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A B S T R A C T   

Bioinspired structures can attain mechanical properties unseen in conventional artificial materials. Specifically, 
the introduction of a cellular structure with a precisely designed distribution of cells, cell sizes, and cell walls is 
expected to enhance the mechanical response. Polylactic acid (PLA) is a biodegradable polymer produced from 
renewable resources with very interesting properties and good three-dimensional (3D) printing processability. 
However, its embrittlement during ageing at room temperature after a very short period of time (a few hours) 
significantly reduces its usability for advanced applications. Intense effort has been invested in improving its 
toughness via composition modification. However, this approach can worsen some other properties, make 
processing more difficult, and increase the carbon footprint. Therefore, fused deposition modelling (FDM) 3D 
printing was used to manufacture porous bamboo-inspired structures of unmodified PLA. The toughening of PLA 
solely by the pore gradient, which controlled the energy dissipation mechanism, was introduced for the first time. 
Improvement of the ductility and work at break was observed especially for notched specimens. Prevention of 
catastrophic failure could enable the use of gradient porous materials in structural components. The fundamental 
relationships and practical hints resulting from the work provide a foundation for the future design of toughened 
3D printed structures.   

1. Introduction 

Development of functional foams focuses on a precise structural ar-
chitecture resulting in improved mechanical properties compared to 
conventional foams [1–3]. Inspiration for these attempts comes from 
natural materials, such as bone, antlers, carapaces, beaks, and bamboo 
stem, which exhibit superior mechanical properties when compared to 
artificial foams. Solid and cellular components, e.g., prismatic (hexag-
onal) and polyhedral cells found in wood, cork or trabecular bone, are 
arranged in specific structures resulting in a unique combination of 
stiffness and strength [4,5]. The arrangement of building blocks is also 
affected by external stimuli (mechanical load exerted on structures) 
causing reinforcement of the natural structures where it is needed dur-
ing the growth (adaptive growth) and lifetime (remodelling). While the 
adaptive growth just deposits the material in a specific manner (e. g. 
wood), the remodelling comprises both deposition and removal of the 
material (e. g. bone) and requires the presence of living cells [6]. 
Functional foams with porosity (or density) gradient found in the 

bamboo plant are an example of such structure, where the porosity 
gradient also results in a gradation of properties [7,8]. Notably, the cell 
walls are often formed by nanoparticle (NP) reinforced biopolymers, 
which local mechanics also depends on the structural arrangement at the 
nanoscale [9–11]. Recreation of such structures may benefit from the 
investigation of NP spatial arrangement strategies in polymer matrices 
[12–14]. Seemingly, the overall mechanical performance is governed by 
the overall cell size, shape, and spatial distribution rather than by the 
exact chemical composition of the cell wall [4,7,15]. 

Therefore, current efforts are also focused on the preparation of 
artificial woods, putting emphasis on the oriented channel formation 
and strong defect-free walls [16]. Although the method of freeze-casting 
demonstrated a feasible preparation process for oriented channels, it 
was shown difficult to prepare the walls with at least similar strength as 
natural woods [17]. The insufficient penetration of light inside the 
frozen material, which should initiate the photo-polymerization of the 
channels’ supports, requires an additional thermal cross-linking, which 
violates the channel orientation. Nevertheless, the provided concept 
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offers another inspiration for hierarchical nature-inspired structures 
[16]. An example of a very efficient bio-mimicking structure already 
implemented in current materials (in automotive or spacecraft industry) 
is a sandwich structure, which consists of two thin plates carrying the 
load and a thick light core linking these plates transferring shear stress. 
Such structure was found in human skull, and the core of sandwich, 
usually having a honeycomb structure, comes from the honeybee’s comb 
[4,18]. The honeycomb structure showed to be very efficient in stress 
absorption and possesses low density, which led to its use in novel 
lightweight materials for stress dampening, e. g., for electric vehicle 
battery housing [19]. The research of honeycomb structural parameters 
regarding mechanical properties, such as corner radius, interface be-
tween arrays of hexagonal cells, or coping with varying thickness of cell 
walls, is still ongoing [20]. Another attempts to fabricate artificial 
functionally graded materials include syntactic foams (polymer matrix 
filled with hollow glass spheres) [21–23], controlled physical foaming 
[24,25] or graded porous materials prepared by a microfluidic tech-
nique [1,26,27]. 

Recently, many studies have focused on the emerging 3D printing 
technologies using various materials (polymers or polymer composites), 
which can be used for the fabrication of simple geometrical objects but 
also very complex architectures [28–32]. There are various 3D printing 
techniques widely available, e. g., stereolithography apparatus (SLA) for 
liquid resin printing [33–35], selective laser sintering (SLS) for powder 
printing [36] or fused deposition modelling (FDM), which deposits 
thermoplastic polymer filament [37,38]. The advantages of the last 
technique are its versatility, simplicity, availability of commercial fila-
ments and printers, ability to print internally closed cells, and almost no 
need for post-processing unless a very fine structure is desired [39]. The 
spatial resolution of the technology is given by the nozzle diameter and 
visco-elastic properties of the polymer material printed. 

To improve mechanical properties of printed objects, there is an 
ongoing effort to modify the internal structure of printed bodies, widely 
referred to as infill, so that the mechanical properties are maximally 
enhanced at the given material composition. Bates et al. [29,40] man-
ufactured honeycomb structures for energy absorbing applications from 
thermoplastic polyurethanes (TPUs) using FDM and tailored the spec-
imen density, resulting in an anisotropic density gradient. They reported 
different onsets of stress plateau regions for four different density 
gradient honeycomb structures in compressive tests. Furthermore, they 
concluded that the continuous density gradient denoted the least 
well-defined plateau region due to the overlapping strain regions of two 
consecutive density layers, i.e., that the higher density layer started to 
deform while the lower density layer was not yet fully compressed. This 
phenomenon was confirmed in a study by Dawei et al. [41] who 
investigated sheet-based and strut-based gyroid cellular structures with 
two different density gradients. Uniform density gyroids showed global 
collapse deformation, whereas density gradient gyroids deformed in a 
layer-by-layer manner. Furthermore, energy absorption diagrams and 
impact energy tests both confirmed that the graded structures absorbed 
low and high impact energies better and intermediate impact energy less 
well than uniform density structures. Anisotropic character of the 
structure was found to play an important role, as the isotropic 
sheet-based gyroid structure showed higher absorption energy than 
anisotropic strut-based gyroid structure. Examination of damping 
properties showed that the loading direction also had a significant effect 
on the absorbed energy and the structures damped more energy when 
compressed in the transverse direction than in the ribbon direction. 
Kucewicz et al. [42,43] investigated two different printing orientations 
of dumbbells and showed lower yield stress under uniaxial stress for 
vertically printed samples in comparison with horizontally printed ones. 
Apparently, this was caused by discontinuities between the inner layers 
and boundary layers leading to small and large gaps in the horizontally 
and vertically printed samples, respectively. Investigations by Wang 
et al. [44] focused on the impact of raster orientation and the width of a 
single printing line on the mechanical properties of 3D printed parts. 

Specimens with raster orientations of 0◦ and 45◦ (with respect to the 
x-axis) created less micropores between adjacent lines than 90◦ and 
0◦/90◦ orientations, thus, reaching higher values of Young’s modulus 
and strength in tension. Furthermore, a higher number of narrower 
printing lines is required compared to wider printing lines to cover the 
same area, which led to more micropores and worsened mechanical 
properties. 

Polylactic acid (PLA) is a biodegradable polymer, produced from 
renewable resources and widely used for 3D printing due to its good 
processability and properties [45,46]. However, PLA is very susceptible 
to physical ageing [47–50] because its Tg (62 ◦C) is close to room tem-
perature. All polymers undergo physical ageing [51]. Fast polymer 
processing with a relatively rapid melt cooling compared to the rather 
long chain relaxation times leads to a non-equilibrium state of the glassy 
phase below the glass transition temperature (Tg). Although the polymer 
coil reorganization is then arrested, segmental scale motions are still 
possible. Considering the potential energy landscape paradigm [52,53], 
energy maxima can be imagined as mountains and energy minima as 
valleys. Their organization immediately after processing depends on the 
processing protocol and change during ageing in dependence on the 
relative position of ageing temperature to the Tg. During ageing, energy 
minima are deepened, which can cause a significant change in macro-
scopic properties [54,55]. 

Fatal embrittlement of PLA accompanied by increase of Young’s 
modulus and yield stress were observed after only a few hours of ageing 
at room temperature as elongation decreased from several hundreds to 
approximately 5% and catastrophic failure replaced ductile yielding in 
uniaxial tension [48–50,56]. It was proven that the observed behaviour 
was not connected to crystallization or chemical degradation [48,49]. 
Instead, the PLA ageing phenomenon was correlated with the enthalpy 
relaxation caused by physical ageing. Such deterioration of properties 
limits its suitability for advanced applications. To overcome this draw-
back, PLA has been toughened by blending with another polymer, 
plasticization, or copolymerization [50,56,57]. However, this can 
further increase the price of PLA, reduce biodegradability, or worsen its 
3D printing processability together with some other properties. 

Therefore, the nature-inspired design mimicking the bamboo stem 
structure was combined with the known 3D printing processing- 
macrostructure function to investigate the structural toughening of 
PLA without modifying its chemical composition. Three types of bio-
inspired gradient porosity structures were compared with bodies with 
rectilinear infill pattern and infill density ranging from 20 to 100%. 3D 
printed specimens were subjected to a three-point bending mechanical 
tests and the results were compared with samples with isotropically 
organized pores. The design induced a transition from brittle failure to a 
quasi-ductile stress-strain response with suppressed catastrophic 
breakup and improved mechanical performance. The introduction of the 
bioinspired toughening mechanism by the 3D printed porosity gradient 
was observed for the first time. Moreover, the results did not correlate 
with the predictions of the Ashby and Gibson model for porous materials 
which suggests a need for novel theoretical concepts to be sought for 
these innovative 3D structures. 

2. Materials and methods 

2.1. Specimens preparation 

Non-porous, uniform porosity, and gradient porosity specimens were 
3D printed by a FDM printer (Rebel II, Czech Republic) using a com-
mercial polylactic acid (PLA) filament ‘PLA natural’ (Gembird, 
Netherlands) with a glass transition temperature of 62 ◦C and melting 
temperature of 170 ◦C (measured by DSC Discovery, TA Instruments, 
USA). The nozzle and heatbed temperatures were 215 ◦C and 55 ◦C, 
respectively, while printing the first layer, and 200 ◦C and 50 ◦C, 
respectively, for the rest of the print. A 0.4 mm diameter nozzle was 
used. Specimen dimensions were (8 × 8 × 160) mm3. Solid specimens 
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(100% infill) are denoted as ‘non-porous’, uniform porosity specimens 
with isotropically organized pores as 80% full, 60% full, 40% full and 
20% full, and porosity gradient specimens as gradient I, II and III. 

It is noted that the indicated percentage of the uniform porosity 
specimens reflects the infill setting in the Slic3r software, not the actual 
porosity (see Table 1). Uniform porosity specimens were printed using 
the pre-programmed setting in the Slic3r software with a rectangular 
shape of cells. The porosity gradient specimens were designed in Fusion 
360 (Autodesk, USA) and the design is discussed further on. The samples 
were aged at room temperature for a month before testing. 

2.2. Analysis 

A confocal laser scanning microscope (CLSM) Olympus LEXT 
OLS4100 (Olympus, Japan) with long working distance lenses and 20×
magnification, and scanning electron microscope Mira3 XMU (Tescan, 
CZ) in the low vacuum UniVac mode were used to visualize the 3D 
printed structure. Mechanical testing in a 3-point bending setup (Fig. 1) 
at ambient conditions (23 ◦C, 0.1 MPa) was performed on a Zwick Z010 
(Zwick-Roell, Germany) with 10 kN force sensor and support separation 

of 128 mm (80% of total length) at a deformation rate of 1 mm/min. 
Notched specimens were prepared (Driven Notchvis, CEAST, Germany) 
with a depth of 45% of the specimen’s width (3.6 mm). Density (ρ) was 
measured as the ratio of the specimen mass (ms) to the specimen volume 
(Vs) obtained from the outer dimensions of the specimens (w – width, h – 
height, l – length): 

ρ=ms

Vs
=

ms

w⋅h⋅l
(1) 

Values normalized to the density of a non-porous specimen were 
used as a measure of porosity. 

3. Results and discussion 

The bamboo-grass stem structure (Fig. 2) was used as a bio-
inspiration for the design of three porosity gradients (Fig. 3c) [58]. 
Mechanical robustness of the fast-growing bamboo is attributed to its 
graded internal porous structure where the cell dimension rises from the 
shell to the core. This type of gradation was adapted into our specimens 
where the porosity rose almost linearly from the edge to the centre but 

Fig. 1. A scheme of experimental testing (left) and an image of real-time three-point bending test of un-notched 3D printed specimen (right) – a delamination can be 
seen in the red circle. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. a. Scheme of bamboo stem with a detail (b.) of the porosity gradient; c. SEM image of bamboo-grass stem with the porosity gradient (scale bar – 100 μm).  
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reached different values for various gradients (Fig. 3a). However, the 
specific cell distribution as well as sizes varied in each gradient (Fig. 3c) 
to observe any differences in mechanical response related to the cell 
arrangement while the porosity values were kept rather similar. A basic 
building block (cell) of the 3D printed porosity gradient designs had 
been defined as a rectangular shaped block with (0.25 × 0.1) mm2 (x vs 
z) dimensions which was assembled into bigger blocks creating larger 
pores (Fig. 4). The cells were empty in the direction of specimens’ length 
(y axis) and no porosity gradient or additional cellular structure was 
designed in this direction. 

Cellular structure and porosity gradient were present in the x and z 
directions, only, and the pore area distribution is depicted in Fig. 3b. 

Some dissimilarity between the models and actual structures (Fig. 3c 
and d) was caused by the limited spatial resolution of the printer 
equipped with a 0.4 mm nozzle. However, the bioinspired gradient 
structure was kept in all three cases. Moreover, the mechanical response 
clearly demonstrated that this approach successfully altered the material 
performance even for somewhat imperfect structures (Figs. 5 and 3d, 

respectively). As was mentioned before [44], the gaps between adjacent 
printing lines and layers affect the mechanical properties of the printed 
structure and their distribution can be controlled by raster orientation. 
However, the printing pattern in this case was very specific and mac-
ropores intentionally created within the structure had a more significant 
impact on mechanical properties than gaps. Thus, a 45◦/–45◦ raster 
orientation was chosen for the solid layers (100% filled) in non-porous 
specimens and uniform porosity specimens, and the top and bottom 
layers in porosity gradient specimens, to avoid inconsistencies between 
adjacent printing lines. In the case of porosity gradient specimens, a 
raster orientation of 0◦ was used due to their specific cell distribution to 
avoid additional gaps. The sample indication, density, and mechanical 
properties are listed in Table 1. 

Mechanical properties of graded structures reported in the literature 
[29,40–42] focused solely on compressive loading where the specimens 
did not break but underwent densification. In contrast, the load in a 
three-point bending test is divided into three parts – compressive at the 
top, shear in the middle, and tensile at the bottom. Three-point bending 

Fig. 3. Porosity trend (a.) and average area of a single pore (b.) in gradient specimens with respect to their placement across the specimen height (the lines are just 
guides for the eye); c. Design detail of the gradient specimens investigated in the x-z plane; d. CLSM images of gradient 3D printed samples (scale bar is 2 mm). 
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is more relevant to many structural applications and allows investiga-
tion of the failure mode. The gradient structures were compared with 
non-porous and uniform porosity systems. A principal difference was 
observed in the mechanical stress-strain response (Fig. 5). The compo-
sition, processing parameters, and ageing time were the same for all 
samples. Moreover, analysis of the moment of inertia showed that it was 
negligibly affected by the internal porosity. Therefore, the changes were 
caused only by the structural design. 

The solid specimen and the uniform porosity specimens showed 
brittle behaviour ending in a catastrophic breakup, whereas the gradient 
porosity specimens exhibited a quasi-ductile character (SI1) with no 
catastrophic breakup and significantly higher strain at break (Fig. 5). 
Several jumps were observed for graded specimens’ mechanical 
response, where each jump represented a gradual stress growth in a 
layer with the subsequent layer collapse accompanied by local failure 
[29,41]. The central part of the gradient porosity structures was weak-
ened because of the large pores and thin walls. Therefore, the highest 
stress was concentrated in the thinnest walls in the middle of the sample, 
which collapsed first. The stress transferred from the collapsed wall to 
the stronger neighbouring layer, which was able to support the stress for 
longer. The introduction of these sacrificial layers, which prevented 
catastrophic failure, can be taken as a macroscopic analogy of sacrificial 
bonds in biological systems [58,59]. However, no analogy of the hidden 
length was present in the prepared structures. Therefore, a significant 
decrease of the yield stress was observed. 

The failure mechanism of porous AM structures was also investigated 
in Ref. [60], where a collapse of a porous structure was recorded with 
the deformation of every single layer characterized by an independent 
stress-strain diagram. Similar phenomenon was observed where each 
leap of the stress-strain curve was attributed to the collapse of a single 
layer, which prolonged the deformation curve resulting in quasi-ductile 
failure mechanism. Here, the apparent yield stress and strain at break 
were fully dependent on the design and distribution of cells. Hence, after 

reaching the apparent yield stress, a further increase in stress was 
observed, which could be attributed to the deformation of smaller pores 
with thicker walls. The gradient III structure collapsed with brittle 
fracture after progressive deformation, whereas the gradient I and II 
samples exhibited a continuous decrease of stress without macroscopic 
breakup until the end of the test was reached at 80% drop of the 
maximum force (Fig. 5). 

The uniform porosity samples showed a gradual decrease of yield 
stress without any increase of maximum strain, as expected. Over two 
and a half times higher maximum strain was reached for the gradient I 
and II specimens than for non-porous specimens. However, the increase 
for the gradient III was smaller (about 1.5%). This difference could 
possibly be attributed to a lower number of smaller pores and the overall 
denser structure of gradient III compared to gradients I and II. The 
collapse of small central pores could not delocalize the stress as effec-
tively as in the case of larger pores, thus, the structure behaved more like 
non-porous and uniform porosity specimens leading to a brittle cata-
strophic failure at lower strain values than in the gradient I and II 
specimens. The pores were directly responsible for the energy dissipa-
tion through the weak sacrificial bonds represented by the thin walls 
separating the pores, which caused the inter-layer delamination and 
prevented the crack to propagate through the whole thickness of the 
specimen. Hence, despite the local brittle failure, the overall mechanical 
response of the macroscopic bodies resembled the behaviour of ductile 
materials with the maximum elongation shifted to much higher strains 
without the catastrophic failure taking place. Gradients I and II diverted 
the crack growth most effectively, while the structure of gradient III was 
less effective but reached higher strength, all due to the pore distribution 
and pore sizes. However, the precise mechanism behind the porosity 
gradients’ (pore distribution, pore sizes) mechanical response is not 
entirely clear and will be subjected to further investigations. Other 
porosity designs were prepared with different printing nozzle diameter 
and porosity trend to tune the mechanical response and also to confirm 

Fig. 4. A scheme of the basic unit cell (A.) with dimensions and indicated placement within the design; two further examples (B. and C.) of cells showing how they 
were derived from the basic unit cell with indicated dimensions; the x, y, and z axes depict the orientation of cells within the porosity design with respect to the 
printing area where x-y plane represents the heatbed area, and z-axis is the height of specimen. 
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the importance of structural design. After the three-point bending test, 
even higher yield strength for the new porosity trends was recorded 
compared to the solid specimen (SI2). The investigated structural de-
signs could also inspire an improvement of mechanical robustness of 
scaffolds prepared by 3D bioprinting. 

The relative Young’s modulus and relative bending strength of the 
uniform porosity specimens exhibited a linear increase from the lowest 
to the highest relative density due to the increasing volume of material 
as expected (Fig. 6). A theoretical prediction from the Ashby and Gibson 
models [4] was compared with the experimental results of 3D printed 
uniform and gradient porosity structures. These models were designed 
for cubic-shaped cells repeating in the whole specimen and creating a 
regular network of cells, which is quite similar to the uniform porosity 
structures in the present work, where rectangular cells are repeated with 

different size to control the level of infill. Gradient porosity structures 
also contained rectangular cells but with size varying over the z-direc-
tion. Specific mechanical properties were calculated according to 
equations (2) and (3), creating theoretical model data based on the 
relative density of the porous structures relative to non-porous bodies 
(Fig. 6). 

The relative Young’s modulus was calculated as: 

E
Es

∗

=C1⋅(
ρ∗

ρs
)

2 (2)  

where E* and ES are the Young’s moduli of the porous and solid struc-
ture, respectively, C1 is a geometric constant, and ρ* and ρs are the 
densities of the porous and solid material, respectively. Relative bending 
strength was calculated as: 

Fig. 5. Stress-strain curves of PLA samples 
with various porosity and 3D printed design 
deformed in three-point bending (top). 
Comparison of failure modes of specimens 
after 3-point bending test with an SEM 
image detail of quasi-ductile local failure 
(bottom) – red arrows indicate the direction 
of the acting force (F), full yellow lines 
indicate intact layers, dashed lines indicate 
gradually failing layers. (For interpretation 
of the references to colour in this figure 
legend, the reader is referred to the Web 
version of this article.)   

Table 1 
Sample indication, density, and selected mechanical properties.   

indication density [g∙cm− 3] relative density [g∙cm− 3] yield strength [MPa] Young’s modulus [MPa] maximum strain [%] 

solid non-porous 1.111 1 74.0 2433 5.7 
uniform 80% full 1.023 0.92 60.0 2339 4.5 

60% full 0.916 0.82 50.5 2030 3.5 
40% full 0.842 0.76 49.7 1940 4.4 
20% full 0.722 0.65 44.4 1889 3.1 

gradient gradient I 0.887 0.80 21.0 2128 13.7 
gradient II 0.773 0.70 12.5 2098 15.5 
gradient III 0.875 0.79 21.1 2320 7.4  
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σf

σs
=C2⋅(

ρ∗

ρs
)

3/2 (3)  

where σf and σs are bending strengths of the porous and solid structure, 
respectively, and C2 is a geometric constant. The geometric constants 
(C1-2) are essential parameters for the prediction of mechanical prop-
erties and the experimental data for the 3D printed systems investigated 
are shown in Table 2. These results could be compared to the data 
suggested in the literature [4]; nevertheless, the standard model yields 
much lower C1-2 values than the experimentally fitted ones (Table 2 and 
Fig. 6). Apparently, the specific 3D printing design does not conform 
well to the Ashby and Gibson models for cellular materials. A significant 
difference between the mechanical performance of uniform and gradient 
porosity structures was obvious. 

The values of relative Young’s modulus of gradient II and III speci-
mens exceeded even the linear trend of uniform porosity specimens. On 
the contrary, the relative bending strength of porosity gradient speci-
mens fell behind the uniform porosity samples due to the weak central 

part consisting of thin cell walls and large cells. Nevertheless, these 
values still exceeded the predictions of the standard Ashby and Gibson 
models. The comparison of the experimental data with the theoretical 
model suggested that it could be beneficial to modify the model pa-
rameters for 3D printed cellular structures. The essential discrepancy 
could lie in the inherent outer solid shell with no macroscopic porosity 
of the 3D printed design, which could significantly alter the stress dis-
tribution during deformation. Notched samples were tested (SI3) to 
overcome this issue by disrupting the outer shell and assessing the 
performance of the inner design. The work to failure of notched speci-
mens was evaluated from the three-point bending tests (Fig. 7). The 
mechanical energy needed for the failure of the uniform porosity and 
solid samples lay within the experimental error. However, more than 4 
times greater values were determined for all types of gradient porosity 
design. This proved that the specific bioinspired 3D printed design can 
toughen brittle polymers such as aged PLA. 

4. Conclusion 

The toughening of PLA achieved via structurally bioinspired 3D 
printed design without altering the chemical composition was reported 
for the first time. Preparation of porous structures using 3D printing 
proved to be a suitable way for the production of precisely distributed 
cells for controlled mechanical performance. Three types of gradient 
porosity structures were designed inspired by structure of bamboo stem. 
The design of cell size and wall thickness appeared to be the key vari-
ables when considering the bending strength, work to break, strain at 
break, failure mode, and Young’s modulus of the structures. The 
bending strength was reduced due to large cells and thin cell walls in the 
central layers. However, the gradient porosity structures reached far 
higher values of maximum strain than both solid and uniform porosity 
structures and showed a shift from brittle failure to a quasi-ductile 
behaviour with no catastrophic breakup in both cases. Comparison of 
the experimental data with the theoretical models from Ashby and 
Gibson showed significant discrepancies, not only for the gradient 
porosity structures, but also for the uniform porosity structures. It was 
suggested that the outer solid shell inherent in 3D design essentially 
changed the stress distribution during the deformation of the cellular 
structures. Therefore, notched samples were tested to investigate the 
influence of the inner 3D printed design. The work at break of the 
notched gradient specimens significantly exceeded that of the solid and 
uniform porosity samples due to the altered stress distribution and crack 
propagation. The local failure and gradual collapse of individual cell 
layers, followed by stress transfer into the neighbouring layer, were 
assumed to be analogous to the sacrificial bond toughening mechanism. 
The utilization of the toughening mechanisms found in biostructures via 
specific organization of 3D printed structures opens new possibilities for 
toughening of materials without chemical modification. 

Fig. 6. Relative Young’s modulus (left) and relative bending strength (right) with respect to the relative density of the foams; LM stands for linear model; error bars 
are included in dimensions of the marks in the diagrams. 

Table 2 
Experimental geometric constants related to the cell geometry calculated values 
and values suggested (SV) in the literature (Ashby, Gibson [4]).   

uniform porosity gradient porosity SV 

80% 
full 

60% 
full 

40% 
full 

20% 
full 

type I type 
II 

type 
III 

C1 1.134 1.227 1.388 1.837 1.374 1.781 1.538 1 
C2 0.919 0.911 1.018 1.144 0.398 0.291 0.407 0.18  

Fig. 7. Work to failure in three-point bending of notched 3D printed specimens 
with various porosity designs. 
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Data availability 

The raw/processed data required to reproduce these findings cannot 
be shared at this time due to time limitations and ongoing research 
study. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

We greatly acknowledge the financial support from LTAUSA19059 
Inter-Excellence Grant from MEYS CR. We also acknowledge CzechNa-
noLab Research Infrastructure supported by MEYS CR (LM2018110). 

References 
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