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A B S T R A C T

Permeable microporous foams and membranes of biodegradable polyesters are currently used in
the area of tissue engineering and drug delivery systems. Their mechanical properties are useful in
the medical applications. The foams should mechanically fit to the tissues where the foams were
implanted. In this study, we investigated the mechanical properties of the foams of biodegradable
polyesters by compression tests. Microporous foams of poly(L-lactic acid), poly (e-caprolactone),
and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) were prepared by thermally induced phase
separation method. The compression tests were performed at 23–24�C with a universal testing
machine. The structure of the microporous foams depended on the kinds of polymers, polymer
concentrations, and quenching temperatures. The cell size of the foams was smaller when the
polymer concentration was higher or the quenching temperature was lower. We analyzed the
stress–strain diagrams of the foams in the compression test. The lower the relative density of
the foams to the solid materials the lower the elastic limit stress was. The relative Young’s
modulus and relative elastic limit stress of the foams were approximately proportional to the
square of their relative density and less dependent on their cell size. The dependences were similar
to those of open-cell foams of polyurethane.
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1. Introduction

Permeable microporous foams of biodegradable
polyesters are currently used in the area of tissue
engineering [1–3] and drug delivery systems [4,5].
Although materials from animals such as gelatin [6] are
prepared, the biodegradable polyesters have a merit to
reduce the risk of the contamination of viruses com-
pared to the animal origin materials. The microporous

foams of biodegradable polyesters were prepared by
phase separation [4], particulate-leaching [7–10], com-
bination of freeze-drying and particulate-leaching
[11], emulsion freeze-drying [12], fused deposition
modeling [13], stereolithography [14], etc.

Profiles of cell proliferation and drug release are the
main characteristics of the porous materials in the med-
ical applications. In addition to them the mechanical
properties of the materials are also important when
they are implanted [3]. Fragile scaffold cannot protect
the cells from the mechanical stress while rigid�Corresponding author
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implants will hurt soft tissues. The foams should
mechanically fit to the tissues where the foams were
implanted. The elasticity of the microenvironment also
affects the adhesion and differentiation of stem cells
[15]. Some researchers measured the mechanical prop-
erties of microporous foams of biodegradable plastics.
Among them, Hou et al. [8] and Zhang et al. [9] exam-
ined the compressive modulus and yield stress of the
foams prepared by particulate leaching method with
a wide range of porosity. The characteristics were of
open cell type foams like polyurethane foams [16].

Thermally induced phase separation method is a
kind of phase separation method where the polymer
solution in a diluent is cooled to induce phase separa-
tion and solidification [17–19]. Microporous foams are
formed after the extraction of the diluent. Isotropic
porous structures are observed while anisotropic or
asymmetric ones are observed in microporous materi-
als, such as ultrafiltration membranes, prepared by
nonsolvent-induced phase separation method. The
pore size can be controlled by the kinds of diluents,
polymer concentration, and thermal histories in ther-
mally induced phase separation method.

In this study, we investigated the mechanical prop-
erties of the foams of biodegradable polyesters pre-
pared by thermally induced phase separation method
by compression tests. The compressive Young’s modu-
lus and elastic limit stress (� yield stress) of micropor-
ous foams of different kinds of biodegradable
polyesters, pore sizes, and densities were compared.

2. Experimental

2.1. Materials

Poly(L-lactic acid) (PLLA) (Mw ¼ 120,000) was a
kind gift from Toyota Motor Corp. (Toyota, Japan).
Poly (�-caprolactone) (PCL) (Mw¼ 70,000–100,000) and
poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) (3HV ¼ 12%), were prepared purchased from
Wako Pure Chemical Industries (Osaka, Japan) and
Sigma-Aldrich (St. Louis, MO), respectively. 1,4-
Dioxane are of analytical grade. All the chemicals were
used as received.

2.2. Preparation of microporous foams

Microporous foams of biodegradable polyesters
were prepared by thermally induced phase separation
method [18,19]. First polymers were dissolved in 1,4-
dioxane containing 13% water at 80�C. In this paper,
water concentration in diluents and polymer con-
centrations in polymer solutions are expressed in
weight percent. Then the solution was poured into a

5 mm-deep stainless mold at 80�C and kept for 15 min.
The mold was quenched to 0�C,�22�C, or�196�C. The
formed gel was washed with water at 0�C and then
dried at room temperature. 100% polymer specimen
was prepared by cooling heat-melted polymer in a
stainless mold.

2.3. Scanning electron microscopy (SEM)

The foam was immersed in liquid nitrogen and then
fractured. It was mounted vertically on a sample
holder. The surface of the sample was coated with
gold–palladium using a sputter coater (JFC-1100E,
JEOL, Akishima, Japan). A SEM (JSM-5800, JEOL) with
an accelerating voltage of 15 kV was used to examine
the membrane cross-sections and surfaces.

2.4. Compression test

The compression tests were performed at 23–24�C
with a universal testing machine (RTC-1225AS, Orien-
tic Co.). The specimen was cut in a disc of 11 mm in dia-
meter except 100% PHBV at 3.7 mm. Compression
speed was 0.5 mm min�1.

2.4. Phase separation temperature

The phase separation temperatures of the polymer
solutions were measured by the method described
elsewhere [19].

3. Results and discussion

3.1. Internal structure of the microporous foams of PLLA

Fig. 1 shows the internal structure of microporous
foams of PLLA prepared from polymer solutions at
different concentrations by ice water quenching.
Inter-connected structures of the microporous foam
were observed. The cell size of the foams was smaller
when the polymer concentration was higher.

The phase separation temperatures of ternary mix-
ture of PLLA and 1,4-dioxane containing 13% water
were 37�C, 46�C, and 64�C at 5%, 10%, and 20% PLLA
concentration, respectively [19]. The temperature was
higher at a higher polymer concentration in contrast
to binary mixture of polymer and diluent. It can be
assumed that the pore size becomes larger at a higher
polymer concentration than at a lower concentration
because the phase begins to separate earlier. However,
the polymer-rich phase solidifies at a higher polymer
concentration faster than at a lower polymer concentra-
tion because the concentration in polymer-rich phase is
higher. Thus the pore size was smaller at higher
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polymer concentrations because of the short time for
the growth of droplets of polymer-lean phase. The cell

wall among the three or more cells was also porous in
the foams prepared from 5% polymer solution. The sec-
ondary pores would have formed after the first phase
separation for the primary pores and before
solidification.

Fig. 2 shows the internal structure of microporous
foams of PLLA prepared from 10% polymer solutions
at different quenching temperatures. The cell size of
the foams was smaller when the quenching tempera-
ture was lower (Figs. 1b, 2a, and 2b). The phase sepa-
rated at the same temperature (46�C). The growth of
the droplets of polymer-lean phase stopped in a shorter
time because of the faster quenching (Figs. 2a and 2b).
Thus the cell size became smaller. However it seems
that the cell wall was not so thick prepared by the faster
quenching compared to that from the polymer solution
at a higher concentration by ice water quenching
(Fig. 1c) while the cell size became smaller in the both

(b) 

(a) 

500 µm

(c) 

50 µm

50 µm

Fig. 1. Internal structures of microporous foams of PLLA
prepared from polymer solutions at different polymer
concentrations. The polymer solutions were quenched by ice
water (0�C). Polymer concentration: (a) 5%, (b) 10%, (c) 20%.

(b) 

(a) 

50 µm

50 µm

Fig. 2. Internal structures of microporous foams of PLLA
prepared from polymer solutions at different quenching
temperature. The polymer concentrations were 10%. Quench-
ing temperature: (a) �22�C and (b) �196�C.
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cases. The thick cell walls in Fig. 1c would be due to the
higher density of the foams (see Section 3.3).

3.2. Internal structure of the microporous foams of PCL
and PHBV

Fig. 3 shows the internal structure of microporous
foams of PCL prepared from polymer solutions at dif-
ferent concentrations by ice water quenching. The cell
size was larger than those of PLLA microporous foams
at 10% (Figs. 1b and 3b). The phase separation tempera-
tures of the PCL and PLLA solutions were similar [19].
However, the PCL-rich phase would solidify slower
than the PLLA-rich phase because the melting point
and glass transition temperature of PCL (Tm ¼ 60�C
and Tg ¼ �60�C) were lower than those of PLLA
(Tm ¼ 174�C and Tg ¼ 60�C). Thus the cells in PCL
foams grew larger.

Fig. 4 shows the internal structure of microporous
foams of PHBV prepared from polymer solutions at
different concentrations by ice water quenching. The
cell size of the PHBV foams from a 10% polymer solu-
tion (Fig. 4b) was similar to the corresponding PLLA
foam (Fig. 2b). However, the PHBV foams contained
leaf-like structures. The melting point, glass transition
temperature, and weight average molecular weight of
PHBV with hydroxyvalerate content of 12 mol% pro-
duced by Sigma-Aldrich Co. were 161�C, �2�C, and
238,000, respectively [20]. The Tm and Tg values were
between PLLA and PCL. The crystal growth in poly-
mer solution would be different between PHBV and
PLLA. On the other hand the cell size became smaller
at higher polymer concentrations similarly as in the
PLLA and PCL foams.

The PHBV solutions were not very clear at 80�C
although the solutions were clouded at room tempera-
ture. So the phase separation temperatures were not
clearly measured for the PHBV solutions to analyze the
formation of porous structure.

3.3. Stress–strain curves of microporous foams of
biodegradable plastics

We characterized the mechanical properties of the
foams by compression test. We analyzed the stress–
strain diagrams of the foams (Fig. 5). The densities of
the microporous foams samples were higher than the
values estimated from the polymer concentrations of
the solutions used for the preparation partly because
the foams shrank during the preparation. The densities
(r) were calculated from the mass, diameter, and
height of the each samples before compression tests.
The relative densities of the samples (r/rs) were

shown in Fig. 5. The densities of the solid sample (rs)
of PLLA, PCL, and PHBV were 1240, 1050, and
1180 kg m�3, respectively.

(b) 

(a) 

50 µm

(c) 

50 µm

50 µm

Fig. 3. Internal structures of microporous foams of PCL
prepared from polymer solutions at different polymer concen-
trations. The polymer solutions were quenched by ice water
(0�C). Polymer concentration: (a) 5%, (b) 10%, and (c) 15%.
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The initial lines of the stress–strain diagrams of the
foams were not straight (Fig. 5). That would be due to

that the top and bottom surface of the specimens (Fig. 6)
were not perfectly parallel. The strain was calculated
from the displacement and the initial height of the spe-
cimens. The compressive Young’s moduli (E) were cal-
culated from the maximum slopes in less than 0.2 of
strain.

The slope of stress–strain curve decreased largely
around strain 0.1. The decrease is similar to those of the
stress–strain curve of general tension tests. However,
the slope increased again around 0.4 of strain. It is one
of the characteristics of the stress–strain curve in the
compression test of the porous materials [16]. The com-
pressed foams begin to show the mechanical properties
of the solid materials at higher strains in compression
tests while the specimens are broken in general tension
tests.

The stress–strain curves of the samples in this study
did not show clear yielding points. Thus the elastic
limit stress (sel) was estimated from the cross point
of the straight line which shows the initial maximum
slope and the line which shows the minimum slope
around 0.2 of strain of the stress–strain curve. Elastic
limit stress is a critical value where permanent defor-
mation of materials will occur. The elastic limit stress
of the solid PLLA could not be measured because of its
high value. The height of the porous specimens did not
recover after compression over the elastic limit strain
(Fig. 6). Foams of elastic limit stress higher than the
pressure at the place of implantation should be pre-
pared to avoid the deformation of the living cells in the

(b)

(a)

50 µm

(c)

50 µm

50 µm

Fig. 4. Internal structures of microporous foams of PHBV
prepared from polymer solutions at different polymer concen-
trations. The polymer solutions were quenched by ice water
(0�C). Polymer concentration: (a) 5%, (b) 10%, and (c) 15%.
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Fig. 5. Stress–strain diagram of microporous foams of PLLA.
Sample (1) was prepared from heat-melted PLLA. Samples
(2), (3), (4), and (5) were prepared from 20%, 15%, 10%, and
5% PLLA solutions in 1,4-dioxane containing 13% water,
respectively, by quenching the solutions with ice water.
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microporous foam in tissue engineering or the excess
release from the drug in drug delivery systems.

3.4. Young’s modulus of biodegradable microporous foams

The relative Young’s moduli of the foams were
plotted against their relative density (Fig. 7). A log–log
plot is usually used in the analysis of mechanical prop-
erties of foams because the slope in the plot depends on
the cell structure. The theoretical slope for an ideal
model of open-cell foam is 2.0 in Fig. 7 while the slope
for the closed-cell foam at a relative density of 0.1 is
nearly 1.0 [16]. The Young’s moduli (Es) of the solid
samples of PLLA, PCL, and PHBV were 1130, 210, and
910 MPa, respectively. The relative Young’s moduli
(E/Es) of microporous foams of PLLA, PCL, and PHBV
were proportional to the relative density (r/rs) to the
power of 2.0, 2.4, and 2.7, respectively. Note that the
data points of PLLA foams prepared by quenching at
�22�C and�196�C are in the trend of PLLA foams pre-
pared by quenching at 0�C. The cell size of PLLA foams
prepared at �22�C and �196�C were much smaller
than that of the foams prepared at 0�C (Figs. 1 and 2).
The result in Fig. 7 implies that the relative Young’s
modulus of PLLA foams mainly depends on the rela-
tive density and depends less on the cell size.

Hou et al. examined the Young’s moduli of the por-
ous foams of poly(D,L-lactic acid) (PDLLA) and PCL
prepared by coagulation, compression molding, and
particulate leaching. The moduli were proportional to
the power law. The exponents of the foams with
PDLLA and PCL were 2.42 and 2.59, respectively [8].

Zhang et al. showed that the Young’s modulus of
the porous scaffolds with cubic and spherical macro-
pores (355–450 mm) of poly(D,L-lactic-co-glycolic acid)

(PLGA) were also proportional to the power law. The
exponents of the macroporous foams with spherical
and cubic pores were 2.37 and 3.13, respectively [9].
They think that the higher exponent of the foams of
cubic pores is due to the defect of the pores. The foams
prepared by leaching NaCl salt porogens have defects
formed by the merge of two or more adjacent cubic par-
ticles. The defect effect may be more significant at low
relative densities (high porosities). Thus the compres-
sive Young’s moduli of foams with cubic pores are
more sensitive to those with spherical pores.

The dependences of Young’s modulus on relative
densities of the microporous foams were similar to
those of open-cell foams of polyurethane [16]. The the-
oretical slope for the ideal open-cell foams in Fig. 7 is
2.0. The difference between theoretical and experimen-
tal values would be due to the structural difference of
the regularly jointed beams in the theory and the open
walls in the microporous foams.

3.5. Elastic limit stress of biodegradable microporous foams

The relative elastic limit stress of the foams was also
approximately proportional to the square of their rela-
tive density (Fig. 8). The ratio of the elastic limit stress
(sel) to the Young’s modulus (Es) of the solid materials
(sel/Es) of PLLA, PCL, and PHBV were proportional to
the relative density (r/rs) to the power of 2.1, 2.4, and
2.3, respectively. The data points of PLLA foams
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Fig. 7. Dependence of the relative Young’s modulus (E/Es) on
the relative density (r/rs) of microporous foams. The foams
were prepared by quenching polymer solutions at 0�C unless
otherwise noted.
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Fig. 6. Solid (r/rs ¼ 1.00) and porous (r/rs ¼ 0.17) PLLA
specimens before and after compression tests.
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prepared by different quenching method are near the
regression line of PLLA as well as in the graph of
Young’s modulus (Fig. 7). The relative elastic limit stress
of PLLA foams mainly depends on the relative density
and depends less on the cell size (Figs. 1 and 2) as well
as Young’s modulus. The values of sel/Es of PLLA,
PCL, and PHBV at a relative density of 1.0 were 0.067,
0.073, and 0.032, respectively.

Zhang et al. also showed that the elastic limit stress
of the porous scaffolds with cubic and spherical macro-
pores of PLGA were proportional to the power low.
The exponents of the macroporous foams with spheri-
cal and cubic pores were 2.29 and 2.72, respectively [9].

Morgan and Keaveny measured that the yield stress
of human trabecular bones from different anatomic site
(vertebra, proximal tibia, greater trochanter, and femoral
neck) [21]. The exponent of the relationship of yield stress
on density was 1.48–2.26 in compression tests. They also
showed that the Young’s moduli are almost proportional
to the yield stress, suggesting that the moduli also
increase proportionally to the square of the density.

Gibson and Ashby [16] summarized the mechanical
properties of open cell polyurethane foams and cancel-
lous bones and showed the exponents of the depen-
dence of elastic limit (collapse) stress on the densities
are around 2.0. The theoretical exponents of elastic
limit stress to density for the ideal open-cell foams in
a simple model are 2.0 as well as that of Young’s mod-
ulus [16]. The typical value of sel/Es of open cell foams
at a relative density of 1.0 is 0.05. The values for the
foams of PLLA, PCL, and PHBV (0.032–0.073) are close

to 0.05 suggesting that the elastic properties of those
biodegradable foams prepared by thermally induced
phase separation method can be roughly estimated
from the Young’s modulus of solid polymer and rela-
tive densities.

4. Conclusions

The compressive Young’s modulus (E) of micro-
porous foams of PLLA, PCL, and PHBV prepared by
thermally induced phase separation method was pro-
portional to the relative density (r/rs) to the power
of 2.0–2.7. The modulus was dependent on the Young’s
modulus (Es) of the solid materials as well as the den-
sity but less dependent on the pore size. The ratio of the
elastic limit stress (sel) to the Young’s modulus of the
solid materials (sel/Es) was proportional to the relative
density (r/rs) to the power of 2.1–2.4. The mechanical
properties of the microporous foams of the biodegrad-
able polyesters were similar to those of open-cell poly-
urethane foams and cancellous bones. The mechanical
properties of biodegradable foams are useful in the
design of scaffold in tissue engineering and support
of drug delivery systems to obtain mechanical biocom-
patibilities of the foam to the site of implantation.
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