


ductility than those of 230°C. The higher resistance
of 245°C specimens to fracture is likely to result from
the superior fusion between printing lines and layers
at this temperature [40, 41]. The dependence on noz-
zle temperature diminishes at the lowest and highest
feed rates due to the dominating effects of excess
porosity and excess material flow, respectively. For
example, at a feed rate of 100%, the 230°C specimen
does not exhibit any apparent lack of fusion, as shown
in Figure 8a. As a result, the effect of nozzle temper-
ature on the elongation at break becomes small.
The increasing extent of foaming with decreasing
feed rate can be attributed to the hydrostatic pressures
involved in the process. As the filament material goes
through the heating section and the nozzle, the diam-
eter of the polymer flow cross-section decreases al-
most by an order of magnitude, resulting in a pressure
rise. This pressure is highest in the case of 100% feed

rate, which hinders the expansion of the gas bubbles.
A decrease in the feed rate is analogous to a reduction
in the flow rate of a liquid through a channel, which
reduces the pressure build-up in the heated section.
As a result, the gas bubbles expand more quickly, re-
sulting in a more significant fraction of porosity.
For the wide range of feed rate values considered in
this study, the print quality remained satisfactory,
which makes feed rate an excellent parameter to tune
the porosity on the fly. As opposed to other parame-
ters such as nozzle temperature, layer thickness, and
infill ratio, feed rate does not cause any ‘side-effects’
that alter the resolution or quality of the print.

3.3. Effect of printing speed
Printing speed refers to the velocity magnitude of the
nozzle during printing. Figure 9 shows the density
and mechanical properties of the specimens as a
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Figure 8. SEM images of the fracture surfaces of selected specimens printed by using different feed rates of a) 100%, b) 50%,
and c) 25%. Nozzle temperature is 230°C.  SD: stands for standard deviation.



function of printing speed, considered for two nozzle
temperatures.
Overall, the printing speed does not significantly in-
fluence the mechanical properties. The only major
trends are an increase in the density with increasing
printing speed for the case of 245°C and an increase
in the elongation at break with increasing printing
speed for the case of 230°C.
As printing speed decreases, the filament stays longer
in the heating section, promoting foaming and de-
creasing density. At 230 °C, the lower rate of the
foaming reaction is insufficient to cause a strong de-
pendence on printing speed. The small increase in
elongation at break with printing speed can be ex-
plained by the slight increase in the density and ac-
companying reduction in the porosity, reducing the
occurrence of stress concentration sites.
Printing speed is not a major parameter for tuning
the foaming, which renders it useful for controlling
other features. For example, the compromise be-
tween manufacturing rate and build quality can be
the primary focus for optimizing the printing speed
in practical applications.

3.4. Effect of infill ratio
Infill ratio is one of the most commonly varied param-
eters in additive manufacturing to establish a compro-
mise between printing time, weight, and strength. A
lower infill ratio implies shorter printing times and
lower weight at the expense of lower strength. The re-
sulting cellular geometry often introduces stress con-
centrations, leading to low elongations at break [42].
In practice, most FDM-produced parts are covered
with a 100% infill shell to improve structural rigidity
and provide a smooth and gapless surface for proper
functionality. In this study, however, we considered
tensile specimens without top and bottom shells to
better understand the effect of the infill ratio. The in-
fill pattern choice was grid (see Figure 11), one of
FDM’s most commonly used patterns.
Figure 10 shows the density and the mechanical
properties of specimens printed at different infill ra-
tios. As the infill ratio increases, the density and the
mechanical properties show an increasing trend.
100% infill ratio provides the highest tensile strength
and elastic modulus of 22.1, and 2073 MPa, respec-
tively. Elongation at break values are considerably
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Figure 9. Effects of printing speed on the density and the mechanical properties. a) Tensile strength and elastic modulus,
b) elongation at break, c) density, and d) specific tensile strength and specific elastic modulus.



lower than those measured in the previous sections,
around 6% for all infill ratios.
Low elongation at break is a common feature of low
infill ratio specimens. The stress concentrations due

to the grid pattern are the primary reason for the pre-
mature failure. On the other hand, the 100% infill
ratio specimen exhibiting a similarly low elongation
requires a separate explanation. For 100% infill, the
raster employed a grid pattern different from the ±45°
alternating layers employed for the rest of the study.
We attribute the low elongation to the grid pattern
that increases the likelihood of poor fusion and de-
fects in a solid print. Further investigation of the ef-
fect of different printing patterns can give more in-
sight, which has been beyond the scope of this work.

3.5. Effect of layer thickness
The layer thickness has a relatively smaller effect on
the mechanical properties within the range of process
parameters considered in this study. The results did
not show clear trends; we only provide some key
values here. For the nozzle temperature of 230 °C,
0.5 mm layer thickness yielded the highest tensile
strength and elastic modulus of 33.3 MPa, and
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Figure 10. Effects of infill ratio on the density and the mechanical properties. a) Tensile strength and elastic modulus, b) elon-
gation at break, c) density, d) specific tensile strength and specific elastic modulus.

Figure 11. Photographs of selected specimens after testing
with different infill ratios.



3.14 GPa, respectively. On the other hand, 0.35 mm
layer thickness provided the largest elongation at
break (30%). At the higher nozzle temperature of
245°C, 0.7 mm layer thickness yielded the best re-
sults with a tensile strength of 22.5 GPa and an elas-
tic modulus of 2.08 GPa. Changing the layer thick-
ness did not affect the density of the specimens, ir-
respective of the nozzle temperature.
The results suggest that tuning the layer thickness
can optimize the surface quality, dimensional accu-
racy, and printing time, similar to the FDM printing
with conventional filaments [2, 7, 43].

3.6. Overview of the design space
Table 3 compares the results with the key properties
of PLA foams produced by injection molding [11,
44] and 3D printing [8] reported in the literature. In-
jection-molded parts can exhibit a wide range of
porosities and mechanical properties depending on
the implementation of the foaming agent and the
process parameters. The example data taken from
our work show that the mechanical properties of
FDM-produced PLA foams are comparable to those
of injection-molded parts, demonstrating the tech-
nology’s suitability for use in applications.
At a similar porosity level, FDM-produced specimens’
tensile strength and ductility were lower than those of
injection molded specimens, possibly due to the addi-
tional fusion defects that FDM introduces. As the av-
erage pore size and its variation tend to be larger for
injection molded specimens [44], a direct comparison
is difficult, and future work is needed in this regard.
Figure 12 summarizes all mechanical property meas-
urements as a function of density. The figure also in-

cludes the mechanical properties of a non-foamed
specimen (nozzle temperature = 200 °C) produced
by the same LW-PLA filament [45] and an FDM-
produced conventional pure PLA specimen [46].
This comparison shows that the pure PLA specimen
from the literature provides considerably higher
strength than the foamed specimens. Examining the
specific strength–density curve indicates that the
higher strength of pure PLA is beyond the density’s
contribution to strength. On the other hand, the elastic
modulus of the pure PLA specimen is comparable to
our specimens, suggesting that the pores and defects
in the foamed specimens weaken the load-bearing
capacity.
The data demonstrates the general trends in strength
and modulus as a function of density that is common
to all printing conditions. Tensile strength and elastic
modulus increase with density (Figures 12a and 12b).
The rate of increase in the mechanical properties
amp lifies with increasing density, and the scatter in
the data widens accordingly. Specific strength also
improves with density in general (Figure 12c). Es-
pecially for densities around 1000 kg/m3, specimens
with similar densities can yield considerably differ-
ent specific strengths, depending on the correspon-
ding printing conditions. Overall, 230°C nozzle tem-
perature provides superior performance in absolute
and specific strength. Tensile strength and elastic
modulus are linearly proportional for most of the
data, as shown in Figure 12d.
The entire data for each mechanical property follows
a curve with a relatively narrow scatter, suggesting
that the density, in fact, the porosity, is the primary
parameter that governs the mechanical behavior of
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Table 3. A comparison of the findings of this study with injection molded and FDM-produced specimens reported in the lit-
erature [8, 11, 44].

*IM: injection molding

Reference [44] [11] [8] This study
Production method IM* IM* FDM FDM FDM
Nozzle temperature [°C] 170 180 215 230 230
Feed rate [%] – – 95 100 50
Infill ratio [%] – – 100 100 100
Mold temperature [°C] 25 10 – – –
Screw speed [rpm] 400 100 – – –
Elastic modulus [GPa] 0.91 1.46 1.89 2.34 0.96
Tensile strength [MPa] 25.1 33.6 31.2 28.9 11.5
Elongation at break [%] 43 30 – 25 12
Porosity [%] 28 – – 24 56
Pore density [#/cm3] 0.48·106 0.23·108 – 0.16·108 0.8·106

Average pore size [µm] 90 120 – 14 40



the foaming PLA. In other words, the influence of
process parameters on the mechanical properties is
mainly through a change in the porosity. The effects
of fusion defects and crystallinity are of secondary
importance, supporting the previous discussion in
Section 3.1.
The results show that porosity can be tuned by con-
trolling a wide range of parameters, including nozzle
temperature, feed rate, printing speed, layer thick-
ness, and infill ratio. Most of these parameters also
alter other features of the build at the same time. For
example, increasing nozzle temperature improves
the fusion between the layers, layer thickness affects
the z-resolution of the build and the surface rough-
ness, and printing speed would impact build quality,

manufacturing speed, and cost. Feed rate, on the
other hand, only affects the porosity and does not in-
fluence the other feature significantly, making it the
ideal choice for controlling the foaming. Controlling
the feed rate for tuning foaming also provides the ad-
vantage of quickly adjusting the foaming spatially
over the part. In contrast, on-the-fly adjustment of
the nozzle temperature or the layer thickness is not
as practical.
In summary, the findings suggest that 230°C nozzle
temperature is an effective value providing high
specific strength. After this selection, the layer height
and printing speed should be adjusted according to
the requirements of the print, such as build quality
and time restrictions. Then, the feed rate will provide
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Figure 12. A summary of all mechanical property data. a) Tensile strength vs. density, b) elastic modulus vs. density, c) spe-
cific strength vs. density, and d) strength vs. elastic modulus. Each data point shows the average properties for a
given combination of printing parameters. The printing parameters for non-foamed samples were nozzle temper-
ature of 200°C, raster angle of ±45°, and layer height of 0.2 mm, and the infill ratio of the conventional PLA
sample was 100%  [45, 46].

    NT effect
    FR effect at 230 °C
    PS effect at 245 °C

       LT effect at 230 °C
       FR effect at 245 °C
       IR effect at 230 °C
       FDM-printed pure PLA [46]

  LT effect at 245 °C
  PS effect at 230 °C
  IR effect (non foamed) [45]



control over the extent of foaming. Lastly, the infill
ratio and raster pattern can be used to adjust the
weight of the printed part further.
As the study does not explore all possible combina-
tions of printing parameters, the statements here are
the implications of the existing data rather than con-
clusions, which would require a more comprehen-
sive exploration of the entire design space. Such a
future study should also investigate possible syner-
gistic effects, such as how the impact of feed rate
might change as a function of nozzle temperature
and layer height.
The data for specimens with different infill ratios
agree well with the porous specimens printed with
100% infill for a given density. Infill ratio tunes the
density through a macroscale architected porosity,
whereas the porous specimens achieve density con-
trol by foaming. The results suggest that foaming
PLA printing is an excellent alternative to the con-
ventional low-infill printing frequently used to reduce
printing times, material consumption, and weight.
The Gibson-Ashby model is a useful and simple ap-
proach to predicting the mechanical properties of
cellular materials and foams. The model predicts the
elastic modulus and strength of the cellular struc-
tures as follows in Equations (1) and (2) [18]:

(1)

(2)

where E is the elastic modulus, σ is the strength, and
φ is a fitting parameter. Subscripts S and F refer to
the fully solid and foamed specimens, respectively.
Figure 13 shows the elastic modulus and strength pre-
dictions of the Gibson-Ashby model using the prop-
erties of solid PLA from the literature [47] and com-
pares the predictions with our data. The prediction
curve exhibited a high coefficient of determination
and low standard deviation, as indicated in the fig-
ures. The fitting constant, φ, is determined as 0.85
for both curves, in agreement with the literature val-
ues reported for polyurethane foams in the range of
0.8–0.85 [20, 48].

3.7. Compression testing
Compression testing of specimens provided further
insight into the mechanical behavior of foaming
PLA. We focused on specimens with varying feed
rates, the simplest and most effective parameter to
tune the porosity.
Figure 14a shows representative compressive stress-
strain curves of specimens printed at different feed
rates. The curves exhibit a linear-elastic regime, fol-
lowed by a stress plateau and a second rise in stiffness,
respectively. The slope of the elastic response and
the magnitude of the stress plateau increase with in-
creasing feed rate.
The stress-strain curves exhibit the typical charac-
teristics of foams under compression. After the initial
nearly-linear elastic response, the ligaments and sur-
faces surrounding the pores buckle, which reduces
the load-bearing capacity. With further compression,
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Figure 13. A comparison of all mechanical property data and Gibson-Ashby model predictions. a) Elastic modulus and
b) tensile strength. Emax and Emin: the maximum and minimum percent difference respectively. AD: average dif-
ference. SD: standard deviation. R2: coefficient of determination.



buckling and collapse propagate to the remainder of
the specimen at a relatively constant stress level. As
the collapse of the structure nears completion, de-
formations in the solid zones become more pro-
nounced, which increases the measured stiffness. As
the feed rate decreases, the porosity increases, and
the onset of this stiffness rise is postponed to higher
compressive strains.
Figures 14b, and 14c represent the density and the
compressive mechanical properties as a function of
feed rate for 230 °C nozzle temperature. Compres-
sive strength corresponds to the local peak in the
stress-strain curves right after the linear deformation
segment. Density, compressive strength, and elastic
modulus increase rapidly by increasing the feed rate.
As the feed rate increases from 25 to 75%, the elastic
modulus and compressive strength increase by fac-
tors of 13.3 and 9.5, respectively.
Figure 14d shows photographs of the compression
specimens after testing. 100% feed rate specimen does
not show any obvious damage upon a compression

exceeding 60% strain. As the feed rate decreases to
75 and 50%, the irreversible damage becomes more
pronounced. In fact, 25% specimen shows little re-
covery upon unloading. All specimens apart from the
100% feed rate case show some delamination-like
failure. Delamination planes are perpendicular to the
build direction, suggesting that the fusion between
layers is weaker than the fusion between adjacent
printing lines.

3.8. Shore hardness measurements
The last part of the mechanical analysis was per-
formed on a printed rectangular block with varying
porosity over its build direction to demonstrate the
foaming PLA’s capability to generate structures with
graded morphology. Decreasing the feed rate incre-
mentally after the completion of each layer tuned the
porosity in the build direction.
Figure 15 shows the Shore hardness measurements
as a function of the build length and a photograph of
the specimen. Shore hardness is 54.7 for the layers
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Figure 14. Effect of feed rate on the compressive mechanical properties. a) Representative compressive stress-strain curves
of specimens printed using different feed rates. b) Compressive strength and elastic modulus as a function of feed
rate. c) Specific elastic modulus and density as a function of feed rate. d) Photographs of compression specimens
upon testing rate [%].



with an average feed rate of 20%, and it monotoni-
cally increases with feed rate, reaching 93.0 at a feed
rate of 100%. The dependence of Shore hardness on
feed rate is much smaller than those observed for
tensile strength and compressive strength.
The specimen photographs suggest a reduction in the
surface quality with decreasing feed rate. Further
characterization of the surface properties would be
necessary to implement such heterogeneous struc-
tures effectively in applications.

4. Conclusions
This study investigated the mechanical properties
of 3D-printed PLA foams under different printing
parameters. The nozzle temperature, feed rate, and
infill ratio significantly affect the extent of foaming,
density, and mechanical properties. We can summa-
rize the findings as follows:
▪ Increasing the nozzle temperature from 215 to

260°C increased foaming and decreased density
by 40% and strength by 60%.

▪ Feed rate was also effective in tuning the foam-
ing. By only adjusting the feed rate between 25
and 100%, it has been possible to achieve strength
values in the range of 5 to 40 MPa.

▪ Infill ratio, printing speed, and layer thickness
also influenced the foaming. However, these pa-
rameters are not practical for precise control of
the density and strength due to their weak influ-
ence on foaming or the complicated trends in-
volved.

▪ The Shore hardness strongly varied as a func-
tion of the feed rate. Decreasing the feed rate
from 100 to 20% reduced the Shore hardness
from 93.0 to 54.7. Nevertheless, this variation
was less pronounced than those observed for
tensile strength.

Foaming filaments provide additional control over
printed parts’ density and mechanical properties. With
the capability to spatially control these properties,
foaming filaments offer new opportunities for design-
ing compliant mechanisms, soft robotics compo-
nents, and biomedical scaffolds.
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