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Abstract 
 
Bone tissue engineering (BTE) researches the characteristics which are needed to create the ultimate 
bone scaffold which enhances cell response. Limited research has been done regarding the effect of 
ǘƘŜ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ƻƴ ǘƘŜ ǎŎŀŦŦƻƭŘ-cell interaction. In this graduation project we therefore explore the 
cell response on scaffolds with a different valǳŜ ƻŦ ǘƘŜ tƻƛǎǎƻƴΩǎ ǊŀǘƛƻΦ ±ŀǊƛƻǳǎ ƳŜǘŀ-biomaterials were 
designed, manufactured, mechanically tested and the response on pre-osteoblasts (MC3T3-E1) was 
explored. The first experiment was performed at mesoscale. The meta-biomaterials, with cells, were 
evaluated with SEM imaging, presto blue and ARS staining. The second experiment was performed at 
micro-scale. The results of this experiment were evaluated with SEM imaging, actin staining and Runx2 
staining. It was concluded that the auxetic meta-biomaterial, with ƴŜƎŀǘƛǾŜ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ, high 
porosity and high stiffness, showed an enhancement of the cell response. However, this could not be 
confirmed by the 2D SEM images. A potential application for the meta-biomaterial that enhances the 
cell response is implementing this meta-biomaterial in a design for the surface of an implant to 
generate fast bone ingrowth. 
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1. Introduction 
 
Every year, over two million bone grafting procedures are performed worldwide[1]. These bone grafts 
help to heal defects that exceed 2 to 2.5 times the diameter of the affecting bone (i.e. large bone 
defects)[2]. Small bone defects can heal by itself as human bone is continuously remodeling and 
developing. Osteoclasts resorb old and damaged bone, followed by the osteoblasts which produce 
new bone[3]. The bone remodeling cycles are similar, for both trabecular and cortical bone, but cortical 
bone remodeling proceeds in tunnels and trabecular bone remodeling proceeds at the surface (figure 
1)[4, 5]. Besides healing small damages, bone is also adjusting its architecture to the mechanical forces 
it is subjected to[6]. If large bone defects are left untreated, they will only self-heal for 10 percent[7]. 
Therefore, a bone scaffold can contribute to completely restore both structure and function of the 
affected bones[8, 9].   

 
Figure 1. Trabecular bone remodeling cycle. Pre-osteoclasts become osteoclasts and resorb bone. The 
mononuclear cells prepare the surface for the osteoblasts. Then pre-osteoblasts become osteoblast and will 

produce bone. These osteoblasts become osteocytes and will mineralize to finish the bone formation[3]. 

 

Within the field of Bone Tissue Engineering (BTE), research is being done to find the ultimate bone 
scaffold that can be used to heal large bone defects. During the last few years, BTE has gained much 
attention[10]. BTE focuses on the use of scaffold biomaterials that interact with bone cells and growth 
factors. The aim is to engage an appropriate cellular response which is allowing skeletal regeneration 
to heal a large bone defect. A bone scaffold that mimics trabecular properties will easily blend into the 
surrounding trabecular bone and will therefore form a good basis for a bone scaffold[5]. 
 
Bone scaffolds can be built out of mechanical meta-biomaterials. Biomaterials include materials which 
are able to interact with elements of a living system[11]. Mechanical meta-biomaterials are biomaterials 
in which the small-scale architecture determines their macro-scale mechanical properties[12, 13]. These 
meta-biomaterials can be divided into two categories regarding their Poisson's ratio; conventional and 
auxetic meta-biomaterials. Conventional (i.e., non-auxetic) meta-biomaterials have a positive 
tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ŀƴŘ ǊŜŀŎǘ ǘƻ ŀȄƛŀƭ ŎƻƳǇǊŜǎǎƛƻƴ ǿƛǘƘ ŀ ƭŀǘŜǊŀƭ ŜȄǇŀƴǎƛƻƴΦ !ǳȄŜǘƛŎ ƳŜǘŀ-biomaterials have 
ŀ ƴŜƎŀǘƛǾŜ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ and exhibit a lateral contraction in response to axial compression[14]. These 
mechanical meta-biomaterials can also be combined forming a hybrid meta-biomaterial[15].   
 The mechanical meta-biomaterial should mimic trabecular bone that has a complex structure and 
is reported to have some auxetic behavior[16]. The research on auxetic scaffold cell interaction is 
limited. So far, Choi et al. (2016) looked into the cell proliferation of MG-63 osteoblast-like cells on 
auxetic materials under compression[17]. It showed that the auxetic designs had significant beneficial 
differences in cell proliferation after 1 and 3 days of cell culturing, but after 5 days, the differences 
were no longer significant. Another study that researched the scaffold cell interaction of auxetic 
materials is from Zhang et al. (2013)[18]. This research explored the cellular proliferation of 10T1/2 cells 
on auxetic materials by producing a time-lapse. The scaffolds were solely exposed to the forces applied 
by the differentiating cells. The results of this study showed an unusual cell division, which could lead 
to genetic instability. Both studies showed inconclusive results and more research is needed in this 



5 
 

area of interest. In this graduation project, we will address this gap in the literature and research the 
ōŜƘŀǾƛƻǊ ƻŦ ōƻƴŜ ŎŜƭƭǎ ƻƴ ōƻƴŜ ǎŎŀŦŦƻƭŘǎ ǿƛǘƘ ŘƛŦŦŜǊŜƴǘ ǾŀƭǳŜǎ ƻŦ tƻƛǎǎƻƴΩǎ ratio. Scaffolds with a 
ǇƻǎƛǘƛǾŜ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ǿƛƭƭ ōŜ built out of a conventional meta-biomaterial, whereas negative 
tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ǎŎŀŦŦƻƭŘǎ ǿƛƭƭ ōŜ ōǳƛƭǘ ƻŦ ŀƴ ŀǳȄŜǘƛŎ Ƴeta-biomaterial. We also decided to combine the 
two to create a hybrid scaffold.  
 
In this graduation project, we will design, manufacture and mechanically test several bone scaffolds, 
ǿƛǘƘ ŘƛŦŦŜǊŜƴǘ ǾŀƭǳŜǎ ƻŦ tƻƛǎǎƻƴΩǎ ǊŀǘƛƻΦ Next, we will seed them with bone cells to acquire insight into 
their ability to regenerate bone. With different kinds of staining procedures and imaging techniques, 
the cell response will be evaluated. 
 The research of the cellular behavior of pre-osteoblasts (MC3T3-E1) on the different bone scaffolds 
is based on two experiments. The first experiment is performed with meta-biomaterials created 
according to the morphological and mechanical properties of trabecular bone at mesoscale (i.e. bone-
mimicking scaffolds). We used conventional, auxetic and hybrid unit cells with ŘƛŦŦŜǊŜƴǘ tƻƛǎǎƻƴΩǎ ǊŀǘƛƻΣ 
but identical porosity. The mechanical properties of the meta-biomaterials were retrieved using a 
mechanical compression test and a finite element model. The second experiment is executed with 
micro-scale meta-biomaterials, that are ten times smaller than the meta-biomaterials of the first 
experiment (i.e. micro-scale scaffolds). Due to their small size, the bone cells will almost be identical in 
size. Therefore, this experiment explores whether the pre-osteoblasts are able to recognize the meta-
biomaterial to which they are exposedΣ ŀƴŘ ƳƻǊŜ ǎǇŜŎƛŦƛŎŀƭƭȅ ƛǘǎ tƻƛǎǎƻƴΩǎ ǊŀǘƛƻΦ On top of the 
aforementioned meta-biomaterials, a conventional and auxetic scaffold were added with a similar 
stiffness as the hybrid meta-biomaterial. As a control group, an additional meta-biomaterial was built 
with cuboid unit cells that have ŀ ȊŜǊƻ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ.  
 
The aim of this graduation project is to expand the knowledge regarding scaffold cell interaction, on 
scaffolds with a negative, zero or positive tƻƛǎǎƻƴΩǎ ǊŀǘƛƻΦ ¢Ƙƛǎ ǿƛƭƭ ƘƻǇŜŦǳƭƭȅ ƭŜŀŘ ǘƻ ŀ ƴŜǿ ŦƻŎal point 
ǘƻ ŦǳǊǘƘŜǊ ƛƳǇǊƻǾŜ .¢9Φ ¢Ƙƛǎ ǊŜǇƻǊǘ ǿƛƭƭ ŀƭǎƻ ǎƘƻǿ ǿƘŜǘƘŜǊ ŀ ǎǇŜŎƛŦƛŎ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ Ŏŀƴ enhance the 
MC3T3-E1 pre-osteoblastic cell response.  
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2. Methods & Materials  
 
To be able to research the scaffold cell interaction, different meta-biomaterials that act as scaffolds 
had ǘƻ ōŜ ŘŜǎƛƎƴŜŘΦ ¢ƘŜ ŦƛǊǎǘ ǇŀǊǘ ƻŦ ǘƘŜ ǎŜŎǘƛƻƴ ΨƳŜǘƘƻŘǎ ŀƴŘ ƳŀǘŜǊƛŀƭǎΩ ŜȄǇƭƻǊŜǎ ǘƘŜ ŘŜǎƛƎns of the 
different meta-biomaterials. Next, the fabrication of the meta-biomaterials and their morphological 
and mechanical characterization are described. The final part involves the biological characterization 
of the meta-biomaterials with the MC3T3-E1 pre-osteoblastic cells and the statistical analysis. 
 

2.1 Design of the meta-biomaterials 
The designs of the bone-mimicking scaffolds used in this research will be based on the morphological 
and mechanical properties of trabecular bone. Morphological properties give insight into the design of 
the structure and the mechanical properties include stiffness and strength of trabecular bone. Even 
though they describe different things, morphological and mechanical properties are highly dependent 
on each other. 
 
Important morphological properties are porosity, pore size and trabecular spacing. The porosity 
describes the void space of a structure as a percentage of the total volume. Bone with a porosity 
between 50% and 90% is considered to be trabecular bone[19]. The void spaces in trabecular bone allow 
vascularization and bone ingrowth[20]. Osteoblasts generate new bone and need a trabecular-like 
porosity and a pore size of at least 300 µm to survive[19, 21]Φ bŜǿ ōƻƴŜ ƛǎ ŎǊŜŀǘŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ²ƻƭŦŦΩǎ 
law, this law states that bone will remodel in response to external loading, which differs according to 
the anatomical location[22]. At places where small mechanical forces are absorbed, bone will create an 
open rod-like structure which has a low density, and at places where high mechanical forces are 
absorbed, bone will create a closed plate-like structure which has a high density (figure 2)[23]. The void 
spaces that are created by these remodeling cycles can be characterized by the trabecular spacing. 
This trabecular spacing was explored by several imaging techniques; magnetic resonance imaging 
(MRI), micro-computed tomography (micro-CT) and ultrasound[5, 24-26]. The study of Rabiatul et al. 
(2014)[27] reviewed these results and showed that the trabecular spacing varies between 360 µm and 
1470 µm[28]. 
 

            
 

Figure 2. Morphology of trabecular bone from femoral head taken by a scanning electron microscope (SEM). 

1) Asymmetric open rod-like, low density structure. 2) Asymmetric closed plate-like, high density structure[23]. 

 
 ¢ƘŜ ƳŜŎƘŀƴƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ƛƴŎƭǳŘŜ ǎǘƛŦŦƴŜǎǎ ŀƴŘ ǎǘǊŜƴƎǘƘ ƻŦ ǘǊŀōŜŎǳƭŀǊ ōƻƴŜΣ ōǳǘ ŀƭǎƻ ǘƘŜ tƻƛǎǎƻƴΩǎ 
ratio. An important mechanical parameter is bone mineral density (BMD). The BMD is positively 
correlated with the stiffness and strength of bone[29]. Trabecular bone has a BMD that varies between 
140 kg/m3 and 200 kg/m3, with an average of 185 kg/m3. This variety is caused by the different forces 
that are acting on the bone according to its anatomical location. As BMD is related to the stiffness of 
the bone, the stiffness also depends on the anatomical location. The stiffness shows to what extent 
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the structure resists deformation in the direction of the acting load and is dependent on its geometry 
and ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ of the bulk material. The stiffness of trabecular bone varies between 0.2 GPa 
and 14.8 GPa[30-32]. !ŎŎƻǊŘƛƴƎ ǘƻ .ƻŀƭ Ŝǘ ŀƭΦ όмффоύ ΨǘƘŜ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ƛǎ ŀ ƳŜŀǎǳǊŜ ƻŦ ǘƘŜ ǎǘǊŀƛƴ ƛƴ ŀ 
transverse direction which results frƻƳ ŀ ǎǘǊŜǎǎ ŀǇǇƭƛŜŘ ƭƻƴƎƛǘǳŘƛƴŀƭƭȅΩ[33]Φ ¢ƘŜ ŀǾŜǊŀƎŜ tƻƛǎǎƻƴΩǎ ǊŀǘƛƻΣ 
despite some auxetic behavior, was assumed by Ulrich et al. (1999), Kowalczyk et al. (2003), Müller et 

al. (1995), Pothuaud et al. (2002) and Rho et al. (1997) to be ° 0.3[5, 34-37]. This value can have a standard 
deviation of 0.1, as it only results in an 8% change of the ̧ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ[37].   
 The morphological and mechanical parameters describe the properties of trabecular bone. The 
designs of the bone-mimicking scaffolds that are used in this research will, within defined ranges of 
the parameters (table 1), mimic the trabecular behavior. EȄŎŜǇǘΣ ŦƻǊ ǘƘŜ tƻƛǎǎƻƴΩǎ ǊŀǘƛƻΣ ǿƘƛŎƘ ǎƘƻǳƭŘ 
vary from negative over zero to positive according to our research set up. 
 

Table 1. Morphological and mechanical parameters of trabecular bone.  

 

 

2.1.1 Bone-mimicking scaffolds 
The designs of the bone-mimicking scaffolds were made from conventional, auxetic and hybrid unit 
cells that were patterned to create a specimen with the characteristics of a meta-biomaterial. The 
dimensions of the designs for the first experiment were based on the morphological and mechanical 
properties of trabecular bone. Mandal et al. (2009) showed that a higher porosity leads to higher cell 
proliferation[38]. To exclude this parameter from influencing the results, it was chosen to design each 
specimen with the same porosity (meta-p-biomaterial).  
 

2.1.1.1 Conventional meta-biomaterial 
Conventional meta-ōƛƻƳŀǘŜǊƛŀƭǎ ƎŜƴŜǊŀƭƭȅ ƘŀǾŜ ŀ ǇƻǎƛǘƛǾŜ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ[14]. A honeycomb structure is 
present in many natural materials and contributes to a light and stiff structure and was therefore used 
for the design[39, 40]. A cross-section of a conventional honeycomb structure is shown in figure 3. The 
geometrical dimensions and the mechanical properties of the honeycomb structure are dependent on 
the angle ̒  and the cell rib length ratio h/l[41]. Jiang et al. (2019) showed that the bigger the angle ,̒ 
the higher the critical strain[42]. Therefore, 450, the biggest angle that was used in this study, gave the 
best results and was used in the design. The studies of Gibson et al. (1982), Kolken et al. (2017) and 
Jiang et al. (2019) showed that the bigger the cell rib length ratio h/l, the higher the critical strain[39, 41, 

42]. To get the exact dimensions of the cell ribs, we looked at the morphological properties of trabecular 
bone. It was mentioned that osteoblasts need a pore size of at least 300 µm to survive[19, 43].  
 

 
Figure 3. Cross-section view of a honeycomb structure. 

Porosity Pore size Trabecular 
spacing 

Density ¸ƻǳƴƎΩǎ 
modulus 

tƻƛǎǎƻƴΩǎ 
ratio 

50 ς 90% >300 µm 360 - 1470 µm 140 - 200 ƪƎ
Ƴо

 0.2 ς 14.8 GPa 0.3 ± 0.1 

h 

l 

 ̒
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 In the end, all specimens used in this experiment should have the same dimensions. This means 
that every design was based on a unit cell with the same width and height values. Using these 
geometrical parameters, h and l were determined and the specimen was built in SolidWorks (Dassault 
Systèmes, Vélizy-Villacoublay, France). The strut thickness of the unit cell was calculated to retrieve a 
porosity of 75%, resulting in a strut thickness (t) of 65.1 µm (equations 1-4; absolute density = 290 
ƪƎ
Ƴо

). The exact dimensions of the unit cell can be found in figure 4A and table 2. The conventional 

bone-mimicking scaffold (Cp) was made of a 6x6x3 cell array (figure 4B). 
 

ὠέὰόάὩ ίέὰὭὨ ίὴὩὧὭάὩὲ     ὰὩὲὫὸὬz ύὭὨὸὬz ὬὩὭὫὸὬ  [1] 

ὠέὰόάὩ όὲὭὸ ὧὩὰὰ                   “ ᶻσὬ ψὰ   [2] 

ὠέὰόάὩ ίὴὩὧὭάὩὲ                 ὠέὰόάὩ όὲὭὸ ὧὩὰὰφzz φz σ   [3] 

ὖέὶέίὭὸώ                                   ρππϷ 
  

 
   [4] 

 

 
 

    
 

Figure 4. (A) Design of the conventional unit cell with its dimensions in mm. (B) Design of Cp, which is made 
of a 6x6x3 cell array. Cp measures 1.272x1.272x1.8 mm. 

 

2.1.1.2 Auxetic meta-biomaterial 
Auxetic meta-biomaterials have a negative tƻƛǎǎƻƴΩǎ ǊŀǘƛƻΣ ŀƴŘ ŀ ǿŜƭƭ-known auxetic unit cell is the re-
entrant hexagonal honeycomb[14]. Typical for a re-entrant hexagonal honeycomb structure is that the 
ribs are directed inwards (figure 5)[41, 44, 45]. Its mechanical properties are dependent on the angle ̒  and 
the cell rib length ratio h/l.  

 

 
 

Figure 5. Cross-section view of re-entrant hexagonal honeycomb unit cell. 

(A) (B) 

h 

l 
 ̒

https://www.google.com/search?client=safari&sa=X&rls=en&biw=1440&bih=814&sxsrf=ALeKk00jP92RZvuk6iFCUgIMWkQpaZPhNQ:1599227566703&q=V%C3%A9lizy-Villacoublay&stick=H4sIAAAAAAAAAOPgE-LQz9U3KKgys1TiBLGS0nKykrS0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYRcIOr8zJrKrUDcvMyUlMzi9Nykms3MHKCAA8eq1TXQAAAA&ved=2ahUKEwiDwJz40s_rAhWBM-wKHdjpCmQQmxMoATAkegQIDxAD


9 
 

 With the parameters h, l and ̒  (table 2), the specimen was built in SolidWorks. The required 
porosity of 75% led to a strut thickness of 42.37 µm which can be found in figure 6A including all 
dimensions of the unit cell. The auxetic bone-mimicking scaffold (Ap) was made from a 6x6x3 cell array 
and is shown in figure 6B.  
 

 

    
 

Figure 6. (A) Design of the auxetic unit cell with its dimensions in mm. (B) Design of Ap, which is made of a 
6x6x3 cell array. This Ap measures 1.272x1.272x1.8 mm. 
 

2.1.1.3 Hybrid meta-biomaterial 
The hybrid meta-biomaterial is a combination of the aforementioned conventional and auxetic unit 
cells. The cross-sectional view of this combination is shown in figure 7 and was also dependent on the 
angle ̒  and the cell rib length ratio h/l.  
 With the parameters h, l and ̒ (table 2), the unit cell and specimen were built in SolidWorks. With 
a strut thickness of 43.67 µm, a porosity of 75% could be achieved and is shown in figure 8A. The hybrid 
bone-miming scaffold (Hp) was made of 6x3x3 array and can be found in figure 8B.  
 

 
 

Figure 7. Cross-section view from the hybrid unit cell. 

(A) (B) 

h 

l 
 ̒

l 

 ̒
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Figure 8. (A) Design of the hybrid unit cell with its dimensions in mm. (B) Design of Hp, which is made of a 
6x3x3 cell array. This Hp measures 1.272x1.272x1.8 mm. 
 

Table 2 gives an overview of all dimensions of the abovementioned unit cells. 
 

Table 2. Dimensions of the conventional, auxetic and hybrid unit cells. 

 

2.1.2 Micro-scale scaffolds 
A second experiment is included to explore whether the MC3T3-E1 pre-osteoblastic cells are able to 
recognize the specimen to which they are exposed. This experiment included six different specimens 
at micro-scale. The dimensions of all specimens were identical (127.2x127.2x180 µm), being ten times 
smaller than the specimens used in the previous experiment. The specimens were again designed in 
SolidWorks and manufactured at micro-scale, consequently, these micro-scale scaffolds have almost 
the same size as the MC3T3-E1 pre-osteoblastic cells[8].  
 Three of the designs were similar to the designs used in the first experiment but smaller. The 
mechanical properties of the aforementioned hybrid unit cell formed the basis for the following 
designs. A conventional and an auxetic unit cell were created, making sure their specimens will 
eventually mimic the stiffness of the hybrid meta-biomaterial (meta-s-biomaterial). Their stiffness was 
calculated in a finite element (FE) model, and their strut thickness was determined. The unit cells, 
shown in figure 9, were again repeated to form a 6x6x3 cell array. The porosity of the specimens were 
defined as the ratio of the volume of each specimen to the theoretical volume of a corresponding solid 
specimen (equations 1-4) and resulted in 78.1% porosity for the conventional meta-s-biomaterial (Cs) 
and 64.1% porosity for the auxetic meta-s-biomaterial (As). 

Unit cell Conventional Auxetic Hybrid 

Total height (µm) 600 600 600 

Porosity (%) 75 75 75 

Absolute density (ƪƎ
Ƴо

) 290 290 290 

ʻ ό0) 45 45 45 

h/l  1.4 2.7 2 

h (µm) 210 410 300 

l (µm) 150 150 150 

Strut thickness (µm) 65.1 42.37 43.67 

(A) (B) 
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Figure 9. (A) Design of the conventional unit cell with a strut thickness of 5.67 µm. (B) Design of the auxetic 
unit cell with a strut thickness of 5.87 µm. The dimensions in the figure are in µm. 

 
 The final design has a zero PoissonΩǎ Ǌŀǘƛƻ and will function as a control group. This control group 
was required since it may be difficult for osteoblasts to attach to the small specimens and we want to 
know ǿƘŜǘƘŜǊ ǘƘƛǎ ƛǎ ŘǳŜ ǘƻ ǘƘŜ tƻƛǎǎƻƴΩǎ ǊŀǘƛƻΦ ¢ƻ ƻōǘŀƛƴ ŀ ȊŜǊƻ tƻƛǎǎƻƴΩǎ ǊŀǘƛƻΣ ǘƘƛǎ specimen was 
made of cuboid unit cells (figure 10) and repeated to form a 6x6x3 cell array. The porosity was 
calculated with equations 1-4 and resulted in 89% porosity for the cuboid meta-s-biomaterial (CBs). 
 

    
 

Figure 10. (A) Design of the cuboid unit cell with a strut thickness of 3.91 µm. The dimensions in this figure 
are in µm. (B) Design of CBs, which is made of a 6x6x3 cell array. This CBs measures 127.2x127.2x180 µm.  

 
 The micro-scale scaffolds are divided into two categories. The first category contains specimens 
with the same porosity (micro-p-scale scaffold) and will include the downscaled specimens from the 
first experiment: Cp, Ap and Hp. The second category contains specimens with the same stiffness (micro-
s-scale scaffolds) and will include: Cs, As, Hs and CBs, where Hs is the same specimen as Hp but is 
compared solely to micro-s-scale scaffolds. An overview of all the dimensions of the abovementioned 
unit cells of the micro-scale scaffolds is shown in table 3. 
 
  

(A) (B) 

(A) (B) 
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Table 3. Dimensions of the micro-scale unit cells. 

 

2.2 Fabrication 
All designs of the specimens were fabricated with an additive manufacturing (AM) technique called 
direct laser writing. Due to the small-scale designs of the specimens, the Photonic Professional GT 
machine (Nanoscribe, Germany) was used. It uses a two-photon polymerization (2PP) technique where 
two photons are absorbed by a photosensitive material (photoresist), which leads to 
photopolymerization. The photopolymerization starts at the substrate where the bottom of the 
specimen is formed. Once a single layer is completed, the microscopic Z-drive for the mesoscale 
structures, and the piezo stage for the micro-scale structures, lowers while the photopolymerization 
still occurs at its original Z-position. This continues until the specimen is formed[46].  
 Each CAD design was imported into the printing preparation software Describe (Nanoscribe, 
Germany), in which the print job could be prepared by slicing (bone-mimicking scaffold: 2; micro-scale 
scaffold: 1) and hatching (both: 0.5) the specimen. The resulting job file was imported in the Photonic 
Professional GT machine (Nanoscribe, Germany) and the machine and material were prepared.  
 The microscope objective 25x (numerical aperture [NA] = 0.8) is recommended for mesoscale 
structures. This microscope objective requires a droplet of photoresist (IP-S, Nanoscribe, Germany) 
and an ITO-coated glass substrate (Nanoscribe, Germany) in a DiLL writing mode to print (figure 11)[47, 

48]. The micro-scale scaffolds were also built using this combination to enable the comparison of the 
results (table 4). Next, the specimen has to be developed by immersing the specimen in propylene 
glycol monomethyl ether acetate (PGMEA, Sigma-Aldrich, Germany) for 25 minutes, followed by 5 
minutes of rinsing with isopropyl alcohol (IPA, Sigma-Aldrich, Germany) in an air safety cabinet[49].  
 
 

 
 

Figure 11. Two-photon polymerization process with ITO glass, IP-S resin and 25x-objective lens in DiLL 

configuration of the Photonic Professional GT machine (Nanoscribe, Germany)[50].  

 Micro-p-scale Micro-s-scale 

Unit cell Conventional Auxetic Hybrid Conventional Auxetic Cuboid 

Total height 
(µm) 

60 60 60 60 60 60 

Porosity (%) 75.0 75.0 75.0 78.1 64.1 89.0 

Absolute density 

(ƪƎ
Ƴо

) 

290 290 290 260 420 200 

ʻ ό0) 45 45 45 45 45 0 

h/l  1.4 2.7 2.0 1.4 2.7 2.9 

h (µm) 21 41 30 21 41 30 

l (µm) 15 15 15 15 15 10.5 

Strut thickness 
(µm) 

6.51 4.24 4.37 5.67 5.87 3.91 

ITO glass 

IP-S resin 

25x-Objective lens 

Two-photon polymerization 
Dill configuration 
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Table 4. Printer settings used to fabricate the specimens of both experiments. 

 

2.3 Morphological characterization 
The morphological parameters of the manufactured specimens were characterized using the VHX-
6000 microscope (Keyence, Osaka, Japan). The strut thickness of each specimen was measured at ten 
different places and the mean was taken. With equations 1-4Σ ŘŜǎŎǊƛōŜŘ ƛƴ ǘƘŜ ǇŀǊǘ ΨŘŜǎƛƎƴΩΣ ǘƘŜ mean 
manufactured porosity of all specimens was calculated. 
 

2.4 Mechanical characterization 
The mechanical properties of the specimens are dependent on their small-scale architecture and the 
bulk material [46, 51]. The material properties were retrieved with a mechanical compression test. The 
results of this mechanical compression test were used in a FE model to obtain the proper bulk material 
properties. Thereafter, these material properties were used to calculate the mechanical parameters 
for all specimens used in this study. 
 

2.4.1 Mechanical testing 
The mechanical compression test was performed with four hybrid bone-mimicking scaffolds based on 
ISO 13314:2011[52, 53]. Each specimen was placed between the compression plates of the mechanical 
compression testing machine LLOYD LR5K (Lloyd Instruments, United Kingdom) (figure 12). 
Comparable to test parameters used in the studies of Linde et al. (1991) and Keaveny et al. (1994) 
(constant deformation rate of 0.05 mm/s for a 5x5x5 mm specimen; constant deformation rate of 0.04 
mm/s for a specimen with a diameter of 6 mm and a length of 8 mm, respectively) the mechanical 
compression test was performed with a constant deformation rate of 0.025 mm/s for a 
1.272x1.272x1.8 mm specimen until ± 40% strain was reached[54, 55]. The samples were tested with a 
5N load cell, and the displacement and force were registered.  
 

 
 

Figure 12. The LLOYD LR5K testing machine. The specimen was placed between the compression plates. The 
top plate compressed the specimen until a 40% strain was measured. 

 With the results of the mechanical compression test, a stress-strain curve could be made. This curve 
showed when the first layer of the structure failed and a peak force was reached. The strain ()ʁ was 
calculated using the displacement and the initial height of the specimen (equation 5), the stress (̀) 

 Bone-mimicking scaffolds Micro-scale scaffolds 

Scan speed (
Аἵ
Ἳ) 50000 50000 

Laser power (%) 50 70 

Interface position (µm) 1 1 
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was calculated using the force and the area on which this force was applied (equation 6), and the 
¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ όi.e. stiffness; E) of the meta-biomaterial could then be calculated using the slope of 
the linear region of the stress-strain curve (equation 7)[56]. The stiffness of the specimen was used to 
calculate the bulk material properties in a finite element (FE) model. 
 

 ʀ                    
 

  
   [5] 

 ʎ ὓὖὥ       
  

  
  [6] 

 Ὁ ὓὖὥ        
 

   [7] 

 

2.4.2 Finite Element Modeling 
To translate the results of the mechanical compression test to the material properties, a FE model was 
used. This FE model is a computational model, that simulates the compression test. The ¸ƻǳƴƎΩǎ 
modulus of the bulk material was adjusted until the stiffness of the specimen in the FE model mimicked 
the stiffness of the specimen measured in the mechanical compression tests.  
 The computational model was made in Abaqus (Dassault Systèmes, Vélizy-Villacoublay, France). To 
mimic the physical test, the geometry of the specimen was imported from SolidWorks. The specimen 
ǿŀǎ ŀǎǎǳƳŜŘ ǘƻ ōŜƘŀǾŜ ŀǎ ŀƴ ƛǎƻǘǊƻǇƛŎ ŜƭŀǎǘƛŎ ƳŀǘŜǊƛŀƭ ǿƛǘƘ ŀ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ƻŦ лΦор and ŀ ¸ƻǳƴƎΩǎ 
modulus yet to be determined[46]. The specimen was meshed in 411980 quadratic tetrahedral elements 
of type C3D10 with an approximate global size of 0.1. Due to the complexity of the specimen, a bigger 
mesh was not possible. Two reference points (RPs) were added, one above and one below the 
specimen (figure 13). The top of the specimen was connected to the top RP, and the bottom of the 
specimen was connected to the lower RP, both by a coupling constraint. A job with the static general 
step including the displacement/rotation boundary conditions of both RPs until 16.7% strain was 
reached (table 5) was submitted. With the resulting reaction force and the accompanying 
displacement, the stiffness of the specimen was ŎŀƭŎǳƭŀǘŜŘΦ .ȅ ǎȅǎǘŜƳŀǘƛŎŀƭƭȅ ŎƘŀƴƎƛƴƎ ǘƘŜ ¸ƻǳƴƎΩǎ 
modulus of the bulk material, and calculating the stiffness of the specimen, the actual ̧ ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ 
of the bulk material could be determined. This could then be implemented in a FE model to determine 
the stiffness and PoissonΩs ratio for all specimens. 
 

 

Figure 13. Overview of the FE model with Hp/Hs. The boundary conditions of the compression test are shown 
at the RPs. 

  

https://www.google.com/search?client=safari&sa=X&rls=en&biw=1440&bih=814&sxsrf=ALeKk00jP92RZvuk6iFCUgIMWkQpaZPhNQ:1599227566703&q=V%C3%A9lizy-Villacoublay&stick=H4sIAAAAAAAAAOPgE-LQz9U3KKgys1TiBLGS0nKykrS0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYRcIOr8zJrKrUDcvMyUlMzi9Nykms3MHKCAA8eq1TXQAAAA&ved=2ahUKEwiDwJz40s_rAhWBM-wKHdjpCmQQmxMoATAkegQIDxAD
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Table 5. Displacement/rotation boundary conditions of the RPs for the compression test until 16.7% strain. 

 RP top RP bottom 

U1 0 0 

U2 -0.2 0 

U3 0 0 

UR1 0 0 

UR2 0 0 

UR3 0 0 

  
 Besides the RPs, a set of nodes was composed to measure the width of the specimen (red dots in 
figure 14). Before the job was submitted, the width of the specimen was identified by the distance 
between the red dots (initial width). Together with the width of the specimen after compression, the 
tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ όǾύ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ Ŝǉǳŀǘƛƻƴs 8 and 9[57].  

 

 
 
Figure 14. Overview of the FE model of Hp/Hs including the mesh. The red dots show the measurement points.  

 

ʀ  
    

  
   [8] 

    ὺ                  [9] 

  

 ¢Ƙƛǎ C9 ƳƻŘŜƭ ǿŀǎ ŀƭǎƻ ǳǎŜŘ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ƭŀǘŜǊŀƭ tƻƛǎǎƻƴΩǎ Ǌatio. The RPs and attachment of 
the coupling constraints were relocated to each side of the specimen, whereas the measurement 
points were relocated to the top and bottom of the specimen. At last, the displacement/rotation 
boundary condition was altered to a displacement in the x-direction. Using equations 8 and 9, by 
ŀƭǘŜǊƛƴƎ ǘƘŜ ǿƛŘǘƘ ǘƻ ƘŜƛƎƘǘ ǾŀƭǳŜǎΣ ǘƘŜ ƭŀǘŜǊŀƭ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘΦ 

 

2.5 Biological characterization 
After manufacturing the specimens and obtaining their mechanical and morphological parameters, the 
scaffold cell interaction and cell function can be explored by several staining and imaging techniques 
(table 6). 
 Before the start of the experiments, all specimens were sterilized with the classic autoclave 
machine (Prestige Medical, New York, United States) to make sure they were not contaminated[58]. The 
cells were cultured in a mixture of alpha minimal essential medium, 1% penicillin-streptomycin and 
10% fetal bovine serum (hMEM) (Thermo Fisher)[59]. All specimens were exposed to a cell culture of 
pre-osteoblasts (MC3T3-E1). This cell line is used because the pre-osteoblasts differentiate to 
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osteoblasts after adding the growth factors ascorbic acid (1:1000) and beta-glycerol phosphate (1:500) 
(Sigma-Aldrich)[60]. Osteoblasts are the cells that contribute to bone formation and we are interested 
to see how these cells respond on specimens with negative, zero or positive tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ. 
 

Table 6. Overview of the performed imaging and staining techniques at each evaluation day. 

 

2.4.1 Bone-mimicking scaffolds 
The experiment using the bone-mimicking scaffolds included the staining and imaging techniques 
shown in table 6 and was performed twice, at different time points, to ensure the reliability of the 
results. For each experiment, six bone-mimicking scaffolds of each design were detached from their 
substrate, sterilized and placed into a 24-well plate. The bone-mimicking scaffolds were cultured in 
500 µl h MEM with 450.000 MC3T3-E1 cells for a total of 21 days. A control group of 20.000 MC3T3-E1 
cells with only h a9a ǿŀǎ ƛƴŎƭǳŘŜŘ ǘƻ ǎƘƻǿ Ƙƻǿ ǘƘŜ ŎŜƭƭs respond without a specimen. The well plate 
was then incubated (37 °C, 5% CO2) to imitate the temperature of the human body. Every two days, 
the medium was refreshed with 500 µl differentiation medium (h MEM mixed with ascorbic acid and 
beta-glycerol-phosphate). To evaluate the results, the cell interaction and cell function were explored. 

2.4.1.1 Cell interaction 
The morphology of the cells on the surface of the bone-mimicking scaffolds was imaged with the 
scanning electron microscope (SEM) (JSM-IT100LA, JEOL, Tokyo, Japan). SEM imaging requires 
preparation of fixing the cells by washing the cells twice with PBS (Thermo Fisher), fixing for 15 minutes 
with 4% formaldehyde (Sigma-Aldrich) and washing twice with PBS, the samples were dried by washing 
two times for 5 minutes with distilled water, 15 minutes with 50% ethanol, 20 minutes with 70% 
ethanol and 20 minutes with 96% ethanol, followed by two hours air dry. The specimens were gold-
sputtered (Auto Fine Coater, JEOL JFC-1300, Japan) and observed with the SEM at an accelerating 
voltage of 15 kV. Images were taken on days 3, 14 and day 21 from the top and with a 30° angle view. 
 The cell interaction can also be visualized by actin staining. This staining procedure is described in 
the part micro-scale scaffolds, as for now, it is only performed to explore its added value towards SEM 
imaging. 
 To gain insight into the cell interaction, the metabolic activity of the viable cells were evaluated on 
days 1, 3, 7, 11 and 14[61]. The specimens were transferred to a new 24-well plate to make sure that 
only the metabolic activity of the cells that were attached to the specimen was measured and not the 
metabolic activity of cells that were on the bottom of the well plate or the ones that were floating 
around. A 500 µl mixture of h MEM and Presto Blue (10%) (Thermo Fisher) was pipetted in two empty 
wells and added to the specimens, followed by a one-hour incubation at 37°C. After one hour, 100 µl 
of the medium of each well was pipetted into a 96-well plate, while the remaining medium was 
refreshed and the 24-well plate, including the specimens, was put back in the incubator. The 
fluorescence (530-595 nm) of the 96-well plate was measured with a Viktor X3 microplate reader 

Bone-mimicking scaffolds 

Day 1 3 7 11 14 21 

SEM  x   x x 

Presto Blue 
Metabolic activity 

x x x x x  

Alizarin Red S 
Mineralization 

     x 

Micro-scale scaffolds 

Day 3 7 

SEM x x 

Actin 
Cell cytoskeleton 

x x 

Runx2 
Cell differentiation 

 x 
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(PerkinElmer, Groningen, Netherlands)[59]. The results of the fluorescence of the medium with the cells 
were reduced by the mean results of the fluorescence of the medium without the cells. Finally, to 
enable the comparison of the results, all results were normalized over the surface area of each 
specimen.  

2.4.1.2 Cell function 
The cell function of mineralization was measured with an alizarin red S (ARS) staining (Sigma-Aldrich) 
which highlights the formed calcium on the specimens[62]. Since calcium is only produced by 
osteoblasts that are at least 12 days old, the mineralization was measured on day 21[63]. After fixing 
the cells, the staining was performed by adding a 2% ARS solution (pH = 4.1), incubating in the dark at 
room temperature for 30 minutes, and washing eight times with distilled water[64]. This procedure gave 
the calcium a red color and images of the top and bottom were made with the VHX-6000 microscope 
with a magnification of 300.  

2.4.1.2.1 Image analysis 
The images of the ARS staining from each specimen (n=4) were quantified with ImageJ (open-source 
image analysis software, http://rsb.info.nih.gov/ij/index.html)[50]. The mean grey value was measured 
and normalized over the surface area of each specimen. Finally, a bar graph was made from these 
results. 
 

2.4.2 Micro-scale scaffolds  
The second experiment was designed for the micro-scale scaffolds and should mimic the experiment 
of the bone-mimicking scaffolds. However, the fact that the size of the micro-scale scaffolds is almost 
identical to the size of the pre-osteoblasts ensures that the cells will cover this micro-scale scaffold 
faster than the bone-mimicking scaffold. Consequently, the cell culture will last for only 7 days and we 
cannot perform the exact same procedures. We performed SEM imaging on day 3 and on the last day 
of the experiment, day 7. The fact that the micro-scale scaffolds are attached to their substrate makes 
that the metabolic activity of the cells cannot be measured accurately, we either measure too many 
cells or we destroy the material. So, instead of measuring the cell interaction by the metabolic activity 
with presto blue, we chose to measure the cell interaction by the spreading and morphology of the 
cells with an actin staining. This actin staining shows the cytoskeleton and nucleus of the cells and is 
measured at different points in time. Finally, the cell function of mineralization with ARS staining can 
also not be applied on these scaffolds, since the duration of this experiment (7 days) is too short for 
mineralization to occur[63]. Another test that can show the cell function is the Runx2 staining which 
identifies the cells that are differentiated from pre-osteoblasts to osteoblasts[65]. 
 
The experiment for the micro-scale scaffolds, including the staining and imaging techniques which are 
shown in table 6, was performed three times, at different time points to ensure the reliability of the 
results. For each experiment, four specimens of each micro-scale scaffold were sterilized and placed 
into four 6-well plates. The specimens were cultured in 2 ml hMEM with 50.000 MC3T3-E1 cells for a 
total of 7 days. The well plate was then incubated (37 °C, 5% CO2) to imitate the temperature of the 
human body. Every 2 days, the medium was refreshed with 500 µl differentiation medium (hMEM 
mixed with ascorbic acid and beta-glycerol-phosphate). 

2.4.2.1. Cell interaction 
To show the morphology of the cells on the surface of the micro-scale scaffolds, SEM images were 
taken on days 3 and 7. The specimens were prepared according to the procedure mentioned above 
and images were taken from the top and a 45° angle view. 
 An actin staining will, with a fluorescence microscope, highlight the cytoskeleton and nucleus of a 
cell. By evaluating the cytoskeleton on days 3 and 7, the attachment and spreading of the osteoblasts 
on the specimens will be obtained, and by evaluating the nucleus on days 3 and 7, unusual cell division 
could be obtained[66]. The actin staining requires preparation of fixing the cells, followed with staining 
by permeabilizing the cells with 0.5% Triton/PBS (Sigma-Aldrich) for 5 minutes at 4°C, followed by 5 
minutes in 1% BSA/PBS at 37°C, one hour at 37°C in a mixture of 1% BSA/PBS and Rhodomine-
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Phalloidine (1:100) to highlight the cytoskeleton, followed by washing three times for 5 minutes at 
room temperature with 0.5% Tween/PBS (Sigma-Aldrich), one hour at room temperature in a mixture 
of 1% BSA/PBS and DAPI (1:1000) to highlight the nucleus, and washing three times for 5 minutes at 
room temperature with 0.5% Tween/PBS. The staining was captured using the ZOE Fluorescent Cell 
Imager (Bio-Rad, Hercules, CA). The images were taken from the top layer of each specimen and were 
analyzŜŘ ŀǎ ŘŜǎŎǊƛōŜŘ ƛƴ ΨLƳŀƎŜ ŀƴŀƭȅǎƛǎΩΦ ¢Ƙe bar graph showed that the higher the red intensity of 
the actin staining, the lower the grey value. 

2.4.2.2. Cell function 
At last, the function of the cells was evaluated by a Runx2 staining on day 7 that identifies the 
differentiation of the cells[67]. Therefore, the cells were fixed and the staining was performed by 
permeabilizing the cells with 0.5% Triton/PBS for 5 minutes at 4°C, followed by 5 minutes in 1% 
BSA/PBS at 37°C, one hour at 37°C in a mixture of 1% BSA/PBS and Runx2 primary polyclonal antibody 
(1:250), washing three times for 5 minutes at room temperature with 0.5% Tween/PBS, one hour at 
37°C in a mixture of 1% BSA/PBS and secondary antibody Alexa Fluor 488 (1:200) and washing three 
times for 5 minutes at room temperature with 0.5% Tween/PBS. The staining was captured at the top 
layer of each specimen using the ZOE Fluorescent Cell Imager.  
 

2.6 Statistical analysis 
The first statistical analysis was performed to test the reliability of the experiment. Each experiment 
was performed multiple times, from which the results were evaluated to identify significant 
differences between the results measured at different time points. Ideally, no differences are found 
and all results of the same experiment can be combined. The statistical analysis was performed using 
SPSS (IBM Statistics, New York, United States), with the independent variable the time point of the 
measurement, and the dependent variable the grey value or metabolic activity. At first, a Shapiro-
²ƛƭƪΩǎ ǘŜǎǘ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǘƻ ŎƘŜŎƪ if the data was ƴƻǊƳŀƭƭȅ ŘƛǎǘǊƛōǳǘŜŘ όǇ Ҕ лΦлрύΣ ŦƻƭƭƻǿŜŘ ōȅ [ŜǾŜƴŜΩǎ 
test to check if the homogeneity of variance could be assumed (p > 0.05). If both tests succeeded, an 
independent t-test for the bone-mimicking scaffolds, and the one-way ANOVA test for the micro-scale 
scaffolds was performed. If one of these assumptions was not met, we referred to Jaccard (1998)[68]. 
According to this study, an independent t-test or one-way ANOVA can still be performed if the sample 
sizes are equal and the ratio of the largest group variance to the smallest group variance is less than 
three[68]. A significant difference was obtained by p < 0.05. When the data did not meet the 
assumptions nor the rules by Jaccard (1998), the non-parametric Mann-Whitney test instead of the 
independent t-test, and the Kruskal-Wallis test instead of the one-way ANOVA test, was performed[68].  
 All quantitative results were evaluated to identify significant differences between the specimens. 
The statistical analysis was performed for three different bone-mimicking scaffolds, three different 
micro-p-scale scaffolds and four different micro-s-scale scaffolds. Each evaluation day was tested 
separately, the independent variable was the design of specimen and the dependent variable was the 
grey value or metabolic activity. The data was tested on normal distribution and homogeneity of 
variance, if both tests succeeded, a one-way ANOVA test was performed. If one of these assumptions 
was not met, we referred again to Jaccard (1998)[68]. A significant difference was obtained by p < 0.05. 
If a significant difference was obtained, a Bonferroni post hoc test was executed to explain the 
differences. When the data did not meet the assumptions nor the rules by Jaccard (1998), the non-
parametric Kruskal-Wallis test was performed[68]. Significance was again assumed at p < 0.05. If a 
significant difference was obtained, a Mann-Whitney test with Bonferroni post hoc test was executed 
to show which designs differed from one another.   
 Besides the one-way ANOVA or non-parametric Kruskal-Wallis test, a regression analysis was 
performed for the micro-scale scaffolds that were normally distributed and showed homogeneity of 
variance[69]. The dependent variable was the grey value and as independent variables, we used the 
parameters tƻƛǎǎƻƴΩǎ ǊŀǘƛƻΣ stiffness and porosity. This analysis showed how much of the variance of 
the results could be explained by the variance of the parameters. It also tells us which parameter 
influences the results the most.  
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3. Results 
 
The research was performed according to the aforementioned methods and materials. At first, all 
results regarding the bone-mimicking scaffolds are described, followed by all results regarding the 
micro-scale scaffolds. 
 

3.1 Bone-mimicking scaffolds  

3.1.1 Morphological characterization 
The manufactured bone-mimicking scaffolds are shown in figure 15 and appendix 7.1. The method 
used to print these specimens influences the morphological properties. The manufactured 
morphological properties of the specimens are shown in table 7. The manufactured porosity of the 
specimens is lower than the designed porosity (75%). Nevertheless, the porosity is still within the limits 
of 50-90% required for the bone to be trabecular. 
 
  Cp    Ap         Hp 

   
   
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15. Printed bone-mimicking scaffolds where (A) shows Cp, (B) shows Ap and (C) shows Hp. 

Table 7. Porosity (%) of the bone-mimicking scaffolds with their standard deviation (std). 

 

3.1.2 Mechanical characterization 
The material properties were obtained by a mechanical test of Hp, from which the test results were 
used to create a stress-strain curve. This curve showed where the first layer of the structure failed 

Specimen Designed porosity Mean manufactured 
porosity 

Manufactured porosity 
std. 

Cp 
 

75 74.1 1.0 

Ap 
 

75 73.3 2.6 

Hp 
 

75 71.9 2.9 

(A) (C) (B) 

500 µm 






























































































