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A B S T R A C T   

Tissue engineering scaffolds require high porosity and optimized pore sizes to allow cell seeding, -adhesion and 
–proliferation, and tissue ingrowth. However, porosity affects the mechanical properties of the scaffolds to a 
large extent. Usually, these properties are only assessed in compression experiments. Here we investigate the 
effect of the pore characteristics on the tensile properties of photo-crosslinked poly(trimethylene carbonate) 
network films that were prepared by a method involving salt leaching and by stereolithography. Particulate 
leaching is a conventional method to obtain porous structures, while stereolithography is an additive 
manufacturing method that provides the benefit of control over pore architecture and allows for complex ge-
ometries to be prepared. 

The tensile properties of the porous network films were indeed much affected by porosity. The elasticity 
modulus of porous network films decreased with increasing porosity. This decrease appears to be independent of 
pore size. For a given porosity, the values of the elasticity moduli, maximum tensile strengths and toughness of 
porous poly(trimethylene carbonate) network films prepared by stereolithography were slightly higher than 
those of porous network films prepared by the salt leaching method. This may be due to different amounts of 
diluent used while preparing the networks by the different methods. In addition, the presence of salt in the 
material during crosslinking appears to result in a less efficient crosslinking process.   

1. Introduction 

Three-dimensional (3D) polymeric tissue engineering scaffolds need 
to be degradable, have negligible toxicity and mechanical properties 
that suit those of the tissues being replaced [1–3]. Furthermore, the pore 
architecture (porosity, pore size and pore interconnectivity) is important 
as it determines the specific surface area available for cell attachment, 
transport of nutrients and waste products, and mechanical properties of 
the scaffolds [4–8]. 

A high porosity is desired, as high porosity infers a maximum surface 
area available for cell attachment and a minimal amount of implanted 
polymer [1,2]. High porosity, however, results in a decrease of the 
elasticity modulus of the scaffold [4]. Similarly, specific cells may 
require specific pore sizes for optimal cell attachment and –growth [2]. 

Most often, the mechanical properties of porous tissue engineering 
scaffolds are evaluated in compression experiments [2,9–12]. However, 
properties such as the tensile modulus, elongation at break and tough-
ness are also very important properties of implants used in tissue 

engineering. Tensile properties of polymeric biomaterials are most often 
determined using non-porous specimens [13–18], but as the mechanical 
properties are much affected by the presence of pores [19], it is of great 
relevance to also assess the properties of porous structures prepared 
from such biomaterials. For photo-crosslinked porous networks, the ef-
fect of pore characteristics on tensile properties has not been evaluated. 

Porous structures and tissue engineering scaffolds have commonly 
been prepared using conventional techniques such as solvent casting, 
particulate leaching, phase separation and freeze drying [20–22]. 
However, these methods result in porous structures that have several 
limitations: i) limitations in the shapes that can be prepared, ii) inho-
mogeneous structures with irregular pore sizes and wide pore size dis-
tributions and, iii) structures with inferior mechanical properties [8,23]. 
Structures prepared by additive manufacturing (AM) methods, on the 
other hand, can have specific shapes and geometries, designed pore 
network architectures, and predetermined porosities and pore sizes 
(limited by the resolution of the AM technique used, with typical reso-
lutions ranging from 15 to 500 µm[24]). Furthermore, additive 
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manufacturing allows for the preparation of complex structures with 
optimal mechanical properties [6,10,25]. 

PTMC is an amorphous, flexible, biodegradable and biocompatible 
polymer [14,26]. Photo-crosslinking of methacrylate-functionalized 
PTMC oligomers with molecular weights higher than approximately 
10 kg/mol results in tough, tear-resistant, rubber-like networks [14]. 

In this study we prepared different series of porous photo-crosslinked 
PTMC network films by a conventional salt leaching method and by 
stereolithography (SLA, an additive manufacturing method) to investi-
gate the effect of pore characteristics on their tensile properties. 

2. Materials and methods 

2.1. Materials 

Trimethylene carbonate (TMC) was provided by Huizhou Foryou 
Medical Devices Co., Ltd. (China) and used as received. Trimethylol 
propane, tin(II) 2-ethylhexanoate (Sn(Oct)2), calcium hydride, deuter-
ated chloroform, methacrylic anhydride, triethylamine, and hydroqui-
none were purchased from Sigma-Aldrich (USA). Sodium chloride salt 
particles were sieved to size ranges of 600–630 µm, 425–500 µm and 
300–315 µm using stainless steel sieves. Dichloromethane was pur-
chased from VWR Chemicals (France). Propylene carbonate and ethanol 
were obtained from Merck (Germany). TPO-L was obtained from IGM 
Resins Group (the Netherlands. Orasol Orange G Dye was provided by 
CIBA Specialty Chemicals (Switzerland). 

2.2. Synthesis and characterization of PTMC macromers 

Three-armed PTMC macromers (PTMC-tMA) were synthesized as 
described previously [10]. Briefly, three-armed PTMC oligomers with a 
number average molecular weight (Mn) of approximately 20 kg/mol 
were prepared by ring opening polymerization of TMC using trimethylol 
propane as initiator and Sn(Oct)2 as catalyst. The polymerizations were 
conducted for three days at 130 ⁰C under argon atmosphere. 

Subsequently, the obtained oligomers were functionalized by reac-
tion with an excess of methacrylic anhydride (7.5 mol/mol oligomer) in 
the presence of an excess of triethylamine (7.5 mol/mol oligomer) and 
0.1 wt% hydroquinone inhibitor. The methacrylated oligomers were 
then purified by precipitation in cold ethanol and subsequent drying 
under vacuum. 1H NMR (Varian Inova 400 MHz, Brüker, Germany) 
using deuterated chloroform as a solvent was utilized to determine the 
monomer conversion, Mn of the oligomers and the degree of function-
alization of the PTMC macromers. The monomer conversion was 
determined by comparing the peak integral of the TMC monomer peak 
at δ 4.45 ppm with the peak integral of the repeating –CH2- groups at δ 
4.24 ppm. The Mn of the oligomers was determined by comparing the 
peak integral of the –CH3 of the initiator at δ 0.92 ppm with the peak 
integral of the repeating –CH2- groups at δ 4.24 ppm. The degree of 
functionalization of the macromers was determined by comparing the 
peak integral of the –CH3 group of the initiator at δ 0.92 ppm with the -C 
= CH2 peak integrals at δ 6.13 ppm and δ 5.58 ppm. 

2.3. Preparation of porous photo-crosslinked PTMC network structures by 
salt-leaching 

To prepare porous network films using sodium chloride as porogen, 
the PTMC macromers were mixed with 60, 70 or 80 vol% sodium 
chloride (relative to the macromer) sieved to the different size ranges in 
propylene carbonate (70 wt% relative to the macromer). To these mix-
tures TPO-L photo-initiator (5 wt% relative to the macromer) and Orasol 
orange dye (0.07 wt% relative to the macromer) were added. 

The mixtures were cast at a thickness of 1.5 mm and subsequently 
photo-crosslinked for 30 min in a crosslinking cabinet (Ultralum, USA, 
365 nm, 8 mW/cm2 (light intensity measured at the same distance from 
the lamps as the distance at which the networks were crosslinked)). The 

prepared network films were extracted in mixtures of ethanol with 
propylene carbonate (50/50 vol/vol%), which were refreshed daily. To 
allow for proper solvent removal, the ethanol content was increased 
daily in steps of 10%. After 5 days, the network films were extracted in 
ethanol for another day. The sodium chloride particles were then 
leached with water for 3 days, the resulting porous films were then dried 
until constant weight. Their final thickness was approximately 1 mm. 

2.4. Preparation of porous photo-crosslinked PTMC network films by 
stereolithography 

To prepare designed porous network films, resins were prepared by 
dissolving the PTMC macromers in 50 wt% non-reactive propylene 
carbonate diluent and adding Omnirad TPO-L photo-initiator (5 wt% 
relative to the macromer) and Orasol orange dye (0.07 wt% relative to 
the macromer). 

Designs of the porous films with gyroid pore network architecture 
were made using mathematical modeling software (Virtualmeet, https 
://sourceforge.net/) and Rhinoceros 4 (Robert McNeel and Associates) 
software. The dimensions of the designs were adjusted to compensate for 
extraction of the non-reactive propylene carbonate diluent in the 
different resins. The porous films were designed to be 52x20x1 mm in 
size, have a porosity of 60, 70 or 80% and pore sizes of approximately 
380, 500 and 620 µm after extraction and drying. 

The designed porous films with gyroid pore network architecture 
were prepared by stereolithography (Envisiontec, Perfactory® 3 SXGA 
+ Standard DLP SLA apparatus). By using an electrical heating element, 
the resins were heated to temperatures of 70 ⁰C during the building 
process. The films and structures were carefully extracted using pro-
pylene carbonate and ethanol mixtures. To allow for slow shrinkage, the 
ethanol content was increased daily. After 5 days, the built structures 
were extracted with pure ethanol and dried until constant weight. 

2.5. Porous photo-crosslinked PTMC network films and structures 

The obtained polymer network films were characterized by deter-
mining their porosity, solvent uptake and tensile properties. Results are 
shown as averages ± standard deviation (n = 3). 

The porosities were determined gravimetrically using: 

porosity =

(

1 −
mpn

V × ρp

)

× 100% (1)  

where mpn is the mass of the porous network, V is the volume of the 
porous network specimen and ρp is the density of the PTMC polymer 
(1.31 g/ml). 

The volume degree of swelling (of the polymer phase) was deter-
mined by calculating the volume degree of swelling (q) of the extracted 
and dried networks by swelling porous disc-shaped specimens of the 
networks in chloroform for 48 h. The values were determined using Eq. 
(2): 

q = 1+
(

mswollen − mdry

mdry

)

×
ρp

ρs
(2) 

Here, mswollen is the mass of the swollen network, mdry is the mass of 
the dry network prior to swelling, ρs is the density of chloroform (1.48 g/ 
ml) and ρp is the density of the polymer (1.31 g/ml). 

The mechanical properties of the porous network films were deter-
mined using a Zwick Z020 tensile tester (Germany). Test specimens were 
punched out from network films, and had a dog-bone shape with a 
length of 50 mm, a width of 10 mm at the wide part and 4 mm in the 
narrow part of the dog-bone shape. The tensile tester was equipped with 
a 500 N load cell. The cross-head speed was 50 mm/min and the elon-
gation was derived from the grip-to-grip separation, which was initially 
35 mm. The tensile properties of the network films (e.g. the Young’s 
modulus) were determined as described in ASTM D882-91. The yield 
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stress and yield strain were determined from the intersection of the 
modulus’ and rubber plateau tangents to the stress–strain curves. The 
toughness of the networks was determined from the area under the 
stress–strain curves. 

3. Results 

3.1. Synthesis and characterization of PTMC macromers 

The three-armed PTMC macromers were prepared by ring-opening 
polymerization of TMC followed by functionalization with methacrylic 
anhydride to obtain oligomers with methacrylate end-groups (macro-
mers). The monomer conversion, Mn of the oligomer and the degree of 
functionalization of the macromers were determined by 1H NMR as 
previously reported [10]. The monomer conversion was calculated to be 
98%. The Mn of the oligomer was determined to be 20.0 kg/mol and the 
degree of functionalization of the macromer was 98%. 

3.2. Porous photo-crosslinked network PTMC films prepared by a salt 
leaching method 

Porous photo-crosslinked network films were prepared by photo- 
crosslinking the PTMC-tMA resins in a photo-crosslinking cabinet. 
After extraction of the diluent, leaching of the salt particles and drying, 
the network films were characterized with regard to their porosity, 
uptake of chloroform and the mechanical properties in tensile testing. 
An overview of the results is given in Table 1. The table shows that a 
variety of porous films with large differences in porosity could be pre-
pared using salt particles of different size ranges. The porosity of the 
films varied from to 25.5 to 58.3 vol%. The degree of swelling (of the 
polymer phase) of the porous PTMC network films in chloroform was 
seen to increase with increasing salt particle content in the resin. This 
was the case for the three different salt particle sizes used. 

The table also gives an overview of the mechanical properties of the 
porous networks determined in tensile testing. It can be seen that the 
characteristics of the porous network have a large influence on the 
elasticity modulus (E), maximum tensile strength (σmax), yield strength 
(σyield), elongation at yield (ƐƐyield), elongation at break (ƐƐbreak) and 
toughness (W) of the porous photo-crosslinked PTMC networks. 

The relationship between the elasticity modulus and the porosity of 
the networks prepared using salt particles of different size ranges is 
further illustrated in Fig. 1. The modulus of the porous flexible PTMC 
films decreases with increasing porosity. 

In Fig. 2A-D, the values of the maximum tensile strengths, tensile 
yield strengths, elongations at break and elongations at yield of the 
porous PTMC networks prepared by salt leaching are shown as a func-
tion of their porosities. These values are all lower than those of non- 
porous (but otherwise essentially equal) photo-crosslinked PTMC net-
works reported by Schüller et al. [9]. Fig. 2A and 2C clearly show that 

Table 1 
Properties of porous photo-crosslinked PTMC network films prepared by salt leaching. n = 3, values are averages ± standard deviation.  

Size range of salt 
particles 

Intended 
porosity 

Porosity Degree of 
swellinga 

Young’s 
Modulus 

σyield ƐƐyield σmax ƐƐbreak Wc 

µm % %  MPa N/mm2 % N/mm2 % N/mm2 

300–315 60 25.5 ± 0.4 19.7 ± 0.5 1.70 ± 0.10 0.38 ±
0.02 

22.4 ±
0.4 

0.80 ±
0.03 

209 ± 2 116 ± 6 

425–500 32.7 ± 0.1 18.2 ± 1.5 1.37 ± 0.03 0.32 ±
0.01 

23.5 ±
1.9 

0.56 ±
0.02 

152 ± 9 60 ± 5 

600–630 35.3 ± 1.6 20.5 ± 1.0 1.13 ± 0.05 0.29 ±
0.02 

25.7 ±
0.4 

0.51 ±
0.01 

137 ± 4 47 ± 1 

300–315 70 51.1 ± 1.3 54.3 ± 2.4 0.68 ± 0.01 0.23 ±
0.00 

32.9 ±
0.6 

0.82 ±
0.04 

313 ± 24 160 ± 20 

425–500 52.1 ± 1.9 43.4 ± 1.6 0.57 ± 0.06 0.19 ±
0.02 

32.2 ±
0.6 

0.42 ±
0.03 

311 ± 2 92 ± 7 

600–630 51.5 ± 1.9 39.0 ± 1.8 0.56 ± 0.08 0.18 ±
0.01 

31.4 ±
6.9 

0.43 ±
0.08 

283 ± 78 84 ± 37 

300–315 80 54.2 ± 0.6 64.5 ± 1.6 0.51 ± 0.02 0.14 ±
0.00 

27.7 ±
1.4 

0.58 ±
0.09 

354 ± 77 128 ± 46 

425–500 58.3 ± 1.7 59.6 ± 2.6 0.45 ± 0.07 0.14 ±
0.02 

29.8 ±
2.7 

0.47 ±
0.08 

417 ± 38 127 ± 27 

600–630 56.3 ± 1.0 59.0 ± 1.4 0.32 ± 0.03 0.11 ±
0.00 

32.9 ±
1.7 

0.27 ±
0.02 

251 ± 63 45 ± 15 

Non porous b Non porous b 0 b 23.0 ± 0.4 3.9 ± 0.1 1.17 ±
0.02 

57.7 ±
2.5 

3.1 ± 0.3 603 ± 39 933 ±
137  

a Note that the volume degree of swelling relates to the polymer phase. 
b Data of non-porous photo-crosslinked PTMC films prepared using PTMC-tMA with molecular weight of 20.2 kg/mol dissolved in 46 wt% propylene carbonate 

diluent from [9]. 
c The toughness, W, was determined as the area underneath the stress–strain curve. 

Fig. 1. Tensile elasticity modulus of porous photo-crosslinked PTMC networks 
prepared by salt leaching as a function of their porosity. The size ranges of the 
salt particles used in preparing the porous network films were: 300–315 µm 
(■), 425–500 µm (○), and 600–630 µm (▴). See also Table 1. Data for non- 
porous photo-crosslinked PTMC networks (0% porosity, red diamond) are 
from [9]. The dashed line serves as a guide for the eyes. Results are given as 
averages ± standard deviation (n = 3). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 

B. van Bochove and D.W. Grijpma                                                                                                                                                                                                         



European Polymer Journal 143 (2021) 110223

4

the maximum tensile strength and the yield strength clearly decrease 
with increasing porosity. Fig. 2B and 2D show less clear relationships 
between the elongation at break and the yield strain of the porous PTMC 
networks with porosity and pore size. 

For porous photo-crosslinked PTMC networks prepared by salt 
leaching, no clear relationship between toughness and porosity or pore 
size could be observed. Table 1 does show that the toughness of the 
porous networks does not exceed 160 N/mm2, while that of similar non- 
porous photo-crosslinked PTMC networks was found to be very much 
higher: 933 ± 137 N/mm2 [9]. 

3.3. Porous photo-crosslinked PTMC network films prepared by 
stereolithography 

The porous photo-crosslinked PTMC network films with gyroid pore 
network architecture prepared by stereolithography were also evaluated 
with regard to porosity, solvent uptake and mechanical properties in 
tensile testing. An overview of the properties of these films is given in 
Table 2. It can be seen in the table that porous photo-crosslinked PTMC 
films with a range of porosities (44.0 to 64.4%) and pore sizes have been 
prepared. The degree of swelling of the different porous photo- 
crosslinked PTMC networks prepared by stereolithography is 

Fig. 2. Tensile properties of porous photo-crosslinked PTMC networks prepared by salt leaching as a function of their porosity. A) Maximum tensile strength, B) 
elongation at break, C) Tensile yield strength, and D) Elongation at yield. The size ranges of the salt particles used in preparing the porous network films were: 
300–315 µm (■), 425–500 µm (○), and 600–630 µm (▴). See also Table 1. Data for non-porous photo-crosslinked PTMC networks (0% porosity, red diamond) are 
from [9]. The dashed lines serve as a guide for the eyes. Results are given as averages ± standard deviation (n = 3). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Properties of porous photo-crosslinked PTMC network films with gyroid pore network architecture prepared by stereolithography. n = 3, values are averages ±
standard deviation.  

Designedpore size Designed porosity Porosity Degree of Swellinga Young’s Modulus σyield ƐƐyield σmax ƐƐbreak Wc 

µm % %  MPa N/mm2 % N/mm2 % N/mm2 

380 60 44.0 ± 1.6 10.2 ± 0.9 1.54 ± 0.16 0.30 ± 0.03 19.0 ± 0.5 1.09 ± 0.34 234 ± 52 146 ± 61 
500 46.0 ± 3.5 10.6 ± 0.4 1.08 ± 0.01 0.15 ± 0.01 13.3 ± 1.1 1.41 ± 0.08 333 ± 5 226 ± 14 
620 53.0 ± 2.5 10.6 ± 0.3 0.71 ± 0.01 0.10 ± 0.01 13.9 ± 1.3 1.19 ± 0.21 342 ± 27 186 ± 39 
380 70 54.4 ± 1.9 11.1 ± 0.1 0.72 ± 0.15 0.17 ± 0.02 22.8 ± 2.6 0.70 ± 0.18 255 ± 66 99 ± 40 
500 54.7 ± 1.1 11.6 ± 0.3 0.85 ± 0.03 0.12 ± 0.01 15.8 ± 3.3 0.93 ± 0.17 328 ± 30 150 ± 32 
620 53.7 ± 1.1 10.3 ± 0.4 0.73 ± 0.03 0.13 ± 0.03 17.3 ± 3.2 0.90 ± 0.13 315 ± 23 147 ± 29 
500 80 64.4 ± 1.2 12.3 ± 0.3 0.43 ± 0.08 0.14 ± 0.01 33.4 ± 2.1 0.70 ± 0.09 367 ± 17 128 ± 22 
620 62.8 ± 1.9 12.1 ± 2.0 0.43 ± 0.02 0.04 ± 0.00 7.9 ± 1.3 0.59 ± 0.13 347 ± 22 99 ± 19 
Non porous b Non porous b 0 b 23.0 ± 0.4 3.9 ± 0.1 1.17 ± 0.02 57.7 ± 2.5 3.1 ± 0.3 603 ± 39 933 ± 137  

a Note that the volume degree of swelling relates to the polymer phase. 
b Data of non-porous photo-crosslinked PTMC films prepared using PTMC-tMA with molecular weight of 20.2 kg/mol dissolved in 46 wt% propylene carbonate 

diluent from [9]. 
c The toughness, W, was determined as the area underneath the stress-strain curve. 
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comparable for all porous films and does not differ significantly with 
pore size or porosity. 

The mechanical properties of the photo-crosslinked PTMC network 
films were determined in tensile testing. In Fig. 3 the relationship be-
tween the porosity and the elasticity modulus of the porous photo- 
crosslinked PTMC network films with gyroid pore network architec-
ture prepared by stereolithography is illustrated. The elasticity modulus 
of the porous network films is lower than that of non-porous network 
films and decreases with increasing porosity. 

Fig. 4A-D presents values of the maximum tensile strengths, tensile 
yield strengths, elongations at break and elongations at yield of the 
porous PTMC networks prepared by SLA. As can be seen in Fig. 4A and 
4C, both the maximum tensile strength and the yield strength decrease 
with increasing porosity. 

As is shown in Fig. 4B and D, the elongation at break and the elon-
gation at yield here too do not show clear relationships with porosity. 
Table 2 shows that the toughness of the porous PTMC networks prepared 
by SLA is significantly lower than that of similar non-porous networks. 

4. Discussion 

In this study, we assessed the effect of the presence of a pore network 
and its characteristics on the mechanical properties of photo-crosslinked 
PTMC networks in tensile testing. Additive manufacturing techniques 
allow for the reproducible fabrication of complex designed structures 
with high control over shape and geometry, and in the case of porous 
structures also over pore size, porosity and pore architecture [6,10,25]. 
This is an advantage over conventional techniques such as salt leaching, 
for example in the design and preparation of complex, microporous 
vascular structures [27,28]. Compression testing suggests that additive 
manufacturing leads to porous tissue engineering scaffolds with 
improved mechanical properties when compared to scaffolds prepared 
by conventional techniques [8,23]. Such comparisons have not yet been 
made in tensile experiments. Therefore, we prepared a series of designed 
porous photo-crosslinked PTMC network films by stereolithography 
using a resin based on the same PTMC-tMA macromer used in preparing 
porous photo-crosslinked PTMC networks films by the salt leaching 
method. The porous networks prepared by SLA were designed to have a 
gyroid pore network architecture, pore sizes of 380 µm, 500 µm and 620 

µm (defined as the diameter of a virtual sphere that fills the pore 
channels of the gyroid [6]) and porosities of 60, 70 an 80% for each pore 
size. In addition, porous networks prepared by the salt leaching method, 
were prepared with salt in size ranges of 300–315 µm, 425–500 µm and 
600–630 µm and intended porosities of 60, 70 and 80% for each pore 
size range. The pore size of the salt leached network films was defined as 
the size of the salt particles used. 

For use in SLA, the composition of the PTMC-tMA macromer resins 
was based on earlier work [10]. Thus, the macromers were dissolved in 
50 wt% non-reactive propylene carbonate. However, for resins used in 
preparing porous PTMC network films by salt leaching, a larger amount 
of propylene carbonate was required. As relatively large amounts of salt 
particles are included, the viscosity of the resins becomes too high to 
allow casting films. Also, as can be seen in Fig. 5A, the sodium chloride 
particles in a PTMC-tMA resin containing 70 vol% salt particles and 50 
wt% propylene carbonate results could not properly be dispersed (even 
when heated to 70 ⁰C). The content of the propylene carbonate diluent 
needs to be increased to 70 wt% to allow homogeneous dispersion of the 
salt particles in the resin and casting at 70 ⁰C. See Fig. 5. Increasing the 
amount of propylene carbonate diluent can have an effect on the 
network density and mechanical properties, in particular the elongation 
at break [29]. By increasing the amount of diluent, the network density 
decreases and the elongation at break increases. 

The porosities of the obtained porous network films are presented in 
Tables 1 and 2. In all cases, the porosities were found to be between 25.5 
and 58.3 vol, which was considerably lower than intended. This dif-
ference is especially clear for networks prepared from resins containing 
relatively small amounts of salt particles. In line with other work [30], 
we observed significant shrinkage after leaching and drying of all films. 
As the networks are crosslinked in a swollen state, removal of the 
diluent, (leaching of the salt) and drying will result in relaxation of the 
polymer network chains and a subsequent change in dimensions of the 
porous structure. In addition, the low network density of the porous salt 
leached network films likely results in a relatively unstable structure 
which may result in pore collapse [27]. The pore sizes and pore size 
distributions were not determined after extraction and drying, but will 
likely be significantly lower than the size of the salt particles used [27]. 

Preparing networks by SLA using resins containing high amounts of 
propylene carbonate will result in fragile, swollen structures during the 
building process [9,10]. In our study, PTMC network films with a 
designed porosity of 80% and pore size of 380 µm could not be built, as 
the fragile structure already failed during the building process. For the 
other compositions, however, the porosities of the porous network films 
were significantly lower after extraction and drying (between 44.0 and 
64.4 vol%) when compared to the values of the designs. As was the case 
with the porous PTMC films prepared by salt leaching, this shrinkage 
can be due to relaxation of the polymer network chains after removal of 
the non-reactive diluent and drying [9]. In the structures built by ster-
eolithography, overcuring can have had an effect as well [10]. In SLA, 
structures are prepared in a layer-by-layer manner. To prepare struc-
tures, precise control over the layer thickness is essential. Therefore, the 
curing depth needs to be precisely controlled. Each new layer needs to 
be only slightly thicker than the selected layer thickness to crosslink the 
new layer into the previously built layer. If the curing depth is too low, 
the new layer will not attach, and the structure will fail. If the curing is 
too high, features designed to remain open will crosslink, resulting in 
overcuring of the structure. This is likely to happen when viscous resins 
based on relatively higher molecular weight macromers are used and 
can result in significantly lower porosities and pore sizes [10]. Based on 
these findings, it is very likely that the obtained pore sizes of the SLA 
prepared network films are lower than designed. 

For a polymer network, the degree of swelling increases with 
decreasing crosslink density [14,31]. Comparing the degrees of swelling 
of the network films prepared by salt leaching to those prepared by SLA, 
it becomes clear that the crosslink densities of the salt leached network 
films are significantly lower and decrease with increasing salt content of 

Fig. 3. Tensile elasticity modulus of porous photo-crosslinked PTMC networks 
with gyroid pore network architecture prepared by SLA as a function of their 
porosity. The pore sizes of the gyroid pore network architecture are: 380 µm 
(■), 500 µm (○), and 620 µm (▴). See also Table 2. Data for non-porous photo- 
crosslinked PTMC networks (0% porosity, red diamond) are from [9]. The 
dashed line serves as a guide for the eyes. Results are given as averages ±
standard deviation (n = 3). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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the used resin. It seems that the presence of salt particles in the resin has 
a negative effect on the photo-crosslinking efficiency. This may result in 
remaining unreacted methacrylate double bonds in the networks. Such 
double bonds can, provided that they are present of the surface of the 
polymer phase, be used for further reactions[32]. This, however, needs 
to be investigated in more detail. With regards to the mechanical 
properties of both types of networks films some comparisons between 
the two methods remain to be discussed. 

First, during tensile testing of the network films prepares by SLA, it 
was noted that as the specimens were elongated, the struts between the 
pores failed successively. In contrast, PTMC network films prepared by 
the salt leaching method could be continuously elongated until failure 
occurred. 

Second, by comparing Tables 1 and 2 and Figs. 2 and 4 it can be seen 
that for a certain porosity the differences in tensile properties are not 
large for the different preparation methods. It does seem, however, that 
porous photo-crosslinked PTMC networks prepared by SLA have some-
what higher maximum tensile strengths and lower elongations at yield 

than porous PTMC network films prepared by salt leaching. In addition, 
the toughness of the porous PTMC network films prepared by SLA is 
somewhat higher than that of those prepared by salt leaching. The dif-
ference would likely be larger if the same amount of propylene car-
bonate had been used, due to lower toughness’ for salt leached networks 
in that case, as the toughness values increase with increasing amounts of 
diluent [29]. In both cases however, there is no clear relationship be-
tween toughness and porosity. Furthermore, the decrease in maximum 
tensile strength with increasing porosity and the decrease in yield 
strength with increasing porosity are both independent of pore size for 
both types of network films. 

Third, as could be anticipated [2], the elastic moduli of the porous 
network films is lower than that of solid network films. From Figs. 1 and 
3, it becomes also clear that the modulus primarily depends on porosity 
and not on pore size. This is most clearly seen for network films prepared 
by SLA at porosities of approximately 55%, where the tensile moduli of 
specimens with different pore size are comparable. Fig. 6 shows the 
modulus of elasticity as a function of porosity for both types of photo- 

Fig. 4. Tensile properties of porous photo- 
crosslinked PTMC networks with gyroid 
pore network architecture prepared by ster-
eolithography as a function of their porosity. 
A) Maximum tensile strength, B) Elongation 
at break, C) Tensile yield strength, and D) 
Elongation at yield. The pore sizes are 380 
µm (■), 500 µm (○), 620 µm (▴). See also 
Table 2. Data for non-porous photo-cross-
linked PTMC networks (0% porosity, red 
diamond) are from [9]. The dashed lines 
serve as a guide for the eyes. Results are 
given as averages ± standard deviation (n =
3). (For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the web version of this article.)   

Fig. 5. PTMC-tMA resins at 70 ⁰C containing 70 vol% sodium chloride (relative to the macromer). A) In a resin containing 50 wt% propylene carbonate (relative to 
the macromer), the sodium chloride particles cannot be homogeneously dispersed. B) Increasing the propylene carbonate content to 70 wt% (relative to the mac-
romer) a homogeneous sodium chloride particle dispersion can be obtained that can readily be cast. 
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crosslinked PTMC networks. Although the values for the elastic modulus 
are very similar, the porous photo-crosslinked PTMC network films 
prepared by SLA have a somewhat higher elasticity modulus than the 
corresponding porous films prepared by salt leaching regardless of pore 
size. 

5. Conclusions 

Porous, photo-crosslinked PTMC network films were prepared using 
methacrylate functionalized PTMC oligomers by a solvent casting and 
salt leaching method, and by stereolithography. In the latter case, 
porous films with a designed gyroid pore network architecture were 
obtained. In both cases photo-crosslinking was conducted in an inert 
propylene carbonate diluent, and after extraction of the diluent, porous 
structures with somewhat lower porosities than intended were obtained. 
The addition of sodium chloride as porogen in the salt leaching method 
was found to decrease the efficiency of the photo-crosslinking process 
resulting in slightly lower crosslinking densities than in networks pre-
pared by stereolithography. 

For both preparation methods, the elasticity modulus of the porous 
network films decreased with increasing porosity. For a given porosity, 
the elasticity modulus, maximum tensile strength and toughness of 
porous photo-crosslinked PTMC network films prepared by stereo-
lithography was slightly higher than those of porous network films 
prepared by salt leaching. 
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Preparation of poly(ε-caprolactone)-based tissue engineering scaffolds by 

Fig. 6. Tensile elasticity modulus of porous photo-crosslinked PTMC networks 
with gyroid pore network architecture prepared by SLA and by salt leaching as 
a function of their porosity. See also Tables 1 and 2. Data for non-porous photo- 
crosslinked PTMC networks (0% porosity, red diamond) are from [9]. The 
dashed line serves as a guide for the eyes. Results are given as averages ±
standard deviation (n = 3). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

B. van Bochove and D.W. Grijpma                                                                                                                                                                                                         

https://doi.org/10.1038/nbt0794-689
https://doi.org/10.1016/S0142-9612(02)00562-8
https://doi.org/10.1016/S0142-9612(02)00562-8
https://doi.org/10.1016/j.tibtech.2004.05.005
https://doi.org/10.1016/j.tibtech.2004.05.005
https://doi.org/10.1002/jbm.a.32482
https://doi.org/10.1002/jbm.a.32482
https://doi.org/10.1021/bm060834v
https://doi.org/10.1016/j.biomaterials.2010.05.068
https://doi.org/10.1016/j.biomaterials.2010.05.068
https://doi.org/10.5301/JABFM.2012.10211
https://doi.org/10.1016/j.actbio.2012.12.004
https://doi.org/10.1002/mabi.201100203
https://doi.org/10.1002/mabi.201600290
https://doi.org/10.1002/mabi.201600290
https://doi.org/10.1016/j.biomaterials.2004.11.057
https://doi.org/10.1016/j.biomaterials.2012.01.048
https://doi.org/10.1002/pat.3589
https://doi.org/10.1002/pat.3589
https://doi.org/10.1016/j.actbio.2012.06.004
https://doi.org/10.1016/j.actbio.2012.06.004
https://doi.org/10.1016/j.actbio.2015.12.014
https://doi.org/10.1021/ar00045a003
https://doi.org/10.1016/S0032-3861(97)00208-5
https://doi.org/10.1016/S0032-3861(97)00208-5
https://doi.org/10.1002/pi.805
http://refhub.elsevier.com/S0014-3057(20)31940-6/h0095
http://refhub.elsevier.com/S0014-3057(20)31940-6/h0095
https://doi.org/10.1089/ten.2004.10.1316
https://doi.org/10.1016/S0142-9612(00)00121-6
https://doi.org/10.1016/S0142-9612(03)00030-9


European Polymer Journal 143 (2021) 110223

8

stereolithography, Acta Biomater. 7 (11) (2011) 3850–3856, https://doi.org/ 
10.1016/j.actbio.2011.06.039. 

[24] M.A. Geven, D.W. Grijpma, Additive manufacturing of composite structures for the 
restoration of bone tissue, Multifunct. Mater. 2 (2) (2019) 024003, https://doi.org/ 
10.1088/2399-7532/ab201f. 

[25] E.J. Mott, M. Busso, X. Luo, C. Dolder, M.O. Wang, J.P. Fisher, D. Dean, Digital 
micromirror device (DMD)-based 3D printing of poly(propylene fumarate) 
scaffolds, Mater. Sci. Eng., C 61 (2016) 301–311, https://doi.org/10.1016/j. 
msec.2015.11.071. 

[26] K.J. Zhu, R.W. Hendren, K. Jensen, C.G. Pitt, Synthesis, properties, and 
biodegradation of poly(1,3-trimethylene carbonate), Macromolecules 24 (8) 
(1991) 1736–1740, https://doi.org/10.1021/ma00008a008. 

[27] Z. Guo, D. Grijpma, A. Poot, Leachable Poly(Trimethylene Carbonate)/CaCO3 
Composites for Additive Manufacturing of Microporous Vascular Structures, 
Materials 13 (15) (2020) 3435, https://doi.org/10.3390/ma13153435. 

[28] S. Schüller-Ravoo, E. Zant, J. Feijen, D.W. Grijpma, Preparation of a Designed Poly 
(trimethylene carbonate) Microvascular Network by Stereolithography, Adv. 

Healthcare Mater. 3 (12) (2014) 2004–2011, https://doi.org/10.1002/ 
adhm.201400363. 

[29] B. van Bochove, S. Spoljaric, J. Seppälä, A. Rios de Anda, Multiscale structural 
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