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Stereolithographic 3D-printing of a Polymethyl Methacrylate (PMMA) resin was used to manufacture miniature
dog-bone specimens that were subject to a variety of wash treatments consisting of Isopropyl Alcohol (IP),
Hydrogen Peroxide (HP) and a Detergent (D) solution. The washed dog-bone specimens were then tested in
uniaxial tension and the mechanical properties were quantified to assess the potential use of the resultant ma-
terials for the design of energy absorbing lattice structures. Compared to an As-Printed material, a detergent
wash treatment resulted in almost no loss in peak stress, but a 61 % increase in toughness due to enhanced
elongation. Moderate decreases in peak stress and high elongation were observed for HP washes. A 5 % (con-
centration) HP wash with detergent (HP5 + D) resulted in a 90 % greater toughness than the As-Printed material.
Isopropyl washed specimens showed low toughness due to low peak stresses. A finite element study was con-
ducted to simulate compression tests of an octet-truss lattice structure for which the tensile test properties were
used as model inputs. The simulations revealed some relationships between the predicted energy absorption-
tensile properties and showed that the HP5+ D (moderate peak force) and As-Printed + D (high peak force)

washed conditions have potential application as energy absorbing octet-truss lattice structures.

1. Introduction

3D printing is a rapidly growing technology that allows for the
production of versatile parts with geometries that can only be achieved
through the additive manufacturing process. There are several stages
involved in the 3D printing process, all playing a large role in developing
the appropriate mechanical properties based on the targeted application
of the printed part. One of the most commonly used polymers in 3D
printing belong to the general family of Polymethyl Methacrylates
(PMMA); in this study we have focused on the assessment of one specific
type of PMMA based 3D printing polymer. PMMA blends that have been
optimized for 3D printing offer an excellent balance of strength, elon-
gation and toughness, making them suitable for functional prototypes
and medical applications [1-5]. PMMA is also compatible with the
stereolithography (SLA) 3D printing technique, where a structure is
printed a single layer at a time through a photochemical process in
which a focused UV light causes liquid chemical monomers to link
together via activation and form solid polymers that make up the body
of the 3D solid [2]. Once printing is completed, the part is removed from
the resin bath and washed in order to remove excess resin for a more
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solid and smoother product. The wash stage is then followed by a post
curing treatment, in which heating or photo curing is used to achieve the
desired mechanical properties of the polymer [2]. Although it is widely
known that post curing increases the strength of PMMA, the effect of this
treatment on elongation and toughness properties is not well docu-
mented in the literature [3]. Due to the high printing resolution and
design flexibility that SLA offers and the good mechanical properties of
printed PMMA parts, there is a growing field of research where this
printing technique is being implemented to create repeated unit cell
energy absorbing structures for use in helmet [4,6] and body protective
gear [7]. On a fundamental level, a repeated array of unit cells can be
optimized to produce efficient and lightweight energy absorbing struc-
tures [8], which is being exploited for application in human protective
gear. Ling et al. [4] and Mohsenizadeh et al. [6] both used SLA to print
PMMA octet-truss lattice structures which showed similar and better
compressive energy absorption properties when compared to expanded
structural foams, which these lattice structures are meant to replace in
wearable protective devices. In both studies, only two different mate-
rials were considered and it was demonstrated that energy absorption
was affected by (i) the arrangement/configuration of the octet-truss
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lattice structure and (ii) the base material mechanical properties. Due to
the strong effect that base material mechanical properties have on the
performance of these energy absorbing structures, identifying an
appropriate post printing treatment to modify and potentially tune the
PMMA mechanical properties was the motivation for the current work,
where the effect of various wash treatment constituents on the tensile
behavior of SLA printed PMMA material was studied. As a complement
to the experimental study, the stress-strain curves extracted from the
tensile tests were used to define the material properties within finite
element (FE) simulations of octet-truss lattice structures, in which
compression tests were modelled and analyzed to assess their energy
absorption potential with respect to wash treatment.

In the proceeding literature review on the effects that wash treat-
ments have on the mechanical properties of 3D printed polymers, it is
evident that there exists a deficit in this field of research. There have
been many studies based on 3D printed parts, where several different
washing methods were utilized. These different wash procedures can be
generalized into 5 different wash treatment categories (i) ethanol (ii) DI
Water (iii) Phosphate buffered saline (PBS) (iv) Plasma treatment and
(v) others (dichloromethane, acetone, hydrogel). Because of its ability to
effectively remove excess resin during post-processing, ethanol wash
treatments are the most commonly used [9]. Ethanol has also been used
in combination with UV curing to achieve low surface roughness and
high sterilization levels as shown in [10]. In another study, the adverse
effects of toxicity in materials were reduced significantly after treatment
with ethanol [11]. The most common ethanol wash solutions are
composed of 70 % or more ethanol with the remainder consisting of DI
water [12]. In 3D printing of CuSO4 salt and polylactide-co-glycolide
(PLGA) to create porous structures after salt leaching, a first wash in
ethanol (followed by water), resulted in dimensional growth of the
printed structure, where the reverse order of the wash treatment resul-
ted in shrinkage of the structure, which was independent of mass loss
[13]. Swelling of 3D printed hydrogels was shown to be significantly
greater using water rather than ethanol and it was shown that an opti-
mized wash treatment is necessary to create defect free and mechani-
cally strong parts [14]. Although no effects on mechanical properties are
given, phosphate buffered solution (PBS) washes are typically used in
biological 3D printing applications of scaffolds and stents where the
removal of residual ethanol is important for compatibility with live or-
ganisms (in vivo) [15,16]. Plasma treatment is another unique wash-like
method that has been applied to improve bonding of 3D printed poly-
dimethylsiloxane (PDMS) microfluidic devices [17,18] and in surface
cleaning treatments for 3D printed medical implants [19]. No indication
on the effect of these plasma treatments on mechanical properties was
reported. Dichloromethane (DCM) is a toxic and highly volatile com-
pound used in solvent-cast 3D printing techniques for polylactic acid
(PLA), where it was shown to toughen the material when compared to
conventional fused deposition model printing of PLA [20]. Solvent
evaporation affects the final printed thread diameter which has to be
taken into account when considering mechanical properties. Poly-
sulfone (PSU) and polysulfone/polyaniline (PANI) were also
solvent-cast printed to show that less conventional polymers can be 3D
printed using this printing method, but no mechanical properties were
reported with respect to DCM concentration [21]. A multi-stage, treat-
ment/wash of 3D printed PLA scaffolds was conducted in [22] using a
variety of solutions which included ethylenediamine/n-propanol,
glutaraldehyde, acetylated collagen, poly-L-lysine and DI water. This
treatment procedure was shown to improve biocompatibility without
sacrificing the necessary mechanical propertied for the scaffold
structure.

While there have been many studies which investigate the SLA 3D
printing process and resulting material properties, there is a deficit in
the literature on the effect of the wash stage on PMMA based material
performance. Therefore, this paper will explore the toughening (or en-
ergy absorption potential) effects that different chemicals have during
the washing stage of a SLA printed PMMA based material which has

Materials Today Communications 26 (2021) 101728

been shown to have potential application as a suitable material for
wearable energy absorbing lattice structures [4,6]. After a detailed
discussion of the experimental and numerical methods implemented in
this work, the uniaxial tensile properties of thirteen different printed and
washed (various concentrations of isopropyl alcohol, hydrogen peroxide
and a detergent) PMMA material conditions are quantified to assess the
effect of wash treatment on the resulting mechanical properties.
Detailed FE models of an octet-truss lattice structure compression test
were then developed to predict the structures’ energy absorption po-
tential with respect to wash treatment.

2. Experimental and numerical methods

In this section, the 3D printing procedure, wash treatments and
uniaxial tensile testing experiments are discussed.

2.1. 3D printing procedure

A Formlabs Form 2 printer was used to print miniature dog-bone
tensile specimens. The Formlabs Tough resin was used in this work,
which is a proprietary liquid monomeric mixture with plasticizers and
upon stereolithographic photocatalysis (chain radical reactions) pro-
duces a common polymethyl methacrylate (PMMA) type hard thermo-
plastic with a good balance of strength and ductility. The orientation of
the printed tensile specimens was 45° to the printer base as shown in
Fig. la. Scaffolding was used to support the specimen during printing.
The motivation to print the specimens at this orientation is to replicate
the printing/loading orientation of the octet-truss ligaments that appear
in the finite element (FE) models in this work. Also, the SLA printing
technique is said to produce isotropic material properties as there is no
molecular difference in terms of chemical bonds between printed layers
(with respect to any print orientation) due to the absence of voids and
microcracks between layers [23].

2.2. Wash treatments

A number of different wash treatment solutions were used to assess
their potential effect on mechanical properties of the 3D printed mate-
rial. It should be noted that no post-curing was applied to the specimens
after the wash treatments. An automated Formlabs Form Wash system
was used to conduct the wash treatments at ambient temperature and a
wash time of 10 min. The wash was conducted immediately after the
printing process. In order to assess the effect of multiple wash constit-
uents on the subsequent mechanical properties of the specimens, a single
wash solution was created and consisted of up to three different com-
ponents. The three different categories of wash solutions considered in
this work were:

1 Isopropyl Alcohol (IP) [or isopropanol]

2 Hydrogen Peroxide (HP)

3 Detergent (D) solution consisting of 0.3 wt% Sodium Caprylyl Sul-
foante (Bioterge PAS-8S®), 0.2wt% C9-C11 Alcohol Ethoxylate
(Tomadol 91-6), Citric acid/KOH (pH adjusting agents), and deion-
ized water.

Isopropyl alcohol, similar to ethanol, is another commonly used and
readily available solvent for washing SLA printed objects. It provides
acceptable dissolving power to cleanse unreacted liquid resin off the
printed surfaces. Hydrogen peroxide is a safe and environmentally
preferred oxidizing agent, which can break down to water and oxygen
through reaction of its intermediate hydroxyl radical moieties.
Hydrogen peroxide was included as a washing solution option consid-
ering how the polymerization reaction of PMMA occurs through photo-
catalytical activation of a chain radical reaction. It is likely that gener-
ation of highly reactive hydroxyl radicals by hydrogen peroxide could
lead to further modification of the PMMA’s surface polymer structures
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Fig. 1. (a) Miniature Dog-bone specimen geometry and print orientation (scaffolding not shown). Dimensions are in mm. (b) MTI Industries uniaxial tensile tes-

ing apparatus.

and thus its mechanical properties. Anionic and nonionic surfactants
such as alkyl sulfonates and alcohol ethoxylates are also commonly
sourced materials with acceptable safety and can act to modify wash
solutions’ effective detergency and the overall speed of a liquid’s
penetration/soaking as wetting agents. It is also known that most
chemical reactions can be affected by the effective pH of their sur-
roundings — the logarithmic concentration of protons in an aqueous
solution. Thus, the pH of all wash solutions tested in this study were
buffered to a value of 7 + 0.1 using specific amounts of citric acid and/or
KOH.

The following details pertain to a single constituent wash solution.
For the Isopropanol alcohol (IP) wash, the two concentrations used in
this work were 60 % and 90 % by volume as shown in Table 1, with the
balance of the concentrations consisting of deionized water. The
Hydrogen Peroxide (HP) wash concentrations used in this work were 2.5
% and 5 % by volume, with the balance consisting of deionized water.
The Detergent (D) wash solution was used at full strength with the so-
lution constituents detailed above.

When multiple wash constituents were considered, such as
IP60 + HP5 + D as shown in Table 1, the weight percentage of the in-
dividual constituent was combined into a single solution with the bal-
ance of the wash solution consisting of deionized water. The selection of
all wash solutions shown in Table 1 ensure that each variable (IP, HP, D)
and at different concentrations is tested individually and in combination
with one or more other variables.

2.3. Uniaxial tension testing

Uniaxial tension tests were conducted on the 3D printed dog-bone
specimens. The following section briefly describes the miniature dog-

Table 1
The wash treatments considered in this work.
Isopropyl Hydrogen Detergent
Alcohol Peroxide (D)
Condition Name ap) (HP)
60 90 2.5 5 100 %
% % % %
As-Printed As-Printed
IP60 v
Effect of IP P90 y
HP2.5 v
Effect of HP HP5 v
D v
IP60 +D v v
Ef]f;*::e‘;fem 1P90 + D v v
8 HP2.5+D v v
HP5+D v v
. IP60 + HPS v v
C°;1‘;;“§PE;£‘E;‘ P60+ HP5+D v oo
Dete; ent IP90 + HP2.5 v v
8 IP90 -+ HP2.5 + D VA v

bone specimen geometry and equipment used to conduct the uniaxial
tension tests.

2.3.1. Specimen geometry

The miniature dog-bone style specimen (Fig. 1a) used in this work
was developed for aluminum sheet metal by Smerd et al. [24]. In their
work, they showed that the engineering stress versus strain curves from
quasi-static tension tests conducted on large scale ASTM (E8M-04)
specimens with a 50 mm gauge length matched those of the miniature
dog-bone specimens (12.5 mm gauge length) up to the ultimate tensile
strength (UTS), where necking was observed. This was also validated by
the work of Bardelcik et al. [25] for steel. Beyond the uniform elongation
strain, the ratio of the neck size to gauge length results is a slightly
greater total elongation for the miniature specimens, but due to the
absence of a localized neck within all of the material conditions exam-
ined in this work, the authors believe it was appropriate to utilize this
tensile specimen geometry. One of the major considerations for utilizing
this particular specimen geometry was the reduced gauge length, width
and thickness, which closely matched the ligament dimensions of the
repeated cell octet-truss structure that was modelled using finite element
(FE) analysis in this work.

2.3.2. Uniaxial tensile testing

An MTI Instruments SEMTester 1000 servo-electric tensile stage (see
Fig. 1b) was used to conduct the tensile tests in this work. Due to the low
strength of the printed material and high stiffness of the tensile stage,
specimen elongation was measured using the cross-head displacement
since compliance of the tensile stage is negligible in this case. By not
utilizing a clip-on type extensometer, the authors realize that the test
specimen elongations will include some small elastic strains which occur
outside of the 12.5 mm gauge length and at the shoulders of the spec-
imen that are contained within the 18.9 mm (Fig. 1a) gauge region. As a
result, the computed engineering strains will include these small elastic
strains and slightly over predict elongation when utilizing 12.5 mm as
the specimen gauge length. This slightly reduces the Young’s modulus of
the material and as a result we measure and report the apparent Young’s
modulus from these test results. For all of the tests, a cross-head velocity
of 0.0375 mm/s was used to deform the specimens at nominal strain rate
of 0.003 5.

For each of the material conditions shown in Table 1, five repeat
tensile tests were conducted. The force and elongation data was used to
compute the engineering stress-strain curves for each test. Through
linear interpolation of the individual test data, a single average stress-
strain curve was determined. It should be noted that the average
stress-strain curves terminate at the measured average total elongation
strain from the population of repeat tests. Mechanical properties such as
peak stress, total elongation, toughness and apparent Young’s modulus
were determined for each repeat test and the average values were
computed along with the standard deviation from the repeat test data.
Fig. 2 shows the average and repeat test data for the As-Printed and
IP90 + HP2.5 material conditions. For most of the material conditions,
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Fig. 2. The average (bold series) and individual repeat tests (dashed series)
shown for the As-Printed and IP90 + HP2.5 material conditions.

the individual test repeatability was excellent as shown for the As-
Printed case (Fig. 2), while the IP90 + HP2.5 case resulted in the poor-
est repeatability from all the material conditions tested in this work. The
repeatability of each material condition is assessed by the standard de-
viation that is computed for each of the individual mechanical proper-
ties and will be presented in the Results section. From this point forward,
only the average stress-strain curves will be presented. Peak Stress refers
to the highest stress measured within the first 0.1 strain and the
maximum stress refers to the highest measured stress value from the
stress-strain behaviour as shown in Fig. 2. The toughness was also
computed for each repeat test condition as the area under the stress-
strain curve as shown Fig. 2. The effect of wash treatment on the
apparent Young’s modulus was also determined within the range of 5 %
and 50 % of the peak stress value for each stress-strain curve. This range
of stress was chosen for consistency for all of the conditions examined in
this work and represented the nearly linear elastic response of the ma-
terial. For the numerical portion of this work, the measured engineering
stress-strain curves were converted into flow stress (true stress vs.
effective plastic strain) curves and used to define the FE model material
properties.

2.4. Finite element simulations

As presented in the work of Ling et al. [4], finite element (FE) sim-
ulations of compressively loaded octet-truss lattice structures were
shown to accurately reproduce the experimentally measured
force-displacement response of 3D printed lattice structures. A similar

n (,S71) wwLge
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FE modelling approach was conducted in this work, where the material
properties (stress-strain) from the uniaxial tensile experiments were
implemented within the FE models to simulate to force-displacement
response of a similar lattice structure due to compressive loading. It is
suitable to use the tensile data in the FE models because of the stretch
dominant nature of octet-truss structures [26].

The overall geometry of the lattice structure modelled in this work is
shown Fig. 3 and a close-up view of an octet-truss unit cell indicates a
ligament length (L) of 9 mm and the ligament diameter (D) of 1.3 mm. In
order to reduce stress concentrations and strengthen the ligament
junctions, a small taper fillet was applied to the model as shown in Fig. 3.
The theoretical relative density (minus taper) of this octet-truss unit cell
is 0.14, as calculated using Eq. (1) from [26],

D 2
ﬁthem‘e[[ml = 6\/§ﬂ (i) (l)

The commercial dynamic-explicit FE software LS-DYNA (Ansys
Incorporated) was used to conduct the compression test simulations.
Although not computationally efficient, the entire lattice structure
shown in Fig. 3 was modelled without the use symmetry boundary
planes. Time scaling was implemented to reduce computation time and
care was taken to ensure that stress wave propagation did not occur
during loading. Modelling the full geometry allowed the natural and
sporadic ligament buckling process to occur throughout the entire
structure. A nodal displacement (negative z-direction) was applied to
the ligaments located on the top plane of the structure while allowing x-
y translation. The bottom plane ligaments were constrained in the z-
direction only. The nodal set used to apply the vertical compression
displacement was also used to extract the z-axis reaction force compo-
nents that were summed to predict the compression force-displacement
response for each material condition. The flow stress behaviour for each
material condition was implemented utilizing the *MAT PIECEWISE -
LINEAR_PLASTICITY material card as suggested in [27]. Strain rate
sensitivity was not considered in these models. Due to the complexity of
the self-contact between ligaments, it was found that element erosion
(via a failure criteria) resulted in a dynamically unstable condition at the
point of failure, which terminated the simulations, therefore failure was
not implemented in the current models. Also, even in the absence of a
failure criteria, the complex ligament deformation and self-contact of
the model limited the compression displacement of the lattice structures
to ~8 mm (or ~22 % nominal compressive strain) prior to termination
of the simulations. This level of compression was sufficient to draw
meaningful conclusions on the energy absorption performance of the
lattice structures that were simulated in this work and aligns with the FE
model deformation level presented in [4].

A highly refined tetrahedral solid element mesh was created for this
model as shown in Fig. 3. The average element size was 1.5mm,

Fig. 3. The repeated cell octet-truss lattice structure used for the FE simulations.
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resulting in a total of 947,208 elements used to represent the lattice
structure. This highly refined element size is significantly smaller than
that used in [4], therefore a convergence study was not conducted.
Four-noded quadratic tetrahedron elements with nodal rotations
(ELFORM 4) were implemented to model the complex ligament defor-
mation within these models as suggested in [28]. The authors realize
that these are computationally expensive simulations, and future work
will consider mesh/element optimization.

3. Experimental results and discussion

The following sections present the measured stress-strain response of
the 3D printed dog-bone specimens that have been subjected to the
various wash treatment solutions. The effect of each individual and
combined wash solution are discussed with respect to their affect on
material properties. A summary of the mechanical properties observed
for all of the wash solution variants is presented in Table 2 and the peak
stress vs. total elongation is plotted in Fig. 4. As can be seen in Fig. 4, a
large variation in mechanical properties were achieved in this work.

3.1. As-printed material properties

The as-printed stress-strain response of the PMMA material is shown
in Fig. 5 and represents the baseline material condition where no wash
treatment was applied. This material condition exhibits the greatest
peak stress and lowest total elongation, from all of the material condi-
tions examined in this study (Table 2). Although the peak stress is
excellent (35.1 MPa), the low total elongation (0.29) resulted in the
lowest (8.4 Nmm,/mm?) toughness when compared to all of the material
conditions examined in this work.

By simply washing the tensile specimens with the detergent solution
(As-Printed + D in Table 2 and Fig. 5), the toughness increased consid-
erably. The average peak strength was 34.5 MPa, which represented in a
2 % reduction when compared to the As-Printed material condition. A
significantly higher total elongation was observed at 0.47, which rep-
resents a 62 % increase over the unwashed material condition. The
increased elongation resulted in a material condition with a high
toughness of 13.5 Nmm/mm?® that is 61 % greater than the unwashed
material condition. The significant increase in toughness is promising
when considering this material condition for 3D printed energy ab-
sorption lattice structures, especially when considering the high peak
stress, which will have implications on compressive deformation
response of a lattice structure as will be shown in the numerical
component of this work.

It is possible that the detergent wash treatment caused partial ab-
sorption of the surfactants from the detergent solution into the polymer
matrix. Considering the detersive, wetting and penetrating properties of

Table 2
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Fig. 4. The average Engineering Peak Stress vs. Average Engineering Total
Elongation for all of the wash treatments examined in this work. The error bars
represent the standard deviation from the population of repeat tests.

surfactant molecules, it is likely that the enhanced ductility of the
polymer was due to improved intermolecular hydrocarbon gliding ef-
fects which result by interaction of the surfactant molecules with the
polymeric matrices and cause plasticization. This hypothesis is sup-
ported by the work of Hargreaves [29] on notched tensile PMMA
specimens that were soaked in various solutions. The results of the work
showed that a surfactant (soap) solution increased the plasticization of
the crack tip and resulted in the highest measured toughness index
among the 12 different solutions examined in their work. On a more
fundamental level, Ghebremeskel et al. [30] have also shown that sur-
factants can act as plasticizers in turning certain polymers (including
PMMA) more plastic through solvation/plasticization.

3.2. Effect of isopropyl alcohol and detergent wash on stress-strain
response

The average engineering stress-strain curves for this part of the study
are presented in Fig. 5a, while the peak stress, total elongation and
toughness are plotted vs. isopropyl alcohol concentration in Fig. 5b. A
simple polynomial trend line is fit to the data in Fig. 5b for conversa-
tional purposes only.

3.2.1. Isopropyl alcohol effect

From this point forward, when presenting the properties of washed
specimens, the values shown within the square parenthesis [] will
represent the percentage increase [+] and decrease [—] compared to the

The average mechanical properties for the various wash solution treatments. The square parentheses ([]) indicated the standard deviation from the population of
repeat tests. The asterisk (*) represents that material conditions used in the finite element modelling component of this work.

Condition Name Average Peak Stress

Average Total Elongation

Average Toughness Average Apparent Young’s

(MPa) (mm/mm) (Nmm/mm®) Modulus (GPa)

As-Printed As-Printed * 35.1 [0.5] 0.29 [0.04] 8.4 [1.0] 0.88 [0.01]
Effect of IP 1P60 * 16.7 [0.4] 0.54 [0.02] 8.8 [0.4] 0.47 [0.02]
1P90 * 22.5 [0.7] 0.49 [0.04] 10.1 [0.8] 0.59 [0.03]

Effect of HP HP2.5 29.8 [0.6] 0.50 [0.08] 13.0 [2.2] 0.77 [0.04]
HP5 19.9 [0.3] 0.68 [0.08] 13.5 [2.1] 0.54 [0.02]

As-Printed + D * 34.5 [1.4] 0.47 [0.07] 13.5 [2.4] 0.87 [0.04]

IP60 + D 19.4 [0.4] 0.62 [0.02] 11.9 [0.5] 0.53 [0.01]

Effect of Detergent P90 +D 19.7 [0.6] 0.56 [0.01] 10.5 [0.4] 0.53 [0.02]
HP2.5+D 21.9 [0.8] 0.66 [0.04] 13.8 [0.9] 0.53 [0.03]

HP5+D * 23.3[0.4] 0.70 [0.03] 16.0 [0.7] 0.52 [0.04]

1IP60 + HPS 17.8 [0.7] 0.63 [0.05] 11.6 [1.4] 0.49 [0.03]

Combined Effect of IP, HP and IP60 + HP5 +D * 14.3 [0.4] 0.70 [0.04] 11.4 [1.1] 0.39 [0.02]
Detergent 1P90 + HP2.5 * 18.8 [1.3] 0.66 [0.06] 12.4 [1.9] 0.46 [0.05]
1P90 + HP2.5+D 14.7 [0.4] 0.60 [0.02] 9.1 [0.4] 0.40 [0.02]
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Fig. 5. Effect of Isopropyl Alcohol and Detergent wash treatment on the (a) Average stress-strain behaviour and (b) Peak Stress, Toughness and Total Elongation. The
vertical error bars represent the standard deviation from the population of repeat tests.

As-Printed and unwashed material properties. The effect of a 60 % iso-
propyl alcohol (IP60) wash has a drastic impact on the peak stress and
total elongation of the PMMA material. The peak stress reduced to
16.7 MPa [—52 %] and the total elongation increased to 0.54 [+86 %],
resulting in a low toughness of 8.8 Nmm/mm? [+5 %)]. This particular
wash solution resulted in the lowest toughness (after As-printed) for the
entire set of wash treatments examined in this work and combined with
a low peak stress, may not be a suitable material condition for use in
energy absorbing lattice structure as will be shown in the numerical
component of this work. It should be mentioned that this particular wash
is commonly employed in 3D printing.

The observed response of the mechanical properties to the isopropyl
alcohol wash are attributed to unique characteristics of polar protic
organic solvents such as isopropyl alcohol which have affected the
PMMA material. In the work of Andrews et al. [31], PMMA specimens
were saturated (to various levels) with a number of different alcohols
(methanol, ethanol, n-propanol, iso-propanol, n-butanol) and because
alcohols are relatively incompatible with PMMA, they were generally
found to swell rather than dissolve the polymer. Their work clearly
showed that all of the alcohol treatments reduced the glass transition
temperature (Ty) of the PMMA do to a plasticization effect on the
polymer. The reduction in Tg also reduced the yield stress (equivalent to
peak stress in the current work). Wang et al. [32] observed crack healing
of PMMA due to ethanol exposure, which was also a result of T,
reduction to below the test temperature by ethanol plasticization. Vlis-
sidis and Prombonas [33] conducted tensile tests on PMMA specimens
wetted with pure alcohol and showed that a 16 % reduction in tensile
strength was observed, unfortunately no insight was given with respect
to the mechanisms which contributed to the strength reduction. Neves
et al. [34] showed that in some polymerization reactions, the
monomer-polymer conversion is incomplete, resulting in the presence of
unpolymerized monomers or residual monomers (RMs). They also
showed that ethanol washes with concentrations greater than 50 %
resulted in a drop in the PMMA flexure strength due to the extraction of
the RMs. This effect may be present within the current work where the
printed (green) tensile specimens may have contained RMs. Overall, the
literature suggests that alcohols have a plasticization effect on PMMA
due to the reduction in Ty which aligns with the observations made in the
current work, where the strength decreases and ductility increases.
Without knowing the precise formulation of the proprietary Formlabs
PMMA based Tough resin that was used in the current work, it is difficult
to theorize on the effects that isopropanol had on the toughening plas-
ticizers and other resin components.

By increasing the isopropyl alcohol concentration to 90 % (IP90), a
strengthening effect was observed (Fig. 5a) as shown by a nearly vertical
shift in the stress-strain response when compared to the IP60 material

condition. When compared to IP60, the IP90 material peak stress, total
elongation and toughness changed by +35 %, -9 % and +15 %,
respectively. Although IP90 exhibited better properties than IP60, the
toughness of IP90 was still on the relatively low end and only +20 %
better than the As-Printed material condition. At this point it is unclear
why the IP90 wash resulted in a greater peak stress than the IP60 wash,
but the work of Basavarajappa et al. [35] sheds some light on this
phenomenon, in which a light cured glass fiber (unaffected by alcohol)
composite with a complex PMMA based matrix was subject to ethanol
washes at concentrations of 40 %, 70 % and 99.9 % and wash times
between 15-120s. Nano-indentation experiments were conducted to
show that the surface nano-hardness and Young’s Modulus (neither are
bulk properties) was highest for the 70 % ethanol washed specimens, for
all wash times. Although no explanation for the high properties of the 70
% ethanol wash was given, the authors suggested that the increase in
surface properties was a result of reorganized polymer chains after
initial swelling of the polymer surface, followed by ethanol evaporation,
which may have caused crystallized regions within the PMMA matrix.
Also, it was suggested that the combined solubility parameter of the
ethanol-water mixtures may have altered the solubility of the PMMA
surface, leading to possible crazing of the surface. The leaching of re-
sidual monomers was also suggested as a possible effect on the observed
surface properties, which aligns with the findings of Neves et al. [34].

Another important aspect of the work presented by Basavarajappa
et al. [35] is the effect of wash treatment time on the surface mechanical
properties. They observed a strong increase in surface nano-hardness
and Young’s modulus as the treatment time increased from 15-120s.
This was shown for all three ethanol concentrations and it was the de-
gree of polymer swelling (or saturation) followed by evaporation at the
longer treatment times which likely resulted in the observations. This
result has implications for the current research and future work will
focus on the effect of wash time on the tensile properties.

3.2.2. Isopropyl alcohol + detergent effect

Although the addition of a detergent wash resulted in a total elon-
gation increase (peak stress was unaffected) for the As-Printed material
condition, the effect of adding detergent to the 60 % (IP60 + D) and 90
% (IP90 + D) isopropyl alcohol wash resulted in a peak stress increase
(+16 %) and decrease (—12 %), respectively, when compared to the
equivalent non-detergent isopropyl alcohol wash conditions. When
compared to the non-detergent isopropyl alcohol wash conditions, the
total elongation increased only slightly for both of the isopropyl
alcohol + detergent conditions, therefore the IP60 +D and IP90 +D
toughness was 11.9 and 10.5 Nmm,/mm?, respectively. For the isopropyl
alcohol and detergent washed conditions, the IP60 + D material condi-
tion represented the greatest increase in toughness when compared to
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the As-Printed and unwashed condition. Although the mechanism of the
IP + D effect on material properties is unknown at this time, we hy-
pothesize that the surface active surfactant agent (D) may have
enhanced the penetration of the isopropyl alcohol into the PMMA sur-
face, resulting in this synergistic effect on toughness. Future funda-
mental research on this effect will be considered.

3.3. Effect of hydrogen peroxide wash concentration on stress-strain
response

The average engineering stress-strain curves for this part of the study
are presented in Fig. 6a, while the peak stress, total elongation and
toughness are plotted vs. hydrogen peroxide concentration in Fig. 6b.

3.3.1. Hydrogen peroxide effect

The effect of a 2.5 % hydrogen peroxide (HP2.5) wash results in a
small peak stress reduction to 29.8 MPa [-15 %], a noticeable total
elongation increased to 0.50 [+72 %] and a relatively high toughness of
13.0 Nmm/mm? [+55 %)]. By increasing the hydrogen peroxide con-
centration to 5 % (HP5), a more significant drop in peak stress was
observed to 19.9 MPa [—53 %], with a high increase in total elongation
to 0.68 [+134 %], which resulted in a high toughness of 13.5 Nmm/
mm? [+61 %]. When compared to HP2.5, the stress-strain curve of HP5
shifts down in stress response and increases in total elongation as shown
in Fig. 6a. The shape of the HP2.5 and HP5 stress-strain curves is nearly
identical. This particular material conditions exhibits good mechanical
properties for implementation into energy absorbing lattice structures.

In general, elongation properties of polymeric compounds could be
affected by their polymer chains’ type, length, and branching structure.
Considering how PMMA'’s polymerization reaction occurs through
photo activation of radical forming activators, it may be likely that
further exposure of the polymer to radical generating compounds, such
as hydrogen peroxide, led to post-modifications to the molecular for-
mation of the PMMA and its surface properties [36,37]. Yavuz et al. [37]
treated a PMMA microfluidic chip with hydrogen peroxide (concentra-
tion not provided) and found that both the surface roughness and glass
transition temperature (Tg) of the polymer were relatively unaffected.
Unfortunately, no mechanical testing was conducted and a physical
interpretation if the findings was not provided. Miinker et al. [38]
investigated the effect of hydrogen peroxide gas plasma sterilization on
the fracture properties of a 3D printed and fully cured PMMA material.
They conducted 3-point bend tests and found that exposure of the
PMMA to the hydrogen peroxide resulted in almost no increase of
flexure strength (42 %), but a noticeable increase in stress intensity
factor (+27 %) and the total work at fracture (+34 %) which aligns with
the trends observed in the current work where toughness increased for
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increasing HP wash concentrations. Again, no discussion of the molec-
ular effects of the PMMA brought upon by the exposure to hydrogen
peroxide plasma was presented in this work.

3.3.2. Hydrogen peroxide + detergent effect

When compared to the HP2.5 case, the effect of adding detergent to
the wash (HP2.5 + D) resulted in a material peak stress, total elongation
and toughness changed by —27 %, +32 % and +6 %, respectively.
Although the difference in toughness (or energy absorption capacity) is
relatively small between the two cases, the higher peak stress of the
HP2.5 case is more desirable from an energy absorption perspective.

The HP5 + D stress-strain behavior exhibits a +17 % increase in peak
stress when compared to the HP5 case. There is almost no change in total
elongation for the HP5 and HP5 + D cases, which results in a +19 %
increase in toughness for the HP5+D material condition when
compared to the HP5 case. The actual toughness of the HP5 + D material
condition is 16.0 Nmm/mm° [+90 %] and represents the highest
observed toughness from all of the material conditions examined in this
work, resulting in desirable properties due to a combination of high
toughness and moderate peak stress. The lack of literature on the
interaction of HP on PMMA makes it difficult to hypothesize the effect of
the HP + D on the observed mechanical properties, but as mentioned in
Section 3.2.2, the active surfactant agent (D) may have enhanced the
penetration of hydrogen peroxide into the PMMA surface, resulting in
the synergistic boost in toughness for this combined wash treatment.
This phenomenon warrants further study on a fundamental level.

3.4. The combined effect of isopropyl alcohol and hydrogen peroxide
wash concentration on stress-strain response

Two different combined isopropyl alcohol and hydrogen peroxide
wash treatments were selected for this study. The IP60 + HP5 case
represented a wash solution consisting of the lowest IP (60 %) and
highest HP (5 %) case. The second wash solution was IP90 + HP2.5 and
represented the highest IP (90 %) and lowest HP (2.5 %) case. For both
of these solutions, a detergent case was also considered. The average
engineering stress-strain curves and the peak stress, total elongation and
toughness for the combined isopropyl alcohol and hydrogen peroxide
wash treatments are presented in Fig. 7.

Interestingly, the IP60 + HP5 and IP90 + HP2.5 material conditions
resulted in a similar stress-strain response as shown in Fig. 7a. The peak
stress, total elongation and toughness for the IP60 + HP5 material con-
dition was 17.8 MPa [-50 %], 0.63 [+117 %] and 11.6 Nmm/mm?
[+38 %], respectively. For the IP90 + HP2.5 material condition, the
peak stress, total elongation and toughness was 18.8 MPa [—46 %], 0.66
[+128 %] and 12.4 Nmm/mm?® [+48 %], respectively. The slightly
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Fig. 6. Effect of Hydrogen Peroxide and Detergent wash treatment on the (a) Average stress-strain behaviour and (b) Peak Stress, Toughness and Total Elongation.
The vertical error bars represent the standard deviation from the population of repeat tests.
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higher peak stress and total elongation of the IP90 + HP2.5 material
condition resulted in a mild increase in toughness for this case. When
compared to the isopropanol wash only, both the IP60 + HP5 and
IP90 + HP2.5 cases resulted in a marginal change in peak stress, but a
noticeable increase in total elongation, which resulted in the improved
toughness for these two cases as shown in Fig. 7c. This result is likely due
to the combined effects of the IP and HP on PMMA polymer molecules,
causing structural modifications to the construct and plasticizer func-
tions within the PMMA material. The exact molecular and intra-
molecular effects causing these observations remain to be determined.

The addition of detergent to the wash of these two cases also pro-
duced a very similar stress-strain response as shown in Fig. 7a. The main
difference between the two cases is the total elongation, which was 0.70
[+141 %] for IP60 + HP5 + D and 0.60 [+107 %] for IP90 + HP2.5 + D
case respectively. The peak stress for these two conditions were the
lowest measured from the entire set of conditions examined in this work,
at approximately 14.5 MPa, which is less than 50 % of the As-Printed
material condition. As a result, the toughness of these material condi-
tions was low and represents undesirable mechanical properties for
implementation within energy absorbing lattice structures. The addition
of detergent clearly reduced the strength of these combined IP + HP
cases as shown in Fig. 7a. When compared to the isopropanol wash only,
a drop in peak stress and increase in elongation for the IP60 + HP5 + D
resulted in a similar toughness as IP60 + D, while the more significant
reduction in peak stress for the IP90 + HP2.5 + D and only marginal
increase in elongation resulted in a noticeable drop in toughness when
compared to IP90 + D as shown in Fig. 7c. It is likely that these specific
wash solution compositions were affected by the aforementioned
mechanism of the detergent component enhancing the plasticization
and penetration of PMMA, along with further not well understood

effects resulting from having IP and HP present in the same wash
solution.

3.5. Relative ranking of all wash conditions

Based on the results from all of the wash treatments applied to the As-
Printed PMMA material considered in this work, the relative ranking of
toughness (energy absorption) and peak stress properties is presented in
Fig. 8. Fig. 8a is a normalized ranking of toughness based on the As-
Printed material condition which is represented by a value of 1. The
bar graph clearly shows that the As-Printed material had the lowest
measured toughness from the 14 different material conditions examined
in this work. Although the peak stress was the highest for this material
conditions, the low total elongation resulted in the lowest toughness.
The simple addition of detergent to the As-Printed wash (As-Prin-
ted 4+ D) greatly improved the toughness due to enhanced elongation of
this material condition, which ranked 3rd highest as shown in Fig. 8a. In
a general sense, the hydrogen peroxide washed materials (with and
without detergent) all ranked near the top of the toughness rank due to
the excellent improvement in total elongation with only a moderate
drop in peak stress. From a toughness perspective, the HP5 + D material
condition resulted in a toughness that is 90 % greater than the As-
Printed material condition. Due to a moderate increase in total elonga-
tion and a moderate decrease in peak stress, the isopropyl alcohol
washed materials (with and without detergent) ranked on the lower end
of the toughness spectrum for the entire set of conditions examined in
this work, with the IP60 + D material ranking 7th. The combined iso-
propyl alcohol and hydrogen peroxide wash treatments ranked
approximately in the middle of the toughness ranking due to their
incredibly high total elongations, but at the cost of a high peak stress
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decrease.

Although the measure of a materials’ toughness (from base material
tensile tests) represents the total energy absorption potential of that
specific base material condition, it does not provide any insight into the
potential energy absorption performance of an octet-truss lattice struc-
ture, when that material condition is used to produce the structure. The
importance of understanding the effect of a materials’ peak stress and
toughness on its compressive energy absorption performance in a pro-
tective wear application is highlighted in the work of Di Landro et al.
[39], where expanded polystyrene (EPS) foams used for protective
helmets were investigated. It was shown that high-density foams (which
exhibited high peak strength and moderate ductility) were able to
absorb more energy than low peak strength and very ductile low-density
EPS foams. However, the high-density foams exhibited a high rate of
energy absorption and transferred higher accelerations and forces
locally at the impact point of the helmet which leads to a critical design
consideration for wearable energy absorbing applications. Therefore, a
balance of good toughness and peak stress (which controls acceleration)
must be considered in an energy absorbing material. Fig. 8b was con-
structed to rank the peak stress (normalized by As-Printed material
condition) for all of the wash conditions. It is clear that the two
As-Printed material conditions exhibit the highest peak stresses, but at
vastly different relative toughness values as shown in Fig. 8a. In general,
the HP and HP + D conditions exhibit moderate peak stress values and
excellent toughness properties within this group of measured properties,
which may make them a desirable candidate material condition for
application within an energy absorbing octet-truss structure. With the
exception of IP90, the remaining IP and combined IP + HP material
conditions rank in the lower half of the chart. These rankings of base
material toughness and peak stress from tensile tests will be revisited in
the discussion of the octet-truss compression model results, where the
predicted energy absorption performance (total energy absorbed and
rate of energy absorption, or transmitted acceleration) will be compared
to the tensile data.

4. FE simulation results

The compression test FE simulations conducted on the octet-truss
lattice structures are presented in this section of the work for seven of
the material conditions, which span the range in toughness measured
from the tensile tests. These material conditions are indicated by the
asterisk (*) in Table 2 and Fig. 8.

4.1. FE simulation results

The compression force-displacement data extracted from the models
is presented in Fig. 9 as the individual data points (central 3-point
average applied). Utilizing non-linear regression analysis, a 4t order
polynomial was fit to the raw numerical data up to 7 mm of displace-
ment as shown by the solid curves in Fig. 9. The FE models were able to
predict the initial rise in force with relatively low scatter up to the peak
force for all of the models. The peak force represents the displacement
just prior to the start of ligament buckling/collapse within the lattice
structure, which increased the scatter of the force data due to significant
bending/self contact of the ligaments and dynamic effects. By dividing
the peak force by the cross sectional area of the lattice structure
(1,452 mm? or 2.25 inz), the equivalent of a yield stress for the lattice
structures can be calculated since ligament collapse would have
occurred just after this displacement. At a displacement of 6.5 mm, the
structure had been deformed by a distance of one full row of the repeat
unit cells as shown in Fig. 10a. This level of displacement represents the
approximate minimum in the force response, which begins to increase
with further displacement due to the engagement of a second row of
unbuckled lattice cells. As shown by the lattice structure images in
Fig. 10a at a displacement of 6.5mm, the As-Printed (and As-Prin-
ted + D) lattice structures failed though the collapse of approximately
one row of unit cells, while the lower peak force lattice structure
IP60 + HP5 + D initiated collapse through multiple rows, which was
also observed for all of the other material conditions modelled. Fig. 10b
compiles the average force-displacement curves and a distinct peak
force is shown for all of the material conditions. The As-Printed and As-
Printed + D material conditions result in the highest peak force, while
the IP60 + HP5 + D lattice structure represents a significantly lower
peak force. The relationship between the peak force observed in the FE
simulations and the peak stress from the tensile testing experiments for
these material conditions is shown in Fig. 11a. Based on these results, it
is obvious that a strong linear relationship exists between the peak force
and peak stress as show by the linear regression (dashed line) that was fit
to the data.

Energy absorption (or energy-displacement curve) during the
compression simulation can be expressed by integrating the average
force-displacement curve as shown in Figs. 9 and 10c. Clearly, the As-
Printed and As-Printed + D lattice compression energy-displacement
response is the greatest due to the high peak force. When considering
a displacement of 6.5 mm (or when the force-displacement is approxi-
mately minimum), the total amount of energy absorbed by the As-
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Printed lattice structure is more than double that of the lowest peak
stress (from tensile test) IP60 + HP5 + D material condition. Due to the
nearly sinusoidal force-displacement response and the relative peak
force reduction at 6.5mm displacement for each material condition
(Fig. 10b), a second order polynomial relationship with respect to the
tensile test peak stress exists as shown in Fig. 11a. As a reminder to the
reader, failure (element erosion) is not included in these models,
therefore the energy absorbed at 6.5 mm of displacement is likely less
than that reported in this work for some of the material conditions.
Keeping the previous consideration in mind, the total elongation
strain (converted to effective plastic strain) from the tensile tests was
used to determine (through inspection) the displacement at which the
first ligament within the lattice structure would have failed. Only tensile
failure strains were considered, while compressive strains were assumed
to delay catastrophic fracture and were neglected in this simple failure
analysis. The authors acknowledge that this is a simplified method of
determining ligament failure, but acts as a relative comparison for the
models examine in this work. For the As-Printed material only, the low
tensile total elongation (see Table 2) resulted in tensile loading failure of
a ligament as shown in Fig. 12. All of the other material conditions
presented ligament failure due to a combined tensile-bending stress-
state at the connection point of the ligaments (node), which are pulled in
tension and have also experienced rotation of the node due to buckling
of neighboring ligaments as shown for IP90 in Fig. 12. These two failure
modes were observed for compressed octet-truss lattice structures as
presented in [4,6]. Of course, severe bending did occur within the ma-
jority of buckled ligaments as shown for IP60 + HP5 + D in Fig. 12, but
the high ductility of this material condition resulted in high compressive
bending strains (failure not considered) and moderate tensile bending
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strain that did not exceed our simple failure strain criteria. The lattice
displacement at which a ligament would have failed is shown by the
open data points in Fig. 10b and c for the force-displacement and
energy-displacement curves. The highest failure displacement occurred
for the IP60 + HP5 + D and HP5 + D material conditions, which is ex-
pected due to the high total elongation (0.70) of these material condi-
tions as shown in Table 2. We believe that these two materials would
likely not fail in a real component, resulting in an intact recovery of the
lattice structure.

In an attempt to relate the predicted energy absorption of the lattice
structures to the tensile properties of the material conditions modelled, a
plot of the lattice energy absorbed at the (1) peak force displacement
and (2) failure displacement is shown with respect to the total elonga-
tion of each material condition as measured from the tensile tests is
shown in Fig. 11b. With exception of the As-Printed material condition,
the remainder of the material conditions resulted in a polynomial fit of
the data for both the lattice structure peak force and failure displace-
ments. The correlations suggest that within the bounds of the tensile
properties of the material conditions tested in this work, a minimum
lattice energy absorption would occur for the material conditions with
total elongations around 0.60. A more intuitive relationship is shown in
Fig. 11c, where the predicted lattice energy absorption at the peak force
and failure condition is plotted with respect to the tensile test toughness
measured for each material condition. Again, the As-Printed material
condition results were excluded from the regression analysis, which
showed that a linear relationship exists between tensile toughness and
FE energy absorption at peak force, but a non-linear correlation was
found between the tensile toughness and FE energy absorption at failure.
Considering this energy-toughness relationship, the As-Printed lattice

€Eff.Plas. IP60+HP5+D €Eff.Plas.
0.33 0.43

0.26 H 0.34 l

0.20 0.26 I

0.14I 0.17 i
0.07 0.09
0 0

Fig. 12. Effective plastic strain contours showing the first failed ligament in the As-Printed and IP90 lattice model. A severely buckled ligament in the
IP60 + HP5 + D model (surrounding elements removed for clarity). All of the maximum strain contours are set to the average elongation strain (converted to effective

plastic strain) extracted from the tensile tests for those material conditions.
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structure appears to possess an excellent energy absorption potential,
which was not captured by the low toughness of this material condition
as shown in Fig. 8a. A high toughness material condition may possess
excellent energy absorption potential as shown by HP5 + D in Fig. 12c,
but the effect of the relatively moderate peak force (or yielding stress of
the lattice structure) has yet to be discussed with respect to the rate of
energy absorption (or transmitted acceleration, see Section 3.5) when
compared to the As-Printed lattice structure which has comparable en-
ergy absorption, but a higher peak force.

Considering the base material tensile test toughness and peak stress
ranking presented in Fig. 8, the As-Printed + D and As-Printed material
conditions resulted in the highest tensile peak stress and in Fig. 10c, they
also predicted a high lattice energy absorption of 5.8 and 5.0J,
respectively. Although these two materials resulted in failure at the
lowest compression displacement (Fig. 10b), it was the high energy
absorption rate of these materials which allowed them to absorb a high
level of energy. Even though this is a good result in terms of total energy
absorbed, the high rate of energy absorption will induce the highest
(relative to the materials examined in this work) accelerations trans-
mitted through the energy absorber, which may be undesirable. The
remaining material conditions exhibit a similar and lower energy ab-
sorption rate until the point of failure but at the cost of lower levels of
absorbed energy. The exception to this is the HP5 + D lattice structure
which absorbed a very high 5.6J of energy at the lower energy ab-
sorption rate due to the base material exhibiting a high toughness
(Fig. 8a) and moderate peak stress (Fig. 8b). The IP60 + HP5 + D lattice
predicts the lowest energy absorption rate and a high total energy
absorbed, but this is likely a misleading result due to the high scatter of
the FE force-displacement data and non-sinusoidal average fit to the
data as shown in Fig. 9. Relatively speaking, the octet-truss FE models
show that the ranking of energy absorption rates (or transmitted ac-
celerations) align with the base material tensile peak stress rankings that
were presented in Fig. 8b, while a base materials’ tensile toughness
ranking does not consistently align with the predicted energy absorbed
at the point of failure, as highlighted by the two As-Printed cases in
Fig. 11c.

4.2. Comparison of FE models to published octet-truss compression test
experiments

In this part of the work, we compare our FE model results to pub-
lished experimental compression test (similar 3D printed octet-truss
structure) data in an effort to demonstration that the FE modelling
approach we have taken is suitable to assess the energy absorption po-
tential of such structures when exposed to different wash treatments.
Also, we assess the compression test performance of the Formlabs Tough
PMMA resin (and wash treatment) used in this work against two other

Materials Today Communications 26 (2021) 101728

SLA 3D printed resin materials and an EPS foam for reference.

In the work of Ling et al. [4,40], the energy absorption of 3D printed
(SLA) octet-truss structures was measured and compared to Expanded
Polystyrene (EPS) foam, which is a widely used energy absorbing ma-
terial and has been implemented in head protective helmets [39]. The
printed and tested lattice structures in [4] had a ligament length (L) of
10mm and ligament diameter of 0.14mm (for R =0.7mm case),
resulting in a Pyeoreticq = 0-13. This is a very similar lattice structure to
the one simulated in this work, where p,.oreticat = 0-14. The compression
surface area was ~125 % greater than the area of the simulated structure
in this work and the height was also ~50 % greater than in the FE
models. To normalize the energy absorption response of these lattice
structures, the nominal compressive stress-strain was calculated from
the FE models and compared to the measured compression stress-strain
response (digitized data) for the lattice structure from [4] and presented
in Fig. 13a. The stress-strain response of the printed and tested lattice
structures from [4] showed a very similar response to the material
modelled in this work. The “Standard” resin lattice structure exhibited
low engineering strain at failure, which was a result of the high tensile
strength and brittle (true total elongation from tensile test was ~0.10)
base material tensile properties resulting from the printing and curing of
this resins. The failure modes were not detailed in [4], but it is likely that
tensile ligament failure occurred prior to reaching a peak stress, there-
fore the predicted As-Printed + D stress-strain response is more desirable
due to the enhanced ductility which would have resulted in a higher
lattice strain at failure based on the FE models and likely absorbed more
energy. The “Durable” resin material properties have a very similar base
material tensile stress-strain response to IP60 + HP5 + D, hence the
similarity of the lattice structure stress-strain curves shown in Fig. 13a.
The lower peak stress of the predicted IP60 + HP5 + D lattice structure
could be a result of geometric effects introduced by the considerable
smaller FE modelled lattice structure.

The Specific Energy Absorption (SEA) of a material is quantified by
dividing the absorbed energy (Eapsorpeq) during compression by the mass
(Mstrycrure) Of the tested structure as shown here,

SEA — Enpsorbed @
Mstructre

This metric is used to assess the energy absorption capacity of ma-
terials/structures where lightweighting applications are sought, which
is the case for these structures that have potential applications in pro-
tective wear. Using a printed density of 1.18 g/cm?® (as per Formlabs) for
the resin used to print the tensile specimens in this work, the predicted
SEA of three lattice structures are shown in Fig. 13b, along with the
measured SEA for the printed and tested lattice structures from [4]
(digitized data). Also digitized from [4] is the SEA for two different
density EPS foams that are discussed in [40]. As expected, the SEA of the

Fig. 13. (@) A comparison of the predicted
stress-strain response and the measured stress-
strain for an experimentally printed and tested
lattice structure (R =0.7 mm) made from a
“Standard” resin (Sample 1) and “Durable” resin
(Sample 3) as presented in [4]. (b) The pre-
dicted Specific Energy Absorption (SEA) and the
measured SEA for an experimentally printed
and tested lattice structure (R =0.7 mm) made
o from a “Standard” resin and “Durable” resin as
o presented in [4]. The SEA of EPS foam is also
presented from [4]. All of the data shown here
from [4] was digitized. The open data points
indicate the displacement where the predicted
strain exceeded the total elongation strain of the
material from the tensile tests.
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tested Durable lattice structure and the predicted IP60 + HP5 + D lattice
structure SEA is similar due to similarity in the tensile stress-strain
response. The open data points represent the displacement at which
failure may occur for the predicted lattice structures and indicates that
the As-Printed + D structure may fracture at a similar displacement to
the Standard resin structure, but at an elevated energy absorption per
unit mass, resulting is a more desirable performance. The SEA of the EPS
foams is greater than all of the printed and predicted lattice structures
due to the extremely light weight of this cellular material, but is unable
to recover from compressive deformation due to the fracture of the
cellular structure, hence remaining near the deformed shape. Based on
the material properties of the printed lattice structures, it has been
shown that geometric recovery of the compressed octet-truss structures
occurs and is beneficial for repeated impact loading conditions, such as
those experienced in protective wear [4,6]. The Durable SEA (Fig. 13b)
was shown to partially recover, therefore the FE models indicate that
more promising energy absorption performance may be obtained by a
lattice structure that has been washed in HP5 + D. It is the higher peak
stress and excellent elongation of the HP5 + D material condition which
allows for greater energy absorption and possible structural recovery.
Based on the FE simulations conducted in this work, the promising po-
tential to tune the lattice energy absorption and SEA with respect to a
simple wash condition has been shown and will be validated through
future experimental work.

5. Conclusions

Based on the experimental and numerical results presented in this
article, the following conclusions can be made:

1 The effect of a simple detergent wash (As-Printed + D) resulted in a
61 % increase in toughness when compared to the As-Printed and
unwashed material condition. This enhancement is due to an in-
crease in total elongation only (peak stress remained relatively un-
changed), which is a possible result from the interaction of the
surfactant molecules to plasticize the PMMA.

2 A 60 % isopropyl alcohol (IP60) wash resulted in a degradation (—50
%) in peak stress, an increase (+82 %) in total elongation and rela-
tively no change in toughness when compared to the As-Printed
material properties. These properties resulted in a material with no
positive benefit with respect to energy absorption. A 15 % increase in
toughness (compared to IP60) was observed for the 90 % isopropyl
alcohol (IP90) wash, which was a result of increased strength and
only a slight improvement in total elongation. It is likely that expo-
sure of the PMMA to the isopropanol caused a plasticizing effect by
reducing the glass transition temperature (Ty) of the polymer. The
addition of detergent resulted in an improvement in toughness for
IP60 + D and nearly no toughness change for IP90 + D.

3 The hydrogen peroxide washes resulted in a more positive effect on
the toughness of the material response when compared to the
properties due to the isopropyl alcohol wash treatments. For all of
the HP and HP + D wash treatments, a reduction in strength and a
considerable increase in total elongation (when compared to As-
Printed) was observed, which resulted in excellent toughness prop-
erties. Although the precise molecular modification of the PMMA
due to HP exposure is unknown at this time, it has been established
that a radical generating compound such as hydrogen peroxide leads
to the modification of the PMMA polymer molecules, as demon-
strated by the observed mechanical properties. The toughness of the
HP5 + D material condition was 16.0 Nmm/mm?® (+90 % greater
than As-Printed) and represented the highest observed toughness
from all the material conditions examined in this work, resulting is
desirable energy absorption properties.

4 The combined wash treatments consisting of isopropyl alcohol and
hydrogen peroxide, resulted in significant reductions in peak stress,
but an improvement in total elongation when compared to the As-
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Printed material condition. This combination of properties resulted
in a mild increase in toughness. The addition of detergent to the
combined wash treatments resulted in a drop in peak stress, with
little to no increase in total elongation, resulting in no significant
benefit in terms of toughness. These observations were due to the
complex and synergistic effects that the combined solutions had on
the PMMA polymer molecules.

5 Finite element simulations of compression tests were conducted on
repeated octet-truss lattice structures (using measured stress-strain
properties) and showed that a linear relationship exists between
the predicted lattice structure peak force and the peak stress
measured from the tensile tests. Also, the predicted energy absorp-
tion potential of the lattice structures was shown to be linearly
related to the toughness measured from the tensile tests, confirming
that a wash treatment with excellent toughness (such as HP5 + D and
As-Printed + D) would be a suitable candidate for energy absorption
applications. From a design perspective, the energy absorption rate
defines the transmitted accelerations, therefore the moderate energy
absorption rate and high total energy absorbed of the HP5 + D lattice
make this an ideal candidate (within the materials examined in this
work) for potential application as a wearable energy absorber.
Future experimental work will be conducted to validates these
models and findings.
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