition temperature, large theoretical 

shape morphing and low costs [119]. 

Despite these challenges, 4D printed SMAs have distinct advantage over other 

smart materials, such as SMPs and hydrogels, in terms of their superior mechanical 

strength. This characteristic makes them increasingly attractive for specialized appli-

cations that require robust mechanical performance. 

5.2.1.1.5 Ceramic-based materials 

The utilization of shape memory ceramics (SMCs) in biomedical and 4D printing 

applications is an emerging domain that necessitates further investigation to better un-

derstand their potential applications. Zirconia ceramics [120], notably, have demon-

strated shape memory and superelastic properties. This can be attributed to their abil-

ity to undergo a martensitic phase transformation, a mechanism that effectively con-

verts thermal energy (i.e., heat) into mechanical strain or the other way around [121]. 

The brittle nature of these ceramics, which typically results in failure at low strains after 

a few cycles, can be mitigated by providing a fine-scale structure with few crystal grains. 

These oligocrystalline structures reduce internal mismatch stresses during the 
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martensitic transformation, leading to robust SMCs that can endure many superelastic 

cycles up to large strains [122]. 

Moreover, zirconia ceramics can exhibit superior shape memory properties when 

deformed at a temperature between their martensite and austenite transition temper-

atures. This can be accomplished through a stress-induced transformation from aus-

tenite to martensite, which, when the load is removed, retains the new shape. Subse-

quent heating above the austenite transition temperature causes the martensite to re-

vert to austenite, returning the material to its original shape [120]. 

Advancements in 4D printing technologies have enabled the fabrication of com-

plex ceramic structures through the use of zirconia (ZrO2) inks with varying solid con-

tents [123,124]. This method allows for the sintering of 3D printed lattices and bilayer 

ceramic architectures that can undergo pre-programmed shape transformations [125]. 

The development of this technology holds promise for generating complex ceramic 

structures with specific functionalities. 

An alternative approach for shaping ceramics draws inspiration from nature, spe-

cifically the self-folding behavior seen in plant seed dispersal units that occur due to 

differential swelling behaviors [126]. This technique involves manipulating the micro-

structure of the material to undergo local anisotropic shrinkage during heat treatments. 

The methodology involves magnetically aligning functionalized ceramic platelets in a 

liquid ceramic suspension, which is then consolidated through an enzyme-catalyzed 

reaction. This process can be used to create alumina compacts with bio-inspired bilayer 

architectures, allowing for controlled shape change during the sintering step. Different 

complex shapes, such as bending, twisting, or combinations of these movements, could 

be programmed [126]. 

Furthermore, recent research has synthesized a reconfigurable and shape memory 

preceramic suitable for 4D printing, composed of liquid silicone (polydimethylsiloxane, 

PDMS), shape memory epoxy, and ceramic nanoparticles (ZrB2 NPs) [127]. For this 

purpose, the initial shape is printed through DIW and is then reshaped into the desired 

complex geometry through a two-step curing process at different temperatures. The 

shape memory capability of the precursor allows it to be programmed into temporary 

shapes and revert to the original state under heat stimulus. 

Another innovative strategy merges 4D printing and origami techniques to fabri-

cate ceramic structures [128]. This entails the use of specialized inks made from elas-

tomers and ceramic precursors. After printing, these structures are subjected to pyrol-

ysis, transforming them into ceramics. The ability to program these structures for spe-

cific deformations during pyrolysis expands the design space for ceramics, offering a 

new paradigm for constructing lightweight and strong ceramic components [128]. 
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5.2.1.2 Properties of types of 4D-printable materials 

5.2.1.2.1 Temperature-responsive materials 

Temperature-responsive materials, commonly referred to as thermo-responsive 

polymers, are recognized by their intrinsic capacity to undergo changes in physical or 

chemical properties in response to external temperature stimuli. The ability to exhibit 

such changes, coupled with inherent biocompatibility and adjustable phase transition 

characteristics, makes these materials particularly advantageous for advanced biomed-

ical and 4D printing applications [129]. 

pNIPAM, serves as an example in this category and has gained considerable atten-

tion in the biomedical field. The important feature of this polymer is its lower critical 

solution temperature, which is close to the human body temperature. This unique char-

acteristic enables its use in a plethora of biomedical applications, such as controlled 

drug delivery, tissue engineering, and bioseparation [130]. Specifically, hydrogels syn-

thesized from PNIPAM can encapsulate pharmaceutical agents and modulate their re-

lease kinetics in a temperature-dependent manner [131]. Such materials offer the po-

tential for targeted and timed drug delivery systems that can be manipulated via exter-

nal thermal stimuli [132]. 

In addition to PNIPAM, Pluronic F-127 and polyethylene glycol (PEG)-based pol-

ymers also constitute notable examples of temperature-responsive materials. Pluronic 

F-127 has been successfully employed in thermal-ablation therapies targeting malig-

nant cells, thereby displaying its potential for use in oncological applications [133]. 

Similarly, PEG-based polymers have found applications in wound healing, where tem-

perature-responsive behavior can facilitate the timely release of a healing agent or cy-

tokines to accelerate tissue repair [134]. 

5.2.1.2.2 Electroactive materials 

Electroactive materials represent another class of smart materials that manifest a 

change in dimensional or functional properties upon exposure to an electric field. Such 

materials are composites, comprising a base substrate and an electrically responsive 

conductive filler. While metals can serve as the base material, polymers have gained 

greater importance in the context of 4D printing [135, 136]. 

Electroactive materials find their primary applications in sensors, actuators, and 

energy-harvesting devices due to their intrinsic stimuli-responsive properties [137]. 

The most frequently used electroactive materials used in 4D printing include piezoe-

lectric materials and DEs. 

Piezoelectric materials 

Piezoelectric materials offer a unique suite of characteristics that are tailored for 

smart structures. These materials, comprising either metal-based ceramics or 
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polymers, exhibit the capacity to generate electrical charges when subjected to mechan-

ical deformation such as pressure, strain, vibrations, and sound [138]. Metal-based ce-

ramics (e.g., lead zirconate titanate and barium titanate [138]) are prevalently used in 

transducer applications. Polymeric examples include polyvinylidene difluoride 

(PVDF), known for its high flexibility. 

Innovative fabrication methods have emerged in the domain of piezoelectric ma-

terials, enabled by advanced 4D printing techniques. FDM, for instance, facilitates the 

fabrication of thermoplastic-based piezoelectric materials, such as polypropylene, ac-

rylonitrile butadiene styrene (ABS), and polytetrafluoroethylene (PTFE), overcoming 

the limitations inherent to traditional ceramic processing techniques [138, 139, 140]. 

These materials are selected due to their relatively low dielectric and elastic properties 

[140-142]. 

Furthermore, piezoelectric materials offer new horizons in biomedical engineer-

ing. The fabrication of smart (porous) biomedical implants utilizing these materials 

brings forth a host of advantages, including but not limited to mechanical strength, high 

mass transport properties, and tunable biodegradation rates [143-145]. 

Dielectric elastomers (DEs) 

DEs constitute another category of electroactive materials that are predominantly 

utilized in soft robotics [146]. Dielectric elastomer actuators (DEAs), functioning as de-

formable capacitors, exhibit large strains under electric fields. These materials are 

structured with an elastomer sheet sandwiched between two compliant electrodes, re-

sulting in deformation upon electric stimulation. 

Two prevalent types of DEs are based on acrylic and silicone elastomers. The fab-

rication methods for DEAs generally employ pre-stretching of the elastomer material, 

which is subsequently framed to enhance its electric field-induced deformation and 

breakdown strength [147]. Conventional (and planar) manufacturing techniques, such 

as spin coating [147-149] and sequential mechanical assembly [150], have been used to 

fabricate DEAs. While these methods yield primarily planar shape morphing, addi-

tional processes can transform such in-plane deformations into out-of-plane defor-

mations (e.g., bending, rolling) [149, 151].  

Recent innovations have presented multi-layer techniques, which allow DEAs to 

deform without the necessity for pre-stretching [152]. Examples include bio-inspired 

mechanisms, such as the jumping features observed in click beetle [147]. 

From an AM viewpoint, 4D printing of most of the current silicone-based DEs is 

still in its infancy due to the low viscosity and long curing time of silicone [153]. How-

ever, some AM techniques, such as FDM [1545], SLA [155], and DOD inkjet 3D printing 

[156], have been successfully used for DE fabrication. In particular, multi-material 
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inkjet 3D printing can be appealing to print multi-material DEs to achieve more com-

plex shape-morphing [157] (Figure 1.d.i). Furthermore, FDM and SLA require long cur-

ing times and cannot achieve the same level of consistency in the layer thickness found 

in pre-fabricated elastomeric films [158]. In some cases, it is also possible to combine 

AM techniques with conventional techniques, such as spin coating, to fabricate certain 

sophisticated multi-layer DEs (Figure 1.d.ii) [149]. 4D printing of DEs aiming at com-

plex shape morphing remains an active area of research and extensive research is being 

conducted currently [137, 159-161]. 

5.2.1.2.3 Magneto-active materials 

Magneto-active polymers (MAPs) form a specialized category of smart materials 

whose properties (e.g., elasto-plastic properties and stiffness) change upon the appli-

cation of an external magnetic field. The interaction between magnetic fields and these 

polymers lead to a magnetic field-dependent torque until the magnetic domain within 

the material achieve alignment with the applied field [162, 163]. These materials are 

mainly composed of a soft base polymer, typically silicone-based, infused with mag-

neto-active fillers. These fillers exhibit ferromagnetic or paramagnetic properties, and 

encompass a range of materials including carbon black, carbon nanotubes (CNTs), car-

bon nanofibers, and metallic particles (e.g., gold NPs, neodymium–iron–boron 

(NdFeB), or Fe3O4) [6]. Iron oxide particles are often used as magneto-active fillers due 

to their unique combination of chemical stability, high heating efficiency, and biocom-

patibility [164]. 

MAPs can be classified into “soft” and “hard” categories based on the magnetic 

saturation levels of the fillers used. Soft magnetic MAPs incorporate low-saturation 

materials such as iron oxides, whereas hard magnetic MAPs utilize fillers with high 

magnetic saturation, such as NdFeB [163, 165]. The implication of this classification on 

the functional characteristics of MAPs requires more comprehensive investigation. 

A further classification of MAPs can be done based on the types of base polymer 

used, resulting in magnetorheological elastomers (MREs) and magnetorheological 

plastomers (MRPs) [166]. MREs are distinguished by their high sensitivity to applied 

magnetic fields and their capability for reversible deformation [167, 168]. In contrast, 

MRPs demonstrate a more plastic nature, maintaining their deformed state even after 

the removal of stress. The inherent difference in properties makes MREs more suitable 

for dynamic systems requiring quick and reversible changes in mechanical character-

istics. On the other hand, MRPs are tailored for applications requiring permanent de-

formations, thus offering strong plasticity and damping characteristics. Most MRP ma-

trices are thermosets (i.e., cross-linked polymers, such as PUs and poly(vinyl alcohol) 

(PVA). The versatility of these materials is exemplified by multi-functional MRPs, par-

ticularly 3D printed structures using PCL/thermoplastic PU (TPU) polymers that 

showcase shape memory and self-healing capacities [166]. 
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The topology of the magneto-active fillers within the polymer matrix can be engi-

neered to create complex shape-morphing and anisotropic properties in both MREs 

and MRPs. However, the mechanisms through which varying the distributions of vari-

ous fillers can impact the overall performance of the material, and the type of the opti-

mization strategies still need to be explored. 

Manufacturing techniques for MAPs are broadly classified into two categories: 

conventional methods (e.g., molding or templating) and AM techniques [6,168]. Each 

category presents its own set of challenges and advantages. For instance, conventional 

methods are often constrained by limitations in the creation of complex geometries and 

less control over filler dispersion [169]. FDM, SLA, inkjet (including electrohydrody-

namic inkjet [170]), and DLW are common AM techniques to make MAPs structures 

[6]. Alternatively, 4D printing allows for more complex designs and the capability to 

create MAPs without the need to external magnetic fields [169]. 

Interestingly, hybrid manufacturing techniques are emerging to circumvent the 

limitations of each method [27]. In these techniques, high concentrations of magnetic 

particles (~20-70wt%) preclude the use of advanced micro-AM techniques, such as 2PP 

[27]. Therefore, micro-molds are fabricated using 2PP, and the final MAP structures 

are created through molding. Such hybrid methods may also involve the encapsulation 

of MR fluids within elastomers, allowing the 3D printing of soft structures with tunable 

elastic properties. After creating hybrid MREs, a laser-assisted technique can be used 

to magnetize them. In this approach, local magnetization profiles are created by locally 

heating the magneto-active polymer with a laser, which enables complex shape-morph-

ing [163] (Figure 2.a). This process is similar to multi-material 3D printing [169]. Ex-

amples of such MREs include acrylate-based polymers containing Fe3O4 particles, 

which can be used to tune the mechanical and magnetic properties of 3D printed com-

posites [21]. 

Biocompatibility remains a crucial consideration for MAPs, especially in biomed-

ical applications. While iron oxide NPs are generally considered biocompatible, other 

ferromagnetic particles such as iron, and its alloys may introduce toxicity risks. There-

fore, a comprehensive evaluation of not only the type of filles and based polymers but 

also their concentration and the nature of the magnetic fields applied is necessary for 

assessing cellular viability [163]. 

5.3 Stimulation 

Stimulation stands as a pivotal element in the efficacy of 4D printed structures 

within the context of biomedical applications. The core of 4D printing in biomedicine 

lies not just in its ability to fabricate structures capable of functioning in vivo without 

cytotoxic effects, but also in its requirement for external stimuli to trigger specific ac-

tions or changes. Stimulation used in 4D printing can, in general, be divided into three 
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main categories: physical, chemical, and biological. Specific 4D printed structures can 

respond to multiple stimuli based on the composition of the smart structure, which can 

be a smart composite or a smart material with different fillers [171]. We will only focus 

on physical and chemical stimulation, as little information is available regarding the 

4D printing of biologically responsive materials. 

5.3.1 Physical stimulation 

Physical stimuli, such as temperature and magnetic fields, are widely used to trig-

ger 4D printed medical devices. Owing to their ease of manipulation and reliable out-

comes, these stimuli induce changes at the molecular level, affecting the conformation 

of polymeric chains or the internal arrangement of the material. These changes result 

in shape morphing and the creation of dynamic behavior in the printed objects, ena-

bling them to adapt to environmental conditions such as fluctuating body tempera-

tures. The integration of physical stimuli into 4D printing offers a pathway for evolving 

more complex, adaptive medical devices. 

5.3.1.1 Temperature 

Temperature stands as a sub-category of physical stimulation, pivotal for actuat-

ing 4D printed structures. SMPs emerge as the material of choice for temperature-in-

duced responses, prominently for their SMEs. It is also worth mentioning that temper-

ature-responsive 4D printed objects possess the capability for multifunctional recovery, 

including morphological changes and even changes in optical properties such as color. 

For instance, Figure 2.b shows a 4D printed temperature-responsive chameleon, which 

changes its color upon exposure to different temperatures [172]. 

The mechanism for SME requires a designated transition temperature, either the 

glass transition temperature (Tg) or the crystal-melt transition temperature (Tm), de-

pending on the structure of the polymer (i.e., amorphous or crystalline, respectively) 

[59]. SME results from a thermally-induced phase transition between two rubbery or 

glassy (i.e., active and frozen, respectively) states. The molecular architecture generally 

consists of two key components: i. a chemical cross-link that dictates the permanent 

shape (i.e., hard phases), and ii. temperature-sensitive segments (i.e., soft phases), that 

facilitate temporary shape changes when the temperature crosses a threshold temper-

ature, Ttrans [173, 174]. 

For biomedical applications, the direct method of temperature stimulation (e.g., 

immersing the 4D printed object in hot water or heating with hot air) is often imprac-

tical due to the in vivo environment’s inaccessibility. Hence, alternative strategies for 

internal heat generation have been proposed, exploiting external stimuli such as fo-

cused ultrasound [175], IR light [55], microwaves [176], laser light [177], or even mag-

netic or electric fields [178]. 
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5.3.1.2 Magnetic field 

Magnetic fields stand as another prominent form of physical stimulation in the 

domain of 4D printing, particularly well-suited for untethered actuation in miniatur-

ized soft robotics and biocompatible applications [179,180]. Similar to temperature-

sensitive mechanisms, magnetic fields induce what is termed a “magnetic memory ef-

fect”, allowing the material to revert to its pre-designed form upon exposure to a mag-

netic field. 

A typical example illustrating the magnetic memory effect is the fabrication of 

magneto-active SMP composites. These composites consist of a stable elastomeric ma-

trix and a MR fluid that serves as the programmable phase [181]. When subjected to a 

magnetic field, these composites exhibit specific stages of programming and recovery 

(Figure 2.c.i and 2.c.ii). Initially, in the absence of a magnetic field, the elastomeric 

components of the composite bear the mechanical stress, while the MR fluid remains 

in a liquid state. Upon the application of a magnetic field, the MR fluid transitions to a 

more rigid phase, effectively bearing the stress and causing the elastomeric components 

to relax. Once the magnetic field is removed, the composite reverts to its original shape, 

illustrating its magnetic memory capabilities. 

The mechanism of heat generation induced by magnetic fields is predicated on the 

principles of induction [6]. In such scenarios, the magnetic fillers within the magneto-

active materials undergo rearrangement when subjected to an alternating magnetic 

field. This rearrangement leads to energy dissipation and subsequent heat generation 

[182]. Such a mechanism is advantageous over other remote stimulation methods, such 

as light or electric fields, both in terms of speed of transition and the capacity for tem-

perature control through a feedback mechanism based on magnetic hysteresis loss 

[183, 184]. There is also no need for the connection of power transmission lines to the 

4D printed devices, thus reducing the risk of failure. Furthermore, it is possible to in-

duce selective heating by locally patterning the structure with magneto-active particles. 

In biological applications, stringent constraints must be considered to so as not to 

adversely impact biological tissues. The safe frequency range for magnetic fields in bi-

ological contexts is generally considered to be between 50 and 100 kHz [185]. Another 

determinant factor is the size of the magneto-active particles, which must be optimized 

to ensure cell compatibility while achieving the desired magnetic memory effect [163]. 

Careful consideration is also required to achieve a balanced interplay among var-

ious parameters such as the type of magnetic field (alternating vs. direct), the type of 

magneto-active fillers, their particle sizes, concentration levels, and the base polymer. 

These factors collectively influence the efficiency, safety, and efficacy of magnetic field-

induced actuation in 4D printed structures. 
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5.3.1.3 Electric field 

Electric fields constitute another important modality for the activation of 4D 

printed structures. These structures incorporate electro-active fillers that become re-

sponsive when exposed to an electric field, resulting in shape-morphing behavior 

through various mechanisms, such as Joule heating [135, 136]. 

Joule heating serves as a prominent means to induce shape changes and presents 

several merits, including rapid activation, uniformity, remote controllability, and con-

venience [135, 186]. For instance, gold electrodes have been employed to initiate the 

shape recovery of nano-composites at a relatively low voltage of 13.4 V [135, 186]. This 

low voltage threshold enables simultaneous actuation and monitoring of 4D printed 

structures. 

Electric fields have been widely used to activate SMEs in DEs, hydrogels, and 

SMPs. Various materials have been explored for these applications, including hydrogels 

made of acrylamide crosslinked with N, N’-Ethylene Bisacrylamide [187], chitosan-

based hydrogels [85], and alginate-based hydrogel grafts [188]. For instance, a chi-

tosan-based hydrogel was employed in an electric field and pH-responsive antibacterial 

drug delivery system [85]. Poly (D, L-lactide-co-trimethylene carbonate) (PLMCs) re-

inforced with CNTs have been 3D printed via DIW to function at high voltages up to 25 

V [189]. 

Various applications have originated from these advancements, including the cre-

ation of stent-like structures through FDM of CNT-reinforced PLA [190]. These struc-

tures demonstrated shape recovery within 60 seconds at a voltage of 20 V (Figure 2.d). 

Moreover, smart drug delivery systems employing methacrylate-based hydrogels have 

been designed to operate at voltages less than 2V [191]. On the microscale, 2PP has 

been utilized for the precision 3D printing of electro-active hydrogels, paving the way 

for biocompatible drug delivery systems [192]. 

5.3.1.4 Water/solvent  

Water or moisture can serve as a physical stimulus to trigger hygroscopic materi-

als, which tend to absorb moisture, to deform into a desired shape [193, 194]. The Self-

Assembly Lab at the Massachusetts Institute of Technology, a pioneer in 4D printing 

[193], has developed a 3D printed hydrophilic polymer with up to 150% stretchability 

when exposed to moisture. This expansion is strategically guided by placing stiffer parts 

in the desirable direction to reach the final desired shapes. Utilizing a combination of 

rigid and hygroscopic materials to construct hinges, only the hygroscopic sections be-

come active when exposed to water. By strategically placing these hinges on a 1D line 

or 2D plane, different shapes can be obtained upon stimulation. This technique can also 

be applied to 3D-to-3D or 3D-to-2D shape transformations. In this way, it is possible 
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to 3D print multiple hydrophilic polymers that may react differently when immersed in 

water to create complex self-morphing behaviors [195]. 

Hydrogels have emerged as the material of choice for water-responsive materials 

applications, especially given their high biomimetic potential [196]. Naturally-driven 

hydrogels, such as gelatin, collagen, silk fibroin, and chitosan with hydrophilic natures, 

offer promising applications in 4D bioprinting [197]. Complex, dynamic shape-morph-

ing can be achieved based on the concepts of multi-materials and rational design in a 

composite ink made of stiff cellulose fibrils and a soft acrylamide matrix [83]. For ex-

ample, a water-responsive multi-material structure was 4D printed via extrusion-based 

printing of hydrogels and elastomers. Different shape-morphing behaviors could be 

achieved that are inspired by the movement of the octopus’s tentacles when immersed 

in distilled water [198] (Figure 2.e.i). Water-responsive hydrogels also have the poten-

tial to be 4D printed at different length scales from the microscale [199] to the mac-

roscale with programmed shape-morphing behaviors. 

In tissue engineering applications, water-sensitive 4D printed scaffolds change 

their shapes in a spatiotemporally dependent manner at different levels of water ab-

sorption. An example is a two-layered construct made of photo-patterned polyethylene 

glycol (PEG) layers with varying molecular weights, which demonstrates that differen-

tial swelling ratios could give rise to anatomically-relevant shapes [200]. These bio-

compatible scaffolds have been observed to exhibit an impressive cell viability rate of 

90% over an eight-week culture period [200]. In cartilage tissue engineering, water-

responsive 4D printed constructs have been used to fabricate MSCs-laden scaffolds fea-

turing shape-morphing properties [15]. The bi-layered hydrogel scaffold was made 

from hyaluronan and alginate with different swelling ratios via an extrusion-based 4D 

bioprinting technique. 

Beyond water, solvents such as ethyl acetate and isopropyl alcohol can also trigger 

reversible dynamic deformation in 4D printed structures [9]. These solvent-responsive 

materials, often referred to as capillary force-responsive materials, can undergo swell-

ing or shrinkage as the solvent evaporates. The 4D printed constructs can even be man-

ufactured at the microscale through 2PP [9, 23, 201]. As an example, Figure 2.e.ii and 

iii show two 4D printed self-assembly microstructures inspired by a butterfly [9] and a 

gecko [23], respectively.  

The use of solvent-responsive materials is further augmented by their reversible 

dynamics. For instance, chitosan cross-linked with citric acid can undergo one-way 

shape morphing when immersed in a chemical solvent. This process creates a concen-

tration gradient as the solvent diffuses through hydrophilic chitosan and hydrophobic 

materials. In contrast, immersing the material in water can restore the original shape 

by minimizing this gradient [202]. 
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5.3.1.5 Light 

Light offers a unique medium for the actuation of 4D printed structures due to its 

various advantageous properties: it is a clean energy source, available ubiquitously, 

triggers rapid response, and can be controlled remotely without physical contact [203, 

204]. Consequently, light not only has the capability to heat 4D printed objects re-

motely but also serves as a vital stimulus for inducing shape-morphing behaviors, par-

ticularly in biomedical applications [205, 206]. 

Materials responsive to light can generally be classified into two categories: pho-

tochemical-responsive and photothermal-responsive [204, 207]. Photochemical-re-

sponsive materials inherently convert light energy to mechanical energy through pho-

tochemical processes. For instance, UV-responsive SMPs such as densely-branched 

polycoumarate derivatives have been developed to demonstrate multi-stimuli-respon-

sive characteristics [208]. Conversely, photothermal-responsive materials contain ad-

ditional photothermal reagent, such as gold nanoparticles or carbon-based nanoparti-

cles to form a thermally-responsive matrix [204, 209-211]. These agents absorb light 

and convert it into internal heat, which in turn actuates the base material. For example, 

azobenzene-containing SMPs are widely used in photothermal-responsive 4D struc-

tures, owing to their trans–cis photo-isomerization properties [212]. 

To manufacture photo-responsive materials, photo-polymerization 3D printing 

technologies are in the presence of specific wavelengths, typically UV (or IR light) [213]. 

Alternatively, the FDM method can be used for photothermal-responsive materials 

without the need for UV light exposure [214-216]. In addition, photo-responsive fillers, 

such as carbon black, can be added to thermoplastic polymers, such as TPU for 3D 

printing applications [215]. Figure 2.f shows a photo-responsive poly(ether ether ke-

tone)-based SMP inspired by the opening of an umbrella and the flying of a butterfly, 

which exhibits shape-shifting behavior when exposed to UV light [217]. 

However, the use of light as stimulus is not without of challenges [218]. Firstly, 

photo-activated reagents may induce cytotoxic effects, particularly detrimental in bio-

medical applications [204]. Secondly, the process of photo-thermal conversion can lead 

to overheating of the samples [219]. Lastly, the efficiency of light-activation is highly 

dependent on specific wavelengths, which imposes a constraint on the materials and 

wavelengths used during the printing process to avoid undesired structural changes. 

The power and wavelength of the light should not only be sufficient for activating 4D 

printed structures but must also not damage the body [218].  

To mitigate some of these limitations, alternative light sources such as sunlight 

have been considered for their natural, sustainable, and cost-effective characteristics 

[204, 215, 220-222]. 
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Figure 2. Examples of different stimuli for actuating the response of 4D printed materials. a. Laser-as-

sisted magnetization profile in magneto-active polymers [163]. b. Digital photographs of a temperature-
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responsive 4D printed chameleon. Reproduced with permission [172]. Copyright 2022, Elsevier. The scale 

bar represents 5 mm. c. A magneto-active SMP controlling the variation of applied/recovery strain in the 

absence of a magnetic field (red curve) and in the presence of a magnetic field of 600 mT (blue curve) (i) 

Reproduced with permission [181]. Copyright 2019, Wiley-VCH. A schematic drawing depicting the exper-

imental steps involved in the programming and recovery cycles of a magnetically stimulated SMP (ii) Re-

produced with permission [181]. Copyright 2019, Wiley-VCH. Stage 0 shows the permanent shape of the 

SMP. Within steps 1-3, the SMP is loaded in the presence of the magnetic field. Then, the SMP recovers its 

shape within a short time through step 4. d. Electric-responsive mechanical metamaterials based on 

SMP/CNT. Reproduced with permission [190]. Copyright 2022, Elsevier. The 4D printed metamaterial 

folds within 60 s under a 70 V electric field. e. Water- and solvent-responsive 4D printed structures depicted 

at the macro- (i.). Reproduced with permission [200]. Copyright 2019, Wiley-VCH and microscales (ii, 

[23] and iii, Reproduced with permission [9]. Copyright 2021, Wiley-VCH). Scale bars in e.i, e.ii, and e.iii 

represent 1 cm, 20 µm, and 20 µm. f. Light-responsive 4D printed structures, which are shifted from tem-

porary states to permanent shapes, mimicking the opening and closing of an umbrella and butterfly. Re-

produced with permission [217]. Copyright 2022, Wiley-VCH. g. A schematics drawing of a mechanical 

loading stimulus (rubbing) and its effect on the changing luminescent color of a thin film substrate. Repro-

duced with permission [225]. Copyright 2009, Springer Nature. 

 

5.3.1.6 Acoustic waves 

Acoustic waves are another type of physical stimulus to activate 4D printed mate-

rials. These stimuli can manifest in various forms including vibrations, audible sound, 

ultrasound, and infrasound, each capable of being generated from distinct sources. For 

instance, vibration can be generated by exciting piezoelectric materials using an electric 

field. 

Ultrasound refers to sound waves above the audible limit of the human hearing 

and can be categorized into low-frequency, medium-frequency, and high-frequency do-

mains. Each domain has unique penetration depths and focal points. Low-frequency 

ultrasound, for example, can penetrate deeper into the tissues, but lacks the capacity to 

concentrate its energy into a smaller area [88]. In contrast, high-frequency ultrasound 

is capable of localizing its energy, but its depth of penetration is comparatively shallow.  

High-frequency ultrasound can induce local heating due to its elevated scattering 

properties. Utilizing this characteristic, therapeutic ultrasound-responsive hydrogels, 

such as one based on melamine-enhanced PVA have been developed [223]. However, 

ultrasound also exhibits non-thermal effects that may cause undesired consequences. 

One such effect is cavitation, wherein small gas bubbles are formed within the tissue 

due to acoustic vibrations generated by the ultrasound. These bubbles can expand to 

twice their original size within the tissue [88]. The subsequent collapse of these bubbles 

produces shock waves, which can act as micro-reactors within biological systems [88]. 

5.3.1.7 Mechanical loading 

Mechanical is another form of physical stimulus that, although abundant in na-

ture, has been relatively underexplored in the field 4D printing [224, 225]. Various 
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mechanically responsive materials exist, including organic molecules, polymers, and 

metal nanoparticles. These materials offer more than mere shape-morphing capabili-

ties, they can also provide activation energy required for specific chemical responses in 

polymeric structures [224, 226] (e.g., spiropyran polycarbonate [227]). 

The application of mechanical stimuli can lead to significant changes in the elec-

tronic configurations of chemical bonds within these materials. Such changes have the 

potential to modify a broad array of material properties, including chemical, optical, 

electrical, and magnetic characteristics [224]. Hence, integrating mechanically respon-

sive materials with rational designs is crucial for achieving desired mechanically in-

duced outcomes in 4D printed structures. 

Mechanical stimuli can be synergistically integrated with other forms of stimuli, 

such as chemical stimuli, to create materials with dual responsiveness (i.e., mechano-

chemo-responsive or mechano-chromic materials). These materials can undergo nota-

ble changes in properties such as absorption and/or fluorescence upon the application 

of mechanical loading [228].  

One important example is the class of piezo-chromic luminescent materials, which 

change the color of their luminescence upon exposure to mechanical stimuli [225]. 

These materials are primarily constructed from dye-doped polymers and liquid-crys-

talline substances. A variety of mechanical loading types, including shearing, grinding, 

or elongation, can induce changes in their photoluminescent color [225]. For instance, 

the luminescent color of a thin film can be switched, manifesting the sign “UT”, by ap-

plying an isothermal mechanical stimulus, such as rubbing with a glass rod at room 

temperature [225] (Figure 2.g). 

5.3.2 Chemical stimulation 

To better understand the operating mechanisms of 4D printed biomedical devices 

that respond to physiological conditions, it is crucial to evaluate their reactions to phys-

iological variables, such as pH levels and ionic concentration. The analysis of these re-

actions can also aid in optimizing the performance and efficiency of such devices. Fur-

thermore, understanding how 4D printed biomedical devices respond to changes in 

physiological conditions is essential for ensuring the safety and efficacy of these devices 

in real-world medical applications. 

5.3.2.1 pH 

pH, as the acidity level of an aqueous solution, can experience significant fluctua-

tions under various pathological conditions, affecting the different parts of the human 

body (e.g., the gastrointestinal tract, vaginal tract, or blood vessels [229]). Accordingly, 

4D printing technologies have been harnessed to develop pH-dependent systems for 

biomedical applications, including drug delivery and tissue engineering [229]. These 
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systems are designed to be responsive across the entire pH spectrum (acidic, alkaline, 

and neutral). For instance, a 3D printed flow actuating valve constructed of poly (2-

vinylpyridine) has been developed that activates when exposed to a pH below 4 [230]. 

The valve features a globule-to-coil transition that controls its swelling, resulting in de-

creased water flow [230]. 

In pH-responsive hydrogels composed of carboxyl groups, polyvinyl chloride is 

usually added to tune hydrogel stiffness, thereby enabling 3D printing. Altering the pH 

level influences the ionization of the carboxyl groups in the acrylic acid, allowing con-

trol over the stiffness and swelling ratio of the hydrogel [74]. Advances in 2PP have 

enabled 4D printing of such materials at the microscale [231]. 

5.3.2.2 Ionic concentration 

Ionic concentration serves as a pivotal chemical stimulus in the manipulation of 

hydrogel-based 4D printed structures. It is particularly instrumental in influencing the 

mechanical properties and physiological responsiveness of hydrogels. This is mani-

fested in scenarios where hydrogels can achieve a remarkable degree of swelling, up to 

60% [232]. 

A variation in ionic concentration dramatically changes the mechanical properties 

of hydrogels. An increase in ionic concentration, for example, can enhance rigidity ow-

ing to intensified cross-linking between ions and polymer chains [232-236]. Such 

cross-linking phenomena consequently affect the swelling behavior of hydrogels. For 

example, elevated ionic concentration can reduce swelling and contribute to a more 

rigid structure [237]. Furthermore, higher ion concentrations may create an osmotic 

pressure differential, inducing water influx and potentially increasing hydrogel volume. 

Technological innovations have led to the 4D bioprinting of ion-sensitive hydro-

gel-based hollow tubular structures. Notably, structures sensitive to Ca2+ ions have 

been synthesized using methacrylate alginate and hyaluronic acid hydrogels [43]. An-

other application example is the fabrication of anatomically accurate and mechanically 

heterogeneous aortic valves using PEGDA [238]. 

Ion-sensitive hydrogels have been employed effectively in drug-delivery systems. 

They can be used for extended or regulated therapeutic release, responding dynami-

cally to the surrounding ionic environment [239-241]. Such hydrogels offer the capa-

bility for site-specific drug delivery. For example, calcium-ion-sensitive hydrogels tar-

get areas of the body with elevated calcium concentrations, such as bone tissue [236, 

242]. The drug release kinetics can be rationally controlled through the hydrogel’s 

swelling or shrinking in response to ionic concentration changes, thereby optimizing 

therapeutic effectiveness. 
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Beyond single responsiveness, hydrogels can be engineered to respond to multiple 

stimuli. For example, hydrogels comprised of poly γ-glutamic acid and ε- polylysine are 

designed to respond to temperature, pH, and ionic concentration simultaneously [232]. 

Such multi-stimuli responsive hydrogels offer a wider range of applicability in biomed-

ical applications, including but not limited to drug delivery and tissue engineering. 

5.4 Design strategies towards shape morphing 

In 4D printing, the shape transformation process is the results of a complex inter-

play between numerous factors the most notable of which can be categorized into three 

fundamental motifs: the rational design of macro- and micro-architectures, parameters 

associated with the AM process, and the configuration of the applied external stimuli. 

The complexity and level of detail of this multidimensional framework calls for an in-

depth analytical approach, bringing together materials science, engineering design, and 

computational modeling. 

The motif concerning the rational design of architectures deserves particular at-

tention because of its centrality to the way the shape-morphing process of 4D printed 

objects relates to the underlying design parameters. The relevant design parameters 

may include a complex layering of multiple materials as well as engineered nano- and 

micro-patterns. Notably, nature often serves as an inspirational source for these de-

signs, with adaptations from floral morphologies [83], the helical structure of DNA 

[243], biomechanical characteristics of specific animals, such as geckos [23], and even 

anthropomorphic features [146, 244] used by many research groups to program com-

plex shape transformations. 

The second motif focuses on the variables inherent to the AM process. During fab-

rication, such factors as imperfections or temperature gradients can be introduced, 

which significantly impact the structural properties and subsequent shape-morphing 

capabilities of the printed constructs [83, 245, 246]. A multi-faceted understanding of 

these variables and their interactions during the AM process is crucial for both optimi-

zation and quality control of 4D printing processes. For instance, the programmability 

and shape morphing of PLA-based 2D flat disks can be controlled through controlling 

the deposition of micro-defects during the FDM 3D printing [247]. This shows how 

phenomena that are generally considered to be undesirable can be harnessed to extend 

the programmability of 4D printed materials and their range of possible shape trans-

formations. 

The third motif relates to the external stimuli that induce the shape-morphing be-

havior. These stimuli can range from temperature and humidity fluctuations to mag-

netic fields, and their integration demands precise calibration with the material and 

structural design for predictable and controlled shape transformations [248]. 
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Beyond these fundamental motifs, another layer of complexity is introduced when 

discussing multi-material 4D printed objects, particularly smart composites. The 

unique properties of such objects can result from differences in the properties of vari-

ous layers [244, 249], their orientations (e.g., anisotropic distribution of fibers [83, 

245, 246]), or the use of multiple stimuli. For example, Figure 3.a illustrates a 4D 

printed hydrogel inspired by the blossoming of flowers, which can achieve complex 3D 

shape morphing when in contact with water. The rational distribution of fibers in a soft 

matrix (hydrogel) leads to twisting and bending of the structure [83]. Concerning 

multi-material 4D printing, Figure 3.b shows a human face that is 3D printed with mul-

tiple hydrogels, exhibiting pattern transformation from a flat shape to an out-of-plane 

shape similar to a human face [244]. Pattern transformations can also be achieved us-

ing the differences in the thermal expansion coefficients of the different compartments 

of multi-material 4D printed objects (e.g., [248]). Moreover, by integrating two distinct 

phases, such as an elastic element and a smart material (e.g., a SMP), a multi-functional 

object can be fabricated. The interaction between both phases can result in unusual 

phenomena, such as the stiffening/softening effect, SME, and debonding, leading to 

exciting shape transformation behaviors [243, 250-254]. On the one hand, the soften-

ing effect is favorable for achieving complex shape-morphing and self-folding origami 

structures. On the other hand, it compromises the mechanical load-bearing function of 

such structures. Because of the competition between self-folding characteristics and fi-

nal stiffness, there exists a theoretical limit to how high the stiffness of 4D printed (lat-

tice) structures can be [255]. Such theoretical limits should be taken into account in the 

design of shape-morphing structures. Rational geometrical design can also achieve se-

quential self-folding, based on the definition of crease lines for origami-like structures 

[29]. 

Proper structural design and the rational placement of a second material (e.g., 

magnetic particle patterns) into the design of 4D printed objects are very challenging, 

particularly at the microscale. These challenges involve complexities in predicting the 

pattern transformations resulting from these placements and the fabrication of micro-

structures and engineering the distribution of the second phase. From the perspective 

of the distribution of a second phase, for example, the rational control of the pattern of 

magnetic iron oxide nanoparticles embedded in a single-layer hydrogel-based sheet re-

sults in various 3D shapes with out-of-plane deformations [256] (Figure 3.c). Similarly, 

it is possible to pattern anisotropic gradients in hydrogels using iron oxide nanoparti-

cles and excite them using a magnetic field, inspired by sea jelly organisms [257]. In-

stead of magnetic particles, (macro-) permanent magnets can be embedded into a tem-

perature-responsive SMP to create 4D printed mechanical metamaterials with unteth-

ered and reversible programming and locking mechanisms [258]. In that study, NdFeB 

magnets were rationally designed and embedded into PLA during the FDM printing 

process and included the programming of PLA struts, the displacement between the 
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magnets, the orientation of the magnets (N-S), and temperature changes [258] (Figure 

3.d). 

 

Figure 3. Examples of complex shape morphing behaviors achieved using 4D printing. a. 4D printing and 

shape-morphing of a flower inspired by a native orchid immersed in water. Reproduced with permission 

[83] Copyright 2016, Springer Nature. Scale bars represent 5 mm. b. A schematic of a 3D lattice face 

of Carl Friedrich Gauss’s likeness (i.) and the corresponding lattice structure during (ii) and after printing 

(iii, top). iii, bottom and iv show a 3D scan of the temporary shape of the 4D printed structures triggered 

by an external stimulus [244]. c. The pattern transformation of a composite hydrogel-based sheet made 

using different ferromagnetic particle distributions while exposed to light [256]. d. A magneto-thermo-

mechanically setup based on PLA and embedded NdFeB magnets (i) to morph lattice structures into chiral 

and achiral deformations (ii). Reproduced with permission [258]. Copyright 2022, Wiley-VCH. The scale 

bar represents 10 mm. e. The shape-shifting and pattern transformation of different architectures. The 

gradual closure of the leaves of a shy plant-inspired structure (i) and sequential shape-shifting from ini-

tially flat petals to a tulip in 20 s (ii) [262]. f. A micro-4D printed beam featuring reversible shape-morph-

ing behavior at low temperatures close to those of the human body [24]. Scale bar is 20 µm. g. A 4D printed 

metamaterial featuring a dynamic Poisson’s ratio at the microscale made via 2PP [264]. i-iii A FEM-based 

prediction of the shape morphing behavior of 4D printed structures, working based on the differences in 
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thermal coefficients. iv-v SEM images of the initial and stimulated configurations of the metamaterial at 

the microscale. h. An illustration showing the mechanism of pattern transformation in magneto-active 

SMPs Reproduced with permission [381]. Copyright 2020, Wiley-VCH at low temperatures (i), heating up 

the sample via an alternating magnetic field (ii) and heating and cooling the samples via alternating and 

constant magnetic fields (iii). 

 

From an AM process perspective, the pre-strain or residual stress stored in 4D 

printed structures and imperfections induced during the AM process are the main rea-

sons for the shape-morphing properties of 4D printed structures [245, 259-263]. The 

residual stresses can even be generated during simple and inexpensive 3D printing pro-

cesses, such as FDM-based printing with PLA. Such SMPs can be automatically pro-

grammed during the printing process. For example, Figure 3.e demonstrates the se-

quential shape-morphing behavior resulting from the introduction of porosity into the 

geometry as well as the adjustment of the printing parameters, such as thickness and 

printing patterns [262]. Such phenomena also exist in 4D printing at the micro- and 

nanoscales. Changing the dose in 2PP (depending on the scanning speed and laser 

power) allows for the control of the mechanical properties and thermal expansions of 

the polymerized resin. Various 4D printed structures, such as microscale mechanical 

meta-materials, have been fabricated using this approach (Figures 3.f [24] and 3.g 

[268]) [17, 24, 264, 265]. For example, the Poisson’s ratio of mechanical metamaterials 

can be controlled through temperature at the microscale (Figure 3.g) [262]. 

The shape-morphing mechanism accompanied by a locking capability can be also 

obtained by properly adjusting the base materials and designing an advanced stimula-

tion setup. In this case, fast shape-morphing behavior is achieved, and the structure is 

locked at its temporary state in the absence of an external field (energy-sufficient) [164]. 

The composite reported in that study was made of an acrylate-based amorphous SMP 

consisting of Fe3O4 and NdFeB particles. While Fe3O4 particles are responsive to induc-

tive heating via a high-frequency magnetic field, NdFeB particles enable the program-

ming of the structure under an actuating magnetic field. The integration of both func-

tionalities results in a locking mechanism, reversibility, and energy-efficient stimula-

tion (Figure 3.h) [164]. 

5.5 Biomedical applications 

The advent of 3D printing has undoubtedly announced a new era in the fabrication 

of complex structures, particularly for biomedical applications such as tissue engineer-

ing. However, its limitation primarily lies in the inability to emulate the dynamic and 

evolving characteristics of native biological tissues. For example, vascularization within 

large 3D printed constructs remains an elusive goal, posing a significant impediment 

to the delivery of essential nutrients and oxygen to engineered tissues. 
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4D (bio)printing emerges as a transformative solution to these limitations. Unlike 

its 3D counterpart, 4D bioprinting facilitates the development of artificial tissues en-

dowed with dynamic characteristics. These structures can encapsulate vascular or stem 

cells, thereby promoting rapid maturation and functional behavior over time [15, 34]. 

The capacity to undergo dynamic changes makes 4D bioprinted structures highly ap-

plicable in the treatment of organ-specific diseases, such as cardiac conditions. 

Specifically, in the domain of cardiovascular medicine, the dysfunction of the aor-

tic valve, manifesting either as stenosis or regurgitation, poses serious health risks. The 

aortic valve is a complex, tri-leaflet structure responsible for regulating the unidirec-

tional flow of blood from the heart to the aorta. Aortic valve stenosis refers to the thick-

ening or stiffening of these cusps, while aortic valve regurgitation is characterized by 

improper closure, leading to retrograde blood flow. 4D printing technology shows 

promise in fabricating reversible aortic valves or stents that can adapt to these patho-

logical changes [39] (Figure 4.a). 

The applications of 4D printing in the biomedical field extend beyond tissue engi-

neering and cardiovascular treatments. The technology holds potential for developing 

a myriad of smart medical devices, including but not limited to, occlusion devices, mi-

cro-needles for minimally invasive procedures, specialized drug delivery systems, 

wound closure mechanisms, and various types of implants and scaffolds. Each of these 

applications leverages the dynamic, adaptive capabilities of 4D printed structures to 

offer enhanced therapeutic outcomes. 

5.5.1 Biomedical devices 

4D printing is indeed emerging as a transformative technology in the field of bio-

medical engineering, significantly contributing to the evolution of minimally invasive 

medical devices and procedures. One of the most important applications lies in the do-

main of cardiovascular engineering. For example, self-expanding stents fabricated 

through 4D printing technologies show considerable promise for the treatment of vas-

cular diseases, as corroborated by multiple studies [266-268]. Similarly, the technique 

allows for the production of sutureless anastomosis devices, thereby streamlining sur-

gical procedures [270]. In addition, self-fitting scaffolds produced through 4D printing 

offer enhanced adaptability to diverse tissue topographies. 

Furthermore, in the area of bone tissue engineering, 4D printing is increasingly 

being employed for the fabrication of complex structures such as bone repair tools and 

orthopedic biomaterials [172, 271]. The technology also holds potential for generating 

scaffolds that facilitate tissue regeneration. Moving beyond the musculoskeletal sys-

tem, 4D printing technologies are also being applied in the development of peripheral 

nerve interfaces for treating ailments such as hypertension and diabetes [272]. Re-

searchers have recently advanced the field by creating a 4D printed nerve cuff electrode 
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that features self-folding mechanisms, thereby facilitating the treatment of smaller pe-

ripheral nerves [272] (Figure 4.b). 

In the following sub-sections, we will delve into a detailed examination of these 

innovative medical devices, elucidating the principles underlying their operation, and 

assessing the future potential of 4D printing in enhancing their effectiveness and 

broadening their applicability. 

5.5.2 Stents 

A stent is a medical device implanted into vascular structures to prevent them 

from collapsing and to reduce thrombotic risk. 4D printing can minimize the invasive-

ness of such medical devices by producing self-expanding stents that can be triggered 

by an external stimulus [273]. This emergent technology has already found applications 

in the creation of dynamic stents for a diverse array of medical conditions, including 

vascular, tracheal, and orbital anomalies [274]. 

5.5.2.1 Vascular stents 

The exploration into 4D printing of vascular stents represents a pivotal transfor-

mation in the biomedical field, combining advances in material science, computational 

design, and advanced manufacturing technologies. These stents are employed for a 

range of medical applications, such as treating cardiovascular diseases (e.g., athero-

sclerosis), and ureteral-associated diseases (e.g., hydronephrosis) [275]. While tradi-

tional stents serve as passive implants, 4D printed stents introduce dynamic function-

alities, such as temperature responsiveness, which allows them to expand upon local 

heating [275]. 

The operational mechanism of these 4D printed stents is governed by the types of 

SMPs used and the stimuli that activate them. For instance, stents printed with 

PLA/Fe3O4 composites through DIW are capable of magnetically activated shape re-

covery [275]. Such multi-functional stents can regain their original form when trig-

gered by a magnetic field. Numerous numerical models and empirical proof-of-concept 

studies have been conducted to validate self-expanding or self-shrinking stents, further 

substantiating the potential of this technology [276-281]. 

Drug-eluting functionalities are another field of application, particularly in the 

context of ureteral diseases [266, 282]. Water-responsive stents fabricated from zein, 

a plant-based protein, have been successfully tested in porcine models, demonstrating 

both biodegradability and functional efficacy [282]. Another noteworthy innovation 

was the dual-responsive stent fabricated from acrylamide-acrylic acid/cellulose nano-

crystal (AAm-AAc/CNC) that could respond to deionized water and Fe+3 ions. This de-

sign revealed potential for closure in enter-atmospheric fistulas [266] (Figure 4.c). 
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A promising area of research focuses on enhancing the reliability and longevity of 

stents through self-healing materials [283]. These include semi-interpenetrating poly-

mer networks of PCL and urethane diacrylate, which offer exceptional stretchability 

and self-healing properties [283]. Longitudinal studies have started to evaluate the 

degradation patterns of these stents over extended periods under physiological condi-

tions [284]. 

A major challenge that some temperature-responsive stents face is the high glass 

transition temperature, which make them impractical for implantation into the human 

body. Nevertheless, the operational activation temperatures of stents have also been 

modulated. In a proof-of-concept study, a vascular stent was 4D printed via DIW from 

PLMC, featuring a relatively low activation temperature (i.e., 40-45 °C) and a recovery 

within 30 seconds [285]. However, this activation temperature is still not low enough 

for either their implantation into body or even in vitro mechanobiological studies as 

cells may not survive. For instance, a poly(glycerol dodecanoate) acrylate (PGDA)-

based vascular stent was engineered to recover at the body temperature (20-37 oC) and 

demonstrated a rapid recovery time (0.4 seconds) in both in vitro and in vivo settings 

(Figure 4.d) [68]. One common material to make temperature-responsive stents with 

a low transition temperature is PNIPAM. That is not only because of the low transition 

temperature of PNIPAM, but also because of its versatility in tuning the stiffness and 

inducing complex shape transformations. For example, a stent-inspired tubular struc-

tures has been 4D printed via DIW from PNIPAM as the active part and from poly-

acrylamide as the passive one [286]. The integration of such active and passive compo-

nents, as a design strategy, induces complex deformations, such as bending, clamping, 

elongation, and radial expansion, which expands the envelope of achievable shape 

transformations can be instrumental in eventually making such types of medical de-

vices available to surgeons.  
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Figure 4. The applications of 4D printing in biomedical devices and medicine. a.i. A schematic drawing 

showing a heat-responsive aortic valve. Reproduced with permission [39]. Copyright 2023, Wiley-VCH. 

a.ii shows the opening and closing of the micro-aortic valve under different laser powers. a.iii illustrates 

optical micrographs of an artificial 4D printed heart in the presence and absence of light. Scale bar repre-

sents 20 µm. b. A 4D printed self-folding nerve cuff electrode [272]. i, and ii-iii show a schematic of the 

cuff electrode design and the 4D printed ones, respectively. The scale bar represents 1 mm. iv depicts the in 

vivo implantation of the 4D printed cuff electrode in a locust. (1) The metathoracic cavity of the locust (2) 
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the movement of the hindleg triggered by the nerve, (3) the variation of the angle between legs. (4-9) the 

folding and unfolding of the 4D printed cuff electrodes. c. In vitro experiments with a 4D printed hydrogel-

based sealing tool in an intestine. Reproduced with permission [266]. Copyright 2022, Elsevier. i. shows 

the sealing effect of the tool in a hydrogel porcine intestine featuring a hole. ii. Maximum pressure that the 

intestine can tolerate. iii. Another sealing test in a 4D printed bi-layer hydrogel. d. the in vivo testing of a 

4D printed vascular stent based on PGDA. Reproduced with permission [68]. Copyright 2021, Elsevier. The 

implementation of the stent in a silicone-based blood vessel (temporary shape, i.1) and the temperature-

based deployment of the vessel (i.2). Scale bar is 1 cm. The in vivo implementation of the 4D printed stent 

in a mouse aorta on days 0 (ii.1) and 14 (ii.2). e. A proof-of-concept study of a 4D printed stent-like struc-

ture made from PLA via FDM [20]. i. shows the experimental and FEM results of different designs with 

different printing parameters to achieve sophisticated shapes and deformations. ii. The effects of dimen-

sional scaling on the performance of 4D printed stents. iii. The implementation of the stents in a vein-like 

glass and its stimulation via temperature. 

 

The design space can further be expanded by the incorporation of mechanical met-

amaterials, offering unique characteristics, such as auxeticity and simultaneous high 

stiffness and toughness [287, 288]. Several proof-of-concept tabular structures exhib-

iting auxeticity have been 4D printed using FDM for in vitro studies [289-290]. These 

stent-like structures fabricated through 4D printing have the potential to be used in 

vascular studies. Stent-like tubes featuring SME based on meta-materials can be simply 

design through changing the printing parameters. For instance, a stent-like tube was 

4D printed from PLA via FDM [20] (Figure 4.e). Through the adjustment of printing 

speed and patterns, the radial expansion was achieved in aquatic environment. Simi-

larly, stents can be also designed based on the concepts of kirigami (e.g., bifurcated 

vascular stents from PU-SMPs [290]) and origami (e.g., a vascular stent from a ther-

moset SMP composite, epoxidized soybean oil [292], and a 4D printed temperature-

responsive stent via FDM from PLA [293]) featuring shape morphing and adaptability. 

Finally, the capabilities of DLW techniques have been harnessed to create mi-

croscale stents that exhibit promising mechanical and functional characteristics [294]. 

These stents, composed of SMPs, can expand in aqueous environments, opening new 

opportunities for minimally invasive procedures. 

As the horizon of the 4D printing technology continues to expand, future research 

works may benefit from focusing on the integration of advanced sensing mechanisms, 

improving biocompatibility, and optimizing the activation parameters for these com-

plex, multi-functional stents. Specific technologies, such as real-time monitoring sen-

sors and nanoscale actuators, could significantly augment the capabilities of these ad-

vanced biomedical devices, providing an integrated approach to patient-specific 

healthcare. 
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5.5.2.2 Tracheal stents 

Tracheal stents, instrumental in treating conditions such as tracheal stenosis and 

tracheomalacia, represent another frontier of biomedical application for 4D printing 

technologies [295, 296]. The incorporation of smart biomaterials into tracheal stents 

has been particularly promising, allowing for precise control over stent opening and 

thereby potentially mitigating the need for invasive surgical interventions [297]. 

Among the examples in this emerging field is a bioinspired tracheal stent fabri-

cated from a PLA (and PCL)/Fe3O4 composite. This 4D printed construct possesses 

magnetic activation capabilities [295, 298, 299]. However, it must be noted that com-

prehensive studies are still needed to determine the cell viability and long-term effects 

of these magnetic-responsive materials. Moreover, the in vitro and in vivo feasibility of 

such 4D printed tracheal stents in the presence of magnetic fields and magnetic fillers 

remains an area of active investigation. 

In pediatric applications, a tracheobronchial splint device made from PCL has 

been successfully 4D printed to address tracheobronchomalacia [300] (Figure 5.a). In-

novatively, the design of this 4D printed splint is such that it can adapt to tissue growth, 

a feature achieved by careful mechanical design and regulated degradation behaviors 

[300]. To assess the long-term performance and shape-morphing capabilities of the 

device, in vivo tests were conducted in two infants, thereby substantiating its potential 

utility. 
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Figure 5. In vivo testing of 4D printed biomedical devices. a. A 4D printed tracheobronchial splint device 

made of PCL through SLA (i). Reproduced with permission [300]. Copyright 2015, The American Associa-

tion for the Advancement of Science. The tracheobronchial splint mechanism in treating tracheobronchial 

collapse in tracheobronchomalacia (ii) and its splint over the segmented primary model fits three patients 

(iii). A 2D image of the airway and split wall (iv) and the final 4D printed device (v) with the 3D model of 
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the patient’s airway (vi) [300]. b. A 4D printed orbital stent to treat enophthalmic invaination. Reproduced 

with permission [302]. Copyright 2022, Elsevier. i. The shape memory recovery of a stent immersed in 44 
oC water. ii. The implantation steps of a 4D printed stent in the eyeballs of a rabbit. iii. The in vivo shape 

recovery of the stent in a rabbit. The images of the implanted stent when it is compressed (iv.) and after 

recovery (v). c. 4D printed occluders. A schematic drawing of an atrial septal defect before and after an 

interventional therapy with an occlude (i). Reproduced with permission [52]. Copyright 2019, Wiley-VCH. 

The final shapes of the 4D printed occlude (ii) are shown [52]. In vivo illustration of the magnetic-respon-

sive 4D printed left atrial appendage occlude (iii) [53]. The scale bar is 10 mm. 

 

5.5.2.3 Orbital stents 

The application of 4D printing technologies in ophthalmic medicine introduces a 

paradigm shift, particularly in the treatment of enophthalmos, a condition character-

ized by the posterior displacement of the eyeball within the orbital cavity [301]. Con-

ventional treatments often employ static implants and stents, which encounter various 

limitations including, but not limited to, inaccurate contour matching of the orbital col-

oboma, complications in CT imaging, and suboptimal volumetric filling capabilities 

[302].  

To mitigate these shortcomings, recent innovations in 4D printing have enabled 

the fabrication of smart orbital stents with features such as controllable shape-morph-

ing and CT-developable capabilities [302]. These advanced stents are typically com-

posed of PU, gold nanoparticles, and nano-hydroxyapatite, thereby integrating me-

chanical robustness, radiopacity for CT imaging, and bioactivity, respectively. The 

stent's performance and shape recovery were evaluated both in vitro and in vivo using 

a rabbit orbit model. Interestingly, the stent demonstrated promising shape-recovery 

characteristics when stimulated by a saline solution at 44°C [302] (Figure 5.b). The 

analytical evaluation of this 4D printed stent [302] not only confirms its theoretical 

viability but also underlines its empirical effectiveness in a controlled animal model.  

Such advancements pave the way for further clinical trials and can help shape the 

future of personalized ophthalmic treatments. However, for a comprehensive under-

standing and eventual clinical implementation, several aspects need further investiga-

tion. These include long-term biocompatibility of such medical devices, the potential 

for the bio-integration of the material, and the stent’s performance under various phys-

iological conditions. Furthermore, the scalability of this technology to human models 

and its economic viability are questions that remain to be answered. 

5.5.3 Occlusion devices 

Interventional therapy, a percutaneous non-surgical procedure, has established 

itself as a methodology for the treatment of congenital heart diseases [303]. Yet, the 

field has been persistently confronted with issues related to the precision, biodegrada-

bility, and remote controllability of the occlusion devices used. 4D printing technology 
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provides a groundbreaking avenue to surmount these challenges by enabling the fabri-

cation of personalized, high-precision occlusion devices [52]. 

Specifically, 4D printed occlusion devices have proven their efficacy in closing 

atrial septal defects with enhanced treatment accuracy [52, 304] (Figure 5.c.i-ii [52] 

and Figure 5.c.iii [53]). These devices often incorporate SMPs, as seen in a study where 

a 4D printed device consisted of a supporting frame made from a PLA/Fe3O4 composite 

[53]. The SMP allows for remote controllability, whereby the device can change its 

shape in situ in response to external stimuli such as temperature or magnetic fields. 

Covered with thin occluding membranes, these devices further demonstrate biodegra-

dability, durability, and biocompatibility, as was evidenced by a 48-week in vivo study 

on mice [53]. 

In another proof-of-concept study, a custom-made occluder constructed from po-

rous, radiopaque PU was 4D printed using FDM for interventional radiology applica-

tions [305]. An analytical evaluation of the device focused on its mechanical properties, 

specifically shape recovery ratio and stiffness, thus indicating its potential applicability 

in real-world clinical scenarios. 

The research into 4D printed occlusion devices is ongoing and needs to make fur-

ther progress before clinical adoptions are feasible. While in vivo studies and prototype 

evaluations are promising, the path to clinical translation demands an exhaustive as-

sessment of various aspects of the performance of such devices. In particular, long-term 

stability, the potential for immune responses, and real-world mechanical stresses un-

der diverse physiological conditions are yet to be comprehensively understood. More-

over, the economic feasibility and scalability of these 4D printed devices for large-scale 

clinical use require additional feasibility research. 

5.5.4 Microneedles 

Microneedles (MNs) represent a paradigm shift in transdermal drug delivery and 

biosensing technologies, transcending traditional limitations associated with pain and 

tissue damage. Employed for a plethora of applications including long-term drug deliv-

ery (e.g., vaccines and insulin) and biosensing (e.g., glucose and DNA biomarkers), 

MNs can penetrate the epidermal layer without triggering nerve endings, thus permit-

ting efficient uptake of macro-molecules into the capillaries and lymphatic networks 

sans pain [306-310]. Furthermore, MNs are being explored for precision drug delivery 

in oncology [309]. 

While the physiological advantages of MNs are substantial, their fabrication pro-

cess plays an important role in their efficacy. Traditional manufacturing techniques for 

MNs, such as micro-molding, laser cutting, and lithography, have numerous disad-

vantages including low precision, high costs, and extended processing times [311, 312]. 

In contrast, micro-4D printing emerges as a revolutionary technology that improve 
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many of these drawbacks. It confers superior mechanical properties, enhances intra-

cellular drug delivery, offers high printing accuracy, is cost-effective, and simplifies the 

fabrication workflow [311, 313, 314]. 

A groundbreaking development in this area is the use of micro-4D printing tech-

niques that synergistically combine micro-DLP and projection micro-SLA. This inno-

vation has led to the creation of bio-inspired MNs featuring backward-facing curved 

barbs, designed to enhance tissue adhesion [311] (Figure 6.a). Such intricate design 

features, previously difficult to achieve through conventional methods, become feasible 

through micro-4D printing. It allows for geometries that can significantly improve the 

MN's efficiency in drug delivery and biosensing applications. 

Considering the pivotal role of MNs in precision medicine and remote monitoring, 

the evolution of micro-4D printing technologies is likely to have profound impacts. Fu-

ture research might delve into the exploration of biocompatible and biodegradable ma-

terials, the development of MNs with real-time biosensing capabilities, and the appli-

cation of machine learning algorithms to the optimization of MN design parameters for 

specific clinical applications. 

 

Figure 6. In vitro testing of 4D printed biomedical devices. a. The 4D printing of a bioinspired MN with 

triangular backward-facing curved barbs. The schematic drawing depicts the fabrication steps via a light-

assisted AM technique (i). Reproduced with permission [311]. Copyright 2020, Wiley-VCH. The SEM 
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images of the backward-faced curved barbs are presented in (ii-iv). The various configurations of the MN 

with different barbs can result in different pattern transformations (v-vi) [311]. b. The movement and de-

livery of a 4D printed leptasteria-like micro-robot based on NIPAM/NdFeB for drug delivery systems in a 

stomach model. Reproduced with permission [321]. Copyright 2022, Elsevier. The scale bar corresponds to 

6 mm. c.i. An illustration showing thermomechanical cycles of the full entubulation of a 4D nerve guidance 

conduit Reproduced with permission [353]. Copyright 2018, Wiley-VCH. c.ii. The immunofluorescence im-

ages corresponding to the neurogenic differentiation of human MSCs on the 4D-printed nerve guidance 

conduit and their UV-cured counterpart. Reproduced with permission [353]. Copyright 2018, Wiley-VCH. 

 

5.5.5 Drug delivery systems 

4D printing technologies offer unparalleled opportunities in controlled drug de-

livery systems, a topic of substantial importance in the pharmaceutical and biomedical 

sectors [315]. Employing stimuli-responsive smart materials, 4D printing facilitates the 

temporal and spatial control of drug release in a programmable manner, triggered by 

specific biological signals or environmental stimuli (e.g., pathological anomalies in 

vivo) [196]. 

One example of such applications is the ingestible tablet designed for ulcer treat-

ment, which employs a pH-responsive shell. As the gastric environment turns acidic, 

the tablet releases a predetermined dose of medication [316]. This innovative approach 

was later extended in a proof-of-concept study, where an SMP-based capsule was de-

veloped to modulate drug release via crack propagation mechanisms within the capsule 

[51]. 

Another remarkable advancement is the conceptualization and fabrication of 

"multi-somes" complex droplet networks comprising small aqueous droplets encased 

in a larger oil droplet and suspended in an aqueous medium [317]. Utilizing 3D printing 

technologies, these droplets can encapsulate aqueous-based drugs and release them re-

sponsively based on environmental pH or temperature [317]. These multi-somes are 

also osmoreactive and can be fabricated into very complex shapes, offering a myriad of 

possibilities in the drug delivery [318]. 

Drawing inspiration from the shape-memory effects of 4D printing, researchers 

have also been experimenting with gastric retention devices aimed at regulating drug 

release and preventing premature gastric emptying [50, 319, 320]. A key focus of these 

devices is to maintain retention within the stomach by manipulating the transition 

from a collapsed configuration to a pre-programmed shape under physiological condi-

tions. For example, an SMP-based device fabricated from PVA was developed that 

could transform from a compressed to an expanded state upon exposure to aqueous 

fluids at body temperature, thus prolonging its retention in the stomach [50]. 

Finally, there is an emergent demand for remote controllability in microscale drug 

delivery systems. To address this requirement, recent advances have been made in the 
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4D printing of micro-robots capable of ferrying and releasing drugs upon stimulation 

by magnetic fields and thermal changes (Figure 6.b) [321]. 

4D printing has ushered in a new era in drug delivery, offering unprecedented 

control over the pharmacokinetics and pharmacodynamics of medications. However, 

the field is still developing, and extensive in vitro and in vivo studies are required to 

fully realize the technology’s transformative potential. Future investigations could con-

sider employing advanced imaging techniques and multi-physics computational mod-

els to better understand the mechanics and kinetics involved in these complex drug 

delivery systems. 

5.5.6 Implants and scaffolds 

The application of 4D printing technologies in tissue engineering and regenerative 

medicine holds significant promise for overcoming the limitations of traditional 3D 

printed scaffolds and implants. One primary advantage of 4D printed structures is their 

ability to dynamically adapt to physiological conditions, thereby offering a more robust 

solution for tissue growth and function restoration [322, 323]. 

Scaffolds function as 3D matrices that support cellular adhesion, proliferation, 

and differentiation, leading to tissue regeneration. Implants, on the other hand, serve 

to replace or augment physiological functions. In the field of regenerative medicine, 4D 

printing technologies offer a distinctive advantage by allowing for the fabrication of 

scaffolds and implants with stimuli-responsive features. For instance, a scaffold 

printed from polyurethane-based SMP demonstrated tunable cellular adhesion prop-

erties. This allowed for regulated cell growth when mechanical deformations were ap-

plied to the structure, thereby making it more physiologically adaptive [322]. 

Further studies elucidate the potential for multi-responsiveness in 4D printed 

scaffolds. A case in point is a 3D porous scaffold manufactured via SLA-based 4D print-

ing, which utilized a biocompatible SOEA resin and facilitated the maturation of mul-

tipotent human MSCs [324, 325]. In another innovative application, a dual-responsive 

scaffold comprising PU and acrylate was fabricated using inkjet-based 3D bioprinting. 

The resultant structure exhibited responsiveness to both thermal and photonic stimuli 

[326]. 

Another avenue for innovation resides in the ability of 4D printing technologies to 

fabricate geometrically complex implants with intricate surface nanopatterns, a feat not 

attainable with traditional manufacturing techniques [30]. The incorporation of sur-

face nanopatterns on scaffolds and implants can be highly advantageous for inducing 

specific cellular responses, such as osteogenic differentiation [327], antibacterial activ-

ity [328], and immunomodulation [329]. Pioneering approaches suggest initiating the 

fabrication process with a flat structure that can be programmed to self-fold into com-

plex 3D architectures upon exposure to external stimuli both for strut-based unit cells 
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[30] and for sheet-based hyperbolic surfaces, such as triply periodic minimal surfaces 

[330]. 

The significance of geometric features, particularly curvature, has been high-

lighted in recent research, demonstrating its influential role in modulating cellular be-

havior and thus the progression of tissue regeneration [331]. Given these capabilities, 

4D printed structures offer an exceptional platform for advancing the development of 

scaffolds and implants tailored for the regeneration of various tissue types, including 

bone, cartilage, and muscle. Thus, this section delves into the myriad potentials and 

innovative applications of 4D printed scaffolds and implants, specifically focusing on 

their roles in regenerating bone, cartilage, muscle, and other tissues. 

5.5.6.1 Bone and cartilage tissues 

The emerging field of 4D printing for bone tissue applications holds transforma-

tive potential for orthopedic surgery, presenting areas for reduced infection risks, min-

imized surgical invasiveness, and enhanced osseointegration. With particular emphasis 

on the challenge of mimicking the native bone’s biomechanical properties [34], current 

advancements are largely categorized into four groups: i. injectable stimuli-responsive 

hydrogels, ii. shape memory scaffolds, iii. functional transformation mechanisms, and 

iv. neovascularization and neurogenesis to foster bone growth and mineralization 

[236]. 

Firstly, injectable thermo-sensitive hydrogels, such as hydroxypropyl methylcellu-

lose and hydroxybutyl chitosan, offer the advantage of in situ gelation at the body tem-

perature [318]. These hydrogels serve as biocompatible matrices for the encapsulation 

and delivery of cellular components, growth factors, or bone-stimulating inorganic 

composites, such as hydroxyapatite [236]. 

Secondly, SMPs serve as a substrate for 3D/4D printed scaffolds, facilitating their 

deployment through minimally invasive procedures [305]. These SMP-based scaffolds 

have been shown to enhance osteoblast adhesion, proliferation, and osteogenic gene 

expression, thereby fulfilling crucial criteria for successful bone repair [332, 333]. 

In the third approach, functional transformation mechanisms are utilized to de-

sign mechanical strategies that augment bone regeneration. An example in this cate-

gory are mechanically deployable meta-implants [271] (Figure 7.a). This novel applica-

tion demonstrates how mechanical pattern transformation can contribute to the suc-

cess of minimally invasive and effective bone regeneration strategies. 

The fourth approach addresses the unmet need for vascularization and regenera-

tion of neural networks in bone tissue engineering [34, 236, 334-336]. While 4D print-

ing is yet to be fully exploited for this purpose, it undoubtedly represents a frontier for 

further research and development. 
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Figure 7. 4D printed scaffolds and implants. a.i An example of deployable structures that expand inside 

confined environments. (ii) A proof-of-concept-study of a deployable implant to fill damaged bone [271]. 

b. A 4D printed bone scaffold made from PLA/Fe3O4, which expands upon exposure to a magnetic field (i.) 

and can be used to fill bone defects (ii.). Reproduced with permission [172]. Copyright 2019, Elsevier. c. 4D 

bioprinted artificial cartilage (scaffold) [15]. i. A schematic drawing depicting bi-layer cell-free scaffolds 

with their corresponding optical images, confirming the presences of cells in both top and bottom layers in 

green and red, respectively. ii. The histological images of hematoxyline-eosin (H&E staining) on days 14, 

21, and 28 with two different magnifications. d. The illustration of 4D anisotropic scaffolds by integrating 

the staircase effect of FDM printing with a coating technique. Reproduced with permission [349]. Copy-

right 2019, IOP Publishing. (i-ii) The 4D printed anisotropic scaffolds before seeding. (iii-vi) The confocal 

images of the seeded scaffolds. 

 

SMP-based constructs have been tailored for specialized applications in bone re-

pair. Magneto-responsive SMP-based scaffolds were fabricated for personalized bone 

defect treatment, wherein these structures could be actuated by an external magnetic 

field to achieve the desired shape [49, 172] (Figure 7.b [172]). Moreover, temperature-

responsive SMP scaffolds have been 3D printed to investigate their biomechanical com-

patibility [324, 337-341]. The piezoelectric properties of certain smart materials have 

also been investigated for their potential to stimulate osteoblast growth [342]. 

Advancements in 4D bioprinting have allowed for the incorporation of living cells 

into the fabrication process, creating dynamic and biocompatible structures. A 
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hydrogel-based scaffold 4D printed from PEG, alginate, gelatin, and MSCs showed re-

versible shape morphing behavior and biocompatibility, demonstrating promise for en-

hanced osseointegration [343]. 

Turning our attention to cartilage tissue engineering, a plethora of polymers in-

cluding nanocellulose, alginate, and PU have been employed in various AM techniques, 

such as SLS and ink-jet bioprinting [344-347]. The use of chondrocytes, which are piv-

otal for cartilage regeneration, has been notably widespread [351]. A case study involv-

ing the 4D bioprinting of a cartilage scaffold demonstrated promising chondrogenesis 

responses, facilitated by the scaffold’s high degree of shape morphing [15] (Figure 7.c). 

To induce a shape-morphing behavior in the scaffolds, they were fabricated based on 

dual-layer hydrogels, in which one layer had a lower swelling ratio than the other. 

5.5.6.2 Muscle tissues 

The intricate nature of skeletal muscle tissues, characterized by their unique ani-

sotropic structures known as myofibers, necessitates advanced techniques for success-

ful tissue engineering [348, 349]. This anisotropy is vital for muscle functionality as it 

modulates force transmission and regulates muscle contraction [348]. The primary aim 

in skeletal muscle tissue engineering is the fabrication of scaffolds that not only mimic 

the anisotropic properties of native tissue but also guide cellular processes, such as pro-

liferation, differentiation, and maturation [249]. 

Magnetic-based 4D bioprinting has emerged as a sophisticated technique to 

achieve the desired anisotropic cellular orientation. The strategy involves the utilization 

of magnetic fields to align collagen fibers at the nanoscale within an agarose-collagen-

based hydrogel [40]. In this method, iron nanoparticles are incorporated into the print-

able hydrogel. When exposed to a magnetic field, these nanoparticles move unidirec-

tionally, forcing the collagen fibers to orient themselves in parallel arrangements. This 

magnetic field-assisted alignment is a transformative step towards achieving aniso-

tropic scaffolds that closely mimic native skeletal muscle tissue. 

Moreover, the layer-by-layer nature of AM processes has been exploited to con-

tribute to the anisotropic orientation of scaffolds. Termed the "staircase effect," this 

phenomenon can be observed in FDM 3D printing [349]. By combining this staircase 

effect with subsequent coating techniques, one can achieve shape-specific 4D-printed 

scaffolds featuring anisotropic properties [349] (Figure 7.d). 

5.5.6.3 Wound closure 

Trauma-induced organ damage necessitates rapid and effective intervention, with 

challenges extending to fractures, nerve damage, and other forms of skeletal and soft 

tissue injuries [350]. In this context, 4D printing has emerged as a transformative tech-

nology with significant therapeutic implications. For instance, wound closure – a 
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relatively emergent application of 4D printing – has demonstrated multi-faceted func-

tionalities, including SME, self-responsiveness, and reversibility [196, 351-353]. Spe-

cific cases include the fabrication of multi-responsive SMP-based materials using SLA 

for nerve repair (Figure 6.c) [353]. Comprising a unique blend of graphene-mixed soy-

bean oil epoxidized acrylate (SOEA), these materials have displayed outstanding phys-

ical and chemical signaling properties, further supplemented by electrical conductivity, 

thereby promoting enhanced nerve regeneration [302]. 

The use of 3D/4D printing in the preparation of wound dressings marks a signifi-

cant stride in medical technology. Customized dressings can be produced to fit wounds 

of diverse shapes, which contributes to accelerated wound healing [354]. Furthermore, 

these technologies eliminate the need for additional manufacturing resources, thereby 

generating cost-effective solutions with improved efficacy. In this regard, 3D/4D 

printed dressings have showcased versatility, incorporating innovative designs, such as 

porous structures embedded with bacteriophage for sustained release [355] or scaffolds 

that facilitate continuous exosomes release [356], thereby stimulating cellular repair 

mechanisms. 

One of the important features of 4D printing is its ability to create intricate 3D 

structures using spatially distributed materials. However, high-fidelity bioprinting can-

not yet achieve the functional characteristics of the natural tissue. As such, there is a 

growing emphasis on the integration of bioactive compounds into biologically func-

tional inks [196, 351-353]. This seeks to ensure the bio-functional relevance of the 

printed structures in addition to their morphological accuracy. 

Another paradigm-shifting innovation is the use of hydrogel-based smart bio-ad-

hesives for sutureless wound closure [350, 357, 358]. These materials possess the ca-

pability to adhere to damaged tissue and facilitate wound closure with significantly re-

duced pain and scarring compared to conventional methods such as sutures and sta-

ples. However, a key parameter requiring attention is the temporal span between 

wound closure and complete healing. To address this, recent studies have introduced 

hydrogel-based bio-adhesives [350] and hydrogel-forming double-layered adhesive 

MN patches [359]. These innovations not only demonstrate the capability for efficient 

wound closure but also present an avenue for post-wound closure care, thereby enhanc-

ing the healing process. 

5.5.6.4 Other tissues 

The domain of nerve tissue engineering has been significantly enriched by the ad-

vent of 4D bioprinting technologies. These methods offer the capacity to precisely con-

trol the anisotropic orientation of nerve fibers, which is a crucial determinant of func-

tional nerve tissue. Various AM techniques, including SLA, FDM, and inkjet printing, 

have been harnessed for this purpose [345]. 
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Polymeric substrates, such as collagen, fibrin, PLA, gellan, carboxymethyl chi-

tosan, gelatin methacryloyl (GelMA), PU, and PEGDA, serve as base materials for fab-

ricating various nerve constructs [345, 360]. For instance, a bilayer scaffold was engi-

neered with a combination of aligned PCL and poly(glycerol sebacate), along with ran-

domly aligned hyaluronic acid methacrylate fibers [361]. This construct underwent bi-

ological assays involving the culture of PC-12 neuron cells, substantiating its potential 

for nerve regeneration [361]. A similar milestone was achieved through SLA-based 4D 

printing of a soft scaffold, characterized by its capacity to integrate seamlessly into void 

or damaged zones without imposing deformative stress on surrounding tissues. In vivo 

evaluation indicated neovascularization over a two-month cell culture period [362]. 

Among the recent innovations, the incorporation of electro-responsive biomateri-

als (e.g., multi-responsive graphene hybrid structures) has opened new avenues in 

nerve tissue regeneration [353]. These structures offer a lot of benefits: physical guid-

ance, chemical cues, and seamless integration. Given the inherent anisotropic behavior 

of nerve cells, the orientation of cellular components during the bioprinting process 

becomes a focal point of consideration [353]. 3D bioprinting has emerged as a robust 

strategy to mitigate this constraint, enabling the deposition of cells in diverse orienta-

tions [345, 363]. 

Combining 3D/4D printing with other fabrication methods such as electrospin-

ning can further enhance the quality of nerve tissue constructs. For instance, PEGDA 

scaffolds have been printed on electrospun PCL or PCL/gelatin fibers to enhance nerve 

tissue properties [364]. An overview of the 4D bioprinting of tissue-engineered con-

structs is represented in Figure 8 and Table 1. 
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Figure 8. An overview of the 4D bioprinting of tissue-engineered constructs. The sub-figures are derived 

from the following references, from top to bottom and left to right: Reproduced with permission [172]. 

Copyright 2022, Elsevier, [24] Reproduced with permission [225]. Copyright 2009, Springer Nature, 

[20,247,262], Reprinted with permission [53]. Copyright 2021, American Chemical Society, Reproduced 

with permission [321]. Copyright 2022, Elsevier [15]. 
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Table 1. An overview of the 4D (bio)printing for biomedical applications. 

Method Applications Stimuli 3D printing Method Materials [References] 

S
m

a
r

t 
M

a
te

r
ia

ls
 

Stent 

Heat 

SLS PCL [300] 

FDM 

PLA [20, 281, 284, 290, 293, 376] 

PU-based SMP [294, 291, 305] 

FlexiFil [377] 

TangoBlackPlusTM & VeroWhiteP-

lusTM [280] 

SLA 

α,ω-polytetrahydrofuranether-di-

acrylate (PTHF-DA) resin  [378] 

Methacrylate-based polymer 

[279, 297] 

Gelatin [294] 

DIW 

Polyurethane diacrylate [283] 

PLMC [285] 

Epoxidized soybean oil [292] 

Alginate and hyaluronic acid [43] 

PLA-based nanocomposite [275] 

pNIPAM [282] 

PGDA [68] 

PU/hydroxyapatite/gold nano-

particles [302] 

Magnetic 
FDM PLA/Fe3O4 [295] 

DIW PLA-based nanocomposite [275] 

Water 
DIW 

Zein [282] 

Ion AAm-AAc/CNC [266] 

Occluder 
Heat 

FDM 
PU composite [305] 

Magnetic PLA/Fe3O4 [52, 53] 

Microneedle - custom SLA PEGDA [314] 

Wound closure Heat SLA SOEA [353] 

Drug delivery 

systems 

Heat and 

magnetic 
Custom SLA pNIPAM/NdFeB [321] 

Scaffold 

 

Heat 

- SMP [341] 

SLA SOEA [324] 

FDM 
PLA [337, 338, 379] 

PU [322] 

DLP and SLA 
Acrylate PEG [380] 

SOEA [325, 353] 

Extrusion PU [326] 

Magnetic FDM PLA/Fe3O4 [54, 295] 

Light DIW PU [326] 

Water DIW hyaluronan and alginate [15] 

Rational 

Design 
Implant Mechanical FDM PLA [271] 
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5.6 Discussion and future perspectives  

The controllability, repeatability, and reproducibility of 3D printing techniques 

have been extensively studied. There is, however, a lack of concrete evidence on how 

4D bioprinting can contribute to the treatment of various conditions particularly con-

sidering the potential mechanobiological implications. Furthermore, the available 

studies on 4D printed biomedical devices are mostly limited to conceptual designs or 

proof-of-concept studies and need to be further analyzed in vitro or in vivo. We, there-

fore, believe that future studies should focus on the following avenues to advance the 

state-of-the-art in this exciting area of research. 

Fabricating complex structures, such as irregular doubly-curved and inflatable 

surfaces using custom-built four-axis 3D printers [365, 366] or five-axis 3D printers 

[367-369] is an area that may further improve the available 4D (bio-) printing technol-

ogies. That is because curved-layer manufacturing techniques allow for non-planar lat-

tice shells to be 3D printed, even using three-axis 3D printers. In this method, different 

non-planar structures can be 3D printed on Bézier surfaces (i.e., a set of control points 

in space that create smooth curves and surfaces) by using a reusable mandrel [370, 

371]. We, therefore, believe that the concept of 4D printing using four or five-axis AM 

may lead to the production of smart biomedical devices with complex shapes. For ex-

ample, orthopedic braces with complex geometries can be 4D printed from smart ma-

terials so as to allow for remote control of their shape upon application of various stim-

uli. As a related example, a customized silicone aortic heart valve has been recently 

fabricated using a custom-built non-planar 3D printer with a flexible degree of freedom 

[372]. 

Most studies related to 4D printing have investigated the irreversible behavior of 

4D printed structures, particularly the temperature-responsive ones. However, the re-

versibility and reliability under cyclic loading are highly important factors that need to 

be considered. For example, a transcatheter 4D-printed aortic valve needs to be reversi-

ble and operate cyclically. In soft robotics for biomedical applications, multiple opening 

and closing cycles of a soft gripper are required to manipulate an object. Therefore, 4D 

printed structures with two-way behavior may be a solution to these challenges. 

So far, the 4D printing of biomedical devices has been mainly limited to conceptual 

and proof-of-concept studies. For example, a magneto-responsive 4D printed implant 

was fabricated as a bone repair tool [172], which can be tested in vivo (or in vitro) in 

the future. Moreover, AM techniques can be an alternative to conventional techniques 

for making biomedical devices featuring dynamic behavior (e.g., an SMP-based ure-

teral stent [373]). 

Cell mechanobiology and cell responses in 4D bioprinted-medical devices have not 

been thoroughly studied yet. Therefore, the response of cells to external stimuli and the 
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recovery of 4D printed biomedical devices are areas that can benefit from further stud-

ies. Moreover, the interaction between external stimuli (e.g., heat or magnetic field) 

and the body’s immune systems is crucial. For instance, when a 4D printed stent is 

implemented in the body, it should be possible to activate it at temperatures close to 

those of the human body. 

In the context of wound healing applications, 4D printing technology has the po-

tential to create smart wound healing patches and bandages that can dynamically ad-

just their shape to conform to the wound [315]. This system also has the potential to 

function as a drug delivery mechanism, releasing medications directly into the wound 

in addition to adapting its shape. The same concept can be extended to internal sutures 

within the body. A promising future direction in 4D printing involves the development 

of self-folding protein-based structures and capsules with self-adjusting drug release 

profiles. 

Multi-material 3D printing has the potential to enhance 4D printing technologies. 

By using multi-material 3D printing, the deposition of different material phases in the 

3D space can be controlled to induce non-affine deformations [374], enable advanced 

functionalities (e.g., complex shape-morphing), and unique properties (e.g., those 

found in functionally graded composites [375]). 

To create biomedical devices at the microscale, further studies are required to ex-

plore advanced AM techniques and stimulation mechanisms. For example, to produce 

wireless micro-robots for use in drug delivery systems, the manufacturing process, re-

mote actuation mechanism, response time (fast or slow), and energy efficiency need to 

be further optimized. 

The design strategy of 4D bioprinted devices may require a combination of ma-

chine learning techniques and multi-physics in silico models. The effects of geometrical 

designs, external stimuli, and mechanical loading in conjunction with cell interaction 

and tissue growth, while considering the body environment, must be analyzed first. 

Such models could predict and, thus, improve the interactions of 4D printed medical 

devices with the human body. Specifically, there is a growing demand for the develop-

ment of an inverse design approach capable of forecasting the optimal input parame-

ters (i.e., material, geometrical properties, AM parameters and stimulation factors) to 

achieve any desired function or shape transformation. Furthermore, most existing 

computational models in 4D printing are stationary (only predicting the final shape or 

state only). Therefore, there is ample opportunity for enhancement by introducing 

more dynamic models that can predict both the function and shape morphing at any 

given moment. This holds particular significance in drug delivery systems, where pre-

cise control of drug-release rates is of particular importance.  
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To gain a deeper comprehension of the process-structure-property (e.g., external 

stimuli parameters, and rheological properties) and to develop a robust computational 

platform, more experiments focused on the characterization of 4D printed materials 

are required under coupled mechanical loading, such as torsion-extension loading or 

coupled multi-physics conditions, such as magneto-mechanical loading. In this con-

text, measurement monitoring systems of 4D printable materials (e.g., LCEs [100]) are 

highly recommended. Moreover, mechanical strength, such as fatigue life and longevity 

of 4D printable biomaterials, need to be further investigated particularly in the context 

of implantable medical devices.  

Finally, the environmental impact of 4D bioprinting technologies has not been ad-

equately assessed and, thus, represents an underexplored domain that requires further 

explorations and attentions. As 4D bioprinting proliferates within the medical sector, 

considerations of sustainability, biodegradability, and ecological footprint become in-

dispensable. Investigations into utilizing biocompatible and biodegradable materials 

could serve as a next step towards achieving environmental sustainability while main-

taining medical efficacy. 

Moreover, the ethical and regulatory paradigms governing 4D bioprinting are yet 

to be fully articulated. As this technology transitions from a developing stage to wide-

spread clinical applications, a comprehensive framework that addresses ethical consid-

erations, quality assurance, and safety protocols becomes imperative. Instituting such 

a framework would not only assure ethical integrity but would also optimize the trans-

lational potential of 4D bioprinting technologies. 

5.7 Conclusion 

4D (bio)printing transforms time-independent 3D printed structures into dy-

namic and time-dependent ones and offers the ability to program various shape morph-

ing behaviors into biomaterials, bioprinted tissues/organs, and (implantable) medical 

devices. This enables precise control over shape, function, cell response, and the for-

mation of new tissue over time. Triggered by external stimuli and shape memory effect, 

4D bioprinting offers unique and promising features in regenerative medicine and or-

gan transplantation research. These unique behaviors stem from the intrinsic proper-

ties of stimuli-responsive materials used in 4D printing. To integrate 4D bioprinting 

into clinical applications, four vital criteria must be met: i. the use of a suitable stimuli-

responsive biomaterial, ii. the application of an effective and safe external stimulus, iii. 

the adaptation of a rational design strategy to achieve a desired shape morphing, and 

iv. the employment of an effective AM technique. These criteria empower 4D printing 

as a groundbreaking technology for creating next-generation biomedical devices with 

unique combination of characteristics, including minimal invasiveness, remote control, 

and adaptability to the changing dynamics of the body’s environment. However, it is 

essential to acknowledge that 4D printing in biomedicine is still in its early stages. 
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Indeed, further proof-of-concept (ex vivo and in vitro) and preclinical studies (in vivo) 

are required in the future to elucidate the interrelationships of the shape morphing be-

havior and biological functions, for example, within the context of mechanobiology. In 

the context of drug delivery systems, which requires small-scale 4D printed systems, 

more studies are required at the microscale to demonstrate high precision remote con-

trol. Moreover, for biomedical devices capable of reversibly switching between perma-

nent and temporary shapes without energy loss, the sustainability of 4D printed struc-

tures needs to be further improved. We hope that this critical and comprehensive re-

view article serves as a guide for biomedical engineers and scientists engaged in the 

development of smart biomedical devices. 
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Incorporating shape morphing capability into micro 3D printing enables the 4D print-

ing of 3D microarchitectures for potential tissue engineering and drug delivery appli-

cations that mimic in vivo properties and dynamically interact with surrounding cellu-

lar microenvironments. The ability to remotely actuate these devices allows for precise, 

non-invasive, and controlled activation of the engineered structures. This work aims to 

develop smart 3D microarchitectures featuring reversible shape morphing in response 

to temperature, particularly tissue-friendly temperature. The microstructures were 

fabricated from a biocompatible pNIPAM-based photoresist via 2PP-based DLW tech-

nique. Systematic studies were performed to evaluate the correlation between the 

printing parameters (i.e., laser power, scanning speed, and hatching angle) and the 

concentration of pNIPAM components (i.e., monomer and crosslinker) in terms of 

shape morphing and printability. The thermomechanical properties of the hydrogels, 

including the elastic modulus, thermal expansion coefficients, and angular deflection, 

were also measured at different printing doses and activation temperatures. We also 

developed a thermomechanical model to predict shape morphing in 4D-printed soft 

microarchitectures. To incorporate the developed protocol into real-world settings, we 

4D printed proof-of-concept microenvironments under the application of soft grippers 

and drug delivery systems. The microstructures exhibited reversible, robust shape-

morphing and reliable printability and paved the way for future applications in cell 

mechanobiology and tissue engineering. 

 

6.1 Introduction  

Toward the fabrication of intelligent drug delivery systems or soft grippers with 

shape-morphing behavior, 4D printing offers a transformative approach by integrating 

stimuli-responsive biomaterials with 3D printing technology [1, 2]. The addition of time 

as the fourth dimension in 4D printing allows for the creation of devices that can be 

pre-programmed to change their shape or other functions, such as stiffness, in response 

to external stimuli [3].  

To fabricate smart 3D microarchitectures for biomedical applications via 4D print-

ing, two general criteria must be satisfied, depending on the applications [1]: i. The 

smart biomaterial used must exhibit sufficient biocompatibility, as the 4D-printed de-

vices are employed in direct contact with cells or tissues in the body. ii. The applied 

stimulation (external stimuli) must be biocompatible. This remains challenging be-

cause there are few stimuli that can be used for in vivo stimulation and cause no dam-

age to tissues and cells. While these two criteria are relevant to all biomedical applica-

tions, two others may be relevant depending on the application. First, the reversibility 

of the 4D printed devices is required in some applications, such as soft robotics, when 

multiple cycles of shape morphing are needed. Second, the 4D printing technique 

should be applicable to various length scales from nano- to macroscale to fabricate 
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miniaturized devices capable of operating at very small scales with deployability fea-

tures for minimal invasiveness applications or drug delivery systems. One microfabri-

cation technique that has found widespread applications in the field of multi-scale 

manufacturing and meets the four criteria mentioned earlier is direct laser writing two-

photon polymerization (2PP) [4-6], based on the simultaneous absorption of two pho-

tons in a photoresist to initiate the polymerization reaction, thus resulting in extremely 

high accuracy of printing [7].  

Among all smart biomaterials, such as shape memory polymers [8, 9], shape 

memory alloys [10], shape memory ceramics [11, 12], liquid crystalline polymers [13], 

and hydrogels [14, 15], poly(N-isopropyl acrylamide)pNIPAM-based hydrogels [2, 4, 

16] meet the four criteria for 4D printing of biomedical devices. It exhibits a hydrophilic 

behavior at room temperature due to the hydrogen bonds between the polymer chains 

and water molecules. Suppose the temperature increases beyond its monomer’s lower 

critical solution temperature (LCST) (i.e., NIPAM). In that case, the polymer chains 

rapidly transition from hydrophilic to hydrophobic, resulting in significant (and re-

versible) volume change and dramatic shrinking [17, 18], Figure 1a. Since the LCST of 

pNIPAM is very close to the human body temperature (i.e., ~32-35 °C [19-21]) and ow-

ing to its good biocompatibility, pNIPAM hydrogels are well-suited for biomedical ap-

plications [22]. Moreover, pNIPAM is a suitable candidate as a photoresist for fabricat-

ing miniaturized biomedical devices via 2PP, as its chemical composition and mechan-

ical properties can be tuned accordingly (Figures 1a and c). pNIPAM also features a 

reversible shape morphing by changing the temperature from above LCST to below 

LCST.  

Additionally, the properties of pNIPAM-based hydrogels, such as elastic modulus, 

can be tuned upon changing their chemical composition or printing parameters. An-

other technique is the patterning of pNIPAM hydrogels via reinforcing particles to in-

duce orientation-dependent properties, resulting in complex shape morphing [23]. The 

printing parameters include laser power and scanning speed, which induce changes in 

the degree of polymerization. This change in the polymerization level induces local het-

erogeneity and stiffness tunability in pNIPAM [4, 24]. Consequently, varying degrees 

of polymerization occur within the photoresist, giving rise to bi-beams in which differ-

ent layers (or voxels) exhibit distinct physical and mechanical properties, giving rise to 

shape morphing [24, 25]. When these bi-layered microarchitectures are subjected to 

external stimuli, each layer of the bi-beams exhibits different thermomechanical prop-

erties (e.g., thermal expansion coefficient and elastic modulus), leading to complex 

shape-morphing behaviors.  

To date, 2PP 4D printing of pNIPAM has mainly been used for different shape 

morphing applications, such as simple beam bending [4, 26], grippers and micro-actu-

ators [27-29], and microfluidic systems [22]. These applications mainly rely on 
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adjusting printing parameters, mechanical design, and incorporating stimuli-respon-

sive modifications (e.g., adding Fe3O4 particles to pNIPAM to enable NIR light respon-

siveness [28]). However, to design a controlled and predictable shape morphing in an 

application, such as a drug delivery system, a comprehensive knowledge of the rela-

tionship between 2PP 4D printing-inducing shape morphing and the thermomechani-

cal properties of pNIPAM is required. 

In this study, we mainly focused on characterizing pNIPAM hydrogels through 

nanoindentation to measure its Young’s modulus, investigating strain rate effects on 

mechanical properties, and analyzing how printing parameters (e.g., laser power, scan-

ning speed, hatching angle, and hatching distance) influence shape morphing. Addi-

tionally, we assessed the influence of pNIPAM’s chemical composition (e.g., monomer 

and crosslinker concentrations) on its shape-morphing behavior. To further predict 

and control shape morphing, we developed a finite element model (FEM), calibrated 

and validated through experimental characterization. Finally, we demonstrate the ver-

satility of our fabrication method and computational model in two proof-of-concept 

applications of soft grippers and drug delivery systems.  

6.2 Results and discussion  

We intentionally introduced heterogeneity and mechanical anisotropy to demon-

strate shape morphing in single-material 2PP 4D-printed structures. We employed a 

bi-layered design, where each layer exhibited a different level of heterogeneity. This 

was achieved by polymerizing the layers using varying doses of laser energy (i.e., dif-

ferent laser powers and scanning speeds) (Figures 1a and 1b). It is important to note 

that all the microarchitectures were 4D printed using this bi-layered beam concept, 

with one layer referred to as the high laser power (HLP) layer and the other as the low 

laser power (LLP) one. When the temperature of the bi-layered beams dipped in water 

increases by 60 °C via a heater, the microstructures morph.  
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Figure 1. a. A schematic drawing illustrating the molecular mechanism of the pNIPAM when temperature 

exceeds LCST. A reversible transition between hydrophilic and hydrophobic states makes the hydrogel re-

sponsive to temperature. It also indicates that sophisticated shape morphing can be achieved if the defor-

mation is heterogeneous. b. A schematic drawing showing the bending of a 4D printed bi-layered beam 

from a single material (i.e., pNIPAM) and the angular deflection. The red and light red layers represent the 

high laser power dose (i.e., HLP) and low laser power dose (i.e., LLP). The blue object indicates the post, 

which is 3D printed with a very high dose. c. The 2PP 4D printing setup for creating pNIPAM-based mi-

crostructures. The microstructures are 3D printed via oil configuration with different laser powers and 

scanning speeds. d. The geometrical configuration of the bi-layered beam. The beams were discretized into 

smaller slices along the X direction, and the print was done in each slice along the Z direction to increase 

the mechanical stability.   

 

6.2.1 Optimal laser power and scanning speed of the 2PP process 

The optimal manufacturing range for the laser power and scanning speed ranged 

between 76-100% (max power = 50 mW) and 6000-11500 µm/s, respectively, based on 

the dose test study on a series of test blocks (11 × 11) (Figure 2a, highlighted with light 

blue). For smaller values of the scanning speed (i.e., < 6000 µm/s) and higher values 

of laser power (i.e., > 75%), the photoresist burned, leading to the generation of bub-

bles. On the other hand, increasing the scanning speed and choosing a relatively high 

laser power (e.g., 76-100%) resulted in more solid 3D print blocks. It is noted that the 

criteria for selecting the right laser power and scanning speed were based on the print-

ability (or mechanical stability) of the blocks (not burnt) and their overall shrinkage. 

For instance, at a higher scanning speed (i.e., > 6000 µm/s), the blocks printed with a 

laser power of 76% exhibited a very high level of shrinkage compared to those printed 
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with a laser power of, say, 100%. Such differences in the shrinkage ratio are due to the 

degree of polymerization in the photoresist and, thus, differences in the stiffness of the 

blocks, which results in a different contraction or shrinkage.   

Nevertheless, the printed microarchitectures must also be mechanically stable af-

ter chemical development (see the section “Materials and methods”). Depending on the 

geometry of the microarchitectures, selecting the right laser power and scanning speed 

can be challenging. For instance, to print bi-layered beams with a high aspect ratio (i.e., 

a high length), more systematic studies are required to find the optimal dose for the 

LLP and HLP. Apart from the high aspect ratio of the beam, the fact that the beams do 

not adhere to the glass substrates and are, instead, printed in a photoresist makes the 

process more challenging. It should also be noted that there was a pre-deflection in the 

printed beams in some cases (Figure 2b) due to the development process of the 

pNIPAM in which the specimens were transformed from ethylene-glycol to water [4]. 

Nevertheless, this pre-deflection vanished after one cycle when the microarchitectures 

were reheated.  
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Figure 2. a. An optical image of the dose test study performed on a pNIPAM photoresist (400 mg NIPAM, 

40 mg Mbis, and 15 mg LAP in 450 µL of ethylene glycol (= ~501 mg)) in which the laser power and scan-

ning speed were changed within [60% 100%], and [1500 11500] µm/s, respectively. The blue highlight in-

dicates a region with the optimal dose for 4D printing of the pNIPAM. b. An optical image of the 4D-printed 

beam at a temperature of 21 °C. c. The effects of the laser power and scanning speed on the angular deflec-

tion of the beam (in degree). d. The effects of the overlap between the HLP and LLP layers on the angular 

deflection of the beam. e. The assessment of the hatching angle, as a printing parameter, on the angular 

deflection of the beam. f. The effects of the chemical composition of the pNIPAM (i.e., monomer and cross-

linker) on the angular deflection of the beam. A, B, C, D, and I and II represent various types of pNIPAM 

with different chemical composition concentrations. The numbers 1, 2, and 3 indicate a specific dose for 

each resin, which can be found in Tables 1 and 2. The horizontal solid lines correspond to the average an-

gular deflection in each photoresist. Statistical significance is denoted by ns, *, **, *** corresponding to p-

value> 0.05, p-value< 0.05, p-value< 0.01, and p-value< 0.001, respectively. Also, note that 𝐷𝐹𝑛 and 𝐷𝐹𝑑 

for our ordinary ANOWA test for each set of experiment (𝑛 = 3) were respectively 2 and 6.  

 

6.2.2 Effect of laser power and scanning speed on angular deflec-

tion  

To elucidate the effects of energy dose (i.e., laser power and scanning speed) on 

the angular deflection of the bi-layered beam, we independently varied the laser power 

and the scanning speed and measured the angular deflection. Regarding the laser 

power test, we varied the laser power from 76% (LLP) to 100% (HLP) while maintaining 

a constant scanning speed of 8000 µm/s (Figure 2c). The angular deflection changed 

from 26° to 0° (i.e., 100% changes) when the LLP varied from 85% to 100%. Such a 

reduction in angular deflection upon increasing laser power is due to lower laser power 

differences in the beam layers and, thus, more minor differences in the shrinkage of the 

beam, which decreases beam deflection. It should be noted that a LLP below 85% re-

sulted in beams collapsing during the development.  

Similarly, to explore the effects of the scanning speed, we fixed the HLP and LLP 

at 100% and 85% (at the maximum angular deflection based on the laser power study), 

respectively, and varied the scanning speed from 8000 µm/s to 9500 µm/s (Figure 2c, 

scanning speed). Unlike the effects of the laser power on the angular deflection, the 

scanning speed contributed less to angular deflection, as it merely changed the angular 

deflection from 26° to 32° (i.e., 18.76%). That suggests that laser power influences the 

polymerization level of photoresists more than the scanning speed. Previous studies 

have also reported the more pronounced effect of laser power than the scanning speed 

on the angular deflection and stiffness of 2PP 3D printed structures [30].  

6.2.3 Effect of overlap and hatching angle on angular deflection  

Another way to increase the deflection of the beam was the overlap between the 

LLP and HLP layers (Figure 2d, the gray area of the beam). The higher the overlap, the 

lower the deflection is expected to be, as it increases the rigidity of the beam. However, 

a small overlap may also result in the delamination of the layers, particularly after the 
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development process. Therefore, we systematically studied the effects of the normal-

ized overlap magnitude on the angular deflection (Figure 2d). We changed the normal-

ized overlap from 0.55/11 to 0.95/11, in which the delamination happened for overlaps 

below 0.75/11. Increasing the normalized overlap from 0.75/11 to 0.95/11 drastically 

decreased the angular deflection. Therefore, we chose the normalized overlap of 0.75/11 

as an optimal value between the HLP and LLP layers in this study.  

In addition to the dose, an important parameter that determines the mechanical 

and thermal properties in 2PP 3D printed structures is the printing pattern (e.g., hatch-

ing angle, which is the angle between the hatching line direction and the y-axis), similar 

to other printing techniques [3, 31]. It consequently influences the angular deflection. 

Therefore, we systematically studied the right hatching angle for the HLP and LLP lay-

ers (Figure 2e). We changed the hatching angle from 0° to 150° and measured the an-

gular deflection (Figure 2e). We concluded that the hatching angle of 90° exhibited the 

maximum deflection (i.e., angular deflection of 25.5°), and therefore, we 3D printed all 

other specimens with the same hatching angle. This is because the printing patterns 

can induce anisotropic thermal expansion coefficients (or shrinkage) in 3D printed 

structures, resulting in different shape morphing [32]. It should also be noted that the 

variation of the angular deflection vs. hatching angle was almost symmetric with re-

spect to the hatching angle of 90° as the geometry of the beams was symmetric (Figure 

2e). The reason that the plot of the angular deflection vs. hatching angle is not entirely 

symmetric is because of potential imperfections caused by the 2PP 3D printing process, 

heterogeneity in the photoresist, errors in optical imaging of the specimens, and the 

experimental measurement of the angular deflection.  

6.2.4 Effect of the chemical composition of the pNIPAM on the an-

gular deflection 

Apart from the printing parameter, another factor that significantly affects the an-

gular deflection is the chemical composition of the photoresist, as it can influence the 

stiffness, thermal expansion coefficient, printability, and the LCST of the pNIPAM [33, 

34]. For instance, the lower the crosslinker concentration (i.e., Mbis), the lower the 

storage modulus and the larger the volume of the water released in pNIPAM hydrogels 

[34]. We fixed the molar ratio at 0.073 and changed the concentration of the monomer 

and the crosslinker accordingly (Table 1), and the results are illustrated in Figure 2f-i. 

The corresponding results of the angular deflection of photoresists A, B, C, and D (Fig-

ure 2f-i) show that by increasing the concentration of NIPAM as the thermosensitive 

component of the photoresist and increasing the Mbis, the angular deflection changes 

irregularly in a way that the photoresist B showed the highest angular deflection (Figure 

2f-i). However, this increase made the photoresist more viscous and more opaque, re-

sulting in a much more thermosensitive photoresist, which is associated with more dif-

ficulty in terms of printability and reproducibility as the photoresists with higher 
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concentrations were much more likely to crystalize. This could be due to the constant 

volume of the solvent, ethylene glycol, (450 µL). While this was sufficient for the lower 

NIPAM concentrations, at higher concentrations, this may not be sufficient to obtain a 

fully dissolved mixture. Based on these results and the practical considerations relating 

to reproducibility and resin homogeneity, the photoresist B (Section “Materials and 

methods”) was determined to exhibit the highest angular deflection of 22.7° across the 

three sets of doses chosen to print with and featured a maximum angular deflection of 

30.33° (dose 2) while still maintaining a homogeneous resin that contained few crystals 

(Figure 2f). It should also be noted that in the photoresists A and B, there is a significant 

difference in the angular deflection in different doses (1, 2, and 3), indicating a more 

expansive design space regarding doses in these resins. Therefore, more consideration 

was needed for these photoresists to find the optimal printing parameters.  

 

Table 1. The compositions of the pNIPAM hydrogels when the molar ratio was fixed at 0.073 (i.e., types A, 

B, C, and D). The corresponding laser power and scanning speed for the HLP and LLP of each photoresist 

have also been reported as samples 1, 2, and 3. Note that the molar ratio was calculated by dividing the 

moles of NIPAM by the moles of Mbis, considering molar masses of 113.16 g/mol and 154.15 g/mol, respec-

tively, for NIPAM and Mbis. Moreover, all chemical components were dissolved in 450 µL ethylene glycol. 

P
h

o
to

r
e

s
is

t 

N
ip

a
m

 [
m

g
] 

M
b

is
 [

m
g

] 

M
o

la
r

 r
a

ti
o

 

[-
] 

S
a

m
p

le
 

High dose (laser 

power / scan-

ning speed) 

Low dose (laser 

power / scan-

ning speed) 

A 400 40 0.073 

1 84% / 4500 64% / 11500 

2 92% / 5500 68% / 8500 

3 100% / 8000 85% / 8000 

B 450 45 0.073 

1 88% / 5500 64% / 10500 

2 84% / 7500 72% / 11500 

3 100% / 6500 64% / 11500 

C 500 50 0.073 

1 92% / 7500 64% / 11500 

2 84% / 5500 68% / 10500 

3 80% / 4500 76% / 11500 

D 600 60 0.073 

1 92% / 7500 64% / 11500 

2 88% / 4500 64% / 10500 

3 100% / 8500 68% / 11500 

 

Similarly, the results of the photoresists I, II, III, and IV (fixing the concentration 

of NIPAM and changing the molar ratio, Table 2) did not show an ordered pattern for 

the angular deflection when the concentration of the Mbis increased (Figure 2f-ii). 

While a lower molar ratio may produce more swelling, especially at low temperatures 

[35], practical considerations concerning printing suitability, mechanical stability, and 

the final hydrogel structure’s ability to carry its own weight limit the possible cross-

linker concentration reduction. As the molar ratio was reduced, the range of suitable 

doses decreased. The reduced number of suitable doses also may be prohibitive in 
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achieving a large deflection as the HLP and LLP doses become closer to each other, thus 

effectively canceling out any gains achieved through increased swelling. After selecting 

suitable doses for each resin based on their dose tests, an attempt was made to print 

the bilayer beam for a selection of doses for each of the four photoresists. Photoresists 

III and IV could not provide the necessary structural support for the bilayer, leading to 

it collapsing under its weight and resulting in no successful bilayers. This is likely due 

to the reduced crosslinker concentration, thus resulting in an unsuitable photoresist for 

this study. However, successful beams were 3D printed using resins I and II  (Figure 2f-

ii). We selected a molar ratio of 0.0734 with 450 mg of NIPAM and 45 mg of Mbis for 

printing all other specimens based on these two tests.   

 

Table 2. The compositions of the pNIPAM hydrogels when the NIPAM concentration was fixed at 450 g 

(i.e., types I, II, III, and IV). The corresponding laser power and scanning speed for the HLP and LLP of 

each photoresist have also been reported as samples 1, 2, and 3. Note that the molar ratio was calculated 

by dividing the moles of NIPAM by the moles of Mbis, considering molar masses of 113.16 g/mol and 154.15 

g/mol, respectively, for NIPAM and Mbis. Moreover, all chemical components were dissolved in 450 µL 

ethylene glycol. 
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High dose (laser 

power / scan-

ning speed) 

Low dose (laser 

power/ scan-

ning speed) 

I 450 45.00 0.073 

1 88% / 5500 64% / 10500 

2 84% / 7500 72% / 11500 

3 100% / 6500 64% / 11500 

II 450 30.70 0.05 

1 88% / 5500 68% / 11500 

2 80% / 5500 64% / 10500 

3 88% / 7500 64% / 11500 

III 450 12.30 0.02 

1 96% / 7500 76% / 8500 

2 88% / 6500 80% / 10500 

3 84% / 5500 76% / 9500 

IV 450 6.15 0.01 

1 NA NA 

2 NA NA 

3 NA NA 

 

Following Figure 2f-ii, both photoresists enabled the printing of a self-supporting 

structure and achieved significant deflection upon exposure to a high temperature. 

Moreover, the photoresist II resulted in slightly less angular deflection on average 

(22.7° vs. 19.4°) across the three doses. However, this difference is noticeably less than 

the difference between each photoresist in Figure 2f-i. However, as noted in [35], the 

impact of a reduced crosslinker-to-monomer molar ratio is more evident at lower tem-

peratures than at higher temperatures. At higher temperatures (i.e., above LCST), the 

monomer determines the volume of a shrunken pNIPAM [35]. Therefore, in this study, 

as our focus lies on achieving optimal angular deflection at high temperatures, we 
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decided to proceed with resin B (2) only with a higher molar ratio of 0.073 (i.e., a laser 

power of 84% and a scanning speed of 7500 µm/s for the HLP layer and a laser power 

of 72% and a scanning speed of 11500 µm/s for the LLP layer). However, it can be noted 

that photoresist II was still capable of achieving acceptable deflection at high tempera-

tures (Figure 2f-ii) but it may be a more suitable photoresist for applications in lower-

temperature environments. 

6.2.5 Effect of temperature on the angular deflection and FEM val-

idation  

The deflection of the beams is also dependent on the temperature. The higher the 

temperature, the higher the angular deflection is (Figure 3a). Nevertheless, it should be 

noted that at a specific high temperature (i.e., 60 °C), the beam did not deform anymore 

(Figure 3a, the plateau of the angular deflection at about 30°). Regarding the cell-

friendly feature of the pNIPAM, the 4D printed beams here are partially deformed 

(about 18° angular deflection) at a body-friendly temperature (37 °C) (Figure 3a-ii).  

According to the experimental results of the temperature-dependent angular de-

flection, we also validated our FEM predictions (Figure 3a-i and Section “Materials and 

methods”). At temperatures of 21 °C and 30 °C, the experimental and the FEM predic-

tions showed a good match. However, for a temperature of 40 °C, the discrepancy be-

tween the experiments and FEM was slightly high. This is likely due to the possible 

propagation errors in measuring the thermal expansion coefficients, the variation of 

temperature and relative humidity in the environment, 2PP 3D printing-induced im-

perfections, assumptions of temperature-independent elastic modulus and tempera-

ture-independent thermal expansion coefficients, and errors in measuring the experi-

mental temperature. Particularly, to determine the temperature-independent thermal 

expansion coefficient of the LLP (in the depth and width directions) and the HLP (in 

the depth direction), we calculated the linear slope of the plot in Figure 3b.iv. However, 

not all data points adhere fully to this linear assumption. This nonlinearity, therefore, 

contributes to the observed discrepancy between the FEM predictions and the experi-

mental results.   
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Figure 3. Thermomechanical characterization of pNIPAM. a. The effects of temperature on the angular 

deflection of the beam when it changes from 21 °C to 60 °C, experimentally and numerically (i). The optical 

images show the deflection of the beam at different temperatures of 21 °C, 37 °C, and 60 °C (ii). b. Thermal 

expansion coefficients (longitudinal, i, transverse, ii, depth, iii) of the HLP and LLP beam as a function of 

temperature. The variation of the expansion ratio in different directions for each HLP and LLP (iv). c. The 

elastic modulus measurement of pNIPAM at two different loading rates and a temperature of 21 °C. The 

schematic drawing shows the configuration for measuring the elastic modulus of pNIPAM with LLP, HLP, 

and at the interface between the doses (i). The heat map shows the elastic modulus of pNIPAM at a low 

loading rate of 10 µm/s (ii). The heatmap represents the elastic modulus distribution within pNIPAM at a 

high loading rate of 30 µm/s. The spatial variation of the elastic modulus of pNIPAM printed with LLP, 

HLP, and at the interface at different loading rates.  

 

6.2.6 Thermal expansion coefficients of the pNIPAM bi-layered 

beams   

We measured the thermal expansion coefficients of the beam along its length (lon-

gitudinal expansion ratio), width (transverse expansion ratio), and thickness (depth 

expansion ratio) (Figure 3b) for both HLP (i.e., a laser power of 84% and a scanning 

speed of 7500 µm/s) and LLP (i.e., a laser power of 72% and a scanning speed of 11500 

µm/s) beams. The LLP beams exhibited a higher thermal coefficient for all the direc-

tions (Figure 3b-i, ii, and iii) as they were less polymerized. The thermal expansion co-

efficients in all the directions were lower for lower temperatures (e.g., 30 °C) than those 
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at higher temperatures (e.g., 60 °C). Moreover, as the temperature increases beyond 

30 °C, the difference between the thermal expansion coefficients of the HLP and LLP 

beams becomes greater. Such a difference in the depth direction is less than that of the 

longitudinal direction. Additionally, a plateau happens at a specific temperature 

(around 60 °C), and the thermal coefficient no longer changes. We also plotted the var-

iation of the dimension change to the initial dimension vs. temperature change in which 

its slope indicates the thermal expansion coefficients (in 1/°C) (Figure 3b-iv). We finally 

reported the magnitude of the thermal expansion coefficients of the beam at the HLP 

and LLP in Table 3.  

 

Table 3. The thermal expansion coefficients of the pNIPAM hydrogel in different directions for the HLP 

and LLP.  

Direction HLP [1/o C] LLP [1/o C] 

X -0.0018 -0.0057 

Y -0.01 0.0107 

Z -0.0030 -0.0122 

 

The results of this experiment demonstrated that shrinkage was highly dependent 

on the direction of the beam (i.e., anisotropic thermal expansion coefficients). The dif-

ferences in the transverse and longitudinal thermal expansion ratios for the same dose 

are likely a result of the complex relationship between the printing direction, hatching 

angle, printing method, and photoresist properties. Following Figure 3b-iv, at temper-

atures below the LCST, the variance in the thermal expansion coefficients (i.e., the slope 

in the graph) is much less noticeable than those above the LCST. However, the data 

below the LCST does not closely follow a linear trend, possibly due to fewer data points 

or because these values are closer to the LCST temperature than the range of data above 

the LCST. The lower expansion ratios below the LCST can be explained by the change 

in how the monomer chains are arranged at the LCST, where the thermo-response of 

the NIPAM becomes much more apparent. 

6.2.7 Elastic modulus of the pNIPAM  

The average elastic modulus of each dose used in the bilayer (i.e., LLP and HLP), 

and specifically the elastic modulus at the interface of the two different doses, ranged 

from 120 kPa to 240 kPa at a temperature of 21 °C (Figure 3c). The LLP layer resulted 

in a lower elastic modulus for both loading rates (150.3 kPa on average for the low rate, 

10 µm/s, and 170.4 kPa for the high rate, 30 µm/s), as compared to the HLP, which is 

more crosslinked and thus stiffer (207.3 kPa for the low rate and 230.8 kPa for the high 

rate) (Figure 3c-ii, iii, and iv). The spatial distribution of the average elastic modulus of 

the HLP layer at a lower loading rate (Figure 3c-ii) is more homogeneous than that of 

the higher rate. This is likely due to the imperfections created during the specimens’ 

printing and the heterogeneity of the photoresist. This is highlighted in the LLP layer 
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at both low and high loading rates.  It should also be noted that the elastic modulus was 

reported at a fixed temperature of 21 °C in this study. Further investigations are neces-

sary to examine the temperature-dependent Young’s modulus of pNIPAM in future 

studies. 

The differences in the elastic modulus corresponding to different loading rates are 

due to the viscoelastic behavior of the hydrogel. Considering the time-dependency of 

the hydrogel, it exhibits stiffer at a higher loading rate (i.e., 30 µm/s) as it does not have 

sufficient opportunity to rearrange its molecular chains in response to the mechanical 

load [36]. On the other hand, a lower loading rate gives the specimens more time for 

internal re-arrangement and/or stress (re-)distribution, allowing the hydrogel to ex-

hibit a lower elastic modulus. Both loading rates resulted in the minimum elastic mod-

uli value (within 125 kPa and 190 kPa) being recorded at the interface between the LLP 

and HLP, Figure 3c-iv. Around this overlap, the measured average elastic modulus val-

ues dropped below the single dose specimen’s average elastic modulus. This could be 

because we printed the HLP layer first. Thus, when the second layer (LLP) was printed, 

some imperfections, such as pores, occurred at the interface, resulting in a lower value 

for the elastic modulus. Moreover, at the interface (i.e., x within 20 and 25 µm), the 

standard deviation is the largest compared to the two single doses. This further suggests 

that the interface resulted in high variability in the elastic modulus (Figure 3c-iv). This 

is likely due to the surface properties of the interface, such as topology, where a heter-

ogeneous distribution may exist. 

6.2.8 Shape recovery of the pNIPAM bi-layered beams after dehy-

dration 

The pNIPAM performance in this study was also assessed under different condi-

tions, such as when the hydrogel dried out. For this purpose, we dried out the 4D-

printed beam and it consequently, lost water and shrank significantly (supplementary 

VideoS2). The dried specimens returned to their initial shapes once they were rehy-

drated by immersion in water (supplementary VideoS3). This indicated how robust our 

developed hydrogels are at the microscale.  

It should be noted that our developed pNIPAM hydrogel exhibited reversible 

shape morphing, meaning that it could deform in several cycles. Some studies also 

show the reversibility of the 2PP 4D printed pNIPAM in several cycles (up to around 

20 cycles) [4, 37].  

6.2.9 Proof-of-concept applications of the 2PP 4D printing of 

pNIPAM in soft robotics and drug delivery 

To obtain sophisticated shape morphing based on 2PP 4D printing of pNIPAM, 

we first analyzed simple shape morphing by various combinations of beams and the 



       
Chapter 6: 2PP 4D bioprinting of microarchitectures 

 

199 

6 

location (i.e., left/ right or top/bottom) of the HLP and LLP layers. We, therefore, illus-

trated the undeformed and deformed configuration of the beams and the contour of the 

von Misses stress predicted by our computational model (the color bar, in terms of 

MPa) underneath each application (Figure 4a). Note that all the beams were 4D printed 

at the same height (Z) on a single post. Moreover, it should be noted that the activation 

time for our proposed applications here is less than 1 s, which is relatively fast compared 

to some other temperature-responsive 4D-printed structures [38].  

 

Figure 4. Optical images of shape morphing behavior in proof-of-concept applications of 2PP 4D printed 

specimens with their corresponding FEM prediction. Note that the contour indicated the distribution of von 

Misses stress in terms of MPa. a. The in-plane bending deformation of beams (i), twisting/shrinkage de-

formation (ii), three-beam bending/twisting deformation (iii), and fully twisting deformation (iv). b. The 

out-of-plane bending deformation at different heights (𝑍). c. A unit cell of a meta-biomaterial featuring a 

switchable Poisson’s ratio when the temperature increases (i). A unit cell block representing a meta-bio-

material featuring an NPR when the temperature increased by 60 °C (ii). d. A simple grasping mechanism 

(i), and a proof-of-concept application of a soft gripper, in which it holds an object (ii). e. A proof-of-con-

cept drug delivery application of the 2PP 4D printing with shape morphing capability. A series-bending 

mechanism that can open up a membrane as a valve simultaneously or sequentially (i), and a drug delivery 

mechanism in which increasing the temperature leads to potential drug release (ii). A 4D printed proof-of-

concept drug delivery system in which the beams are activated gradually from the maximum (left beam) 

deflection to the minimum (right beam) when the temperature increases by 60 °C (iii).     
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In Figure 4a-i, a simple bending deformation, which is very fundamental, was 

demonstrated. This deformation is used to make sophisticated movements and can also 

serve as a soft sensor to detect a physical touch in a cyclic loading or as a gripper (if the 

beam is long enough). To print such a simple deformation, the order of the HLP and 

LLP should be similar. The second deformation was twisting, created by inverting the 

order of the HLP and LLP layers (Figure 4a-ii). In this application, the system not only 

twists but also contracts, a phenomenon known as coupled twisting and shrinkage de-

formation. The third in-plane application was created by adding another beam to the 

twisting/shrinkage deformation system (Figure 4a-iii). This was designed to show the 

potential of in-place deformation when the number of beams increases in the system. 

The last one combines two twisting/shrinkage mechanisms so that the whole system 

twists and shrinks (Figure 4a-iv). This system can perform as a unit cell for meta-bio-

materials [39], where isotropic twisting and shrinkage are demanded [40]. It should be 

noted that in all these applications, the beams are not connected to another part apart 

from the post. Otherwise, the deformation will be compromised due to the boundary 

conditions. Moreover, the post is slightly deformed here, although it was printed with 

a much higher dose. Such slight deformations cause difficulties in achieving our desired 

deformation for the beams. Regarding the prediction of our computational model for 

the in-plane applications, there is a high degree of agreement between the experiments 

and computational models. The distribution of the von Misses stress in all the in-place 

applications is similar as the beams are all connected only from one side (Figure 4a). 

Moreover, at the interface, the von Misses is higher than the other locations of the 

beams due to the overlap between the HLP and LLP layers.   

The out-of-plane deformation was also achievable by 4D printing two beams at 

different heights, Z (Figure 4b). The computational prediction also proved von Misses 

stress similar to in-place applications. Such deformation is helpful in soft robotics, 

where different Z values are demanded.  

Combining the in-plane deformations and the beam constraint could result in cre-

ating a unit cell of non-stochastic meta-biomaterials (Figure 4c). In non-stochastic met-

amaterials [39], a unit cell refers to a repetitive geometric pattern that represents the 

overall properties of the material, with the entire meta-biomaterial composed of an ar-

ray of such unit cells [39]. We aimed at 4D printing a unit cell whose Poisson’s ratio 

(i.e., the negative ratio of lateral strain to longitudinal strain) changes over time by 

changing temperature. However, it is noted that the difficulty level increases when the 

number of unit cells increases, mainly due to the geometrical constraints, which depend 

on the stiffness of the struts. The 3D printed unit cell (Figure 4b-i) is rectangular, rep-

resenting nearly zero Poisson’s ratio [41] at 21 °C. When the temperature rose to 60 °C, 

its shape shifted to a honeycomb-like structure, generating a positive Poisson’s ratio 

[41] (Supplementary VideoS4). Nonetheless, the horizontal struts were supposed not 

to deform. However, as the post is still deformable, undesired deformation in the beams 
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also occurred. In this application (Figure 4c-i), the two vertical struts were made of bi-

layered beams, and a single-layered beam made the other two horizontal with a high 

laser power dose. Our computational model predictions do not perfectly mimic the de-

flection of the bi-layered beam in the unit cell, mainly because we considered the post 

as a non-deformable object.  

A similar idea was used to generate meta-biomaterials using four independent 

block boxes of beams and posts (Figure 4c-ii). The unit cell was created by arranging 

the twisting/ shrinkage mechanism such that the whole structure shrank upon expo-

sure to higher temperatures, mechanically indicating auxetic meta-biomaterials with 

NPRs. Our computational predictions exhibited a high degree of agreement with these 

experimental observations.  

To fabricate proof-of-concept soft robotics, we first 4D printed a simple mecha-

nism (Figure 4d-i) in which two beams were printed on a large post. It featured a grasp-

ing mechanism when the temperature increased by 60 °C. Regarding the prediction of 

our FEM, the discrepancy in the deflection of the beams is mainly because of the ther-

mal expansion coefficients and 3D printing imperfections. To predict the maximum 

force generated by the deflection of the beams, we proposed another design (Figure 4d-

ii). In this case, we 4D printed an extra post with the same printing parameter for the 

post as an object. When the temperature increased by 60 °C, the beam deformed and 

thus stopped deforming when they touched the extra post. To predict the force applied 

to the post or generated by the beam, we used FEM (Figure 4d-ii). The maximum pre-

dicted force is approximately 0.085 µN, which is desirable in mechanobiological meas-

urements at a small scale, such as AFM of cells [42].  

We also proposed a proof-of-concept application for drug delivery systems com-

prising a chamber and valves, in which changing the temperature controls the opening 

of the valves. Such a stimuli-responsive opening mechanism could be used to control 

the release of a drug. When the temperature rises, the beams deform; consequently, the 

potential drug can go to the other side of the chamber (Figure 4e). The current proof-

of-concept drug delivery system could be upgraded by incorporating the 4D printing of 

multiple beams/posts with a controlled deformation (Figure 4e-i). Moreover, the de-

formation of the beams could be controlled gradually, meaning a gradient release of a 

potential drug release (Figure 4e-iii). In this application, we 3D printed four beams 

with the same LLP as before (i.e., 72% laser power and 11500 µm/s scanning speed) 

while varying the HLP layer for each beam. The laser power and scanning speed of the 

HLP layer decreased by 4% and 1334 µm/s for each beam, from left to right (Figure 4e-

iii). The FEM predictions of our gradient drug delivery system also indicate a high level 

of accuracy of our model in terms of the beam deflection.  
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6.3 Conclusions 

In conclusion, we used a single material and single-step fabrication process based 

on 2PP direct laser writing and pNIPAM-based hydrogels to fabricate smart 3D micro-

structures with reversible and rapid shape morphing upon triggering by cell-friendly 

thermal stimulus. We initially elucidated the effects of different photoresist composi-

tions, monomers, and crosslinker densities on the angular deflection of a cantilever 

beam. We found the hydrogel’s optimal composition, considering the structures’ print-

ability, mechanical stability, and angular deflection. To model the thermomechanical 

behavior of the 2PP 4D printed microarchitectures, we developed a computational 

model based on the thermomechanical characterization of the hydrogel. The thermo-

mechanical characterization included thermal expansion coefficients at different tem-

peratures and the elastic modulus of the hydrogel at various loading rates. Based on the 

prediction of the developed model, we proposed several proof-of-concept biomedical 

applications, including drug delivery systems and soft grippers. The shape morphing 

behavior in these applications was induced by introducing anisotropy within the fabri-

cated microstructures by locally varying the printing parameters (laser power, scanning 

speed, and hatching angle). Finally, it was demonstrated that the success of 4D printing 

in biomedical applications strongly depends on photoresist composition and printing 

parameters, and each should be thoroughly investigated to meet the targeted applica-

tion. Our developed 2PP 4D printing of thermo-responsive pNIPAM paves the way for 

developing smart 3D microstructures in drug delivery systems and soft robotics. How-

ever, further investigations are required to evaluate its efficiency, such as studying in 

vitro drug release by incorporating drug particles into the 4D printed shape morphing 

systems.  

6.4 Materials and methods 

6.4.1 Photoresist composition and preparation 

NIPAM (see weights in Tables 1 and 2) was added to 450 µL of ethylene glycol (EG) 

and magnetically stirred for 3 hours. After complete dissolution, the cross-linker N, N-

methylenebis(acrylamide) (Mbis) (Tables 1 and 2) and 15 mg (1.49 %w/w) of the photo-

initiator lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate (LAP) were added under 

yellow light conditions and stirred again for 3 hours. Following this, the brown bottle 

containing the photoresist solution was wrapped in an aluminum foil to avoid unnec-

essary exposure to light. 

As the photoresist's chemical composition significantly affects the beams' angular 

deflection, we varied the ratios of the NIPAM and Mbis. Consequently, we made eight 

different types of photoresists (i.e., A, B, C, D, and I, II, III, IV) (Tables 1 and 2). In 

photoresists A, B, C, and D, the molar ratio of the crosslinker-to-monomer was fixed at 

0.073, and the ratios of the monomer and the crosslinkers were varied accordingly. 
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Note that the molar ratio was calculated by dividing the moles of NIPAM by the moles 

of Mbis, considering molar masses of 113.16 g/mol and 154.15 g/mol, respectively, for 

NIPAM and Mbis. On the other hand, in photoresists I, II, III, and IV, the ratio of 

NIPAM was fixed at 450 g, but the Mbis ratio was varied. It should be noted that the 

notations “1”, “2” and “3” indicate the different doses (laser power and scanning speed) 

for each photoresist. This is because we performed a new dose test for each photoresist 

and selected different doses to measure the angular deflection of the beams. We printed 

the beams with the same printing setting, and the printing parameters were chosen 

based on the corresponding dose test (Tables 1 and 2).  

6.4.2 Fabrication and post-processing of the microarchitectures 

All structures in this study were fabricated using a commercial direct laser writing 

setup (Photonic Professional GT+, Nanoscribe GmbH) (Figure 1c). The initial designs 

(i.e., beams) were generated using SolidWorks (Dassault Systèmes, France), a commer-

cial CAD software, and then exported as .stl files. These files were imported into De-

Scribe software (Nanoscribe, Germany) to generate General.gwl files, which were sub-

sequently utilized in the Nanowrite software (printing software, Nanoscribe, Germany) 

to interface with the 2PP 3D printer, enabling the fabrication process. The printing was 

executed using a Photonic Professional GT+ 3D printer (Nanoscribe). 

The conventional direction of printing in DeScribe (software for print job prepa-

ration from Nanoscribe) is along the X-Y plane (i.e., individual layers are printed along 

the X-Y plane), and the layers are stacked upon each other along the Z-axis to obtain 

the desired structure. However, due to the low scanning speed of printing the micro-

structures (8,000 µm/s), delamination was observed between two consecutive layers 

along the Z-axis. Therefore, the printing strategy was changed such that small sections 

of 2 µm in length were printed along the X-axis (length of the beam) (Figure 1d). To 

identify the maximum thickness of the slices along the X direction, we conducted a par-

ametric study and concluded that 2 µm is the desirable size. It should also be noted that 

the shape morphing, and the stability of the beams were dependent on the 3D printing 

sequence of the HLP and LLP layers. Here, we initially started printing from the HLP 

layer. An overlap of 0.75 µm (equivalent normalized overlap of 0.75/11) was provided 

between the HLP and LLP layers to prevent delamination in the structure when sub-

jected to thermal loads. Additionally, between the beam element and the fixed post, an 

overlap of 2 µm was chosen to ensure the structural stability of the overhanging struc-

ture. Moreover, we employed the piezo scanning mode instead of z-drive for the stage 

movement due to the small dimensions of our specimens and to increase the stability 

of the photoresists. It should also be noted that in the oil configuration, we are limited 

to the working distance of the employed 25×, which is 380 µm. Considering the thick-

ness of the coverslip substrates, which is 170 µm, a maximum of ~210 µm high micro-

structures can be 3D printed.  
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Prior to printing the microstructures, a rounded glass substrate with a 30 mm di-

ameter and a thickness of 170 µm (Thermo Scientific Inc., USA) was first cleaned using 

isopropanol and acetone (both from Sigma-Aldrich, Germany). This was followed by 

oxygen plasma (Diener electronic GmbH, Germany) treatment of the glass substrate at 

a power of 80 W with a gas flow rate of 5 cm3 min-1 and a pressure of 0.12 bar for 15 

minutes. The treated glass substrate was then placed in a petri dish containing a thin 

layer of 3-(Trimethoxysilyl)propyl methacrylate (stabilized with BHT, 98.0%, Sigma-

Aldrich, Germany) for 1 hour. This process, commonly called silanization, ensures that 

the microstructures printed on the glass substrate adhere firmly to it, thereby reducing 

the chances of delamination of the structures. Following silanization, the glass sub-

strate was again cleaned using isopropanol. The glass substrate was then firmly 

mounted onto the substrate holder using tape to hold it in place. Since the oil configu-

ration was used for fabricating the structures, a drop of immersion oil (Immersol 518F, 

ZEISS) was placed on the side of the substrate facing the objective.  

Next, a drop of the pNIPAM-based photoresist was placed on the other side of the 

glass substrate, and the sample holder was loaded into the printer. A 25× oil immersion 

objective (numerical aperture of 0.8 from ZEISS) was used for printing the microstruc-

tures. Once the printing process was completed, the excess precursor solution was 

rinsed away using acetone, followed by rinsing with ultrapure water.  

Post-processing of the 3D printed microstructures included the substrate being 

dipped into acetone for 30 s, followed by 10 minutes of upright immersion in a glass 

full of demi-water. Afterward, the substrate was attached to a petri dish using two drops 

of silicone glue, and the substrate was covered with demi-water for 5 minutes (ensuring 

the silicone glue was not wetted) to allow the silicone glue to dry out. Finally, the rest 

of the petri dish was filled with demi-water (approximately 5 mm deep) and left at room 

temperature for 2-3 hours to allow the hydrogel structures to rehydrate before any tests 

were performed. 

6.4.3 Beam deflection  

To find the optimal printing parameters and materials compositions and to quan-

tify our developed hydrogel, we first performed our experiments on a beam with a size 

of 40×11×12 µm3 alongside x, y, and z (Figure 1b and 1d). Each beam was joined at one 

end to a 20×20×25 µm3 base (the blue block in Figure 1b), which is adhered to the glass 

substrate. The beam’s deflection level was indicated via the angular angle, as illustrated 

in Figure 1b. The angular deflection of the beam is defined as the angle between the 

midpoint at the end of the bilayer beam and the line orthogonal to the interface’s face 

between the support structure and the bilayer (Figure 1b).  

After finding the optimal dose (laser power and scanning speed) from a dose test 

(Figure 2a), we printed three beams (with the post) for each application and 
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assessment. It should be noted that the beams had a pre-deflection in some cases due 

to the pNIPAM development process. Nevertheless, this pre-deflection vanished after 

reheating them, releasing the residual stress.  

6.4.4 Mechanical characterization 

Mechanical characterization of the samples consisted of determining the thermal 

expansion coefficients of the beams, as well as nanoindentation, to determine the elas-

tic modulus of the pNIPAM at different loading rates. Three beams (𝑛 = 3) were 3D 

printed with the same dimensions as before to determine how the beam shrinks at var-

ious temperatures. However, only one dose throughout was used (i.e., either HLP or 

LLP). The angular deflection vs. temperature was recorded. Moreover, the thermal ex-

pansion ratios were determined by submerging the specimens in a water bath at differ-

ent temperatures and then comparing the longitudinal, depth, and transverse dimen-

sions before and after exposure to hot water.  

Nanoindentation was used to determine the elastic modulus of the beam. This is a 

process whereby the mechanical properties of the specimens are characterized using an 

optical interferometry-based nanoindenter (Chiaro, Optics11 life, The Netherlands). 

During the application of the load, the displacement of the cantilever, equipped with a 

spherical glass probe, is recorded, resulting in a force-displacement curve from which 

the sample's mechanical properties can be determined. The nanoindenter employed in 

this work had a 2.5 µm radius probe with a nominal stiffness of 0.43 N/m. All 

nanoindentations were performed with the sample submerged in demi-water. Cuboids 

measuring 70×70×20 µm3 were printed using the doses described above and left for 

20 hours before nanoindentation to ensure the samples had reached a swelling equilib-

rium and to ensure repeatability in the measurements. The elastic modulus of each 

specimen was calculated using the Hertzian model, considering the assumption of in-

compressibility. This model applies to soft biomaterials, such as the one used in this 

work. The loading regime used was a peak indentation waveform with a controlled 

maximum load of 0.4 N (which corresponded to approximately 1 µm indentation 

depth). Two different loading rates were used, initially a loading rate of 10 µm/s, fol-

lowed by a loading rate of 30 µm/s. Following the HLP and LLP layers interface, a 4.75 

µm overlap (maintaining the same overlap-to-width ratio as in the bi-layered beams) 

was selected. It should also be noted that we first printed the HLP layer and then the 

LLP layer.  

6.4.5 Computational mdoeling 

We used the commercial software suite Abaqus/CAE 2023.HF2 (Dassault Sys-

tèmes Simulia Corp., Johnston, RI, USA) for finite element analysis. The analysis in-

corporated nonlinear geometric effects to capture the large deflections observed in the 

bilayer beams. Linear thermally-coupled brick elements with full integration (C3D8T, 
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Abaqus) were utilized to model the behavior of the bi-layered microarchitectures. A 

systematic mesh convergence study was performed to find the optimal mesh size by 

changing the mesh size from 3 µm to 0.5 µm. The angular deflection did not change 

anymore within a tolerance of 5% by considering a mesh size of 1 µm, and therefore, we 

chose this mesh size for modeling the microarchitectures. A uniform temperature, 

ranging from ambient temperature (20 °C) to 60 °C, was applied to conduct a coupled 

temperature–displacement steady-state analysis. The material model included elastic 

moduli (i.e., 𝐸) and orthotropic thermal expansion coefficients to replicate the aniso-

tropic behavior observed in experiments. These material properties were derived from 

experimental data (Figures 3c and Table 3). 

The computational model was discretized with a maximum element size of 1 µm 

to achieve sufficient resolution. For the analysis of bilayer deflection, the angular dis-

placement between the beam tips at the interface of HLP and LLP layers was quantified 

relative to the initial interface line (Figure 1b). The beam substrates were modeled as 

fixed, with extremely high mechanical properties (e.g., 𝐸 = 100 MPa) assigned to en-

sure substrate rigidity. Standard surface-to-surface contact was defined for simulations 

involving a gripper and object, with hard contact in the normal direction and friction 

modeled using a penalty coefficient of 0.2. The object was represented as an analytical 

rigid part, further simplifying the interaction modeling. 

6.4.6 Statistical analysis  

We used Prism (9.4.1, GraphPad, US) software for the statistical analysis (i.e., 

mean values, standard deviations and the p-values) of the effect of the chemical com-

positions of the pNIPAM on the angular deflection of the bi-layered beams. All the ex-

periments were repeated three times (𝑛 = 3). Prior to calculating the p-value, we first 

performed a normality test using the Shapiro–Wilk test with alpha= 0.05 to determine 

the normality of the data. After ensuring the normality of data in each group (at each 

dose), we performed an ordinary one-way ANOVA test, followed by post-hoc analysis 

using Tukey’s  comparison test to calculate the p-value between groups. We 

considered a p-value< 0.005 as statistically significant for all the experiments. It should 

also be noted that the 𝐷𝐹𝑛 and 𝐷𝐹𝑑 presented in the caption of Figure 2 indicate the 

degree of freedom for the numerator of the F ratio and the denominator, respectively.  
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7.1 Main findings  

In this dissertation, we developed 3D meta-biomaterials with transversely iso-

tropic, cubic, and fully isotropic properties to investigate bone cell response to pore 

shapes, exploring effects on cell proliferation, morphology, and differentiation. The pri-

mary objective was to elucidate the role of Poisson’s ratio as a biophysical cue influenc-

ing the response of preosteoblast cells. A key component of this research was the isola-

tion of Poisson’s ratio from other properties, including elastic modulus, shear modulus, 

anisotropy level, porosity, pore size, tortuosity, surface-to-volume ratio, connectivity, 

and permeability. 

The initial design of our meta-biomaterials considered Poisson’s ratio, effective 

elastic modulus, porosity, and pore size. By categorizing the meta-biomaterials based 

on similar porosity and effective elastic modulus, we isolated the effects of Poisson’s 

ratio with a deviation of 24%. The 2PP-additively manufactured meta-biomaterials 

were subsequently seeded with preosteoblast cells in vitro. Cellular assessments re-

vealed that cell growth was significantly higher in meta-biomaterials with a PPR than 

in auxetic meta-biomaterials. This result was notably contrary to existing literature, 

which we attribute to the previous studies’ failure to isolate Poisson’s ratio effectively. 

We further refined our design methodology to effectively isolate Poisson’s ratio by 

incorporating additional parameters, including elastic modulus, shear modulus, ani-

sotropy level, porosity, pore size, tortuosity, surface-to-volume ratio, connectivity, and 

permeability. Our findings demonstrate that isolating Poisson’s ratio from these pa-

rameters is feasible with a less than 9% deviation. 

We subsequently implemented 4D bioprinting at the microscale to fabricate dy-

namic microarchitectures with shape-morphing capabilities. To achieve this, we devel-

oped a photoresist for 2PP based on a thermo-responsive hydrogel, pNIPAM, which 

functions effectively at physiological temperatures. Below, we summarize the key find-

ings of this dissertation: 

• Strut-based meta-biomaterials offer significant potential for mechanobiolog-

ical studies. Their mechanical, morphometric, and mass transport properties, 

particularly Poisson’s ratio, can be widely tuned, ranging from negative to 

positive. 

• 2PP is currently the most suitable advanced light-assisted additive manufac-

turing technique for fabricating meta-biomaterials at the microscale. 

• The 3D printing of auxetic meta-biomaterials, characterized by support-

needed struts, requires more careful handling than those with PPRs.
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• Auxetic meta-biomaterials exhibit a lower effective elastic modulus compared 

to those with PPRs (Figure 2, Chapter 4). 

• It is possible to isolate Poisson’s ratio from various other parameters, such as 

elastic modulus, shear modulus, anisotropy level, porosity, pore size, tortuos-

ity, surface-to-volume ratio, connectivity, and permeability, with a deviation 

of less than 9% (Figure 4, Chapter 4). 

• The less mechanically anisotropic the meta-biomaterial is, the less challeng-

ing it is to isolate Poisson’s ratios. 

• Meta-biomaterials generally provide a suitable environment for preosteoblast 

cells in terms of growth and differentiation, as observed through SEM images 

and Runx2 and ARS assessments (Figure 3 and 5, Chapter 3). 

• Meta-biomaterials with PPRs create a more favorable environment for the 

growth of preosteoblast cells (Figures 3 and 4, Chapter 3). 

• The developed thermoresponsive hydrogel, activating at around 32 °C, was 

suitable for 4D printing meta-biomaterials with shape-morphing capabilities 

(Figures 3 and 4, Chapter 6). 

• Various 2D and 3D micro-architectures were successfully 4D printed using 

pNIPAM and 2PP (Figure 4, Chapter 6). 

7.2 General discussion  

This dissertation discusses a multidisciplinary study that addresses mechanical 

design, biomaterial development, 3D printing at both micro- and mesoscales, in vitro 

cell culture, cellular assessments, and 4D bioprinting to tackle key challenges in the 

mechanobiology of biophysical cues. We reflect on the relevance of our findings for the 

intended applications and discuss emerging challenges.  

7.2.1 Mechanical design of meta-biomaterials  

Mechanobiological modeling is a promising approach for designing meta-bio-

materials with tailored properties, from mechanical properties to mass transport char-

acteristics. The term “mechanobiological modeling” reflects its aim to mimic specific 

trabecular bone properties, such as pore size, porosity, and other structural features. 

Various methodologies exist for designing meta-biomaterials with specific or isolated 

properties, including direct FEM, analytical solutions, homogenization-based FEM, to-

pology optimization, and machine learning. Each technique offers unique advantages 

regarding simulation time, accuracy, data handling, and computational complexity. An 

extensive number of simulations is often required when isolating a single parameter, 

such as Poisson’s ratio, from others. Thus, employing a model that offers both efficiency 

and speed is essential. 

In this dissertation, we employed two modeling techniques: direct FEM (Chapter 

3) and homogenization-based FEM (Chapter 4). Initially, direct FEM was used to 
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design five distinct meta-biomaterials with varying Poisson’s ratios, accounting for 

pore size, porosity, and effective elastic modulus, Figure (1, Chapter 3) [1]. This ap-

proach utilized 3D solid elements and limited the number of simulations due to high 

computational costs. Additionally, the resulting meta-biomaterials demonstrated sig-

nificant anisotropy, characterized by more than five independent elasticity parameters, 

including two elastic moduli, three Poisson’s ratios, and multiple shear moduli. This 

complexity complicated the isolation of Poisson’s ratio. Generally, the fewer the inde-

pendent elastic parameters, the easier it is to isolate specific properties. 

Considering the longitudinal properties (i.e., 𝐸𝑙) and porosity, we designed three 

meta-biomaterials (NPR, PPRs, and Hybrid) with different Poisson’s ratios but almost 

similar porosity and longitudinal elastic modulus with a deviation of less than 24% (Ta-

ble 1 Chapter 3). However, along the transverse direction, the deviation of the effective 

elastic modulus was 60%. It was very challenging to lower the deviation of the param-

eters via direct FEM. Moreover, there was a difficulty in decoupling other independent 

properties, such as shear modulus, and it was not included in the first version of our 

meta-biomaterials.  

One limitation in the design of the first version of our meta-biomaterials was that 

it was based on honeycomb unit cells. These meta-biomaterials possess only two PPRs, 

with the third being negative (e.g., the meta-biomaterial PPRs exhibited 𝑣𝑦𝑧 = 0.74, 

𝑣𝑥𝑧 = −0.22 and 𝑣𝑥𝑦 = 0.33, (Table 1 Chapter 3) [1]). This limitation is highlighted more 

in the cell culture of the meta-biomaterials, as it is essential to mechanically fix the 

meta-biomaterials in the cell medium (i.e., along x, y, or z). Nevertheless, in our study, 

we seeded the meta-biomaterials along y, and therefore, the meta-biomaterial mani-

fests only a PPR (i.e., 𝑣𝑦𝑧).  

We further improved our computational modeling in the next iteration of our 

meta-biomaterial design (Chapter 4). We could successfully isolate Poisson’s ratio 

while keeping many other parameters, from mechanical to mass transport properties, 

constant with a deviation of less than 8% (Figure 4, Chapter 4).  In the second iteration, 

we used a homogenization FEM-based technique [2], in which we could perform an 

extensive number of simulations (i.e., 43,000) within a relatively short time. The ho-

mogenization-based FEM method offers a relatively high level of accuracy and very low 

simulation time. We considered beam-based elements, unity displacement matrix, and 

periodic boundary conditions to calculate the homogenized constitutive matrix (Figure 

1, Chapter 4). The homogenized constitutive matrix can calculate all the mechanical 

properties, including effective elastic moduli, shear moduli, and Poisson’s ratios in dif-

ferent directions.  

In the new version of our meta-biomaterials, we introduced geometrically sym-

metric unit cells with increased isotropy. This means that the meta-biomaterials 
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exhibited only two independent parameters (i.e., effective elastic modulus and Pois-

son’s ratio for the isotropic meta-biomaterials) or three parameters (i.e., effective elas-

tic modulus, effective shear modulus, and Poisson’s ratio, for the cubic meta-biomateri-

als). Compared to our first design version, we reduced the number of independent pa-

rameters from 6 to 3 (in the cubic meta-biomaterials), making isolating the Poisson’s 

ratio much less challenging.  

In addition to mechanical properties, we calculated the morphometric properties 

for all the 43,000 generated meta-biomaterials (Figure 3, Chapter 4). To achieve this, 

we derived explicit geometrical relationships for the unit cells and explored the design 

space, focusing on critical values (supplementary material of Chapter 4). The meta-bi-

omaterial designs were generated by varying only three input parameters: strut angle, 

strut length, and strut diameter. Adjusting these parameters across their entire range 

allowed us to achieve a broad range of morphometric properties. Interestingly, the dis-

tribution of most morphometric properties as a function of Poisson’s ratio exhibited a 

random pattern, suggesting a complex optimization process for isolating Poisson’s ra-

tio. 

One main challenge in meta-biomaterials design is tuning the ratio of the effective 

elastic modulus to Poisson’s ratio [3]. As we also showed, the auxetic meta-biomaterials 

with extreme NPRs exhibit much lower effective elastic moduli than meta-biomaterials 

with PPRs (Figure 2, Chapter 4). This is a critical challenge in the design of meta-bio-

materials when a high value of effective elastic modulus is required. A similar challenge 

exists for the relationship between the anisotropy level and Poisson’s ratio [3]. We also 

showed that auxetic meta-biomaterials exhibit a higher level of anisotropy than meta-

biomaterials with a PPR (Figure 2, Chapter 4). One method to tune these relationships 

is to design hollow struts. In this case, the effective elastic modulus can be tuned with-

out changing the overall strut diameter and outer curvature. However, the main chal-

lenge is printing complex 3D meta-biomaterials with hollow struts. For instance, in 

2PP, the photoresist will be stuck inside the struts, and removing them afterward will 

be very challenging. Another method can be changing the 3D printing parameters, ef-

fectively tuning the mechanical properties [4, 5].  

We also showed that tuning the relationship between Poisson’s ratio and strut di-

ameter (or porosity) is challenging. We demonstrated that the sign of Poisson’s ratio 

changes from negative to positive when the strut diameter exceeds 25/300 (Figure 2, 

Chapter 4). This means that the auxetic meta-biomaterials with extreme NPRs exhibit 

a very high porosity, which might make it challenging to mimic the porosity range of 

trabecular bone (50%-90% [6]).  
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7.2.2 AM of meta-biomaterials  

Advanced AM technologies enable the fabrication of geometrically complex 3D 

meta-biomaterials with tailored microarchitectures. The choice of the AM technique 

depends on specific application requirements, including biocompatibility, printing 

time, scale, accuracy, and tunability of mechanical properties. This research employed 

PolyJet and 2PP to 3D print meta-biomaterials at the macro- and microscales, respec-

tively. Our findings demonstrate that 2PP is highly suitable for mechanobiological stud-

ies at the microscale, offering advantages in printability, photoresist biocompatibility, 

and high-resolution fabrication. 

The availability of soluble support materials facilitated the use of PolyJet for large-

scale 3D printing of meta-biomaterials, eliminating the need for manual support re-

moval. This approach is essential for printing highly porous and complex meta-bio-

materials, as supports are required during printing. However, the supports can be eas-

ily dissolved by immersing the specimens in water at room temperature. We utilized 

PolyJet to fabricate larger-scale meta-biomaterials specifically for mechanical charac-

terization (Figure 5, Chapter 4). However, cell analysis was not conducted on these 

larger constructs due to their scale. 

This dissertation’s primary 3D printing technique was 2PP, which enabled us to 

conduct mechanobiological studies on microscale meta-biomaterials. Selecting the ap-

propriate printing settings is crucial for this technique. These settings include various 

parameters, such as laser power, scanning speed, printing configuration (e.g., piezo or 

Z-drive), substrate choice (e.g., glass or silicon), and the type of photoresist (e.g., hard 

or soft). The selection of the latter two factors depends on the specimens' scale. To 

achieve our goal of printing meta-biomaterials with relatively stiff photoresists at scales 

of hundreds of microns, we utilized IP-Q as the photoresist and silicon as the substrate. 

In terms of printing configuration, we found that the piezo configuration was optimal 

for fabricating auxetic meta-biomaterials, as it allows the stage to remain stationary 

during each slice. This stability is essential for these meta-biomaterials, consisting of 

support-needed struts, as it ensures that the photoresist maintains mechanical stability 

and minimizes micromovement during printing. 

We also conducted a systematic study to optimize printing parameters, including 

scanning speed, laser power, number of contours, and stage acceleration. This investi-

gation was carried out on small blocks and individual unit cells of meta-biomaterials, 

serving as a representative model for all meta-biomaterials (Chapter 3). 

After 3D printing the meta-biomaterials using 2PP, we conducted micromechani-

cal tests to measure their effective elastic modulus and validate our computational 

modeling (Figure 2, Chapter 3). Ideally, this testing would be performed using a high-

precision machine like the FemtoTools device. However, the cross-section of the largest 
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tip available for the FemtoTools was insufficient to cover the entire surface area of our 

meta-biomaterials, making its use impractical. Consequently, there is a pressing need 

to develop a specialized micromechanical testing machine capable of characterizing 

meta-biomaterials at the meso- and microscales. 

7.2.3 Bone cell response 

We assessed the biological responses of preosteoblast cells seeded on the initial 

version of meta-biomaterials. Biological evaluations were conducted to ensure non-cy-

totoxicity, including live/dead assays and metabolic activity assessments. SEM imaging 

was performed on preosteoblast-laden meta-biomaterials to examine cell adhesion, 

morphology, and cell-induced deformation. Additionally, cytoskeletal morphology was 

analyzed to visualize F-actins, while Runx2 and ARS staining were used to evaluate 

preosteoblast differentiation. All mechanobiological responses were assessed under 

static conditions, with the meta-biomaterials fixed on one side of a substrate. 

Our preliminary results on pedestals 3D printed from the base material, IP-Q, in-

dicated that this photoresist is non-cytotoxic and supports strong adhesion of preoste-

oblast cells (supplementary material of Chapter 3). These findings suggest that IP-Q is 

suitable for 3D printing complex micro-architectures for cell mechanobiological stud-

ies. However, IP-Q’s inherent auto-fluorescence, particularly in the red spectrum, may 

interfere with fluorescence imaging. To address this, techniques like photo-bleaching 

(i.e., exposing structures to UV light) or applying fluorescence-quenching coatings, 

such as Sudan Black B [7], can help reduce the auto-fluorescent properties of IP-Q. 

We observed preosteoblast cells deform the meta-biomaterials differently over 

time (up to day 17 of cell culture), depending on the structure type (Figure 3, Chapter 

3). For example, the meta-biomaterial PPRp exhibited the highest deformation (46.1%, 

excluding structural shrinkage), resulting in a pyramid-like shape (Figures 3 and 4, 

Chapter 3). This phenomenon is likely influenced by two factors: the Poisson’s ratio 

and the elastic modulus of the meta-biomaterial. PPRp displayed a very low elastic 

modulus in the transverse direction compared to the longitudinal one (0.6 MPa vs. 15.0 

MPa), Table 1, Chapter 3. Poisson’s ratio was positive in two directions but negative in 

another. This anisotropic behavior in elastic modulus and Poisson’s ratio contributed 

to the observed deformation. 

The additively manufactured meta-biomaterials also exhibited variations in cell 

growth and differentiation. Meta-biomaterials with a PPR showed higher metabolic ac-

tivity and cell-induced deformation than auxetic meta-biomaterials, likely due to dif-

ferences in pore microarchitecture (Figure 4, Chapter 3). This finding contrasts with 

previous literature, which we attribute to insufficient isolation of Poisson’s ratio in 

those studies [8,9]. We recommend further biological assessments on a new version of 

meta-biomaterials where Poisson’s ratio is as effectively decoupled as possible. 



      
Chapter 7: Discussion and conclusion 

 

216 

7.2.4 4D printing of meta-biomaterials  

4D printing of meta-biomaterials is gaining significant attention due to its poten-

tial to create dynamic structures that respond to external stimuli over time. However, 

it presents more important challenges than conventional 3D printing of meta-bio-

materials. These challenges arise from several factors, including the complexity of me-

chanical design, the development of suitable biomaterials, and the mechanisms for 

stimulation and responsiveness. Unlike their 2D counterparts, this complexity is par-

ticularly pronounced when working with 3D meta-biomaterials. 

Various biomaterials and 4D printing techniques can be employed to fabricate dy-

namic meta-biomaterials. However, two primary issues persist: the scalability of the 

produced meta-biomaterials and the biocompatibility of the base materials or stimula-

tion mechanisms used. For example, due to its favorable mechanical properties and 

biodegradability, PLA has been widely utilized in biomedical applications, such as drug 

delivery systems. Nonetheless, a significant limitation of PLA is its requirement for high 

processing temperatures during the fabrication [10, 11] as well as its high glass transi-

tion temperature,  which can be unsuitable for in vivo applications. Such thermal con-

straints may hinder the integration of PLA-based structures within the human body, 

raising concerns about biocompatibility and physiological response. 

To advance the field of 4D bioprinting, it is crucial to explore alternative materials 

that can maintain the desired mechanical properties while being compatible with bio-

logical systems. We, therefore, developed a thermo-responsive hydrogel, pNIPAM for 

2PP 4D printing of microarchitectures, particularly 2D meta-biomaterials (Figure 4, 

Chapter 6). However, further efforts are required to 4D print 3D meta-biomaterials 

with higher number of unit cells at the microscale. Moreover, developing innovative 

stimulation mechanisms, such as light, heat, or magnetic fields, can enhance the func-

tionality of 4D-printed meta-biomaterials. Addressing these challenges will be vital for 

realizing the full potential of 4D bioprinting in creating adaptive and responsive bio-

medical solutions. 

7.3 Recommendations for future research  

This dissertation has substantially contributed to a multidisciplinary project in-

volving mechanical design, micro-scale additive manufacturing, mechanical testing, 

bone cell culture, cellular analysis, and 4D (bio)printing. However, significant chal-

lenges persist in understanding the mechanobiological role of Poisson’s ratio in meta-

biomaterials and advancing meta-implants toward clinical application. The following 

section provides recommendations and outlines potential avenues for future research 

to address these challenges. 

1. Unit cell mechanobiological study: Investigating meta-biomaterials at the 

unit cell level provides a focused approach to understanding cellular interactions 
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within the core structural elements (i.e., bottom-up approach). By seeding only the 

unit cell, the localized mechanobiological responses can be elucidated, allowing for 

the isolation of specific cellular behaviors within distinct pore shapes. Additionally, 

3D printing unit cells at varying scales may explain the effects of length scale on 

cellular responses, potentially revealing how length scale affects the influence of 

Poisson’s ratio on cell proliferation, differentiation, and migration. This approach 

could be instrumental in linking microstructural design to cellular outcomes at the 

most fundamental level.  

2. Randomized meta-biomaterial design: Designing meta-biomaterials with 

random network structures introduces variability that mimics the heterogeneity 

observed in natural tissues, expanding the design space beyond the constraints of 

ordered architectures [12]. Random-network designs offer extensive property com-

binations, enhancing the potential for creating biomaterials with tailored mechan-

ical and functional responses [12]. However, controlling pore size within these ran-

dom structures poses significant challenges, as uniform pore distribution may not 

be achievable. This challenge necessitates advancements in fabrication and design 

methodologies to ensure pore size precision and, thus, maintain desired cellular 

environments. 

3. Machine learning for computational modeling: Machine learning algo-

rithms, when trained with extensive datasets from homogenization-based FEM 

could serve as predictive tools for new meta-biomaterial designs by rapidly identi-

fying behavior patterns linked to specific microarchitectures and Poisson’s ratios. 

Further advancement could involve a reverse engineering approach, where desired 

mechanical and biological properties are used as target inputs, enabling the algo-

rithm to identify or generate corresponding structural designs [12, 13]. Such an ap-

proach could significantly accelerate the design process, offering real-time predic-

tions and optimizations within a vast, complex design space. 

4. Preosteoblast differentiation studies: The non-significant differentiation ob-

served in preosteoblast cells warrants additional investigation. This further re-

search is essential to validate the efficacy of these biomaterials in supporting bone 

regeneration, as osteogenic differentiation is a crucial indicator of implant biofunc-

tionality. Incorporating gene-level assessments, such as polymerase chain reaction 

(PCR), could provide a more comprehensive evaluation of cellular responses, par-

ticularly differentiation within meta-biomaterials. Gene expression profiling, espe-

cially of markers linked to osteogenesis, mechanotransduction, and stress re-

sponse, would offer deeper insights into the underlying biological processes. This 

level of analysis is necessary to understand how structural variations in meta-bio-

materials, like changes in Poisson’s ratio, influence cellular gene expression and 

phenotype at a molecular level. 
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5. Dynamic loading effects on cellular response: The mechanobiological re-

sponse of cells in meta-biomaterials under dynamic loading conditions requires in-

depth exploration. Changes in pore structure and Poisson’s ratio under load may 

alter cellular behavior, potentially affecting cell adhesion, signaling, and differen-

tiation pathways. Investigating these dynamic conditions will clarify whether the 

mechanotransductory effects observed under static conditions are consistent with 

those under physiologically relevant cyclic loading, providing crucial insights for 

applications in load-bearing implants. 

6. Multi-cell-type seeding: Employing various cell types, such as MSCs, could pro-

vide insights into the cell-type-specific response to Poisson’s ratio variations. As 

MSCs exhibit distinct mechanosensitivity compared to preosteoblasts, observing 

their behavior within the meta-biomaterial matrix could clarify if and how different 

cellular lineages respond uniquely to structural cues. This approach could help as-

certain whether the mechanobiological impacts of Poisson’s ratio are universally 

applicable or are cell-specific, thus informing broader applications in tissue engi-

neering. 

7. Precision micromechanical characterization: For the accurate mechanical 

characterization of meta-biomaterials fabricated via 2PP, selecting a testing appa-

ratus with high precision in displacement and force measurement is critical. The 

intricacies of the meta-biomaterial structure, combined with the microscale reso-

lution of 2PP, require a mechanical testing setup with minimal noise and high sen-

sitivity. Ensuring equipment compatibility with the material’s properties can lead 

to more reliable mechanical data, essential for predicting in vivo performance. 

8. Advancements in 4D printing: Exploring the fabrication of dynamic 3D meta-

biomaterials using 2PP with 4D printing capabilities could open new avenues for 

in vitro cellular behavior studies. 4D printing allows structures to undergo post-

fabrication transformations in response to stimuli, which could introduce adaptive 

features to the biomaterials, potentially enhancing cellular responses. By evaluat-

ing how cells interact with these dynamically changing environments, researchers 

can assess the potential for creating implants that adapt in real-time to biological 

conditions, further advancing tissue regeneration applications.  

 

Overall, the research presented in this dissertation highlights the significant po-

tential of meta-biomaterials to modulate bone cell responses. These findings encourage 

further investigations into the in vivo and in vitro performance of meta-implants with 

newly designed unit cells, mainly focusing on their longevity, mechanical stability, and 

cellular interactions. 
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 یول   می داشخخخخ    یسخخخخ    دوران.  کنمتشخخخخ      نازتو  ها،  بچه ما واسه  نی دیکشخخخخ  که  یهای   یسخخخخ     همه  اون از  ونیزب   چه  با و  یچجور  دونمینم (  بابا  و  مامان)  آغه  و  داده
 خوابمون  که  یبود  مواظب  و  تراکتور  یرو  می بود  کنارت  شخخخهی هم  ،  دیسخخ    باوق ی بچه بودیم    کهیاد اون دوران به خیر   ،آغه.  شخخخهی م  بهتر  کم  کم داره  خداروشخخخ  

( ماه  سه) تابسخخخخخخختو    دانشخخخخخخخ اه،  و  رسخخخخخخخ انی دب   می رف    که  هم  یوق  !  گذشخخخخخخخ  اما  بود  سخخخخخخخ    خیلی  .باهم می کن   کار  وقتیرد تا  شخخخخخخخهی هم   می بود  محبور  که  اون دورانی.نبره
 رو  تو من  ،داده.  کنم جبران  رو یدیشخخخخخخک   ما  خاطر  به   که  ییها  یسخخخخخخ     همهاون   از  یکوچک   مقدار  کی  بتونم  که دوارمیام .  باهم  می ک د  یم   یکشخخخخخخاورز  کار  سخخخخخخ  
 ما  خاطر به  وقتیرد تا  شخخخ ا  و  یکن   یزندگ   دور  آغم از  یسخخخال  چند  یبود مجبور  ما  خاطر  به.  ات  یاجتماع   هوش  مخصخخخو خخخا  نم،ی ب ی م   شخخخنا خخخمی م   حالا تا  که  یآدم   نی تر  باهوش

.  م ی باشخخخخخ  داشخخخخخ ه یشخخخخختری ب  دیام   هم  ما  که  مخصخخخخخو خخخخخا، عرشخخخخخ  ک اب  ،یخوندی م   ک اب  هم  تو  ما  یپا  به  پا  کنکور،  مخصخخخخخو خخخخخا  رسخخخخخ ان،ی دب   موقع  که رهی نم  ادمی.  یباشخخخخخ داریب 
  ینم   نجای ا  قطعا  من  ،ینبود اگ    تو  بزرگترم، برادر  ،سخخادان        هاتم خنده  عاشخخخخ .  کنم جبران  رو یدیکشخخخخ  که  ییها  یسخخخخ     از  کوچک یا  ذره  بتونم دوارمیام 

 هرچه دوارمیام . می داشخخخ    باهم یخوب   یل ی خ   دوران. یداد دیام   ما به  شخخخهی هم  و  یشخخخدی نم  دی ام   وقت  چی ه .  گهی همد با  می دیکشخخخ  ادیز  یسخخخ   .  یک د  کمک  یل ی خ .  بودم
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  تو از  تر  یقو یدختر!  می ک د  یم   دعوا  وق ا  یبعض   می بود  بچه هرچند  من،  یروزااا نی ا  خندان  شهی هم   چهره خواهرم،  ، پروان . نمی بب   رو  سای پر و  خودت  زودتر
خخ   اما  عاشخخخخخخخ م..کنمی م   افتخار  بت!  من دمیند خ   واقعا  !یباشخخخخخخخ من  از  بزرگتر  لحاظ  هی بق   از  کنم  فک  اما  یمن  از  کوچکتر  یسخخخخخخخن   لحاظ از  چند هر  ،ترمکوچک  برادر  ،دیسخ

  مخصخخخخخخخو خخخخخخخا  و  توی روز  شخخخخخخخ ان  تلاش  واقعا.  یکن   کار  کنارش  در  شخخخخخخخناس ییشخخخخخخخنوا  کی عنوان  به  هم یببر جلو  یتوشک  پز  درس های  یتون ی م   هم  که  کنمی م   افتخار  بت
  زدن  ح ف  قهی دق   کی  من،  دوس   نی بهتر. باشه  ریی تغ  واسه  زمان  کم  کم دوارمیام  اما  می دیکش   یس     بااااااهم  یل ی خ .  ک د  نخواهم  فراموش  خونواده واسه

 . دارم دوس  یل ی خ ! برهی م  شورهی م  رو مهاج ت غربت کل تو با
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