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ABSTRACT
Photopolymer resins produced by stereolithography (SLA) are widely used for manufacturing lattice structures and mechanical metamaterials
intended for experimental validation of numerically designed structures. Reliable simulations of their response under dynamic loading require
constitutive models capable of describing strain-rate-dependent material behavior; however, suitable experimental data for commercially available
SLA resins remain limited. This study presents the experimental characterization and Cowper–Symonds model calibration of two SLA printing
materials: Phrozen Aqua Blue Resin and Phrozen High-Resolution RPG Resin. Cylindrical bulk specimens were manufactured by SLA and tested
under quasi-static compression and high-strain-rate compression using a split Hopkinson pressure bar apparatus. The resulting stress–strain
curves were used to evaluate the strain-rate sensitivity of both resins. Yield stress values determined at different strain rates served as input data
for the calibration of the Cowper–Symonds parameters. The calibrated material parameters are intended for implementation in LS-DYNA together
with the quasi-static material response, for explicit simulations of dynamically loaded SLA-printed structures. The results provide experimentally
derived material data for future numerical simulations of SLA-printed lattice structures and mechanical metamaterials.
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1. INTRODUCTION

Additive manufacturing has become an important tool for the
fabrication, optimization, and experimental validation of lattice
structures and mechanical metamaterials. Structures based on re-
entrant, chiral, honeycomb, or other architectured topologies can
exhibit tailored mechanical properties, including auxetic deform-
ation, enhanced compliance, controlled collapse, and improved
strain energy absorption [1]–[3]. Since the design space of such
structures is very large, their development is commonly driven
by numerical optimization and finite element simulations [4].
Nevertheless, physical experiments remain essential for assessing
the predicted deformation mechanisms, failure modes, and en-
ergy absorption capabilities, especially when the structures are
intended for dynamic or impact-related applications [5]–[7].

For this purpose, polymer additive manufacturing offers an

accessible route for producing specimens for experimental valida-
tion with complex geometries at relatively low cost and with short
production times. In particular, stereolithography (SLA) and re-
lated photopolymerization techniques provide high geometrical
accuracy and good surface quality, which are advantageous for
small lattice specimens and mechanical metamaterials with thin
struts and fine structural details. Compared with powder-based
additive manufacturing routes, such as selective laser sintering or
metal laser powder bed fusion, SLA printing can serve as a fast
and accessible experimental platform for preliminary validation
of optimized structural concepts [8].

However, the use of SLA-printed specimens for the validation
of dynamically loaded structures requires reliable knowledge of
the mechanical response of the base photopolymer resin. The
mechanical behavior of printed polymers can be affected by the
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printing parameters, post-curing conditions, loading mode, and
strain rate. Although quasi-static material data are often avail-
able from manufacturer datasheets or standard mechanical tests,
high-strain-rate data suitable for numerical model calibration are
much less common. Neglecting the strain-rate dependence of the
base material in simulations of impact or rapid compression may
therefore lead to inaccurate predictions of the structural response,
including deformation mechanisms, peak forces, and absorbed
energy [9]–[12].

A convenient engineering approach to include strain-rate sens-
itivity in explicit dynamic simulations is the Cowper-Symonds
model [13]. In this model, the flow stress is scaled according to
the current strain rate using two material parameters, which can
be calibrated from experimentally determined yield stress values
at different strain rates. The model is simple, computationally
inexpensive, and directly available in commonly used explicit
finite element codes. Although it does not provide a comprehens-
ive constitutive description of the rate-dependent behavior of
photopolymer materials, it offers a practical phenomenological
approach for incorporating the experimentally observed increase
in flow stress with strain rate into numerical simulations.

This work focuses on the experimental characterization of
the strain-rate-dependent compressive behavior of commercially
available SLA-printed photopolymer resins and the identification
of parameters for their constitutive modeling. Bulk cylindrical spe-
cimens were tested in compression under quasi-static and elevated
strain-rate conditions, the latter using a split Hopkinson pressure
bar apparatus. The obtained stress–strain curves were used to
evaluate the strain-rate sensitivity of the tested materials and to
calibrate the parameters of the Cowper–Symonds model. The res-
ulting experimental data and calibrated material parameters are
intended for future explicit dynamic simulations of SLA-printed
lattice structures and mechanical metamaterials.

2. MATERIALS AND METHODS

2.1. Specimen geometry and manufacturing

Two commercially available photopolymer resins compat-
ible with SLA 3D printing were investigated: Phrozen Aqua
Blue Resin and Phrozen High-Resolution RPG Resin (Phrozen,
Taiwan). The specimens were manufactured using a Sonic Mighty
4K printer (Phrozen, Taiwan).

The cylindrical specimen geometry was used for both quasi-
static compression tests and split Hopkinson pressure bar (SHPB)
experiments. All the specimens had a nominal diameter of D =
12 mm and a nominal height of h = 12 mm. The specimens
were printed with a layer height of 50 μm. The use of identical
geometry for both loading regimes enabled a direct comparison
between quasi-static and dynamic compression response, and
simplified the subsequent evaluation of strain-rate-dependent
material parameters.

After printing, the specimens were rinsed with water and
cleaned in an isopropyl alcohol ultrasonic bath for 5 min at 35 ◦C.
The cleaned specimens were subsequently post-cured using a
Cure Luna UV curing unit (Phrozen, Taiwan). Following UV
post-curing, all specimen batches were stored for one week prior
to testing to allow their mechanical properties to stabilize [8].

2.2. Quasi-static compression testing

Quasi-static compression tests were performed using an In-
stron 3382 (Instron, USA) universal uniaxial testing machine
under displacement control. For each investigated resin, five spe-
cimens were tested.

The specimens were compressed at a crosshead displacement
rate of 1mm/min, corresponding to an initial engineering strain
rate of approximately 1.39 × 10−3 s−1. The deformation was
then evaluated from the crosshead displacement. The tests were
performed under dry contact conditions between the specimen
and the compression platens. No additional lubrication or surface
treatment was used, as the planparallelism of the SLA-printed
cylindrical specimens was sufficient for a stable compression load-
ing.

The acquired force–displacement curves were converted to
engineering stress–strain response using the initial specimen di-
mensions. Engineering strain was calculated from the crosshead
displacement and the initial specimen height, while engineering
stress was calculated from the measured force and the initial cross-
sectional area. The engineering quantities were subsequently con-
verted to true stress and true strain according to Equations 1 and 2.

εtrue = − ln (1− εeng) (1)

σtrue = σeng (1− εeng) (2)

2.3. Split Hopkinson pressure bar testing

Dynamic compression experiments were performed using an
in-house split Hopkinson pressure bar (SHPB) apparatus [14]
based on Kolsky setup [15]. The experimental setup is depicted
in Figure 1. The same cylindrical specimen geometry as in the
quasi-static experiments was used. For each investigated resin, five
specimens were tested at each of the two dynamic loading levels.

The SHPB apparatus consisted of aluminium incident and
transmission bars, both 3000 mm in length and 30 mm in dia-
meter. An aluminium striker with a length of 2700 mm and a
diameter of 30 mm was used to generate the loading pulse. The
strain-gauge signals were recorded with a sampling frequency
of 1MHz. Two loading configurations were used to obtain dif-
ferent strain-rate levels. The lower strain-rate configuration was
achieved using a striker pressure of 3.5 bar and a copper pulse
shaper with dimensions of 15 mm (diameter) × 0.5 mm. The
higher strain-rate configuration used a striker pressure of 9.5 bar
and a copper pulse shaper with dimensions of 8 mm (diameter)
× 0.5 mm. The resulting strain rates were evaluated individually
from the measured signals and are reported in the Results section.

2.4. SHPB setup verification

Before the material tests, the SHPB setup and signal-processing
procedure were verified using a void test performed without a spe-
cimen between the bars. The forces and particle velocities recon-
structed from the incident and transmission bars were compared.
The agreement of the reconstructed signals confirmed proper
synchronization of the strain-gauge channels and consistency of
the signal-processing procedure used for the subsequent SHPB
experiments.

2.5. Data processing

The recorded incident, reflected, and transmitted strain waves
were used to evaluate the specimen stress, strain, and strain-rate
histories [16]. The resulting stress–strain and strain-rate–strain
curves were then used for the identification of yield stress values
at different strain rates. These values served as input data for the
subsequent calibration of the strain-rate-dependent constitutive
model. The dynamic force equilibrium during the SHPB experi-
ments, which serves as a criterion of the test validity, was assessed
by comparing the forces acting at the incident bar–specimen and
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Figure 1. In-house split Hopkinson pressure bar (SHPB) setup used for dynamic compression testing, showing the striker, incident and transmission bars, strain-gauge
location, and specimen positioned between the bars.

Figure 2. Example of the force equilibrium during the SHPB loading test.

specimen–transmission bar interfaces. A representative example
of this comparison is shown in Figure 2.

2.6. Cowper–Symonds model calibration

The strain-rate sensitivity of the investigated SLA-printed res-
ins was described using the Cowper–Symonds model. In this
model, the dynamic yield stress is expressed as a function of
strain rate according to Equation 3 where σy(ε̇) is the strain-
rate-dependent yield stress, σ0 is the quasi-static reference yield
stress, ε̇ is the strain rate, and C and p are material parameters
controlling the strain-rate sensitivity.

σy(ε̇) = σ0

[
1 +

(
ε̇

C

)1/p
]
, (3)

For each resin, the quasi-static compression tests were used to
determine the reference yield stress σ0, while the SHPB experi-
ments provided the dynamic yield stress values at two elevated

strain-rate levels. All yield stress values were determined from
the processed true-stress–true-strain curves. The yield stress was
manually identified as the stress corresponding to the onset of
deviation from the initial, approximately linear portion of each
true-stress–true-strain curve. The same criterion was applied con-
sistently to all quasi-static and dynamic curves.

The experimentally determined strain-rate–yield-stress data,
consisting of one quasi-static reference point (taken as the mean
yield stress obtained from the quasi-static tests) and five strain-rate–
yield-stress pairs for each of the two dynamic SHPB loading condi-
tions, were subsequently used to calibrate the Cowper–Symonds
parameters (C) and (p). The parameters were identified separately
for each resin by fitting the model response to the experimental
data using nonlinear least-squares optimization.

The calibrated parameter sets provide a compact engineering
description of the strain-rate-dependent compressive response
of the investigated SLA-printed resins. In future explicit finite
element simulations, the quasi-static true-stress–true-strain re-
sponse can be used as the reference material curve, while the
Cowper–Symonds parameters scale the flow stress according to
the local strain rate.

3. RESULTS

3.1. Quasi-static compression response

The quasi-static compression response of the Phrozen Stand-
ard Aqua Blue Resin and Phrozen High-Resolution RPG Resin
is shown in Figures 3 and 4, respectively. For each material, five
cylindrical specimens were tested under identical displacement-
controlled loading conditions. The resulting true-stress–true-
strain curves showed a consistent quasi-static response among the
individual specimens and provide the reference material behavior
for the subsequent strain-rate sensitivity evaluation.

The Aqua Blue resin exhibited a characteristic compressive
response with an initially nearly linear region followed by a trans-
ition to plastic deformation, as shown in Figure 3. The solid curve
represents the mean response, while the shaded band indicates the
standard deviation calculated from repeated tests. The individual
curves showed comparable shape and stress level, indicating a good
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Figure 3. Quasi-static response of AquaBlue resin.

repeatability of the measured quasi-static response. The manu-
ally selected yield points from the quasi-static curves were used to
determine the reference yield stress σ0 for the Cowper–Symonds
calibration.

The RPG resin response is presented in Figure 4. Similarly, the
solid curve shows the mean response and the shaded band rep-
resents the corresponding standard deviation. Compared with
Aqua Blue resin, the RPG specimens showed a distinctly differ-
ent true stress–true strain response, indicating differences in the
compressive behavior of the two resin systems. The quasi-static
RPG curves were processed using the same procedure as for Aqua
Blue resin, and the corresponding yield stress values were used
to determine the quasi-static reference yield stress for the rate-
dependent model calibration. Quantitatively, Aqua Blue resin
exhibited a higher quasi-static reference yield stress than RPG
resin. The mean yield stress determined for Aqua Blue resin was
σ0 = 35.67MPa, whereas RPG resin reached σ0 = 23.25MPa.
This corresponds to an approximately 53 % higher quasi-static
yield stress for Aqua Blue resin. The standard deviation bands
shown in Figures 3 and 4 indicate that the scatter of the repeated
quasi-static tests was limited for both materials, supporting the
repeatability of the measured reference response.

The quasi-static tests therefore served two purposes: first, to
compare the baseline compressive behavior of the investigated
SLA-printed resins, and second, to provide the reference stress–
strain response and yield stress required for the calibration of the
Cowper–Symonds model.

3.2. Dynamic compression response

The dynamic compressive response obtained from the SHPB
experiments is shown in Figures 5 and 6 for Aqua Blue resin and
RPG resin, respectively. Both diagrams present the mean true-
stress–true-strain curves for the two investigated strain-rate levels,
together with the corresponding standard deviation bands. For
each material, five specimens were tested at the lower and five
specimens at the higher dynamic loading level. The true-stress–
true-strain curves were evaluated from the measured strain-gauge
signals using the same processing procedure for all experiments.

For both investigated resins, the SHPB experiments revealed
a clear increase in stress level compared with the quasi-static re-
sponse. The curves obtained at the higher loading level generally
reached higher stress values than those measured at the lower
dynamic loading level, indicating a pronounced strain-rate de-
pendence of the compressive response of the printed photopoly-

Figure 4. Quasi-static response of RPG resin.

mer materials. The individual curves within each loading group
showed comparable overall trends with a certain degree of experi-
mental scatter between individual specimens.

The dynamic tests provided substantially higher yield stress
values than the quasi-static experiments for both investigated
resins. For Aqua Blue resin, the mean yield stress increased from
σ0 = 35.69± 2.07MPa under quasi-static loading to 112.48±
5.13MPa at the lower SHPB strain-rate level and to 128.31 ±
5.40MPa at the higher SHPB strain-rate level. The corresponding
mean strain rates were 437±5 s−1 and 1100±9 s−1, respectively.

For RPG resin, the mean yield stress increased from σ0 =
23.25 ± 1.37 MPa under quasi-static loading to 74.54 ±
2.18 MPa at the lower SHPB strain-rate level and to 86.27 ±
1.80MPa at the higher SHPB strain-rate level. The corresponding
mean strain rates were 465±8 s−1 and 892±14 s−1, respectively.

Thus, both materials exhibited pronounced strain-rate
strengthening. The dynamic yield stress increased by approxim-
ately215% and260% for Aqua Blue resin at the lower and higher
SHPB strain-rate levels, respectively. For RPG resin, the corres-
ponding increases were approximately 221 % and 271 %. Aqua
Blue resin retained higher absolute yield stress values in all loading
regimes, while RPG resin showed a comparable relative increase
with strain rate.

The dynamic curves were further used to determine the yield

Figure 5. Dynamic response of AquaBlue resin.

ACTA IMEKO | www.imeko.org September 2026 | Volume 15 | Number 3 | 4



Figure 6. Dynamic response of RPG resin.

stress at the corresponding strain-rate levels. These yield stress val-
ues, together with the quasi-static reference yield stresses, served
as input data for the subsequent Cowper–Symonds model calib-
ration.

3.3. Calibrated Cowper–Symonds parameters

The experimentally determined yield stress values were used to
calibrate the Cowper–Symonds parameters for both investigated
SLA-printed resins. For each material, the quasi-static yield stress
served as the reference value σ0, while the two SHPB loading
levels provided the dynamic yield stress values at elevated strain
rates. The calibration was performed independently for Aqua
Blue resin and RPG resin using nonlinear least-squares fitting.

The resulting fit for Aqua Blue resin is shown in Figure 7. The
experimental points show an increase of yield stress with increas-
ing strain rate, and the fitted Cowper–Symonds curve provides
a continuous engineering description of this rate-dependent
strengthening. For Aqua Blue resin, the quasi-static reference
yield stress was σ0 = 35.67 MPa, and the calibrated Cowper–
Symonds parameters were C = 9.840 s−1 and p = 4.947. The
resulting curve provides a continuous representation spanning the
quasi-static reference and the dynamic yield stress levels obtained
from the SHPB experiments.

The corresponding calibration for RPG resin is presented in
Figure 8. Similarly to Aqua Blue resin, the RPG material exhibited
strain-rate-dependent behavior, which was approximated using
the same Cowper–Symonds formulation. The RPG resin exhib-
ited a lower quasi-static reference yield stress ofσ0 = 23.25MPa,
with calibrated parameters of C = 37.70 s−1 and p = 3.174.
The differences between the identified parameter sets reflect the
distinct strain-rate-dependent responses of the two investigated
resins.

The calibrated Cowper–Symonds parameters are summarized
in Table 1. Here, σ0 denotes the quasi-static reference yield stress
used to anchor the Cowper–Symonds relation, while C and p
describe the strain-rate sensitivity of the material. These parameter
sets provide a compact input for subsequent explicit dynamic
simulations, where the quasi-static true-stress–true-strain curve
can be used as the reference material response, and the flow stress
is scaled according to the local strain rate.

4. DISCUSSION

The experimental results show that both investigated SLA-
printed resins exhibit a clear strain-rate-dependent compressive

Figure 7. Cowper–Symonds model fitted to the experimentally determined yield
stresses of Aqua Blue resin

Figure 8. Cowper–Symonds model fitted to the experimentally determined yield
stresses of RPG resin.

response, as quantified in Section 3 by the increase in yield stress
between the quasi-static and SHPB loading regimes. The quasi-
static reference yield stress was 35.67MPa for Aqua Blue resin
and 23.25MPa for RPG resin, indicating a higher baseline com-
pressive strength of Aqua Blue resin under the selected printing
and post-processing conditions. Under SHPB loading, both ma-
terials showed a further increase in the stress level, confirming that
quasi-static material data alone would not be sufficient to define
material input for simulations of dynamically loaded SLA-printed
structures. Although Aqua Blue resin reached higher absolute
yield stress values in all loading regimes, both materials showed a
comparable relative increase in yield stress under dynamic loading.

The scatter of the measured stress–strain curves within indi-
vidual experimental batches was relatively small for both materials
and both loading regimes, as indicated by the standard deviation
bands in Figures 3-6. The RPG resin generally showed a more com-
pact distribution of the identified yield stresses, whereas Aqua
Blue resin exhibited a larger scatter in the dynamic tests. This dif-

Table 1. Calibrated Cowper–Symonds parameters for the investigated SLA-printed
resins.

Material σ0 in MPa C in s−1 p

Aqua Blue 35.67 9.840 4.947
RPG 23.25 37.70 3.174
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ference was taken into account by fitting the Cowper–Symonds
parameters to all available dynamic yield-stress data rather than
to a single representative point at each strain rate level.

The Cowper–Symonds model provided a straightforward en-
gineering description of the experimentally observed increase in
yield stress with strain rate. Its main advantage in the present
context is the possibility of representing the rate-dependent re-
sponse using only two parameters, while keeping the quasi-static
stress–strain curve as the reference material input. This formu-
lation is therefore well suited for implementation in subsequent
explicit dynamic simulations of SLA-printed lattice structures,
where a computationally efficient and robust representation of
strain-rate dependence is advantageous.

At the same time, the calibrated curves should be interpreted
with respect to the available experimental range. The calibra-
tion was based on one quasi-static loading level and two SHPB
strain-rate levels. Therefore, the model provides a continuous de-
scription spanning the measured quasi-static and high-strain-rate
responses, while the intermediate strain-rate region was not ex-
perimentally covered in this study. Additional tests at medium
strain rates could further refine the shape of the strain-rate de-
pendence and improve confidence in the model prediction within
the transition region between quasi-static and SHPB regimes.

Consequently, the predictive capability of the calibrated para-
meter sets is primarily supported within the experimentally in-
vestigated strain-rate range, i.e. between the quasi-static reference
response and the two SHPB strain-rate levels used in this study. Ex-
trapolation outside this range, as well as interpolation through the
experimentally uncovered intermediate strain-rate region, should
therefore be treated with caution.

Another limitation is related to the phenomenological nature
of the Cowper–Symonds formulation. The model captures the
rate-dependent increase in flow stress, but it does not provide a
comprehensive description of the rate-dependent constitutive
and damage behavior of photopolymer resins. Nevertheless, for
the intended use in engineering simulations of dynamically loaded
printed structures, the calibrated parameter sets provide a practical
and experimentally supported approximation of the strain-rate-
sensitive compressive behavior of the investigated materials.

5. CONCLUSIONS

This study presented quasi-static and high-strain-rate com-
pression testing of two commercially available SLA-printed pho-
topolymer resins. The experiments showed a clear increase in com-
pressive stress level with increasing strain rate for both investigated
materials. The measured stress–strain curves showed satisfactory
repeatability within the individual experimental batches, provid-
ing a consistent experimental basis for the subsequent material
model calibration.

The experimentally determined yield stress values were used
to calibrate the parameters of the Cowper–Symonds material
model for each resin. The resulting parameter sets provide an en-
gineering description of the strain-rate-dependent compressive
response and are intended for future implementation in expli-
cit dynamic simulations of SLA-printed lattice structures and
mechanical metamaterials. Although the intermediate strain-rate
regime remains to be experimentally characterized, the obtained
results provide a practical basis for incorporating the observed
rate dependence of both resins into numerical material models.
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