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ARTICLE INFO ABSTRACT

Keywords:
Smart materials
Shape-memory polymers

Triply periodic minimal surfaces (TPMS) metamaterials and shape-memory polymer (SMP) smart materials are
known for their beneficial attributes in novel scientific and industrial fields. Through TPMS designs, low weight
accompanied by high surface area are achievable, which are known as crucial parameters in many fields, such as

M?tamate?al_s . tissue engineering. Moreover, SMPs are well-suited to generate force or to recover their permanent shape by
Triply periodic minimal surfaces . . > . L. )
Self-fitting means of an external stimulus. Combining these properties is possible by fabricating TPMS-based metamaterials

made out of SMPs, which can be applicable in numerous applications. By considering different level volume
fraction of four types of TPMS-based lattices (diamond, gyroid, IWP, and primitive), we focus on the effect of
micro-architecture on shape-memory characteristics (i.e., shape recovery, shape fixity, and force recovery) as
well as mechanical properties (elastic modulus and Poisson’s ratio) of these smart metamaterials. For this pur-
pose, shape-memory effect (SME) is simulated employing thermo-visco-hyperelastic constitutive equations
coupled with the time-temperature superposition principle. It is observed that by increasing the level volume
fraction of each lattice type, the elastic modulus, shape fixity, and force recovery increase, while the shape re-
covery diminishes. Such behaviors can be attributed to different deformation modes (flexural or uniaxial) in SMP
TPMS-based metamaterials. Furthermore, it is shown that the Poisson’s ratio has a nonlinear behavior in these
structures. The smart metamaterials introduced in this study have the advantage of providing the possibility of
designing implants, especially in bone defects tailored with different micro-architectures depending on each
patient’s specific need.

Finite element analysis

1. Introduction engineering (Zhang et al., 2018; Udhayaraman and Mulay, 2019),

medical devices (Zhao et al., 2019; Sadipour et al., 2020), drug delivery

Due to recent exponential technological advances in science and
industry, a new group of systems known as smart systems has emerged.
Such systems usually require responsive smart elements such as smart
sensors and actuators, which are in many cases made out of smart ma-
terials. Smart Materials can reform from their temporary shape to their
original one in response to an external stimulus such as temperature,
light, magnetic field, electrical potential, and pH (Janbaz et al., 2016;
Abdolahi et al., 2017; Roudbarian et al., 2019a). These materials have
myriad applications in different fields, such as aerospace engineering
(Liu et al., 2014), robotics (Jebellat et al., 2021; Jin et al., 2018), textile
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(Gharehnazifam et al., 2021, 2022; Bayat et al., 2020), and biomaterials
(Janbaz et al, 2016; Asadzadeh et al.,, 2020). Among them,
shape-memory polymer (SMP) is a type of smart material that can intake
shape-memory effect (SME). To improve the SME, as there are a wide
range of influential parameters in SMP behavior, these materials can be
examined from various aspects, such as geometric and structural design
(Jebellat et al., 2020; Roudbarian et al., 2019b), constitutive modeling
(Yarali et al., 2020a; Lotfolahpour and Zaeem, 2021), addition of
nano-particles (Abbasi-Shirsavar et al., 2019; Magnusson et al., 2022),
and macromolecular details (Ghaderi et al., 2020). SMPs or their
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composites (Moshki et al., 2022; Roudbarian et al., 2021) have been
considered in recent years as one of the main classes of shape-memory
materials. Although SMPs, as compared to shape-memory alloys, usu-
ally generate much smaller force levels and possess lower strengths, they
have many advantages including low cost, low density, low energy
consumption for shape programming, ability of large elastic deforma-
tion, excellent manufacturability, biocompatibility, and biodegrad-
ability (Baghani et al., 2012; Damanpack et al., 2015).

Metamaterials, a spotlight of researchers nowadays, are special types
of designer materials having unusual mechanical properties and
advanced functionalities usually not found in nature (Kolken and Zad-
poor, 2017). The term “metamaterial” was firstly used in optics and
electromagnetism fields (Smith et al., 2004; Shalaev, 2007); however,
they have found their way into mechanical aspects of materials, and
therefore, a new branch called “mechanical metamaterials” has
emerged. On the contrary to conventional materials, mechanical meta-
materials can exhibit properties such as negative Poisson’s ratio (NPR)
(Ghavidelnia et al., 2020; Jebellat et al., 2020), negative elasticity (Liu
et al., 2011), negative compressibility (Zadpoor, 2016), and fluid-like
behavior (Mohammadi et al., 2020), and photonic lattices (Ko et al.,
2021). To achieve these special mechanical and physical properties,
repeatable micro-structural topologies should be designed in nano- and
micro-scales. By recent developments in additive manufacturing (AM)
technologies, fabricating complicated structures in the noted scales has
become possible (Akbari et al., 2201). This matter has attracted many
manufacturers and scientists to the field of mechanical metamaterials
(Zadpoor, 2016; Noroozi et al., 2020). Therefore, studying the relation
between the topology in micro- and macro-scale properties in all me-
chanical materials seems to be indisputable.

There are a few well-known strut-based open-cell lattice structures,
such as rhombic dodecahedron (Hedayati et al., 2018), truncated octa-
hedron (Qi et al., 2019), BCC (Ptochos and Labeas, 2012), truncated

Primitive

Gyroid
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cube (Hedayati et al., 2016), etc. However, strut-based lattice structures
have the disadvantage of having low surface area to volume fraction
ratio and relatively low curvature in their internal surfaces, which are
both crucial parameters in applications including tissue regeneration
(Bobbert et al., 2017). Nature has resolved the problem of low weight
accompanied by high surface area and curvature with creating specific
micro-geometries known as triply minimally periodic surface (TPMS).
TPMS structures can be found in butterfly wings (Pouya et al., 2016), sea
urchin (Lai et al., 2007), block copolymers (Matsen and Bates, 1996),
and soap films (Schoen, 1970). The unit cells inspired by the noted
natural structures, which are also the most favorable structures among
the researchers in the field (Soyarslan et al., 2019; du Plessis et al., 2020;
Abueidda et al., 2017), will be implemented in this study for con-
structing shape-memory TPMS-based metamaterials (Fig. 1).

For the first time, Schwarz (1890) implemented nature-based TPMS
diamond and primitive topologies in 1865. Despite the great benefits
they offer, it was not possible to create intricate TPMS structures fast and
accurately in the 20th century due to limitations in manufacturing. With
recent advances in AM, many new TPMS microstructures, such as gyroid
(du Plessis et al., 2020), primitive (Yin et al., 2021), diamond (Maszy-
brocka et al., 2019), IWP (Abueidda et al., 2017), Neovius-CM
(Abueidda et al., 2017), Schoen-FRD (Sathishkumar et al., 2020), and
Fisher-Koch C (Abou-Ali et al., 2019) have been produced and their
mechanical properties (Soyarslan et al., 2019), physical characteristics
(Al-Ketan and Abu Al-Rub, 2019), and fluid permeability (Jung and
Torquato, 2005) have been studied in interpenetrating phase composites
(IPCs), co-continuous composites (Poniznik et al., 2008), tissue engi-
neering scaffolds (Blanquer et al., 2017), and other engineering appli-
cations (Al-Ketan and Abu Al-Rub, 2019). In this paper, the four most
popular topologies have been considered for study.

Recent advances in additive manufacturing, and in particular, in
technologies such as stereolithography (SLA), digital light processing

Fig. 1. Natural creatures inspiring the four main unit cells implemented in this study. The top row demonstrates the macro-scale visualization of the natural creature,
the mid-row demonstrates the micro- or nano-scale visualization of the natural creatures, and the bottom row depicts the nature-inspired unit cells. First column: a)
butterfly wings (Pouya et al., 2016), (b) micro-structure of butterfly wing (Pouya et al., 2016), and (c) gyroid TPMS-based unit cell. Second column: (d) The sea
urchin, (e) micro-structure of a cross-section through a sea urchin skeletal plate (Lai et al., 2007), and (f) primitive TPMS-based unit cell. Third column: g) A
diamond, h) schematic representation of molecular structure of diamond, and (i) diamond TPMS-based unit cell. Fourth column: (j) The formation of a soap film with
lamella supporting the wireframes (Alimov et al., 2021), k) A soap film between two metal wires based on IWP geometry (Alimov et al., 2021), and (1) IWP

TPMS-based unit cell.
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(DLP), and liquid crystal display (LCD) have made it possible to use SMP-
based liquid resins to fabricate SMP-based metamaterials (Yang et al.,
2019) and SMP-based origami structures (Hedayati et al., 2021). In
recent years, SMP- and TPMS-based metamaterials have been widely
considered by researchers, separately. However, no extensive research
has been dedicated to SMP metamaterials based on TPMS to systemat-
ically examine their shape-memory behavior, which has the potential of
exhibiting a wide range of exotic and marvelous behaviors. Design and
development of SMP metamaterials based on TPMS creates a lot of
possibilities in different research and industrial fields including tissue
engineering, a few examples of which will be given later in the article.

In this research, we study SMP metamaterials based on four TPMS
structures that can be conveniently generated using mathematical
equations and be easily fabricated by AM technologies. The responses of
these meta-structures are tunable to provide SME and unusual me-
chanical properties. SMP properties are assigned to TPMS-based meta-
materials by applying thermo-visco-hyperelastic constitutive models
coupled with the time-temperature superposition principle (TTSP) to
reconstruct the shape-memory behavior. Our research compares the
trend of changes in the shape-memory characteristics (shape recovery,
force recovery, and shape fixity) and mechanical properties (Poisson’s
ratio and elastic modulus) for different TPMS-based structures, level
volume fractions, and filling status (filled or core-shell). Eventually, we
state the applications and advantages of SMP metamaterial based on
TPMS in tissue engineering field.

2. Materials and methods

In the first step, the surfaces of metamaterials were constructed by
MathMod (virtualmeet, Canada) mathematical software. The volumetric
and surface discretization of both the core-shell and filled models were
performed in 3-MATIC (Materialise, Belgium). The numerical simula-
tion of material behavior was done using finite element (FE) analysis in
ABAQUS (Dassault Systemes, France).

2.1. Generation and modeling of microstructures

Metamaterials based on TPMS microstructures were chosen for this
research. A TPMS unit cell, which was selected to be the base of the
structures in this study, is a minimal surface with translation symmetries

in all three independent directions. Minimal surfaces are defined as
constant and vanishing curvature H = (kﬁ% = 0. In this equation, k;
and k, are two principal curvatures in two mutually orthogonal di-
rections that have equal magnitude but opposite signs. TPMS topologies
based on primitive, gyroid, diamond surfaces divide space into two
congruent regions, whereas the IWP triply periodic minimal surface
form a bicontinuous structure with each separate domain possessing
different volumes (Soyarslan et al., 2019; Han and Che, 2018). Their
surfaces could be readily produced by their specified mathematical
functions. Moreover, their continuous surface geometries make them
manufactural, especially through additive manufacturing methods. The
main function of a TPMS geometry is F(x,y, z) = & where £ is the level
cut (Schoen, 1970; Han and Che, 2018; Mackay, 1985; Cvijovi ¢ and
Klinowski, 1994; Michielsen and Kole, 2003). The equation of each
TPMS-based structure chosen for this study is given in the following:
Primitive:

F(x,y,z) =acos(x) 4 cos(y) + cos(z)]

~+blcos(x)cos(y) + cos(y)cos(z) + cos(z)cos(x)] 1)
where (a,b) = (10, — 5.0)

Gyroid:
F(x,y,z) =alcos(x)sin(y) + cos(y)sin(z) + cos(z)sin(x)] )

+b[cos(2x) cos(2y) + cos(2y) cos(2z) + cos(2z) cos(2x))
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where (a,b) = (10, — 5.0)

Diamond:
F(x,y,z) =alsin(x)sin(y)sin(z) — cos(x)cos(y)cos(z)] 3)
+b[cos(4x) + cos(4y) + cos(4z)]
where (a,b) = (10, — 0.7)
IWP:
F(x,y,z) = alcos(x)cos(y) + cos(y)cos(z) + cos(z)cos(x)] @

+b[cos(2x) + cos(2y) + cos(2z)]

where (a,b) = (10, — 5.0)

MathMod software was implemented to produce surfaces using the
above-mentioned functions. Each & would create different volume con-
tained in each level cut surface (¢;). The level cuts of 30, 35, 40, 45, and
50 have been considered in this study (Fig. 2). In the next step, CAD
models were generated based on the surfaces through 3-Matic software.
Two types of CAD models, filled and core-shell, were generated for each
TPMS-based structure. In the filled model, the internal regions of the
surfaces were filled, while in the core-shell ones, the surfaces were given
a specific thickness. The phase volume fraction ¢, of the core-shell
models can be calculated from

h
Pp= l_;) )

where his the surface thickness, p is the mid-surface area of a single unit
cell, and v is the volume of the unit cell. In all the TPMS-based core-shell
models, a set value for phase volume fraction of ¢; ~ 30% is considered.
Only for the filled structures ¢; = .. The values of parameters ¢ and h
can be found in Table A1 provided in Appendix A of the paper.

2.2. Shape-memory effect modeling using thermo-visco-hyperplastic
model

Researchers have presented two main approaches to model the
behavior of SMPs namely viscoelastic and phase transition (Yarali et al.,
2020a). As the SMPs show complicated SME, the models which are able
to predict the shape-memory behavior by taking mobility, intermolec-
ular chain interactions, and relaxation time into account are of interest.
In this study, a large deformation nonlinear thermo-visco-hyperelastic
model coupled with TTSP was used. First, Westbrook et al. (2011)
introduced a model with large thermal viscoelastic deformation in 2011,
which was later on modified by Diani et al. (2012) and Arrieta et al.
(2014). Jebellat et al. (2020) updated the model in 2020 to investigate
the behavior of SMP-based smart structures and metamaterials in
different topologies, and this updated approach was chosen for this
study. The constitutive model consists of two hyperelastic constituents
to model the behavior of large deformation regimes at high temperature
as well as thermo-viscoelastic behavior related to the time. The total
stress ¢ (g, t) can be defined as:

e [

g(t—w)dw (6)

where ¢ and ¢ are respectively the stress and strain second-order tensors,
6y is the strain-dependent part of the stress tensor, and g(t) is a dimen-
sionless function (also known as Maxwell-Kelvin model (Brinson and
Brinson, 2008)) representing the time-dependent part of stress, and it is
given by

g ~ge+ Y giexp (;) %)

where g, is the non-dimensional storage modulus, and g are non-
dimensional material constants obtained for Prony series and they
correlate with the equilibrium (g.) and instantaneous (viscous) parts
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30

35

Fig. 2. 3D model of primitive, gyroid, diamond, and IWP microstructures based on TPMS. At the center of each diagram, the final filled lattice structure is shown,
and the unit cells with different level volume fractions (¢, = 30%, 35%, 40%, 45%, and 50%) are demonstrated in the surrounding of each diagram.

(Go = 8w + Z’ivzlgi). The constants g, and g; take values between zero
and 1, under constraint of g, + Zﬁilgi = 1. Moreover, 7; is pertaining to
relaxation or retardation time in i"branch (i=1,2,3,...,N ) .To put it in
another way, 6, in Equation (6) represents the hyperelastic part of the
deformation. The Cauchy stress 6 as a function of strain energy density
w (I, In) can be written as follows (Yarali et al., 2020b; Baniasadi et al.,
2020),

oy 6!//) oy o

60(8): _pl+2(0711+11()7]2 B - EB (8)

where p is the hydrostatic pressure, and I; (i=I,II) are invariants of left
Cauchy-Green deformation tensor B = FFT (where F is the deformation

gradient tensor). For the strain energy function, the neo-Hookean for-
mula is considered:

w=Cpo(l; —3) (C)]

where Cpo is the material parameter. The invariants of the left-hand
Cauchy-Green tensor are

I, =tr (B)
ly =5 [(r(B)? —1r(B?)] 10)
1111 = det (B)

In order to consider the temperature effect (i.e., softening/stiffening
effect) in the SME path, the time-temperature superposition principal
was used. According to this theory, time scale and temperature are
coupled. In other words, in Equation (7), t can be replaced by the
parameter ¢ defined as:

, = dw
= 11
! /a:() a(T) an

where a(T)is known as the shift factor function, as it shifts the shear
modulus at different temperatures. To do that, the dynamic-mechanical-
thermal analysis (DMTA) was performed and shape factors were
extracted from the obtained curves. The variation of the storage
modulus E* and the loss modulus tan (§) with temperature is shown in
Fig. C1 in Appendix C. An important empirical relationship for pre-
dicting the TTSP is Williams-Landel-Ferry (WLF) formula (Brinson and
Brinson, 2008). WLF formula is usually used at temperatures above Tg
(Brinson and Brinson, 2008). In this study, the WLF equation,
—C\(1() - T,)

log (a(T)) =G+ @0=T) 12)

was used for TTSP, where C; and C, are material constants, T(t) is the
time-dependent temperature, and T, is the reference temperature. All
the material parameters can be found in Table B1 provided in Appendix
B.

An acrylate network composition proposed and implemented in
(Arrieta et al., 2014; Safranski and Gall, 2008) was employed for the
bulk material. The polymer is prepared by the copolymerization of
benzyl methacrylate (BMA) with poly (ethylene glycol) dimethacrylate
(PEGDMA) of molar weight 550g/mol. Photopolymerized materials
synthesized from a tert-butyl acrylate monomer with a moderate
amount of a diethyleneglycol diacrylate crosslinker show good shape
recovery. Due to their biocompatibility and their capacity for photo-
polymerization, these materials have significant potential for biomed-
ical applications (Gall et al., 2005).
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Three parameters of shape recovery, force recovery, and shape fixity
are usually implemented by researchers to examine the shape-memory
effect in SMP. In this study, SME cycle of metamaterials in tension
mode is studied. The schematic of the shape recovery process, force
recovery process, strain-time diagram, and temperature-time diagram
are shown in Fig. 3. The common steps of both the shape recovery and
force recovery processes are described in the following sentences. In the
zero step, the specimen is preheated to a high temperature Ty above the
glass transition temperature T,, which is required for experimental
works, whereas in the numerical simulations the sample is placed at a
high temperature from the beginning. In the first step, the specimen is
kept at Ty to arrive at an isothermal condition, and a pre-specified
tensile load is applied to the specimen. In the second step, the spec-
imen is cooled down to a low temperature T;, which is lower than Tg,
while it is constrained. In the third step, the specimen is unloaded, which
would cause a small elastic spring back strain, known as shape fixity (its
percentage can be calculated relative to the initial displacement).
Finally, the fourth step is heating to Ty or the recovery process.

The difference in the shape recovery and force recovery processes are
explained in the following. As for the shape recovery test, after
unloading, the specimen is reheated to Ty, because of which the spec-
imen is prone to be transformed into its original shape. The ratio of
shape transformation extent to the original length is called shape re-
covery (step 4i):

X — Xor

R:Tx 100% (13)

where R is shape recovery in percentage, X; is the extent of maximum
displacement applied to the structure, and X, is the non-recovered
length at Ty after shape recovery. Another critical parameter in SMPs
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is Shape fixity defined as the capability of SMP in keeping its temporary
shape during the programming process. The percentage of shape fixity
Rr in a thermomechanical cycle can be calculated by

Rr=— x100% a4

where Lt is the length of the structure (in direction of loading) after the
unloading step, and Lp, is the length at the end of the cooling process. On
the other hand, during the force recovery process, the specimen is held
fixed and is heated up to Ty. By changing the temperature and phase
transition, the specimen tends to regain its original shape, but since the
specimen is constrained, it starts to develop a force. The ratio of the force
generated after heating in the final step Fgg, to the force required to
program the initial deformation in the specimen Fpy, is defined as the
force recovery ratio Fr, (step 4ii):

F,
Rix =% % 100% 15)
Fpre
For a better understanding of the shape-memory cycle, a diagram in
terms of three affecting parameters related to the shape-memory
behavior (stress, strain, and temperature) is depicted in Fig. 3e.

3. Results and discussion

In this section, the results from the shape and force recoveries, shape
fixity, and some mechanical properties (elastic modulus and Poisson’s
ratio) are examined for different level volume fractions, topologies, and
filling status (filled or core-shell).

In Fig. 4, the simulation steps and results for one of the specimens
(IWP geometry with ¢, = 50 %) are presented. The simulation steps (4

Force Recovery

Strain

AJeroe}i adeyg

d

o

Temperature

—
=

Stress

3 2 0
Unloading ‘ ( Cooling
2
e T, 0

Fig. 3. Shape-memory behavior of SMP: a) schematic of shape recovery cycle in compression mode, b) schematic of force recovery cycle in compression mode, c) the
strain-time diagram, d) the temperature-time diagram, and e) 3D diagram of SMP shape-memory cycle in terms of stress, strain, and temperature.



N. Roudbarian et al.

European Journal of Mechanics / A Solids 96 (2022) 104676

D (i) (iii) (iv) )
a 6 ' ' 70 i) Initial sh
: — = (1) Initial shape
_ 60 & (ii) End of loading
c\% 4 50 E (iii) End of cooling
g 3 =] (iv) End of unloading
g L End of heati
o 2 g (v) End of heating
Strain —— 30 5}
1 Temperature —— = L0: Linitial
0 s ' s ' ' 20 Ll - LU & ALloading
0 200 400 600 800 1000 1200 L=hy
< L3: L2 -ALunloading
Time t (s) L=L
g(%) 4 final
b g
113 ‘ '
+1.12
+1.11
+0.93 %
+0.79
+0.66
+0.53
+0.40
+0.26
+0.13
+0.00 5
c T N‘E
+4.4
+3.8 X
+3.4 <
+3.0 H
+2.6
+2.0 IS
+1.62 —
+1.18
+0.74
+0.28
-0.1
¥ T=65 °C T=659 =25 4@ P 96
z2* ™x ® (ii) (iii) (iv) )

Fig. 4. Thermomechanical cycle, a) applied strain versus time plot in the shape-memory effect path, b) overall strain variations in the same path of a unit cell located
in the back side of the IWP lattice structure, c) overall strain variations in the same path for the whole lattice, which recovers its initial shape after a cycle.

steps in total), strain contours in each unit cell at each state at the end of
each step, as well as the strain contours in the lattice structure at the end
of each step are illustrated in this figure. In the first state (i), the lattice
has its initial shape with the initial length of L,. During the loading (Step
1), the structure is under 5% tensile strain in the —Z-direction at the XY
plane at 65 °Cuntil t =100 s, and at the end of this step, in state (ii), the
length is Lo+ ALyqding- During cooling (Step 2), until t = 5805, the

temperature is reduced to 25 °C at a rate of 5 °C/min while the structure
is constrained, meaning that the length at state (iii) is the same as the
previous state. During unloading (Step 3), up tot = 680 s, a tiny amount
of the strain is recovered elastically and the new length at state (iv) is
equal to Lo + ALjqding — ALunloading- Finally, during heating (Step 4), the
lattice is heated up at a rate of 5 °C/min, which triggers the shape re-
covery due to the increase in temperature to T > Ty, and att = 1160 s in
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Fig. 5. Shape recovery percentage for various level of ¢, for filled and core-shell models.
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state (v) the final length is Lsnq, and the lattice recovers its initial shape.
It is shown in the strain-time diagram (Fig. 4a) that a shape recovery up
to 89% occurs. The state of the lattice structure at the end of different
steps are demonstrated in Fig. 4b,c.

3.1. Shape recovery

The shape recovery percentage for each geometry and for both filled
and core-shell unit cells in the last step (Step 5i in Fig. 3), was calculated
at different volume fractions (30% < @: < 50 %, see Fig. 5). Shape re-
covery ratio had a reverse correlation with ¢, in all topologies except for
the core-shell primitive model at ¢, > 35%, where an increase in ¢,
enhanced the shape recovery. It is observed that an SMP material pro-
vides a higher shape recovery when loaded in flexural mode as
compared to when it is under uniaxial loading (Roudbarian et al.,
2019Db). For the case of force recovery, the opposite holds true (Roud-
barian et al., 2019b); in other words, a higher force recovery was
observed in uniaxial deformation mode as compared to flexural mode. In
the filled TPMS-based lattices, as the level volume fractions increased,
the flexural stress contribution in the total stress distribution in the walls
decreased, which lowered the shape recovery. This is due to the higher
percentage of the material bulk, which is aligned with the direction of
the applied load. On the other hand, in the core-shell TPMS-based lat-
tices, since ¢, ~ 30% is the same for all the level volume fractions (¢;),
the thickness of TPMS-based structure is decreased by increasing ¢;.
Under an equal applied strain, a decrease in the thickness of TPMS-based
structure will lead to higher local strains and stresses in the core-shells,
which results in lower shape recovery ratios for higher ¢,.

The maximum shape recovery occured at the lowest ¢, (i.e., 30%) in
all geometries. The maximum shape recovery belonged to the core-shell
diamond model (with 98% shape recovery). In the diamond and IWP
geometries, the core-shell models had higher shape recoveries compared
to the filled models. However, in the gyroid geometry, the filled models
had higher shape recoveries in comparison to core-shell ones. On the
other hand, for the primitive geometry, up to ¢ = 40%, the filled
structures had higher shape recoveries as compared to core-shell ones,
whereas after ¢, = 40%, an opposite trend was observed.
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3.2. Shape fixity

Shape fixity is the ability of SMP in keeping its length after removing
the applied stress (Fig. 3, Step 4). In most cases, SMPs experience a
reduction in length when the programming stress is removed. Complete
(i.e., 100%) shape fixity, the ideal situation for an SMP, occurs only
when there is no length reduction in the shape-memory effect cycle. The
shape fixity for different geometries and ¢, and for both the filled and
core-shell configurations, are depicted in Fig. 6. The difference of shape
fixities (due to spring back effect) between the filled and core-shell
specimens was very small, except for the IWP and primitive at high
level volume fractions (¢, = 50%). Nonetheless, the maximum differ-
ence in the shape fixity of the core-shell and filled specimens was very
small (i.e., <4%). Unlike the shape recovery curves (Fig. 5), shape fixity
increased as a result of increase in ¢;, and the stability of the temporary
shape enhanced. Based on the aforementioned reasons explained for the
increase in the shape recovery, an opposite behavior occured for the
shape fixity. Strictly speaking, superiority in the shape recovery con-
tributes to diminished shape fixity. Among all the specimen types, the
highest shape fixity extents belong to the filled IWP specimen with a
maximum shape fixity of 98%, and core-shell primitive specimen with a
maximum shape fixity of 97% (Fig. 6).

3.3. Force recovery

In many applications, force recovery magnitude is of more impor-
tance than the shape recovery extent. A good example of such applica-
tions is actuation by force in bounded systems. An SMP with high shape
recovery but low force recovery is not useful in such instances.

The behavior of the force recovery ratio was similar to that of shape
fixity, meaning that it had a positive correlation with ¢, in all geometry
types, and in both the filled and core-shell configurations (Fig. 7). The
reason why force recovery increases by increase in the level volume
fraction can be explained as follows. By increasing the level volume
fraction, a higher percentage of the bulk material is aligned with the
external uniaxial load applied. As it has been observed before, an SMP
material gives a higher force recovery ratio when it is loaded in uniaxial
mode as compared to when it is loaded in flexure. This leads to higher
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force recoveries in the filled TPMS-based lattices when the level volume
fraction of the material increases. On the other hand, in the core-shell
TPMS-based lattices, higher local stresses (due to decrease in the
thickness) lead to better force recoveries when the level volume fraction
of the material increases.

The highest force recovery ratio belongs to the core-shell primitive
and gyroid geometries with a force recovery of ~94%, followed by the
filled diamond geometry with about 93% force recovery.

3.4. Mechanical properties

The mechanical properties, including the Poisson’s ratio and the
elastic modulus, were obtained at the end of loading step where T > T,
and applied strain was 5%. The Poisson’s ratio in the gyroid and IWP
structures (in both the filled and core-shell configurations) decreased
continuously by increasing ¢, (Fig. 8). The same results applied to the
filled diamond case. However, in the core-shell diamond structure, by

increasing ¢, the Poisson’s ratio first decreased and then rised. On the
contrary, the Poisson’s ratio had a negative correlation with ¢, in the
case of primitive geometry (in both the core-shell and filled configura-
tions). The Poisson’s ratio value in the filled and core-shell configura-
tions of gyroid and IWP geometries remained close. Additionally,
change in ¢, value did not make a significant difference in the Poisson’s
ratio of these geometries. However, in the diamond and primitive core-
shell geometries, a completely nonlinear behavior for the Poisson’s ratio
was observed, whereas their filled structures had linear curves. The
highest value of the Poisson’s ratio belonged to the filled and core-shell
IWP geometry, which was around 0.5, and the lowest Poisson’s ratio
value was associated with the filled primitive geometry with ¢, = 30%
and core-shell diamond geometry with ¢, = 45%, both being around
0.1.

Increasing level volume fraction changes the surface topology as the
surface functions of TPMS-based structures are highly dependent on &.
The effect of this change in topology is different for different unit cell
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types. In gyroid and IWP unit cells, increasing the level volume fraction
did not significantly change the topological configurations. In other
words, in the gyroid and IWP topologies, the orientation of the surfaces
varied only slightly as a result of change in the level volume fraction.
That is why these two structures did not demonstrate a significant
change in the Poisson’s ratio with respect to the level volume fraction
variations. However, in the diamond structure, the fraction of oblique
surfaces decreased as a result of increase in level volume fraction. In
other words, the main mode of deformation in the walls changed from
flexure to axial. This led to an exponential decrease in the Poisson’s ratio
in the diamond core-shell structure with respect to the volume fraction
increase. In the primitive structure, however, the opposite holds true,
meaning that increasing the volume fraction led to a structure with a
higher fraction of oblique walls. This enhances the contribution of
flexure in the total deformation of the structure, which means it mag-
nifies the lateral displacement of the whole structure. That is why in the
primitive structure, by increasing the volume fraction, unlike the other
structures, the mentioned mechanism (i.e., change in the deformation
mode from axial to bending) increases the Poisson’s ratio.

The normalized elastic modulus (elastic modulus of the lattice
divided by the elastic modulus of the constituent material, Ey =
5.74 MPa) variations of different topologies at high-temperature are
shown in Fig. 9, where the stiffness has a continuous direct correlation
with the material level volume fraction, regardless of being core-shell or
filled. At the level volume fraction of . = 50%, the lowest and highest
normalized elastic moduli for the filled-configurations belong to the
diamond (E/E;=0.61) and primitive (E/E;= 0.46) topologies,
respectively. On the other hand, in the core-shell models (¢, = 50%),
the minimum and maximum normalized elastic moduli are associated
with primitive (E/Ep=0.31) and IWP (E/E; = 0.41)unit cells,
respectively.

The reason behind different trends in change of elastic modulus can
be described by the same mechanism explained for the Poisson’s ratio.
Surface topologies are highly dependent on ¢. Increasing the level vol-
ume fraction has different effects on the topology variation in different
unit cell types. In two of the unit cells, i.e., gyroid and IWP, increasing
the level volume fraction does not significantly affect the topological
configurations. In other words, in the gyroid and IWP topologies, the
angles of the surfaces vary only slightly upon a change in the level
volume fraction. However, in the diamond structure, the fraction of
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oblique surfaces is reduced as a result of increase in level volume frac-
tion, meaning that the main mode of deformation in the walls transforms
from flexure to axial. This leads to a sharp rise in the elastic modulus of
the diamond structure in terms of level volume fraction increase. In the
primitive structure, however, the opposite holds true, i.e., increasing the
level volume fraction gives a structure with a higher fraction of oblique
walls. This enhances the contribution of flexure in total deformation of
the structure, which means it diminishes the stiffness of the whole
structure. Another mechanism also contributes to the elastic modulus of
most of topologies. When the level volume fraction grows, the pore sizes
obviously increase in the IWP and primitive structures. Increase in pore
sizes amplifies the flexural stiffness of the elements and thus the whole
structure. That is why in the primitive structure, by increasing the level
volume fraction, even though the stiffness is enhanced due to a higher
flexural stiffness, the first aspect (i.e., change in the deformation mode
from axial to bending) slows down the increase.

3.5. Potential application areas

Extensive commercial applications of the SMPs have attracted the
attention of various industries, but according to Dietsch and Tong
(2007), 50-70% of patents filed related to SMP are in the field of medical
science. Researchers have suggested many biomedical applications for
these materials. For instance, SMP sutures could be designed in such a
way that they contract after being applied on an injured tissue and then
rising the temperature locally, which leads to quick closure of wounds
(Lendlein and Langer, 2002). The temperature increase could be applied
by the surgeon when implanting the SMP in the body and by means of a
device that would only influence the SMP and not the surrounding tis-
sues/bone. For instance, such location-specific heating could be
accomplished by mixing elements such as nano-particles in the SMP,
which are sensitive to external stimuli such as an electromagnetic field.
In addition, attention to smart materials in recent years has led to the
tendency of using these materials in the manufacturing of smart stents.
Increase in the temperature of smart stents would cause stimulation in
the stent and therefore eliminates the need for traditional complex
stimuli such as balloons (Yakacki et al., 2007; Ward Small et al., 2010).
Another main application of SMPs, that has received a lot of attention
and efforts recently, is tissue engineering and repairing bone defects
with critical size (Xie et al., 2018).
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Critical bone defects, which may be caused by injury, tumor excision,
and congenital defects, do not improve without intervention (Spicer
et al., 2012). For orthopedic surgeons, reconstruction of a large bone
defect has been a major challenge (Gruskin et al., 2012). Bone tissue
engineering is one of the most critical methods for treating bone defects,
especially relatively large bone defects. In particular, the porosity of
biological materials plays an essential role in osseointegration and
osteoconduction and supports the migration of cells, capillary ingrowth,
and the transport of nutrients to the cells (Karageorgiou and Kaplan,
2005; Ahmadi et al., 2018). The advantage of the metamaterials intro-
duced in this study is that they can be designed for specific bone defects
and be tailored with different porosities depending on each patient’s
specific need. Here, metamaterials can play a key role in improving the
functionality of an implanted scaffold designed for providing bone
regeneration in bone defects. Fig. 10 shows a schematic of a particular
bone defect: cavities with critical size in the patient’s bone. The patient’s
bone defect can be identified by 3D image scanning. According to the
patient’s condition and requirement, a special type of TPMS-based lat-
tice structure made from SMP can be designed and printed via additive
manufacturing. Fig. 10 also indicates a cross-sectional view of the pa-
tient’s humerus. After placing the damaged sections of the two bone
segments on top of each other, a thin layer of micro-sized lattice plate
made of SMP metamaterials TPMS-based microstructures is rolled and
attached around the fractured area. After the SMP lattice plate is placed
inside the body, its temperature is increased, which as pre-programmed,
make it shorten axially (self-fitting). This transformation allows the two
damaged bone segments fit together well and remain in such way pre-
venting loosening and speeding up bone fracture repair.

Another type of bone defect that may occur as a result of congenital
disease is the presence of cavities in the patient’s pelvis (Fig. 10). In this
type of bone defect, for bone remodeling, the SMP must behave in the
opposite way to the one described above. In other words, the SMP lattice
structure should be programmed in such a way that after being placed in
the cavity, its size increases due to temperature rise. This leads to a good
self-fitting behavior for the scaffold implanted in the bone defect, which
would in turn let the cavity be filled completely. The topology of TPMS-
based structure, as it is porous and as it has a lot of curvatures, is highly
suitable for bone and muscle cell growth. Besides, the Poisson’s ratio of
the structure must be chosen to be close to the Poisson’s ratio of the bone
surrounding it. Otherwise, differences in the lateral motion of the bone
and the scaffold can lead to their deboning upon application of an
external load.

Bone defect
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TPMS-based
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4. Summary and conclusions

In this study, four types of widely used TPMS-based geometries
(diamond, gyroid, IWP, and primitive) were employed to construct SMP
lattice structures in different volume fractions. A thermo-visco-
hyperelastic constitutive model was utilized to model the mechanical
behavior of SMP. The TPMS-based geometries were produced in two
configurations, filled and core-shell. The trends of the shape recovery,
shape fixity, Poisson’s ratio, and force recovery were examined for
different volume fractions.

Shape recovery generally had a negative correlation with growth in
the volume fraction (except for the case of core-shell primitive model
with ¢, > 35%), while shape fixity and force recovery for all the ge-
ometries (in both filled and core-shell configurations) had a positive
correlation with ¢,. Being filled or core-shell did not have a significant
effect on the shape fixity of the TPMS-based lattices with their maximum
difference being 4%. However, being filled or core-shell had a significant
impact on the Poisson’s ratio in the diamond and primitive geometries.
The variations of Poisson’s ratio with respect to the volume fraction in
the filled diamond and filled primitive structures were linear, whereas
they were nonlinear in the corresponding core-shell geometries.

The results of this study demonstrated the high influence of geo-
metric design and volume fraction on the shape-memory behavior in
SMPs and their Poisson’s ratio. In some applications, the capability of
the SMP in recovering its initial shape, i.e., high shape recovery, is of
great importance for programming. On the other hand, in some appli-
cations such as actuators and sensors, the force recovery capability and/
or displacement extents in other axes are of more importance. According
to the applications and requirements in different fields, a specific ge-
ometry and volume fraction can be chosen. The wide range of SMP
TPMS-based topologies, volume fractions, and configurations (core-shell
or filled) introduced in this study for metamaterials can be advantageous
for all the above-mentioned requirements. The other benefit of the
chosen geometries is their high production capability, as these geome-
tries are constructed by surfaces based on continuous mathematical
equations, which can be easily tailored according to the need.
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The level cut ¢ and the wall thickness h values of the developed unit cells based on triply periodic surfaces are listed in Table A1. The relationship

between ¢, and ¢ is defined as &(¢;) =7, ga? +720¢ + 73, wherey; = —1.466,y, = — 25.36, and y; = 12.66 are fitting parameters for diamond; y; =
— 2.54,y, = — 29.49, and y5 = 15.17 are fitting parameters for gyroid; y; = — 19.54, y, = — 19.19, and y53 = 15.6 are fitting parameters for IWP;
and y; = —21.25,y, = — 13.75, and y3 = 15.32 are fitting parameters for primitive topologies.
Table Al
The parameters used for generating TPMS-based structures (Soyarslan et al., 2019).
Diamond Gyroid
@e[%)] @] %] ¢ h @:[%] @5%] 13 h
30 30 4.920 0.838 30 30 6.090 1.043
35 30 3.572 0.805 35 30 4.519 1.007
40 30 2.240 0.784 40 30 2.942 0.985
45 30 0.930 0.771 45 30 1.371 0.972
50 30 —0.338 0.767 50 30 —0.188 0.967
Iwp Primitive
(3 [%] Py [%] 3 h P [%] Pp [%] 3 h
30 30 8.082 0.918 30 30 9.275 1.370
35 30 6.467 0.883 35 30 7.886 1.132
40 30 4.770 0.861 40 30 6.396 1.283
45 30 2.993 0.848 45 30 4.816 1.262
50 30 1.157 0.843 50 30 3.153 1.253

Appendix B. Thermo-visco-hyperelastic properties

The material parameters including viscoelastic, hyperelastic, thermal, TTSP, and general parameters are provided in Table B1.

Table B1

Thermo-visco-hyperelastic material parameters for the proposed SMP, adopted from (Jebellat et al., 2020).

Viscoelastic material parameters of SMP

g— gol(—) 1.8706E-01 1.5840E-01 1.3761E-01 1.2378E-01 1.1283E-01 9.8684E-02 7.5819E-02 4.7521E-02 2.4477E-02 1.1651E-02
g—8o0(—) 5.8277E-03 3.1949E-03 1.8477E-03 1.0527E-03 5.6387E-04 2.8586E-04 1.4378E-04 7.4217E-05 3.9113E-05 2.0746E-05
71— 710 (5) 1.26E-06 2.94E-06 6.87E-06 1.60E-05 3.75E-05 8.75E-05 2.04E-04 4.78E-04 1.12E-03 2.61E-03
711 — 720 (8) 6.08E-03 1.42E-02 3.32E-02 7.75E-02 1.81E-01 4.23E-01 9.88E-01 2.31 E+00 5.39 E-+00 1.26 E+01
Hyperelastic material parameters of SMP

Cyo (Pa) - Instantaneous 109,730,000
D, (Pa') - Instantaneous 1.745e-009
General material parameter of SMP

p (kg /m®) 1200

WLF equation parameters of SMP

Tt (°C) 80

Ci(-) 6.9

C2(°C) 87.9

Thermal material parameters of SMP at T = 5 °C/min

a(1/°C) 1.1741E-04 1.2162E-04 1.2589E-04 1.3229E-04 1.4066E-04 1.4997E-04
T(°C) 20 25 30 35 40 45

a(1/°C) 1.5868E-04 1.6658E-04 1.7326E-04 1.7811E-04 1.8170E-04 1.8425E-04
T(°C) 50 55 60 65 70 75
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Appendix C. ynamic-mechanical-thermal analysis results
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The variation of the storage modulus E* and the loss modulus tan (§) with temperature based on DMTA results are shown in Fig. C1.

Storage modulus E’(Pa)

—F' —ms s

tan &

Temperature (C)

Fig. C1. The variation of the storage modulus E’, and the loss modulustan (5) with temperature (Baniasadi et al., 2021).
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