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Abstract
A new direct UV curing, polyurethane-like, highly stretchable rubber, Elastic ToughRubber 90™ (ETR 90), is demonstrated for 3D printing via photo-
curing with Texas Instruments  DLP® optical systems. An array of test specimens, comprising a sandwich structure with a body-centered cubic lattice 
core, are 3D printed from ETR 90. The compressive behavior of these specimens is characterized up to 10 k and up to 100 k fatigue-loading cycles. 
The internal, visually obstructed, structures under loads are visualized using in situ X-ray tomography. All lattice structures remain intact and full 
recovery is observed, indicating the cyclic durability of the 3D-printed rubber.

Introduction
The demand for elastic, tough rubber lattices has been increas-
ing in such commercial segments as consumer (with specific 
applications in footwear, mattress, noise-attenuating devices), 
transportation (automotive interiors, rail and aerospace), oil and 
gas, industrial and electronic and medical devices and packag-
ing due to the need for materials with exceptional properties 
including high flexibility, high tear strength, high resilience, 
and high tensile strength. Elastomers and rubber-like materi-
als can sustain large deformations without failure, typically at 
strain capacities above 200%, and, once deformed, recover rap-
idly to their original dimensions.[1] Microscopically, these char-
acteristics are the result of combining high molecular weight 
polymer chains with inter-chain entanglements, sometimes 
with covalent crosslinking, and a glass transition temperature 
significantly lower than their operating temperature. Above 
their glass transition temperatures, rubbers are amorphous and 
their constituent, monomeric segments change their position 
readily and continuously.[1] If the polymer chains are entan-
gled or cross-linked, the chains form a loose three-dimensional 
molecular network with a more restricted segmental motion. 
Some rubbers of high-molecular-weight have a network solely 
consisting of highly entangled, long molecules with a spacing 

between entanglements being characteristic for each particular 
polymer; some other rubbers have chains that are chemically 
cross-linked, in which some of the chains form a permanent 
network, as is the case for vulcanized rubber. Ultimately, rub-
bery materials with the desired mechanical properties can be 
engineered by balancing molecular weight, chain entangle-
ments, crosslinking density and reinforcing fillers. Previous 
studies investigated the ability to use rubbers in 3D printing. 
Lukić et al. investigated the feasibility of 3D printing of a latex 
material including natural rubber and prevulcanized natural 
rubber using inkjet printing.[2] The surface tension, viscosity 
and particle size were measured. Scott et al. designed and cre-
ated a photopolymer and a vat photopolymerization (VP) sys-
tem for additive manufacturing,[3] with which they were able 
to print a styrene-butadiene rubber (SBR).

In this study, ETR 90, a high-strain polyurethane-like elasto-
mer, was photo-patterned by a Texas Instruments  DLP® based 
projector with a UV (385 nm) light source. ETR 90 was used 
to additively manufacture lattice structures; their mechani-
cal behavior depends on such parameters as relative density, 
material properties, unit cell topologies and strut thickness.[4] 
A number of lattice structures, including unit-cells such as the 
octet, gyroid, face-centered cubic, body-centered cubic, etc., 
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have been used in engineering applications to tune such prop-
erties as density, energy absorption, stiffness, resilience and 
 strength[5, 6] Ling et al. studied experimentally and numerically 
the mechanical behavior and energy absorption of different rel-
ative density 3D printed polymeric octet-truss lattice structure 
under static and dynamic compression. In that work, two dif-
ferent polymer resins from Formlabs were studied, the standard 
grey and durable resins, respectively. The 3D printed durable 
sample demonstrated greater energy absorption compared to 
the standard grey 3D printed sample. Under dynamic impact 
loading, the 3D printed durable sample showed a strain-rate 
strengthening effect while the converse, a strain-rate weakening 
effect, was observed for the standard grey resin specimen.[5] 
Yu et al. studied a series of 3D-printed, self-healing polymers 
printed into lattice structures. Self-healing was triggered by 
fracture and shape-memory effects. The effect of 3D-printed 
lattice structure, including honeycomb and octet, on the poly-
mer’s healing ability was found to be minimal.[6]

In this paper, a body-centered cubic (BCC) unit cell, was 
selected as a prototypical test geometry. The BCC unit cell 
produces a beam-based lattice structure which is mechani-
cally robust with controllable variables (such as strut thick-
ness, strut packing and strut angle). BCC based structures have 
been widely studied for different materials and 3D printing 
processes. Smith et al. studied two laser-sintered, BCC-based 
structures, made from stainless steel 316L (SS316L), for quasit-
static and blast response: a conventional BCC unit cell and 
a modified cell with vertical beams, BCC-Z.[7] They showed 
that the vertical beams in the BCC-Z unit cell significantly 
increased the elastic modulus, yield strength, and the absorbed 
energy compared to the control (BCC unit cell). Also adding 
carbon fiber-reinforced plastic (CFRP) skins on both the top 
and bottom surfaces of these structures significantly increases 
the energy absorption density, elastic modulus, and plateau 
stress. Shen et al. studied the impact response of selective laser 
melted (SLM) lattice sandwich structures manufactured with 
SS316L and titanium alloy Ti 6Al4V (Ti64).[8] They found that 
the impact resistance was very sensitive to the unit cell geom-
etry and SLM manufacturing parameters, and the impact resist-
ance was improved by the increase of the lattice core density 
and laser energy. The mechanical behavior of BCC stainless 
steel micro-lattice structures manufactured by the SLM pro-
cess has been studied by Gümrük et al.[9] They found that the 
modulus of elasticity and collapse strength of BCC structures 
strongly depend on the boundary conditions, and the mechani-
cal behavior depends on the cell size, unit cell topology, and 
relative density. Al Rifaie et al. studied the compressive behav-
ior of a BCC structure and its derivatives based on the vertical 
strut arrangements for the polymer (ABSplus-P430) manufac-
tured via the fused deposition modeling (FDM) process.[10] 
They found that the BCC structure has the lowest stiffness and 
failure load compared with other designs that have different 
vertical strut arrangements. Keshavarzan et al.[11] investigated 
the effects of temperature, cyclic loading, and strain rate on the 
mechanical properties of shape memory polymer in solid, as 

well as DLP 3D printed Rhombic and BCC cellular structures. 
They found that the absorbed and the recoverable energies of 
the structures decrease with the increase of temperature. The 
residual strain and strength for Rhombic and BCC structures 
are approximately proportional to the applied strain rate. 
Rhombic structure has higher strength and stiffness compared 
to BCC. While most of the published works have investigated 
the mechanical behavior of BBC lattice structure and its deriva-
tives for different materials and AM processes, no studies have 
been reported on the mechanical response of 3D-printed ETR 
90 lattices of different types of unit cells and strut thickness. 
The aim of this work is to investigate the structural behavior 
including integrity of the 3D printed ETR 90 BCC lattice core 
sandwich structures under quasi-static and cyclic compression.

Chemical and mechanical properties 
of ETR 90
ETR 90 is a photoresin formulated as a one-pot, one-part pho-
topolymer system with near-100% unreacted resin reusability at 
the end of the 3D printing process. ETR 90 has been tailored to 
reach optimum properties using a top-down-DLP system with 
385 nm or 405 nm wavelengths. The ETR 90 employed in this 
study was black in color with a  viscosity[12] of 6050 (cP) and 
a  density[13] of 1.0306 (g/mL), each at 24°C. 3D printed ETR 
90 parts exhibit an operating temperature window of − 65°C 
to 70°C, based on the peaks of tanδ, and a storage modulus of 
51.5 MPa (at 24°C)[14] Figure 1 shows the rheological response 
of ETR 90 at temperature sweep from − 90 to 150°C. This 
profile features two well-defined peaks in tanδ (which corre-
late to glass transition temperatures, Tg within the system), a 
characteristic of well-segregated, two-phase systems. ETR 90 
is uniquely tough and elastic at the same time and achieves the 
resulting mechanical properties through a mechanism known as 
photo-Polymerization-Induced-Phase-Separation (photo-PIPS).

By combining two phases with drastically different mor-
phologies and physical properties in a thermoset material, 
the resulting material exhibits a unique balance of hardness, 
elongation at break, and ultimate strength, at levels typically 
seen in semi-crystalline, extrusion-processed counterparts. The 
mechanical properties of 3D printed ETR 90 parts (Table S1-1) 
and the corresponding stress–strain curves of 3D printed ETR 
90 dog-bone specimens (Fig. S1-2) were shown in the Support-
ing Information (Section S1).

Design of sandwich lattice structures
The lattice core sandwich structures were created, with differ-
ent BCC unit cells and different circular strut diameter thick-
ness. Two specimens of each lattice structure geometry were 
3D printed with the structures listed in Table I, and illustrated 
in Fig. 2, respectively.
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Compression of sandwich lattice 
structures
Two specimens of each sample, as shown in Table I, were tested 
using an INSTRON 5969 universal testing system with a maxi-
mum load capacity of 50 kN. The quasi-static compression tests 
were performed under a crosshead speed of 12 mm/min up to 
40% compression strain.[16] Pre-conditioning was performed 
at 1% compression strain for five cycles with a loading rate of 

12 mm/min. It was observed that after three pre-conditioning 
cycles the behavior of samples stabilized. After pre-condition-
ing, one compression cycle was conducted for each specimen. 
The engineering effective stress–strain curves averaged among 
specimens for all samples and energy absorption density of the 
lattice structure are shown in Supporting Information Fig. S2-1 
and Table S2-2, respectively. It is seen that the energy absorp-
tion density decreases with the reduction of bulk density from 

Figure 1.  Dynamic mechanical 
analysis (DMA) of ETR 90 in 
tension at temperature sweep 
at 1.0 Hz.[15]

Table I.  Summary of the characteristics of the BCC lattice structures used in this study.

Sample Structure Strut 
diameter 
(mm)

Cell dimensions Sample dimensions Skin thick-
ness (mm)

Lattice 
density 
(V/V0)

Mass (g) Bulk 
density (g/
cm3)X (mm) Y (mm) Z (mm) X (mm) Y (mm) Z (mm)

a BCC 1.5 5 5 5 100 100 22 1 0.29 145.87 0.66
b BCC 2 8 8 8 96 96 22 1 0.27 93.37 0.46
c BCC 1.5 6 6 6 96 96 22 1 0.27 93.01 0.46
d BCC 1 5 5 5 100 100 22 1 0.19 82.31 0.37
e BCC 1 8 8 8 96 96 22 1 0.08 48.47 0.24

Figure 2.  3D printed ETR 90 lattice core sandwich structures.
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samples a to e. At approximately the same bulk density, the 
sample with a larger strut diameter tends to provide a higher 
energy absorption density from results of samples b and c. 
For compression up to 40% compressive strain, the specific 
energy absorption density E (energy absorption per unit mass) 
follows approximately a linear relationship with bulk density, 
E = A(ρ/ρ

0
) , with A = 177.19 mJ/g and Sample a’s bulk den-

sity ρ
0
.

Fatigue of the sandwich lattice 
structures
An all-electric material test system, INSTRON-ElectroPulsTM 
E10000 was used for fatigue testing of specimens of lattice 
structures. Two specimens of each type of lattice structure 
(Table I) were tested. Fatigue at 10 k cycles was conducted 
on these specimens. The specimens were compressed by 40% 
compression strain at a frequency of 1 Hz. Figure 3 shows the 
effective peak stress versus the number of cycles.

In Fig. 3 it is seen that the effective peak stress at the end of 
the 10 k cycles significantly decreases from 231 to ~ 35 MPa as 
the strut thickness decreases from 1.5 mm (Sample a) to 1 mm 
(Sample d). As the strut thickness decreases from 2 mm (Sam-
ple b) to 1 mm (Sample e) in the 8 × 8 × 8 samples, the peak 
stress decreases from ~ 100 to ~ 13 MPa. It is also observed that 
a small increase in the number of unit cells in a sample, from 
Sample a to Sample c, causes a reduction, (38%) in the peak 
stress at the end of 10 k fatigue loading cycles.

The reduction in the peak stress between the first cycle and 
ten thousandth cycle for all samples is observed.

The peak stress reductions are as follows: Sample a (37%), 
Sample b (50%), Sample c (51%), Sample d (49%), and Sample 

e (63%). Sample a showed the lowest reduction in the peak 
stress values compared with other samples.

An increase in peak stress for Sample a between cycles 5 
and 95 is observed. This behavior is not typical in a homoge-
neous rubber material. Several factors may be inducing the 
phenomena. It is possible that strain induced alignment of 
molecules or phases, akin to the strain hardening seen in semi-
crystalline thermoplastics, may be leading to this increase in 
peak stress. Further investigation is required for a thorough 
explanation.

It is seen in Table I that the total mass decreases by ~ 41% 
by increasing the unit cell size in a sample for the same strut 
thickness (i.e. Samples d and Sample e). Increase the unit cell 
size will decrease the number of unit cells in the lattice struc-
ture which leads to a decrease in the total mass and lattice and 
bulk densities.

To study the durability of 3D printed lattice structures under 
high fatigue cycles, only one type of specimen (Sample a as 
shown in Table I) was tested for 100 k loading cycles under a 
compression strain of 40% at frequency 1 Hz. The effective 
peak stress versus the number of cycles for 100 k cycles is 
shown in Supporting Information Fig. S3-1.

Recovery of the sandwich lattice 
structures
The recovery test was conducted to probe the effect of lattice 
structure (Sample a) on the rate of recovery. The results show 
that the lattice structure (Sample a) recovers 75% of the defor-
mation in 21 s and 90% recovery in 236 s. The total recovery 
after 5 h was 99%. Details of experimental setup (Fig. S4-1) 
and measurements were explained in the Supporting Informa-
tion (Section S4).

Figure 3.  The effective peak 
stress applied on the lattice 
core sandwich versus the 
number of loading cycles.
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X‑ray computed tomography (CT) 
scan
Non-destructive X-ray CT scans were used to inspect the visu-
ally obstructed, internal struts of the 3D printed ERT90 samples 
to detect any damage that might have developed during cyclic 
fatigue. A Nikon 225 kV C1 metrology CT system, with a voxel 
size is 106.5 µm, was used. Detailed 3D volumetric images of 
the internal components of Samples a, Sample b, and Sample e 
are shown in Fig. S5-1. Sample a was cycled for 100 K loading 
cycles and Sample b and Sample e were each cycled for 10 k 
loading cycles, respectively. Sample a has a unit cell size of 
(5 × 5 × 5 mm) with a strut thickness of 1.5 mm. while Sample 
b and Sample e have a unit cell size of (8 × 8 × 8 mm) with strut 
thicknesses of 2 and 1 mm, respectively. It is observed that all 
lattice structures remain intact, indicating the durability of the 
3D printed ETR 90 rubber lattice structures.

Discussion and conclusion
The mechanical behaviors of 3D-printed ETR 90-BCC-lattice-
core-sandwich-structures were investigated under quasi-static 
and fatigue compression. Lattice cores with different unit cells 
and strut diameter were created for the sandwich with 1 mm 
thick face-sheets. The change of BCC strut thickness and unit 
cell size on the effective peak stress were characterized. All 
BCC lattice structures exhibit integrity in struts after fatigue 
(up to 100 k cycles). Excellent recovery (99%) was observed 
after 5 h of quasi-static compression. This study provides valid-
ity for the use of ETR 90 as a potential 3D printing rubber 
material for durable applications. Optimization of the topo-
logical parameters for BCC structure and comparison study 
between BCC and additional lattice structures will be addressed 
in the future work.
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