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Abstract
The renewability and ease of processing of polylactide (PLA) make it ideal for disposable foam products. 
However, controlling the foam structure is challenging due to its low melt strength and crystallization ability, 
which can result in cell rupture-prone and excessively large cells, necessitating a comprehensive understanding 
of the influences of foaming parameters (temperature, pressure, and time) on cell structures and properties to 
unlock PLA’s full potential. This study optimizes the fabrication of PLA foams using solid-state batch foaming 
under supercritical CO2 conditions by employing a central composite design of response surface methodology. 
Single-parameter investigations reveal that higher foaming temperature, increased pressure, and longer foaming  
time increase the apparent density due to reduced polymer viscosity, pressure-dependent gas entrapment, and 
enhanced gas diffusion, leading to faster cell nucleation and cell formation. The compressive properties depend 
on stress-strain behavior and cell morphology, influenced by the cell shape and wall thickness. Thicker cell walls 
delay cell buckling and improve compression resistance. Higher sphericality evenly distributes compressive stress 
across cell surfaces, enhancing the foam’s resilience against localized collapse. Multi-response optimization 
successfully fabricated lightweight PLA foam (0.134 g/cc apparent density) with enhanced compressive modulus 
(1.955 MPa at 50% strain) and controlled cell morphology (average cell size of 21.055 μm and cell density of 
52.385 × 105 cells/cm3) at optimized foaming conditions (180 °C, 165 bar, and 2.3 h). The PLA foams have potential  
as a reusable and degradable absorbent for liquids and oils, but there are challenges in scaling production.

Keywords: Cell morphology, Compressive behavior, PLA foam, Response surface methodology, Supercritical 
CO2
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1 Introduction

Plastics’ affordability, versatility, and high durability 
in diverse forms (solids, liquids, solution, latex, or 

suspension) have fueled their widespread use, with 
polymeric foams being a particularly popular product  
[1]–[4]. Polymeric foam, typically produced by  
saturating a polymer with a gas (physical or chemical)  
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to achieve a desired cellular structure (open-cell or 
closed-cell) with specific thermal, mechanical, or 
acoustic properties, gains its cellular structure [5], 
[6]. These cellular structures can be smaller than 
30 μm with cell densities ranging from 109 to 1012 
cells/cm3, making them microcellular foam [6], [7].  
Notably, these foams possess remarkable properties,  
often surpassing their solid counterparts, offering 
excellent mechanical performance, economical  
production, and low material volume. These have 
found applications in various fields, e.g., packaging 
and cushioning [8], [9], insulation [10], [11], liquid  
absorption and filtration [12], flame retardant [13], 
building and construction [7], [14], [15], sports  
equipment [16], and biomedical field [17], [18].
 Polylactide (PLA) is emerging as a promising 
candidate for sustainable alternatives to environmental  
concerns over fossil-based polymers due to its 
renewability, sustainability, biocompatibility,  
degradability, and processability [19], [20]. PLA 
is widely employed as nanoparticles for cosmetic  
applications [21]–[23], drug encapsulation templates 
in biomedical fields [24], toughening agents [25]–[28], 
nanofibers for oil absorption and oil/water separation 
[29], [30], and bio-composites for packaging [23], [31]. 
These mentioned renowned enable its foam counterparts  
to be utilized as disposable meal boxes or reefer  
containers for food packaging and fresh-keeping [32], 
[33]. The potential for further diverse applications 
is contingent upon these foams' apparent density 
and cell morphology [34]. In this context, the use of  
supercritical carbon dioxide (sc-CO2) as a physical 
blowing agent for PLA foaming has gained vast attention  
due to its high polymer solubility, eco-friendliness, 
high efficiency, non-toxicity, and moderate critical 
conditions [35]–[38]. However, the fabrication and 
applications of PLA foam are constrained by its low 
melt strength and crystallization ability, rendering it 
susceptible to cell rupture and producing excessive 
cell sizes [39], [40]. Previous studies have focused 
on optimizing the foaming process to control cell  
morphology [40]–[42]. Mahdavi et al. [43] prepared 
PLA foams by optimizing the foaming parameters by 
injecting a physical blowing agent into a high-pressure 
vessel, resulting in a more homogeneous cell structure  
at 90 bar and 70 ℃. Increasing pressure caused a 
decrease in cell size and an increase in cell density,  
impacting the foams' compressive modulus and  

compressive strength [7]. Various variables, including 
temperature, pressure, and time, influence the final 
properties of PLA foams, emphasizing the importance 
of understanding the relationship between the foaming 
conditions and the cellular morphology to improve 
the foamability of this degradable polymer [44], [45]. 
 The current study simultaneously investigates 
cell morphology and its effect on other properties, 
including apparent density and compressive modulus 
of PLA foams fabricated via solid-state batch foaming  
with supercritical CO2 as a physical blowing agent. 
Central composite design (CCD) is used as the  
baseline for the design of experiment (DoE) through a 
combination of response surface methodology (RSM) 
to determine the most influential foaming process 
parameter. Multi-objective optimization is then used 
to determine the optimal foaming process conditions 
based on the desirability profile, thereby verifying the 
CCD-RSM-built model.

2 Materials and Methods

2.1 Materials

Pelletized PLA (Ingeo™ 4043D), with a melting  
temperature of 153 °C, specific gravity of 1.24 g/cc, 
and glass transition temperature (Tg) of 58 °C, was 
dried at 80 °C for 4 h to reduce the moisture content 
to 0.025% to prevent hydrolysis during the process. 
Carbon dioxide gas (99.8% purity) was used as a 
blowing agent.

2.2  Preparation and characterization of PLA foams 

PLA foams were prepared using a batch foaming 
process assisted by sc-CO2. Dried PLA pellets were 
weighed, loaded into a foaming vessel, and melted at 
180 °C for 30 min. The CO2 gas was then introduced 
into the vessel at controlled pressure and temperature 
according to the experimental design. Finally, the 
temperature was lowered to 80 °C, and the gas was 
slowly released (depressurization) to induce cell  
nucleation and growth. The foam structures were 
formed after the autoclave was cooled to ambient 
temperature. The process steps are summarized in 
Figures 1 and 2. This study employed a supercritical 
fluids apparatus developed by MTEC, comprising a 
pressurized vessel with a heater and connected via steel 
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pipes to a CO2 gas tank for injection. The apparatus 
is equipped with valves for pressure regulation and 
gauges for monitoring pressure and temperature, and 
it employs precise temperature control mechanisms.
 The foamed samples were freeze-fractured,  
gold-sputtered, and examined using a scanning  
electron microscope (FE-SEM SU5000, Hitachi, 
Japan) at 5 kV to asses their cellular structure and 
morphology. The NIS Elements software was used 
to quantitatively assess the number of cells (n) in a  
specific area, where at least 200 cells were analyzed. 
The total number of cells in each micrograph, area 
(A), was then determined. The cell density (N0) was 
calculated using Equation (1) below [14], [46].

 (1)

where n represents the cell number in a certain area  
A in cm2 by operating on the assumption that the cellular  
structures are spherical and distributed uniformly, M is 
the magnification factor, and FR is the foaming ratio, 
calculated using Equation (2) below [47].

 (2)

where ρp is the density of polymer in pellet form, and 
ρf is the foam density. 
 Equation (3) was then utilized to determine the 
cell size (Ns) of the foam [14].

 (3)

where Ns is the cell size in μm, and N0 is cell density 
in cells/cm3.

 The apparent density (ρf) of the foam was  
calculated using the displacement method, as described 
in ASTM D792 [48], utilizing a density kit (Density Kit 
Standard & Advanced, Mettler Toledo, Switzerland) 
installed in a digital balance. 
 Compressive testing of the foams was performed 
following ASTM D695 [49] using a universal testing  
machine (H5KT, Tinius Olsen, United Kingdom) at room  
temperature. Standard-sized specimens (12.7 mm in  
diameter and 25.4 mm in length) were tested at a crosshead  
speed of 0.8 mm/min and a target force of 4500 N.
 The foams with the highest foaming ratio were 
selected for absorption analysis. Dried samples  
(10 mm in diameter and thickness) were immersed in 
various test liquids (DI water, ethyl acetate, cyclohexane,  
silicone oil, soybean oil, and motor oil) at room 
temperature according to ASTM D570 [50]. The test 
specimens were carefully cut to produce a smooth and 
crack-free edge. After immersion at regular intervals 
(10, 30, 60, 90, and 120 min), the foams were removed, 
drained for 30 s [51], and weighed to determine the 
absorption capacity using the following Equation (4).

 (4)

where W0 is the initial weight (dry sample) and Wt is 
the final weight (wet sample).
 The foams’ reusability was evaluated to assess 
their long-term absorption performance. A modified 
version of the procedure reported by Xiao et al. [52] 
was employed. After each 120 min immersion cycle, 
the foams were soaked in ethanol to remove the test 
liquids and dried at 60 °C until their weight was  
stabilized. This test was repeated for n cycles.

Figure 1: The overall foaming procedure of PLA.
Figure 2: The schematic diagram for the foaming 
mechanism of PLA.
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2.3  Experimental design and mathematical modeling

The Design-Expert 13 software was used to create 
an experimental design using the central composite 
design of response surface methodology (CCD-RSM), 
summarized in Table 1. This design was used to study 
the effect of process parameters on the properties of 
PLA foams, i.e., cell morphology, apparent density, 
and compressive modulus. The three most important 
process parameters (foaming temperature, pressure, 
and time) were divided into five levels for this study: 
one center level, two factorial levels, and two-star 
levels determined orthogonally. The Design-Expert  
13 software was also used for data analysis, visualization,  
statistical analysis (ANOVA), quadratic model  
construction, and perturbation analysis to investigate 
the effects of foaming temperature, pressure, and time 
on the responses using three-dimensional response 
surface plots. 

Table 1: Summary of the factors and levels used for 
CCD-RSM

Factors Symbol
Coded Factor Levels

-α –1 0 +1 +α
Foaming 
Temperature 
(℃)

A 144.26 150 170 190 195.74

Foaming 
Pressure (bar) B 144.26 150 170 190 195.74

Foaming 
Time (h) C 1.28 1.5 2.25 3 3.22

3 Results and Discussion

3.1  Cell Morphology and size distribution tests

A broad outline of the foam’s cell morphology is 
crucial as it significantly impacts the foamability of 
polymers and their physical and mechanical properties, 
such as density and compressive strength [53], [54]. 
The cell structures and morphology in the resulting 
PLA foams are affected by the foaming temperature, 
as depicted in Figure 3. A foaming pressure of 170 bar  
and a time of 2.25 h were used for these particular 
samples. Foaming at 144.26 and 195.74 °C results in 
a homogeneous cell structure with completely closed 
cell walls. Conversely, foams produced at 170 °C  
display non-uniform cell distribution, with sizes  
spreading from big to extremely small. This irregularity  

is attributed to the low melt strength of  PLA, particularly  
at 195.74 °C, leading to cell wall rupture and larger 
cell sizes. The size distribution of all samples follows  
a Gaussian distribution, which provides a useful  
approximation of the cell size distribution, presuming  
that the cells are spherical and the process of cell 
nucleation and growth is random [55], [56]. The cell 
size decreases at higher temperatures of 170 °C due to 
increased CO2 solubility in the polymer melt, leading  
to smaller cells. Sundarram et al. [17] observed a  
decrease in cell size with increasing temperature, from 
203–117 μm, due to enhanced nucleation and limited 
cell growth. At the highest foaming temperature of 
195.74 °C, cell size increases due to the reduced  
polymer stability (too porous) and enhanced chain  
mobility, leading to cell wall rupture and coalescence 
[57], [58]. The cell sizes of 20.2 μm (low temperature),  
15.1 μm (mid temperature), and 20.7 μm (high  
temperature) were observed in this study, reflecting 
that the foams produced under the conditions described 
in Figure 3 are microcellular [6], [7]. 
 The cell morphology of PLA foams prepared at 
various foaming pressures is compared in Figure 4. A 
flower-like cell structure was observed in the samples 
foamed at 144.26 bar, as outlined with a red circle. 
Also, the cell walls appeared to be entirely closed for 
all samples. The foaming process was carried out at a 
constant temperature of 170 °C for 2.25 h at different 
foaming pressures from 144.26 to 195.74 bar. PLA 
foams exhibit smaller cell sizes at higher foaming 
pressures due to increased pressure that hinders cell 
growth. Additionally, the increased dissolved CO2 
at higher pressures accelerates depressurization and  
nucleation rates, further reducing cell size [59].  
Consistent with our findings, Dugad et al. [60]  
observed a decrease in cell size with increasing  
pressure due to enhanced cell nucleation and, in turn, 
a greater density of cells. Our findings also reveal that 
a further increase in the foaming pressure from 170 to 
195.74 bar generates the largest cell size at 24.2 μm. 
Zhang et al. [61] observed a similar trend of increasing  
cell size with increasing pressure, attributed to  
reduced cell collapse and enhanced nucleation during  
depressurization. The cell sizes of 19.8 μm (low pressure),  
15.1 μm (mid pressure), and 24.2 μm (high pressure)  
observed in this study confirm that the foams  
obtained under the conditions described in Figure 4 are  
microcellular [6], [7].
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 The effect of foaming time on the cell morphology  
and size distribution of the PLA foams was also  
examined. The cell morphology of the samples prepared  
at 170 ℃ and 170 bar for varying foaming times ranging  
from 1.28 to 3.22 h is compared in Figure 5. Initially, 
the cell size decreases with increasing time but then 
increases at longer times due to enhanced gas escape 
before solidification [62]. However, increased cell size 
at prolonged foaming time beyond a certain limit leads 
to continual growth of the cells and the coalescence 

of cells close to one another. Similar to the findings 
of Daryadel et al. [63], the initial decrease in cell 
size is attributed to gas consumption for nucleation,  
leaving less for cell growth. Sundarram et al. [17]  
observed a similar trend of oscillating cell size, with cell size 
measurements increasing initially due to post-expansion  
foaming during sample cooling in the hot vessel. This 
reheating, caused by the thermal inertia of the steel 
walls and the constant heating of the vessel, continues  
until the sample reaches atmospheric pressure [64].

(a) (b) (c)

Figure 3:  SEM images of the samples foamed at a pressure of 170 bar for 2.25 h (top) and Gaussian curve fit 
of the cell size distribution (bottom): Variation of foaming temperature.

(a) (b) (c)

Figure 4: SEM images of the samples foamed at 170 ℃ for 2.25 h (top) and Gaussian curve fit of the cell size 
distribution (bottom): Variation of foaming pressure.



Y. A. Yudanto et al., “Multi-Response Optimization and Cell Structure-Property Relationships of Polylactide (PLA) Foams.”

6 Applied Science and Engineering Progress, Vol. 17, No. 3, 2024, 7399

3.2  Effect of single parameter on apparent density, 
foaming ratio, and cell density

The effect of a single input parameter change (temperature,  
pressure, and time) on the properties of the PLA foams 
was investigated by adjusting a single parameter at a 
time while keeping the other two parameters constant. 
Figure 6 shows the relationship between the foaming  
temperature, apparent density, foaming ratio, cell 
size, and cell density for particular samples. The  
apparent density depicted in Figure 6(a)  increased with 
an increase in temperature due to decreased polymer 
viscosity, leading to cell collapse [65]. Meanwhile, 
the foaming ratio decreased because of enhanced gas 
diffusion at higher temperatures [60], [62]. Figure 
6(b) demonstrates an inverse relationship between 
cell size and density. As the cell size decreased, cell 
density increased due to increased accessible volume 
within the foam  [66]. The cell growth rate initially 
decreased as the cell density increased and the melt 
strength increased [62], [67]. However, at higher  
temperatures, the cell density decreases due to a rise in 
the cell growth rate, which leads to a decrease in the 
cell nucleation rate [60].
 The impact of foaming pressure on various  
parameters is illustrated in Figure 7. Increasing foaming  
pressure has the same effect as increasing foaming 
temperature on these parameters. Higher gas solubility 
with increasing pressure leads to increased apparent 

Figure 5: SEM images of the samples foamed at 170 ℃ and 170 bar (top) and Gaussian curve fit of the cell 
size distribution (bottom): Variation of foaming time.

(a) (b) (c)

Figure 6: Effect of foaming temperature on the  
responses with a fixed pressure of 170 bar for 2.25 h: 
(a) apparent density vs. foaming ratio, and (b) cell size 
vs. cell density.

(a)

(b)
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density and cell density [68], but a decreased foaming 
ratio due to enhanced gas diffusion [69]. However, cell 
rupture at the highest pressure of 195.75 bar results 
in larger cell sizes and lower cell densities due to the 
excessive dissolved gas [70]. 
 In addition, the effect of exposure time to the 
blowing agent on the foam structures and properties  
is investigated. Figure 8 shows that the apparent  
density positively correlates with the foaming time and 
is inversely related to the foaming ratio. Increasing  
foaming time initially led to higher apparent density 
and cell density due to increased cell formation and 
growth [63]. However, prolonged foaming time  
resulted in cell collapse and reduced cell density due 
to polymer stiffening, preventing cell growth, which 
causes a decrease in the foaming ratio and increases 
the apparent density [71].

3.3  Compressive properties

Figures 9(a), 10(a), and 11(a) illustrate the characteristic  
three-stage stress-strain curves of specific foamed 
samples: low-strain linear elasticity, stress plateau, 
and foam densification. Regional variations in the 
compressive modulus of neat PLA foams are visually 
summarized in Supplemental Figure S1, reflecting 
the influence of different processing conditions on 
their mechanical behavior. Region 1 shows the foam’s 
elastic stiffness, characterized by a linear relationship 
between stress and strain. Region 2 demonstrates the 
collapse of the foam structure beyond a yield point 
through substantial deformation while maintaining  
a relatively constant stress, reflected by a much 
lower compressive modulus than Region 1. Region 3  
represents the foam densification after all cells 

Figure 7: Effect of foaming pressure on the responses 
with a fixed temperature of 170 ℃ for 2.25 h: (a)  
apparent density vs. foaming ratio, and (b) cell size 
vs. cell density

(a)

(b)
Figure 8: Effect of foaming time on the responses 
with a fixed condition of 170 ℃ and 170 bar: (a)  
apparent density vs. foaming ratio, and (b) cell size 
vs. cell density.

(a)

(b)
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completely collapsed, characterized by the highest  
compressive modulus and rapid stress increase. The 
modulus in Region 3 from all stress-strain curves is 
significantly consistent, reflecting the nature of similar 
dense PLA material. The corresponding values from 
Regions 1 and 2 were closely examined to investigate 
the difference in mechanical properties displayed by 
the foams in these crucial regions.
 Figure 9(b) shows that increasing foaming  
temperature initially results in decreased compressive 
modulus, attributed to lower sphericality (observed in 
Figure 3(b)). Irregularly shaped cells are vulnerable to 
buckling and collapsing under compressive deformation  
due to higher stress concentrations at enlarged surface  
areas or sharp corners in the non-spherical ones [72], [73]. 
However, there is a subsequent increase in compressive  
modulus at the highest foaming temperatures due 
to higher sphericality and thicker cell walls. High  

sphericality minimizes the risk of cell collapse by 
distributing stress evenly across cell surfaces [74]. 
Simultaneously, thicker cell walls enhance the 
foam’s resistance to load compression by reducing its  
sensitivity to both fracture and buckling [75].
 Figure 10(b) shows that higher foaming pressure  
results in higher compressive modulus. Although  
higher pressure reduces sphericality, it promotes thicker 
cell walls, as evidenced by SEM images (Figure 4(c)).  
These thicker walls enhance the foam’s resistance to 
deformation, as demonstrated by the higher plateaus in 
the stress-strain curves of Figure 11(a). These plateaus 
indicate greater resistance to buckling and collapse  
associated with thicker walls [75]. The cell wall thickness  
and degree of sphericality were determined by  
averaging measurements from three distinct regions.
 Similar to temperature dependence, the foaming 
time in Figure 11(b) significantly influences compressive  

Figure 9: Effect of foaming temperature on the  
responses: (a) compressive stress-strain curve, and  
(b) compressive modulus vs. cell size and cell density.

(a)

(b)
Figure 10: Effect of foaming pressure on the  
responses: (a) compressive stress-strain curve, and  
(b) compressive modulus vs. cell size and cell density.

(a)

(b)



9

Y. A. Yudanto et al., “Multi-Response Optimization and Cell Structure-Property Relationships of Polylactide (PLA) Foams.”

Applied Science and Engineering Progress, Vol. 17, No. 3, 2024, 7399

modulus to fluctuate. However, unlike temperature, 
longer times promote thickened cell walls, potentially 
contributing to this effect. The highest compressive 
modulus observed for the shortest foaming time and 
lower cell wall thickness might be related to the double  
peak in region 1 of the stress-strain curve (green 
line) in Figure 12(a). These distinct peaks suggest 
cell non-uniformity, confirmed by the bell-shaped  
distribution in the SEM images and Gaussian curve fit 
of Figure 5(a). The first peak in the stress-strain curve 
likely represents earlier cell collapse due to a lower 
degree of sphericality. In contrast, the second peak 
indicates a temporary resistance to collapse before 
entering Region 2. Further increases in foaming time 
led to higher compressive moduli, as evidenced by the 
stress-strain curve of the sample foamed for 3.22 h (red 
line). This curve exhibits a continuous rise in stress 
without a plateau, suggesting a more robust structure 

that resists significant cell collapse and buckling under  
compression. This enhanced stability is likely attributed  
to thicker and stronger cell walls, resulting in a more 
pronounced rise in stress with increasing strain. 
Consequently, the compressive modulus in Region 2 
surpasses that of Region 1 for the 3.22-h sample. 

3.4  Model fitting and statistical analysis

The CCD experimental data were used for statistical  
analysis, emphasizing the relationship between 
temperature, pressure, and time. The significance of 
the regression coefficients was determined by their 
p-values, with lower values indicating higher model 
significance [76]. All regression models displayed  
p-values below 0.05 [77], affirming their significance 
at a 5% confidence level, as indicated in Supplemental  
Table S1 through ANOVA results. The lack-of-fit 
test verified that all models fitted the data well, with  
F-values above 0.05 indicating statistical insignificance.  
To make the models suit, an insignificant value of 
lack-of-fit is necessary [78]. In these polynomial  
equations, positive coefficients signify an increase 
in the related response, while negative coefficients 
indicate the opposite effect.
 Supplemental Figure S2 displays diagnostic plots 
providing insights into model fitting, reliability, and 
the correlation between predicted and actual values. 
Minor deviations from a straight line, despite R-square 
values not being precisely 1.00 for all responses, 
suggest a close agreement between the predicted 

Figure 11: Effect of foaming time on the responses:  
(a) compressive stress-strain curve, and (b) compressive  
modulus vs. cell size and cell density.

(a)

(b)

Figure 12: The average absorption capacity of PLAf11 
and PLAf17 foam samples toward different organic 
liquids/oils from three cycles of measurements.
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and actual values. The linear curve fit indicates a  
significant similarity between the two values, validating  
the regression model’s reliability. These findings confirm  
that this experimental design is a reliable starting point 
for future polymeric foaming process design. 

3.5  Process optimization and model validation

The desirability profiler is used to determine the 
optimal process conditions by minimizing apparent 
density, keeping compressive modulus and cell density 
within range, and minimizing cell size. As summarized 
in Supplemental Figure S3, the results indicate that the 
optimal conditions for producing PLA foams via solid-
state batch foaming with a supercritical CO2 blowing 
agent are 180 °C, 165 bar, and 2.3 h. The predicted 
values achieved by the optimized foaming process 
conditions are extremely near to the desired level of 
0.930 out of 1. The accuracy of the predicted values 
obtained from the desirability profiler was confirmed 
by conducting three replicated trials under the optimal  
conditions suggested by the numerical solutions  
generated by the software. The data, as summarized 
in Table 2, show that all responses’ predicted and  
experimental values are slightly different, with a 
relative deviation of less than 10%. This confirms the 
model’s accuracy and indicates a good correlation 
between the observed and predicted values [79].

3.6  Absorption performance and surface wettability

A promising use of polymeric foams derived from 
biopolymers is absorbent, especially in biomedical 
and environmental applications. The mean value of 
absorption capacity is depicted in Figure 12. PLAf17 
outperformed PLAf11 in absorption due to its smaller 
cell size. These smaller cells of PLAf17 offer increased 
foam boundaries and interfaces, allowing more liquid  
entry and spread, resulting in higher absorption  
capacity [80], [81]. Supplemental Figure S4 shows the 

solubility parameters (δp) of PLA and test liquids/oil 
[82]–[88]. The δp values closer to that of PLA indicate 
higher miscibility between the liquid and the foam, 
leading to enhanced absorptivity. Ethyl acetate exhibits 
the highest absorption capacity due to its similar δp 

value to PLA, improving wetting and penetration [89], 
[90]. Conversely, DI water’s δp value is significantly 
different from PLA. This limits its absorption, causing 
its molecules to clump together rather than interact 
with the foam’s hydrophobic surface [91], [92].
 Figure 13 demonstrates that the superior early 
absorption exhibited by PLAf17 can be attributed to 
its higher surface area, a consequence of its smaller 
cell size. However, a significant rise in absorption 
is observed for both foams upon the onset of liquid 
penetration into the internal structure [93], [94]. 
The measurements of the surface wettability and  
absorption rates for different liquids/oils involved  
dropping 20 µL samples onto PLA foams, as summarized  
in Supplemental Figures S5 and S6. As shown in  
Supplemental Figure S5, ethyl acetate spreads  
effortlessly on the surface, forming no droplets. This 
reflects its low surface tension, confirmed by the 0° 
contact angle and supported by a close match of its δp 
value with PLA. This close match encourages stronger 
interactions, reducing contact angles and enhancing  
wetting [95]. Despite a δp mismatch with PLA,  
motor oil also avoids forming droplets, highlighting the 
foam’s lipophilic and hydrophobic nature. The smaller 
cell size of PLAf17 seems to create a more uniform, 
less hydrophobic surface, leading to efficient liquid 
wetting and a lower contact angle than PLAf11 [96]. 
As evidenced in Supplemental Figure S6, ethyl acetate 
dominates the absorption rate for both PLA foams, 
followed by the other liquids. DI water, hindered by 
the foam’s hydrophobicity, struggles significantly. 
Interestingly, the smaller cell size of PLAf17 translates 
to faster absorption across all liquids, echoing findings 
by Ding et al. [97], who observed similar behavior in 
modified PLA foams with smaller cells.

Table 2: Model validation of predicted foaming process conditions

Values
Input Parameters Output Responses

T 
(℃)

P 
(bar)

t 
(hour)

Apparent Density 
(g/cc)

Compressive 
Modulus (MPa)

Average Cell 
Size (μm)

Cell Density 
(×105 cells⁄cc)

Predicted
180 165 2.3

0.135 1.99 19.1 51.0
Experimental 0.134 1.96 21.1 52.4

Relative deviation (%) 0.793 1.81 9.2 2.7
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4 Conclusions

A fabrication process of PLA foams using the solid-
state batch foaming method with supercritical CO2 as 
a physical blowing agent has been developed to obtain 
foams with optimal cell morphology and properties. 
The central composite design of response surface 
methodology was utilized as the baseline for the design 
of experiment to analyze the effect of various process 
parameters on the foams’ cell structures and properties.  
The findings revealed that it is possible to obtain 
PLA foams with desired cell structures and properties  
by controlling the foaming temperature, pressure, 
and time. The cell size distribution of all samples is 
roughly bell-shaped and categorized as microcellular 
foam. The apparent density of the foams is inversely 
proportional to the foaming ratio at three levels of 

process parameters. However, the cell size is directly 
proportional to the apparent density at initial levels of 
process parameters. After passing the optimum level, 
cell size is inversely proportional to apparent density. 
The same relationship was observed between the cell 
and apparent density but in the opposite direction. 
 The compressive modulus follows a typical  
three-stage stress-strain behavior pattern. Both foaming  
temperature and time controlled the compressive 
modulus. Higher levels of these parameters initially 
resulted in a decrease in compressive modulus at 50% 
strain, but subsequent increases resulted in the highest  
value of compressive modulus. In contrast, higher 
foaming pressure resulted in a higher compressive 
modulus. The response surface analysis provided 
insights into how these parameters interact and  
influence apparent density, compressive modulus, cell 
size, and cell density. The close alignment between 
the predicted and experimental values confirms the 
model’s accuracy. Improved efficiency and consistency 
in fabricating PLA foams can be achieved with the help 
of this model. This study also investigated the ability 
of the foams to absorb different liquids. This finding 
highlights the potential of PLA foams as absorbents 
and broadens our understanding of their usefulness 
beyond their cell morphology. Future research should 
prioritize optimizing the foaming process with specific  
methods for diverse industrial needs to broaden the 
use of foamed PLA further. However, significant 
challenges remain in scaling production and ensuring  
sustainable end-of-life management, especially  
considering the high PLA consumption.
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Supporting Information 

Table S1: Summary of ANOVA and fitted regression model for respected responses after eliminating the  
non-significant model terms

Source

Apparent Density, 
g/cc 
(R1)

Compressive 
Modulus, MPa 

(R2)

Average 
Cell Size, μm 

(R3)

Cell Density, × 105 
cells/cc 

(R4)
p-value p-value p-value p-value

Model
Value 0.0389 0.0465 0.0367 0.0493
Observation significant significant significant significant

Main effects
Temperature, °C (A) 0.3597 0.4362 0.1993 0.0412
Pressure, bar (B) 0.0710 0.3621 0.5627 0.046
Time, h (C) -* 0.0285 0.2502 0.284

Main effect 
interactions

AB -* 0.1483 0.0147 0.0283
AC 0.0143 0.0136 0.0055 0.163
BC -* 0.669 0.4111 0.2357

Second order 
interactions

A2 0.2615 0.0433 -* -*
B2 -* -* 0.2244 0.4246
C2 0.1121 0.2122 0.2998 -*

R
R-square 0.6455 0.8144 0.8283 0.7549
Adequate precision 6.4606 6.0274 8.2412 7.1574

Residual
Lack of fit (F-test) 0.0700 0.1956 0.095 0.0658
Observation not significant not significant not significant not significant

Regression model

Responses: Final equations in terms of coded factors:
Apparent density, 
g/cc (R1)

R1 = 0.1394 – 0.0106A + 0.0223B + 0.0389AC + 0.0189A2 + 0.0276C2 

Compressive Modulus, 
MPa (R2)

R2 = 1.85 + 0.1492A + 0.1762B – 0.4971C + 0.3491AB + 0.7039AC + 0.0959BC + 0.6389A2    

 + 0.3561C2 
Average Cell Size, 
μm (R3)

R3 = 17.90 + 1.39A – 0.5962B – 1.23C – 3.75AB – 4.62AC – 1.02BC + 1.88B2 – 1.58C2 

Cell Density, 
cells × cm3 (R4)

R4 = 64.51 – 28.89A – 28.05B – 13.65C + 37.75AB + 21.72AC + 18.12BC – 14.31B2 

Note: * These insignificant model terms (C, AB, BC, A2, B2, C2) were removed to improve the precision of the model.

Figure S1: Compressive modulus of selected PLA foam samples at different regions: (a) variation of  
temperature, (b) variation of pressure, and (c) variation of time.

(a) (b) (c)
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Figure S2: The correlation plots of predicted vs. actual values of the responses: (a) apparent density,  
(b) compressive modulus, (c) average cell size, and (d) cell density.

(a) (b)

(c) (d)
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Figure S3: Optimal conditions for the foaming of PLA with their predicted values of responses and desirability 
score.
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Figure S5: Average contact angle values of various liquids on the surface of selected PLA foam samples and 
their corresponding optical images.

Figure S4: The solubility parameters of different test liquids and PLA [1]–[7].
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Figure S6: The absorption rates of various liquids to selected PLA foam samples.
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