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Abstract: This study analyses the energy absorption and stiffness behaviour of 3D-printed support-
less, closed-cell lattice structures. The unit cell design is bioinspired by the sea urchin morphology
having organism-level biomimicry. This gives rise to an open-cell lattice structure that can be used
to produce two different closed-cell structures by closing the openings with thin or thick walls,
respectively. In the design phase, the focus is placed on obtaining the same relative density with all
structures. The present study demonstrates that closure of the open-cell lattice structure enhances the
mechanical properties without affecting the functional requirements. Thermoplastic polyurethane
(TPU) is used to produce the structures via additive manufacturing (AM) using fused filament fabri-
cation (FFF). Uniaxial compression tests are performed to understand the mechanical and functional
properties of the structures. Numerical models are developed adopting an advanced material model
aimed at studying the hysteretic behaviour of the hyperelastic polymer. The study strengthens
design principles for closed-cell lattice structures, highlighting the fact that a thin membrane is the
best morphology to enhance structural properties. The results of this study can be generalised and
easily applied to applications where functional requirements are of key importance, such as in the
production of lightweight midsole shoes.

Keywords: additive manufacturing; cellular structure; support-less lattice structure; closed-cell
lattice; hyperelastic material; 3D printing

1. Introduction
1.1. Nature and Characterization of Lattice Structures

The word cell means a small, enclosed space or compartment. Cells of different
morphology and size can cluster to form structures observed in nature. Wood, cork, sponge,
and many other naturally occurring formations are all cellular structures. Such natural
cellular structures can be found in the five ancient geometric solids called regular polyhedra
or platonic solids [1,2]. ‘Lattice structure’ is defined as a cellular structure in which an
interconnected network of surfaces repeats itself in a design space [3–5]. Hence, lattice
structures are classified as a specific type of cellular structure. The mesoscale size of a unit
cell, ranging from micrometres to one millimetre, allows lattices produced by Additive
Manufacturing (AM) to be viewed both as a structure and a material; in other words,
a “metamaterial”. Therefore, lattice structures can be considered materials in their own
right. As is well known, an AM lattice structure exhibits its own set of material properties
depending on the microstructural features of the representative unit cell [6]. All these
cellular solids can be composed to have different shapes, forms, and tesselations.

Materials 2022, 15, 2441. https://doi.org/10.3390/ma15072441 https://www.mdpi.com/journal/materials

https://doi.org/10.3390/ma15072441
https://doi.org/10.3390/ma15072441
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0003-3173-2485
https://orcid.org/0000-0002-1497-9470
https://orcid.org/0000-0002-0185-0790
https://orcid.org/0000-0001-5418-0703
https://doi.org/10.3390/ma15072441
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma15072441?type=check_update&version=2


Materials 2022, 15, 2441 2 of 19

Bhat et al. demonstrated the effect of tessellation on the mechanical and functional
property, while the morphology of the unit lattice structure was the same [7]. The cel-
lular structure based on topological space can be classified as two-dimensional (2D) or
3-dimensional (3D). Two-dimensional cellular solids are the simplest of all cellular solids,
made of a two-dimensional array of polygons that fill a design space and are extruded in
the third dimension. Such structures, for example, honeycomb lattices, have anisotropic
properties and can also be termed 2.5D structures [8,9]. Three-dimensional cellular solids
are instead polyhedral cells packed in three dimensions and can have either isotropic or
anisotropic mechanical properties [3]. Lattice structures can be designed in two ways, (a)
Truss-based [10] or (b) Plate-based [11]. By varying unit cell design parameters such as
topology (connectivity), geometry (truss/plate dimensions), and morphology, the func-
tional and mechanical properties of a lattice can be significantly affected, which would not
be impossible with the bulk constituent materials [12].

The most important structural characteristics of lattice structures are the relative
density, ρ∗, and the relative stiffness, E*, described as:

The relative density:

ρ∗ =
ρl
ρs

(1)

where ρl and ρs are the densities of the lattice and solid, respectively, which can be expressed
in terms of the volume reduction coefficient (VRC) φ, ranging from zero to one, where zero
indicates that the lattice is fully solid:

φ = 1− VL
VS

(2)

and (ii) the relative stiffness E*:

E∗ =
E
ρ∗

(3)

where E denotes Young’s modulus of the lattice. The mechanical properties of the cellular
structure can be tuned by modifying optimisation parameters such as the thickness or
diameter of the truss/surface element or size of the unit cell. Finally, to fulfil design or
functional requirements, the topologies of open-cell structures are important to consider.
A closed-cell lattice is usually designed by understanding the functional requirement of
an open-cell lattice, which can be transformed into a closed-cell structure by closing the
openings with thin or thick walls such that the functional requirements remain unchanged.
In this case, two important design principles arise for closed-cell lattice structures:

I. open-cells are closed with a relatively thin solid wall/membrane
II. open-cells are closed with relatively thick solid wall/membrane [3,5,13]

These two principles can be employed to produce both local and global closed-cell
lattice structures [14,15]. Local closed-cell lattice structures have fully closed unit cells that
are tessellated in the design space. In contrast, global closed-cell lattice structures have
open unit cells tessellated in the design space but enclosed from the outside.

1.2. Thermoplastic Polyurethane for Additive Manufacturing

Additive manufacturing considered sustainable technology could mitigate the effect
of future climate change with distributed manufacturing and lattice structure that could
help build parts lightweight with high speed [16,17]. The impact of additive manufacturing
and its material development is seen in various fields, such as photopolymerization of the
polymer under visible light [18,19]. Additive manufacturing of thermoplastic polyurethane
(TPU) material is increasingly used in industrial fields, such as footwear, automotive, and
aerospace, owing to its biodegradable nature, abrasion resistance, flexibility, and energy
absorption capability [13,14]. Printed TPU does not exhibit intuitive behaviour due to its
hygroscopic, viscoelastic and hyperelastic nature [20]. In order to understand the complex
behaviour of this material, finite element (FE) modelling has been employed in parallel
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with experimental investigations. Designed structures are produced by AM via a material
extrusion process (MEX) with a TPU filament of known nominal mechanical properties.
Three-dimensional printing of this hyperelastic polymer with an open-source MEX process
is challenging due to the viscosity and low Young’s modulus of TPU. Common problems in
printing with flexible/soft filaments are frequent, including buckling and kinking, slippage
of the filament in the feed module, clogging of the nozzle and absorption of moisture from
the atmosphere. This study has minimised above problem by two ways:

I Design of support-less continuous surface-based lattice structure. This type of design
can eliminate the requirement of filament retraction during printing. Repeated retrac-
tion of filament is normally seen during printing truss-based lattice structures as these
are non-continuous surfaces.

II Printing process parameter optimization. The retraction is not allowed as this is
a major problem during soft-material printing. Repeated retraction is responsible
for buckling, kinking, and filament slippage in the feed module. The hygroscopic
nature of TPU is minimised by keeping the filament in the dry box during the 3D
printing process.

At the same time, numerical analysis and matching the hysteresis and energy absorp-
tion of printed TPU is also very difficult due to variability of the resulting properties and
anisotropy introduced by the layering nature of the process [21,22].

1.3. Analysis of Cellular Structures

The selected open and closed-cell lattice structures considered in the present work,
bioinspired by the sea urchin (SU), have excellent functional and mechanical properties
and can be successfully fabricated without support with the MEX process [15,16]. Recently,
many researchers have used bioinspiration to design lattice structures for energy absorption
applications [23]. Ha et al. designed a novel bioinspired honeycomb structure for energy
absorption for lightweight panels [24]. The SU exhibits remarkable mechanical properties
driven mainly by its structural morphology, exhibiting relevant functional and mechan-
ical properties such as energy absorption and stiffness. Further, by designing the lattice
structures for support-free printing, requirements for support structures for primary or
secondary material within the lattice are eliminated, resulting in a considerable advantage
in terms of cost and production time [25]. This can be performed with the MEX process,
requiring no essential post-print operations to remove support structures from closed cells.

This study wants to analyse the relationship between specific design features and
functional and mechanical properties of this kind of cellular lattices made in TPU. Relevant
industrial applications are detectable, as the development of products based on filled or
unfilled closed-cells. Where functional requirements are key considerations, such as per-
sonal protection gears, customized shoe midsoles, and other lightweight, high-performance
panel or layer components.

2. Materials and Methods
2.1. Design of Closed Lattice Cell

The unit cell is the basic building block of a lattice structure. The topology of a unit
cell characterises each lattice structure in determining its functional properties. The first
step in the design phase is to select an imaginary rectangular prism or voxel of dimensions
X × Y × Z, which acts as a bounding box for the unit cell. Values of X, Y, and Z may vary
based on design specifications. Inside this bounding box, the plate/shell is connected or
intersected to form the morphology of the unit cell according to the design requirements.

The design phases of the unit cell inspired by SU morphology having organism level
biomimicry are illustrated in Figure 1. Based on this geometry, a local closed-cell lattice
structure was developed. The lattice structure was supportless based on generating a
primitive surface patch in Matlab 2021b©. These surface geometries were exported in Creo
Parametric© environment for converting them to solid by adding and trimming material
in the outer direction for the final local closed-cell design, as shown in Figure 1 [14,26].
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Figure 1. The biomimetic local closed-cell lattice structure based on SU morphology (a) SU morphol-
ogy (b) primitive patch (c) primitive patch developed by boundary equation (d) surface generation
on the boundary equation and mirroring of this surface patch for final design in Creo (e) final design
of supportless open-cell lattice structure in Creo parametric (f) closed-cell designed by closing the
openings of the open-cell lattice structure.

The boundary equations defining the surface patch are described in Equations (4)–(9).

Curve 1 : Z = 0 plane : (x− a)2 + (y− a)2 = (a/2)2 (4)

Curve 2 : X = a plane : y2 + z2 = (a/2)2 (5)

Curve 3 : Y = 0 plane : (z− a)2 + (x− a)2 = (a/2)2 (6)

Curve 4 : Z = a plane : x2 + y2 = (a/2)2 (7)

Curve 5 : X = 0 plane : (y− a)2 + (z− a)2 = (a/2)2 (8)

Curve 6 : Y = a plane : z2 + x2 = (a/2)2 (9)

The openings shown in Figure 1e were then closed with thin and thick walls to
understand the effect of their presence on stiffness and energy absorption, representing the
main mechanical and functional properties of such structures. The thin wall was designed
with a lower thickness than that of the open-cell shell. The thick wall was instead designed
with a greater thickness than that of the open-cell shell, as illustrated in Figure 2 and
Table 1. The third step in design is the tessellation of the unit cell with the concept of
periodic tessellation having a unary connection of edge-to-edge type. Each unit cell shared
a complete edge (open or closed) with their adjacent lattice for uniform load transfer. In this
way, there was no bridge between adjacent unit cells [17], allowing supportless printing of
lattice structure with the MEX process, as shown in Figure 2.
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Figure 2. Designed model (a) open-cell lattice (b) thin-walled closed-cell lattice (c) thick-walled
closed-cell lattice.

Table 1. Parameters of analysed lattice structures.

Cell Structure Material
Specimen/

Unit Cell Size
(mm)

Open Shell
Thickness (T)

(mm)

Closing Wall
Thickness (Tw)

(mm)

VRC
φ (%)

Open-cell
TPU Φ37 × 16/8 × 8 × 8

1.2 – 56.9
Thin-walled 1.0 0.6 57.0
Thick-walled 0.66 1.2 56.6

The final step comprised of completing tessellation of the lattice structure over the
entire design space, which was chosen to be a cylindrical specimen. This procedure
was very challenging due to overhangs of the lattice truss/plates near the boundary of
design space, leading to failure of the printing process. The behaviour of both open and
closed structures was then characterised and directly compared with experimental and
numerical methods.

2.2. Additive Manufacturing

The designed lattice structures were optimised using the “design for additive man-
ufacturing and post-processing” (DfAM&PP) concept for the MEX/FFF process (Flash-
forge dreamer©, Jinhua, China). DFAM&PP focuses on four crucial design parameters
for successful printing of supportless structures, including minimum feature size, min-
imum thickness, minimum overhang angle, and minimum parallel ledges [27–29] (see
Figure 3). These parameters differ according to the material, process, and 3D printer used
for manufacturing.
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Figure 3. Four parameters considered within design for additive manufacturing and post-processing
(a) minimum feature size (b) minimum wall thickness (c) minimum overhang angle (d) minimum
bridge length.

The optimised MEX process for defect-free printing of TPU was characterised by
a minimum feature size of 6 × 6 × 6 mm (Figure 3a), a minimum thickness of 0.2 mm
(Figure 3b), and a minimum overhang angle of 50◦ (Figure 3c). As shown in Figure 3,
no parallel ledges or bridges were printed, thus requiring no continuous support during
fabrication. For each type of lattice structure, including open-cell and thin and thick-walled
closed-cell structures, three specimens were printed with the parameters listed in Table 2.
No special filament extruder was employed for the fabrication of the parts in TPU.

Table 2. MEX parameters used for printing all lattice structure and dog-bone samples with
TPU filament.

Extruder
Diameter

(mm)

Extruder
Temperature

(◦C)

Platform
Temperature

(◦C)

Layer
Thickness

(mm)

Infill
(%)

Print Speed
(mm/min)

0.4 230 70 0.2 100 1100

Figure 4 shows all the manufactured parts, with the red arrow representing the printing
direction in all cases. Particular attention was paid to the ambient temperature, which
was maintained between 22 and 25 ◦C. No post-process was performed on the printed
lattice structures.
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Figure 4. AM using MEX process: (a) thick-wall closed-cells; (b) thin-wall closed-cells; (c) open-cells.
The arrow represents the build direction.

2.3. SEM Measurements

Defects such as sagging, distortion, improper layer adhesion, and porosity can change
the mechanical and functional properties of 3D-printed lattice structures. The presence
of such defects in the printed sample, both in the longitudinal and lateral directions, was
observed using a JOEL JSM-6390LV, Japan, scanning electron microscopy (SEM). Each
specimen was subject to titanium dioxide sputtering in both exposed surface directions to
make the polymer surface conductive.

3. Experiments and Simulation
3.1. Experiments

A standard monotonic compression test at a constant strain rate is usually employed
for the mechanical characterisation of MEX-fabricated structures. With this relatively simple
test, the load-deformation and equivalent stress–strain behaviour can be determined and
compared up to the densification regime. Owing to the hysteretic viscous behaviour of TPU,
the load should be applied cyclically at least 10–20 times to evaluate the energy absorption
of this material [30,31]. The stabilised cycle must then be analysed based on the area under
the load curve in the hysteresis plot.

In this work, uniaxial compression tests were performed at a 5 mm/min strain rate
using an MTS 104 pneumatic electromechanical material testing system equipped with a
10 kN load cell. Compression was performed at three levels, including 10, 20, and 30% of the
sample height, h0, perpendicular to the printing layer direction. Load-displacement curves
were obtained, from which the classical stress–strain relationship and energy absorption,
Wc, were calculated according to the following equations [3]:

σN,c =
Pc

A0,eq
(10)

A0,eq =
VL
h0

= (1− φ)h2
0 (11)

εN,c =
uc

h0
(12)

Wc =
∫ ε=ε0.4

ε=0
σN,cεN,cdε (13)

where Pc and σN,c are the compressive loads and nominal stress, A0,eq is the equivalent
cross-sectional area of the lattice, uc and εN,c are the displacement and nominal compressive
strain, and Wc is the energy absorbed per unit volume. The stiffness of the specimen was
calculated by interpolating the slope line over the load portion. The energy loss area was
calculated after 20 loading cycles with the stabilised curve.
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3.2. Simulation

The simulation approach was based on the analysis of a unit cell for each different
type of 3D-printed lattice structure to characterise the behaviour of the entire structure, as
shown in Figure 5. With this approach, the unit cell was a representative volume element
of the full structure. Hence, it could be repeated without any limit over three dimen-
sions to constitute a lattice structure. With this approach, correct boundary conditions,
mechanical properties, and deformation behaviour of cells can be easily and quickly inves-
tigated, saving computational time. Different geometric configurations can be analysed
and compared without needing to produce and test them all experimentally. Optimisation
problems are also solvable with reasonable calculation resources. Morphological features
are typically given as variable parameters in optimisation runs aiming to maximise a struc-
ture’s performance in terms of given properties such as the specific stiffness. In this work,
two variable parameters were chosen for analysis: the wall and shell thicknesses, Tw and
T = R2 − R1, respectively.

Figure 5. FE models of open, thin- and thick-walled closed unit cells.

The Abaqus/CAE© 2022 (6.20) software suite was used for numerical simulation. The
models were developed by importing CAE generated solid models into the software. The
meshing of the solid cells was performed by an automatic algorithm based on the inner
growth option. Meshing was performed on a test model adopting a convergence criterion
of 1% deviation in stiffness. Linear solid tetrahedral elements with a hybrid formulation
and a characteristic dimension of 0.8 mm were used, resulting in 1111–1441 nodes and
4189–5847 elements depending on the geometry.

Simulations were performed using the large deformation option in the explicit solver
within the software. Movement of a rigid analytical surface at the top of the cell was
imposed, with a small sliding option at the surface’s contact. Contact was governed by a
friction coefficient of f = 0.1, as results had been found to remain largely invariable for
values between 0.05 and 0.3. Periodic boundary conditions were applied to the unit cell
faces to fully reproduce the actual deformation behaviour. Specifically, periodicity was
applied to the displacement of nodes on the cell-free faces with the ABAQUS© equation
option. The studied FE unit cell models are shown in Figure 5.

The numerical results yielded ‘RFi’ as the reaction force at NC due to the compressive
displacement of constrained nodes in the z-direction, from which the load curve and cell
stiffness, K0, were obtained according to the following relations:

FT =
NC,z

∑
i=1

RFz,i (14)

F(z) = K0z + q f or z ∈
[
0, z|Fmax

]
(15)

The total reaction force, FT = f (z), was interpolated with a linear function over the com-
pression strain range up to Fmax, from which the stiffness was calculated using Equation (15).
The stiffness of a lattice structure with certain dimensions can be estimated in a simple
manner. From the data obtained for the unit cell, an equivalent, homogeneous virtual
material was defined, characterised by stiffness based on the resulting section-to-length
ratio. Finally, by applying 20 cycles of compression release, the numerical hysteresis loop
was plotted. This was performed to ensure that steady-state hysteresis was reached, which
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was generally the case after 15 cycles. For the purposes of analysis, data relating to the
twenty-first cycle were taken into consideration. Energy absorption was determined as the
integral of the load-displacement graph, as shown in Figure 6. The percentage coefficient
of absorbed energy was calculated as:

Ωc =
W1

W2
(%) (16)

where W1 and W2 are the absorbed and total energy, respectively. The total energy was
defined as the sum of the absorbed and released energy during the 21st cycle of the unit
cell. During the experimental phase, the behaviour of each cell was analysed at 20% and
30% deformation.

Figure 6. Schematic of numerical calculation of absorbed energy.

3.3. Material Model

TPU is a complex material exhibiting hyper-elastic and viscoelastic properties [20].
In addition, fused filament fabrication (FFF) produces an anisotropic, layered material
structure that is usually no more than half as strong in the tangential direction than it is
in the transversal direction [32]. By comparing a tensile test of the ASTM D638 Type 4
dog-bone sample with the different strain energy potential models offered by Abaqus©, it
turned out that the second-order Ogden model better reproduced the experimental tensile
curve in the stretch of deformation of interest, as shown in Figure 7. Following the Ogden
formulation, the N-order polynomial strain energy potential Udef is expressed as follows:

Ude f =
N

∑
i=1

2µi

α2
i

(
λ

αi
1 + λ

αi
2 + λ

αi
3 − 3

)
+

N

∑
i=1

1
Di

(Jel − 1)2i (17)

where λi is the deviatoric stretch, Jel is the elastic volume ratio and αi, µi, and Di are
material model parameters reported in Table 3. Hysteretic behaviour, responsible for energy
dissipation under repeated cyclic loading, is modelled within ABAQUS©. The mechanical
response is made up of an equilibrium part following stress relaxation after a long time
(network A) and a non-linear, time-dependent function that produces a perturbation from
the equilibrium state (network B). The model considers the total stress as the sum of the
network A and network B stresses. In mathematical terms, the effective creep strain rate in
network B (

.
ε

cr
B ) is given by Equation (18):

.
ε

cr
B = A[λcr

B − 1 + E]C(σB)
m (18)

where λcr
B − 1 and σB are the nominal creep strain and effective stress in network B, respec-

tively. Five parameters fully define the material model. These include the stress scaling
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factor (S), which is the ratio of the network B and network A stresses under instantaneous
loading, the exponent m, which is generally greater than one and expresses the network B
stress dependence of the steady-state creep strain rate, the exponent C [−1, 0], which char-
acterises the network B creep strain dependence of the creep strain rate, and the constants A
and E, which characterise the effective creep strain rate. The network B stress scaling factor
and creep parameters, together with an optimisation procedure for FE modelling of cylin-
drical specimens subject to compression loading, were selected based on the literature [20].
The chosen parameters are indicated in Table 4.

Figure 7. Experimental and Ogden model (N = 2) behaviour for the employed TPU.

Table 3. Ogden material model parameters for the employed TPU.

Order µi αi Di

1 0.4055 2.4580 6.1616 × 10−3

2 6.1298 −1.9004 0.0000

Table 4. Hysteresis parameters for the employed TPU.

S A
(s−1MPa−m) m C E

2.2 0.556 4.0 0.0 0.01

The employed hysteresis model allowed not only strain-dependent hysteresis loops
during unloading to be reproduced but also the permanent deformation after each compression-
release cycle. This made it possible to determine the energy absorption per cycle, as
shown previously.

4. Results
4.1. SEM Analysis

SEM images of the fabricated open-cell and thin and thick-walled closed-cell lattice
structures are illustrated in Figure 8 in both the longitudinal (LD) and transversal (TD)
directions. The printed open-cell lattice topology in the LD (Figure 8a) did not exhibit
imperfections such as sagging, distortion, layer peeling or porosity. A few microscopic
pores between the layers were instead present in the TD, as seen in Figure 8d. After careful
analysis, it was found that the presence of these pores, due to air bubbles or under-extrusion,
did not adversely affect the structural performance of the TPU-printed open-cell structures.
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Figure 8. SEM images of the TPU layer deposition in both longitudinal direction (LD) and transversal
directions (TD) (a) open-cell LD direction no defects are observed (b) thin-wall LD under-extrusion
layer deposition is observed (c) thick-wall LD no defects are observed (d) in open-cell TD random
micro-pores encircled with red colour is observed (e) continuous micro-pore encircled in red colour
are seen in thin-wall TD (f) In thick-wall TD too micro-pores are observed.

Longitudinal pores in the print direction were observed on the surface in both the LD
and TD for the thin-walled closed-cell lattice structure (Figure 8b). In the TD, microscopic
pores between the two layers of the outer and inner walls were present, as can be seen in
Figure 8e. These microscopic pores were observed in a linear pattern up to the end of the
thin wall. This effect was due to the under-extrusion of the material from the nozzle during
the printing of this thin layer. Unlike the thin-walled structures, no longitudinal pores or
layer peeling in the print direction were observed in the thick-walled structures, as seen
in Figure 8c. In the TD, continuous microscopic pores were present in the inner and outer
layers of the thick-walled lattice structure, as can be observed in Figure 8f. This was due to
the small gap left during the connection of the infill to the boundary wall layer. However,
these microscopic pores did not significantly affect the thick-walled closed-cell structural
performance [15].
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4.2. Functional Response of Structures

Figure 9 shows images of the specimens tested at the three considered levels of com-
pression. As can be observed, 30% compression led to a very large degree of deformation
with barrelling and densification of the specimens. The obtained hysteresis curves are
shown in Figure 10 for the various tested levels of deformation, while the full set of results
is shown in Table 5. Based on these outcomes, it can be observed that the mechanical
and functional properties of the open-cell and thin-walled closed-cell structures exhibited
comparable behaviour in terms of stiffness and energy absorption.

Figure 9. Images obtained during compression testing of all printed lattice structures.

Figure 10. Experimental load-displacement curves.



Materials 2022, 15, 2441 13 of 19

Table 5. Experimental and simulated lattice structure stiffness and energy absorption.

Lattice
Structure K0 (N/mm) Wc (J/m3) Ωc (%)

εN ,c (%) 10 20 30 10 20 30 10 20 30
Exp FEA Exp FEA Exp FEA Exp FEA Exp FEA Exp FEA Exp FEA Exp FEA Exp FEA

Open-cell 331.0 335.3 220.3 235.8 165.5 171.0 7.58 1.21 27.73 8.32 59.61 25.12 21.4 7.0 22.9 15.3 24.9 23.1
Thin-wall 336.0 264.6 219.2 212.3 161.7 161.4 6.84 1.08 32.72 13.33 61.52 48.23 20.0 4.3 23.1 15.4 24.6 26.7
Thick-wall 278.9 279.7 181.9 231.1 137.5 188.1 6.35 0.98 25.04 12.06 57.11 49.13 20.4 3.9 23.5 13.7 26.4 25.5

In contrast, thick-walled closed-cell structures exhibited a 20% reduction in perfor-
mance. In general, the stiffness of the considered hyperelastic polymer material appeared
to decrease with increasing deformation. At low strain levels, all tested samples exhibited
high levels of resilience; however, as deformation increased, the stiffness decreased.

In relation to the FE simulations, unit cells with applied periodic boundaries (see
Figure 11) exhibited very similar behaviour to the experimental outcomes both in terms of
stiffness and energy absorption, even if a clear deviation was evident at low strain levels.
The deformation behaviour, i.e., logarithmic strain in the compression direction of open-
cell (Figure 11a), thin wall (Figure 11b) shows barrelling whereas thick wall (Figure 11c)
negative barrelling effect is seen.

Figure 11. Unit cells 30% deformed: Von Mises equivalent stress, Principal and compressive strains
ε22. The deformation behaviour of open (a), thin (b) shows barrelling, whereas thick wall (c) negative
barrelling effect is seen.

A plot comparing numerical and experimental data is shown in Figure 12, where it
is clearly visible how the open and thin-walled closed-cell structures exhibited a similar
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mechanical response in terms of stiffness and energy absorption. On the other hand, results
differed for the thick-walled closed-cell structures.

Figure 12. Experimental and numerical results.

5. Discussion
5.1. Mechanical Properties

As discussed previously, the stiffness of the printed TPU lattice structures decreased as
the degree of compression increased, with little variation in initial response between each
cell type. It is important to note that the open-cell structure had no walls, with material
concentrated at the ribs. As the cell ribs were free to bend more easily than the walls during
compression tests, they could better withstand the load. Therefore, the open-cell structure
possessed material where it was most useful, with the ribs providing the most geometrically
efficient topology. This consideration, however, was no longer valid for high strain levels
where they caused significant deformation at the beginning of the densification regime.

The results of FE simulations were in agreement with experimental outcomes for the
open-cell structures, while the stiffness of the closed-cell structures was overestimated. It is
likely that the thick-walled structures shrunk in the transversal direction, which will be
discussed in more detail below.

Experimental values of the energy absorption coefficient, Ωc, exhibited low sensitivity
to the level of deformation, ranging from 20–25% for 10–30% compression. These values
were in accordance with previous findings by the same authors for similar relative densi-
ties [25]. The numerical approach using FE software considered lower dispersion of the
deformation energy at low levels of compression, giving rise to evident differences in the ex-
perimental results. The hysteretic material model was certainly responsible for this effect as
it was calibrated for a given deformation range and did not consider dependence on other
parameters such as the temperature. Moreover, although strain rate effects were considered
within the numerical model, it is likely that they require further dedicated testing. Finally,
since results were obtained by homogenisation of the response of a single cell, the numer-
ical models with boundary conditions failed to reproduce the real contact state between
closed-cell walls, which may have drastically reduced the deformation. In relation to this
aspect, Figure 13 displays an analysis of the samples’ simulated and experimental radial
dilatation. From this analysis, it is possible to determine that the numerical simulation:

- was accurate for the closed thick-walled structures;
- overrated the thin-walled structures by a factor of 1.25;
- underestimated the open-cell structures by a factor of 1.5.

The observed behaviour, which was in contrast with the stiffness prediction, did not
significantly change with variations in friction coefficient over the range considered within
the investigation (f = 0.05–0.3).
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Figure 13. Experimental and numerical radial dilatation of specimens.

As discussed in detail below, this effect may have been due to anisotropy between
material layers, with elastic constants being different between lattices. However, the
study shows that it is possible to compare the behaviour of different lattice structures
via FE modelling prior to conducting experiments. Despite the sophistication of the
material model, numerical analysis can be an effective virtual design tool to study the
maximum variation in load response of unit cells for different geometries and identify and
optimise performance.

5.2. Effect of AM Process

Specimens obtained with the MEX process were generally non-uniform at different
levels, as observed during SEM analysis. Anisotropy in elasticity and strength was also
readily observed. More broadly, numerous process parameters that adversely affect the
mechanical properties of the final printed polymeric object were highlighted and are
summarised below:

Pores: additive manufacturing of TPU filament with MEX often left pores between
layers, which was due to the hygroscopic nature of TPU, under-extrusion of material while
printing thin sections or retraction of the filament into the nozzle during printing [26–28],
as can be seen in Figure 8.

Building orientation: some compression tests performed on the MEX-printed samples
exhibited different values of failure load depending on how the load was applied with
respect to the deposition plane, with horizontal orientation leading to a higher strength than
vertical orientation [33–35]. Building orientation had a significant effect on the difference
between FE results and experimental outcomes.

Temperature: the difference in temperature between adjoining layers during solidi-
fication of the filament caused residual stress, shrinkage and distortion of the fabricated
part. The temperature difference between the build chamber and filament, therefore, had a
significant effect [36,37].

These effects appeared to be amplified in the thin-walled structure, which was charac-
terised by the minimum printing thickness. A higher concentration of micro-voids occurred
in layers during printing, as seen in Figure 8b,e, drastically reducing the ability of this
structure to withstand loads [15,38]. Lattice structures obtained with the MEX process were,
therefore, already very sensitive to process parameters used during the 3D printing phase.
In relation to the compressive mechanical response of polymeric samples obtained via the
MEX process, a comprehensive review of the literature over the last two decades, starting
from 1996 [38], revealed that the process is influenced by the raster orientation (transverse,
axial), air bubbles or gaps, layer width, model temperature, layer thickness, building orien-
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tation, raster angle, raster width, and infill (low, high, double dense, solid) [39]. Therefore,
it is possible to state that the combined effect of these parameters, the material, processing
conditions, and environment greatly influence the final response of the printed product.
This is of considerable importance for appropriate analysis of the numerical results by
considering the combined effect of all possible conditions that alter the mechanical response
of printed samples.

5.3. Effect of Hyperelasticity, Suggestions Relating to Design

The compressive behaviour of the open and thin-walled closed lattice structures was
similar in terms of mechanical and functional properties; however, the performance metrics
of the thick-walled results were 20% lower. This was in contrast with previous results
obtained by the same authors for closed-cell lattice structures printed with PLA filaments,
where the best response in terms of stiffness and energy absorption was obtained with a
thin-walled structure compared to other geometries [14].

For lattice structures printed in TPU, a thermoplastic elastomer [20,40], the stiffness
was only slightly affected by the shell thickness. The open-cell structure was 1.2 mm thick,
the shell thickness of the thin-walled closed structure was 1.0 mm (0.6 mm for the walls),
and the shell thickness of the thick-walled closed structure was 0.66 mm (1.2 mm for the
walls). Since the flexural stiffness D of a shell is proportional to its thickness T,

D ∝ E·T3 (19)

A variation ± of 70% was expected between the lattices if the walls do not bend, or a
variation of 40% was expected if the walls do bend. None of these extreme bounds was
met. Because of the extended strain range for TPU, which is an elastomer, the compression
of such structures can extend to very high levels. Thus, the bending of cell ribs and
the closing of walls became strongly non-linear both geometrically and in terms of the
material response.

It is possible that the ribs and walls unevenly supported bending, as the material was
distributed to achieve constant density. Figure 14 displays the strain in the vertical direction
(load direction), ε22, for the ribs and walls at 10–20% to 30% compression levels. It is evident
that the ribs were only subject to tensile loading for the open and thin-walled cells at the
extrados. As the wall thickness increased, bending decreased both in the ribs and walls,
as shown in Figure 11. Moreover, the open-cell structure was more efficient in bending.
If the compressive strain is subtracted and the thickness considered, an equivalent non-
dimensional bending moment Mb

* can be calculated considering the strain gradient across
the sections, yielding the results plotted in Figure 15. Here, the individual contribution
of the ribs and walls (when present) can be appreciated, showing that walls increasingly
supported bending, unloading the shell, as their thickness increased. However, bending
in the two closed-cell geometries was always less than that occurring in the open-cell
structure. This can explain the observed difference between the predicted and observed
stiffness, supporting the hypothesis that the deposition process had a strong influence on
the mechanical properties, accentuated at large thickness.
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Figure 14. Strain in ribs and walls at the intrados and extrados of the cell structures.

Figure 15. Comparison of bending load in the ribs and walls of the structures.

6. Conclusions

The properties of lattice structures with open-cells and thin and thick-walled closed-
cell geometries printed in TPU via MEX have been investigated. Wall thickness, useful
for designing closed unit cells from open topologies, was analysed in terms of its effect on
the functional and mechanical properties. Extensive laboratory testing and sophisticated
numerical modelling were performed to investigate the determinant design features for
optimising structural performance. The mechanical and functional properties of the lattices
were found to exhibit unintuitive behaviour, from which new design considerations could
be drawn:

- AM of TPU allows closed-cell lattice structures to be designed that mimic the sea
urchin and behave as non-linear springs with excellent energy absorption properties;

- closed cells with thin walls are more effective for optimising mechanical and functional-
properties compared to those with thick walls. Hence, a closed-cell lattice structure
should be designed with a thin wall to maintain or enhance an open-cell lattice
structure’s mechanical and functional requirements;



Materials 2022, 15, 2441 18 of 19

- FE simulations can be employed to reveal manufacturing defects, including the fact
that printed TPU samples are anisotropic, with the degree of anisotropy depending
on the level of deformation;

- strong interaction between the layering process and structural properties must be
considered during the design phase of lattice structures produced via MEX.

Author Contributions: Conceptualization, A.K.; Data curation, A.K., L.C. and C.U.; Formal analysis,
A.K., L.C. and C.U.; Investigation, A.K. and C.U.; Methodology, A.K.; Project administration, J.-Y.J.;
Resources, J.-Y.J.; Software, L.C. and C.U.; Supervision, L.C. and J.-Y.J.; Writing—original draft, A.K.
and C.U.; Writing—review and editing, L.C. and J.-Y.J. All authors have read and agreed to the
published version of the manuscript.

Funding: This research work is financially supported by the High Speed 3D Printing Research
Center from the Featured Areas Research Center Program within the framework of the Higher
Education Sprout Project by the Ministry of Education (MOE) (grant number 108PO12) in Taiwan.
“No competing financial interests exist.’ Sea urchin open cell lattice structure design is subjected to
patent from the United States patent and trademark office (US10881167B2) and Taiwanese patent
(TW1703939B)”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pearce, P. Structure in Nature Is a Strategy for Design; MIT Press: Cambridge, MA, USA, 1990.
2. Wester, T. 3-D Form and Force Language Proposal for a Structural Basis. Int. J. Space Struct. 2011, 26, 229–239. [CrossRef]
3. Gibson, L.J.; Ashby, M.F. Cellular Solids; Cambridge University Press: Cambridge, UK, 1997. [CrossRef]
4. Opgenoord, M.M.J.; Willcox, K.E. Design for additive manufacturing: Cellular structures in early-stage aerospace design. Struct.

Multidiscip. Optim. 2019, 60, 411–428. [CrossRef]
5. Nazir, A.; Abate, K.M.; Kumar, A.; Jeng, J.-Y. A state-of-the-art review on types, design, optimization, and additive manufacturing

of cellular structures. Int. J. Adv. Manuf. Technol. 2019, 104, 3489–3510. [CrossRef]
6. Ashby, M.F. The properties of foams and lattices. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2006, 364, 15–30. [CrossRef]
7. Bhat, C.; Kumar, A.; Jeng, J.-Y. Effect of atomic tessellations on structural and functional properties of additive manufactured

lattice structures. Addit. Manuf. 2021, 47, 102326. [CrossRef]
8. Li, T.; Chen, Y.; Hu, X.; Li, Y.; Wang, L. Exploiting negative Poisson’s ratio to design 3D-printed composites with enhanced

mechanical properties. Mater. Des. 2018, 142, 247–258. [CrossRef]
9. Verma, S.; Yang, C.-K.; Lin, C.-H.; Jeng, J.Y. Additive manufacturing of lattice structures for high strength mechanical interlocking

of metal and resin during injection molding. Addit. Manuf. 2022, 49, 102463. [CrossRef]
10. Verma, S.; Kumar, A.; Lin, S.-C.; Jeng, J.-Y. A bio-inspired design strategy for easy powder removal in powder-bed based additive

manufactured lattice structure. Virtual Phys. Prototyp. 2022, 1–21. [CrossRef]
11. Maconachie, T.; Leary, M.; Lozanovski, B.; Zhang, X.; Qian, M.; Faruque, O.; Brandt, M. SLM lattice structures: Properties,

performance, applications and challenges. Mater. Des. 2019, 183. [CrossRef]
12. Lu, T.J.; Xu, F.; Wen, T. Thermo-Fluid Behaviour of Periodic Cellular Metals; Springer: Berlin/Heidelberg, Germany, 2013. [CrossRef]
13. Kumar, A.; Collini, L.; Daurel, A.; Jeng, J.-Y. Design and additive manufacturing of closed cells from supportless lattice structure.

Addit. Manuf. 2020, 33, 101168. [CrossRef]
14. Prajapati, M.J.; Kumar, A.; Lin, S.-C.; Jeng, J.-Y. Multi-material additive manufacturing with lightweight closed-cell foam-filled

lattice structures for enhanced mechanical and functional properties. Addit. Manuf. 2022, 54, 102766. [CrossRef]
15. Peng, T.; Kellens, K.; Tang, R.; Chen, C.; Chen, G. Sustainability of additive manufacturing: An overview on its energy demand

and environmental impact. Addit. Manuf. 2018, 21, 694–704. [CrossRef]
16. Dwivedi, K.A.; Huang, S.-J.; Wang, C.-T. Integration of various technology-based approaches for enhancing the performance of

microbial fuel cell technology: A review. Chemosphere 2022, 287, 132248. [CrossRef] [PubMed]
17. Zhu, Y.; Ramadani, E.; Egap, E. Thiol ligand capped quantum dot as an efficient and oxygen tolerance photoinitiator for aqueous

phase radical polymerization and 3D printing under visible light. Polym. Chem. 2021, 12, 5106–5116. [CrossRef]
18. Qin, C.; Yue, Z.; Chao, Y.; Forster, R.J.; Maolmhuaidh, F.Ó.; Huang, X.-F.; Beirne, S.; Wallace, G.G.; Chen, J. Bipolar electroactive

conducting polymers for wireless cell stimulation. Appl. Mater. Today 2020, 21, 100804. [CrossRef]

http://doi.org/10.1260/0266-3511.26.3.229
http://doi.org/10.1017/CBO9781139878326
http://doi.org/10.1007/s00158-019-02305-8
http://doi.org/10.1007/s00170-019-04085-3
http://doi.org/10.1098/rsta.2005.1678
http://doi.org/10.1016/j.addma.2021.102326
http://doi.org/10.1016/j.matdes.2018.01.034
http://doi.org/10.1016/j.addma.2021.102463
http://doi.org/10.1080/17452759.2022.2039071
http://doi.org/10.1016/j.matdes.2019.108137
http://doi.org/10.1007/978-3-642-33524-2
http://doi.org/10.1016/j.addma.2020.101168
http://doi.org/10.1016/j.addma.2022.102766
http://doi.org/10.1016/j.addma.2018.04.022
http://doi.org/10.1016/j.chemosphere.2021.132248
http://www.ncbi.nlm.nih.gov/pubmed/34543899
http://doi.org/10.1039/D1PY00705J
http://doi.org/10.1016/j.apmt.2020.100804


Materials 2022, 15, 2441 19 of 19

19. Qi, H.J.; Boyce, M.C. Stress–strain behavior of thermoplastic polyurethanes. Mech. Mater. 2005, 37, 817–839. [CrossRef]
20. Collini, L.; Ursini, C.; Kumar, A. Design and optimization of 3D fast printed cellular structures. Mater. Des. Process. Commun.

2021, 3, e227. [CrossRef]
21. Shen, F.; Yuan, S.; Guo, Y.; Zhao, B.; Bai, J.; Qwamizadeh, M.; Chua, C.K.; Wei, J.; Zhou, K. Energy Absorption of Thermoplastic

Polyurethane Lattice Structures via 3D Printing: Modeling and Prediction. Int. J. Appl. Mech. 2016, 8, 1640006. [CrossRef]
22. Ha, N.S.; Lu, G. A review of recent research on bio-inspired structures and materials for energy absorption applications. Compos.

Part B Eng. 2020, 181, 107496. [CrossRef]
23. Ha, N.S.; Lu, G.; Xiang, X. Energy absorption of a bio-inspired honeycomb sandwich panel. J. Mater. Sci. 2019, 54, 6286–6300.

[CrossRef]
24. Kumar, A.; Verma, S.; Jeng, J. Support-less Lattice Structures for Energy Absorption Fabricated by Fused Deposition Modeling.

3D Print. Addit. Manuf. 2020, 7, 85–96. [CrossRef]
25. Jeng, J.-Y.; Kumar, A. Shoe Midsole Structure and Method for Manufacturing Same. U.S. Patent No. 10,881,167, 5 January 2021.

Available online: https://patents.google.com/patent/US10881167B2/en (accessed on 20 November 2021).
26. Gaynor, A.T.; Guest, J.K. Topology optimization considering overhang constraints: Eliminating sacrificial support material in

additive manufacturing through design. Struct. Multidiscip. Optim. 2016, 54, 1157–1172. [CrossRef]
27. Thomas, D. The Development of Design Rules for Selective Laser Melting. Ph.D. Thesis, University of Wales, Cardiff, UK, 2009.
28. Cloots, M.; Spierings, A.B.; Wegener, K. Assessing new support minimizing strategies for the additive manufacturing technology

SLM. In Proceedings of the 2013 International Solid Freeform Fabrication Symposium, Austin, TX, USA, 12–14 August 2013;
pp. 12–14. [CrossRef]

29. Worobets, J.; Wannop, J.W.; Tomaras, E.; Stefanyshyn, D. Softer and more resilient running shoe cushioning properties enhance
running economy. Footwear Sci. 2014, 6, 147–153. [CrossRef]

30. Sun, P.-C.; Wei, H.-W.; Chen, C.-H.; Wu, C.-H.; Kao, H.-C.; Cheng, C.-K. Effects of varying material properties on the load
deformation characteristics of heel cushions. Med. Eng. Phys. 2008, 30, 687–692. [CrossRef] [PubMed]

31. Abbot, D.W.; Kallon, D.V.V.; Anghel, C.; Dube, P. Finite Element Analysis of 3D Printed Model via Compression Tests. Procedia
Manuf. 2019, 35, 164–173. [CrossRef]

32. Bergström, J.S.; Boyce, M.C. Constitutive modeling of the time-dependent and cyclic loading of elastomers and application to soft
biological tissues. Mech. Mater. 2001, 33, 523–530. [CrossRef]

33. de León, A.S.; Domínguez-Calvo, A.; Molina, S.I. Materials with enhanced adhesive properties based on acrylonitrile-butadiene-
styrene (ABS)/thermoplastic polyurethane (TPU) blends for fused filament fabrication (FFF). Mater. Des. 2019, 182, 108044.
[CrossRef]

34. Hohimer, C.; Christ, J.; Aliheidari, N.; Mo, C.; Ameli, A. 3D printed thermoplastic polyurethane with isotropic material properties.
Behav. Mech. Multifunct. Mater. Compos. 2017, 10165, 1016511. [CrossRef]

35. Kim, G.; Barocio, E.; Pipes, R.B.; Sterkenburg, R. 3D printed thermoplastic polyurethane bladder for manufacturing of fiber
reinforced composites. Addit. Manuf. 2019, 29, 100809. [CrossRef]
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