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ARTICLE INFO ABSTRACT

Keywords:

Direct impact testing with a Hopkinson bar is, nowadays, a very popular experimental technique for investigating
the behavior of cellular materials, e.g., lattice metamaterials, at high strain-rates as it overcomes several limi-
tations of the conventional Split Hopkinson Pressure Bar (SHPB). However, standard direct impact Hopkinson
bars (DIHB) have only single-sided instrumentation complicating the analysis. In this paper, a DIHB apparatus
instrumented with conventional strain-gauges on both bars (a so called Open Hopkinson Pressure Bar - OHPB) is
used for dynamic impact experiments of cellular materials. Digital image correlation (DIC) is used as a tool for
investigating the displacements and velocities at the faces of the bars. A straight-forward wave separation
technique combining the data from the strain-gauges with the DIC is adopted to increase the experiment time
window multiple times. The experimental method is successfully tested at impact velocities in a range of 5 —

Direct impact Hopkinson bar
Cellular solids
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30m-s~! with both linear elastic and visco-elastic bars of a medium diameter. It is shown that, under certain
circumstances, a simple linear elastic model is sufficient for the evaluation of the measurements with the visco-
elastic bars, while no additional attenuation and phase-shift corrections are necessary. The applicability of the
experimental method is demonstrated on various experiments with conventional metal foams, hybrid foams, and

additively manufactured auxetic lattices subjected to dynamic compression.

1. Introduction

The dynamic testing of materials is an important task for describing
the deformation behavior at high strain-rates and for understanding
phenomena like wave propagation, inertia and friction effects, shock
front formation, or coupled thermo-mechanical effects [1]. For such
high strain-rate testing, Hopkinson bar experimental techniques have
been found to be a vital method that produces reliable and consistent
results. Nowadays, extensive research is performed in the field of
cellular solids like metal foams [2,3], hybrid foams [4], additively
manufactured materials [5], or lattice structures and metamaterials [6]
including materials with a negative Poisson’s ratio (auxetics) [7-12]. In
this field, the behavior of cellular solids and metamaterials can be used
for the development of, e.g., lightweight structures of complex shapes or
shock absorbers [13]. However, as the internal structure of cellular
solids and metamaterials is rather complex (often on all levels: micro,
mezzo or macro), the description of their mechanical properties is
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non-trivial, dependent on many factors, and their behavior often ex-
hibits mechanisms that are still not well described and understood. This
problem is particularly significant in dynamic loading, where a lot of
effects influence the deformation behavior of the material. While the
standard Kolsky bar arrangement [14] is a well-established technique
for the high strain-rate testing of bulk materials in compression, it has a
number of disadvantages limiting its application for cellular solids and
additively manufactured lattices [15,16]. Nevertheless, the topic is very
attractive and papers describing the experimental and/or numerical
investigation of metal foams [17-21], metamaterials or additively
manufactured materials and lattices [22] using the Hopkinson bar or
gas-/powder-gun [23,24] are available. In some papers, digital image
correlation (DIC) has been employed as a tool for the advanced analysis
of the displacement and strain fields during the experiments [25-28].
The dynamic indentation of cellular materials subjected to dynamic
loading has also been of interest [29-34].

In the conventional split Hopkinson pressure bar (SHPB), the
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maximum achievable strain in the specimen is proportional to the length
of the striker bar and its impact velocity. Therefore, the maximum strain
is significantly constrained by the geometry of the setup and perfor-
mance of its mechanism accelerating the striker. Moreover, in classical
theory, the time window of the experiment is limited to the short period
of time before the wave superposition occurs at the location of the strain
wave sensing instrument (typically a strain-gauge). As the cellular solids
and lattices are materials with a relatively low mechanical impedance,
another problem arises with the disproportion between the amplitudes
of the reflected and transmitted signal that are additionally distorted by
the wave dispersion. Typically, the transmitted signal is much lower in
comparison with the amplitude of the incident and reflected pulse
making the analysis of dynamic equilibrium difficult. Due to the com-
plex nature of cellular solids and lattices, another problem is related to
the specimen size. The testing of the representative volume element
(RVE), as defined for cellular solids [35], usually requires large speci-
mens that can barely be tested up to the densification region in the
classical Kolsky bar. Here, larger strain of the specimen can be achieved
by increase of the striker bar impact velocity or by increase of striker bar
length. Both approaches have their physical limits. The maximum striker
bar impact velocity in the SHPB is limited by the performance of the
device for the acceleration of the striker (typically a gas-gun) and by the
yield strength of the material of the bars. As the incident pulse is
generated by the impact of the striker on the incident bar, the amplitude
of the pulse is much higher than the pulse transmitted through the
specimen. Therefore, an apparent velocity limit exists that would result
in the plastic deformation of the bar (e.g., for aluminum alloys
approximately 50 — 60m-s~!). On the other hand, an increase in the
striker bar length is limited by the geometrical tolerances of the gas-gun
barrel. Generally, longer strikers have to be used for testing at lower
strain-rates to achieve a similar strain as those by shorter strikers at
higher velocities. Moreover, large specimens require a long time to
achieve an equilibrium of the dynamic forces.

Many improvements in the standard Hopkinson bar experimental
setup have been developed to overcome the aforementioned problems,
to extend its application envelope and to reliably test cellular solids and
low impedance materials in general. Pulse-shaping techniques [36-41]
have been used to reduce the wave dispersion in the bars, to prolong the
ramp-in period of the strain wave (so called "ringing effects”), to achieve
a dynamic equilibrium in a shorter time and to optimize the strain-rate.
Specialized sensors based on quartz technology have been employed for
precise force measurements directly at the faces of the specimen [42].
Low impedance visco-elastic bars have been used for the better imped-
ance matching of the bar with the specimen [43-45] and specific cali-
bration and wave time-shifting methods have been developed to process
the signals from the visco-elastic bars [46]. Various wave separation
techniques have been introduced to extend the experiment duration
[47-51].

Special attention has been paid to the development of the specialized
Hopkinson bar experimental setups optimized for testing of low
impedance and cellular materials [15]. The experimental techniques
often combine the specialized apparatus together with the aforemen-
tioned approaches. A long pre-loaded bar has been used instead of the
conventional striker to develop very long incident strain waves and to
compress the specimens of metal foam up to densification [16,52].
Important improvements have been made related to the application of
direct impact Hopkinson bar [53] (DIHB) for the testing of cellular
materials. DIHB has been employed for the testing of metal foams at high
impact velocities [17,54,55] and has overcome a number of limitations
of the conventional experimental setups. In DIHB, the specimen can be
easily deformed to large strains (up to densification in the case of
cellular solids), while the strain waves propagating in the setup do not
exhibit disproportional amplitudes and are similar to each other.
Moreover, DIHB can be used for the testing of cellular solids at high
impact velocities as plateau stresses of the specimens are much lower
than that of the bars. Therefore, the strain wave generated at the
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specimen-bar interface cannot induce plastic deformation in the bars.
Both variants of the DIHB represented by the forward DIHB (FDIHB) and
reverse DIHB (RDIHB) has been used for the testing of cellular materials
[17,19,56], additively manufactured lattice structures [57,58] and to
investigate shock effects in the material [54,59]. In FDIHB, the specimen
is mounted on the instrumented transmission bar and is directly
impacted by a projectile. The RDIHB is, in fact, a variant of the Taylor
anvil test [60,61], where the specimen that is mounted on a projectile is
launched against the instrumented transmission bar. However, as the
DIHB is instrumented only on either side of the specimen, the equilib-
rium of the dynamic forces and strain of the specimen cannot be directly
analyzed from the signals recorded at the transmission bar. This repre-
sents one of the limiting factors of the DIHB testing. The problem can be
partially overcome by the combined testing using FDIHB and RDIHB
[19], while the FDIHB is used to investigate the force histories on the
back-side of the specimen and RDIHB is used for the same analysis on the
impact-side of the specimen. This approach has two limitations: (i) it is
considered that the wave propagation effects and dynamic forces are
similar for all the tested specimens, (ii) the specimen has to fit into the
barrel of the gas-gun. Therefore, this method cannot be employed for the
testing of large specimens and/or specimens that are difficult to produce
in large numbers like, e.g., additively manufactured panels. With the
single-sided instrumentation, the strains are often evaluated using
high-speed camera images.

A few research groups have investigated the methods for the two-
sided instrumentation of the DIHB setup. A DIHB instrumented on
both the incident bar (striker) and the transmission bar using a thin
PVDF (polyvinyl fluoride) film gauges has been used for the testing of
soft materials like rubber [62]. Another approach using photon Doppler
velocimetry (PDV) has been tested in DIHB [63] to evaluate the velocity
and force histories for both bars according to the PDV technique
developed for SHPB [64]. The approach described in [62] has been
tested at low velocities (up to approximately 10m-s~!). Although the
PVDF gauges have a low noise and can produce smooth clear signals,
their mounting is demanding and requires careful calibration to prevent
stress concentrations at the contact. The method described in [63] has
been employed on the direct impact testing of metal foams [65]. While it
was demonstrated that the PDV instrumentation can be used even at
velocities of approximately 100m-s~! [63], some limitations arise from
the demanding evaluation, flexural waves compensation and expensive
instrumentation. Furthermore, problems with the laser beam posi-
tioning under the angle with the longitudinal axis of the striker bar, the
weak reflected signal and mounting of the reflective pattern or coating
on the striker bar complicate the application of the PDV method for
measurements with large striker bar displacements. An advanced
approach using the in-situ deceleration measurement has also been
tested [66]. In this method, the striker bar instrumented with an
accelerometer is employed to directly impact the specimen. As in the
PDV based method, the technique can be used for the high velocity
compression of the tested material. However, as the accelerometer is
used as a sensor, extensive filtering of the measured signals has to be
performed to estimate the forces and velocities during the impact.
Another DIHB setup was proposed by Govender and Curry [67]. In the
paper, the setup has been called the Open Hopkinson Pressure Bar
(OHPB). The OHPB setup is, in principle, the DIHB instrumented by
conventional strain-gauges on both bars. It was demonstrated that the
technique is simple and with many benefits suitable for the testing of low
impedance materials. The setup was tested via compression tests of a
SAN (styrene acrylonitrile) foam using PMMA (poly-methyl methacry-
late) bars with a diameter of 20mm at impact velocities of up to
10m-s~!. The conventional SHPB setups can be relatively easily adapted
to the OHPB variant, while standard strain-gauges can still be used as the
instrumentation. As the PDV based method requires complex instru-
mentation and data processing, the in-situ deceleration technique re-
quires an extensive filtering of the input signal and the applicability of
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the other methods has been demonstrated at low velocities only, thus,
the further experimental investigation of the performance and applica-
tion envelope of the OHPB method is desired. Moreover, testing at low
impact velocities (i.e., a relatively long impact duration) up to high
strains, particularly with linear elastic bars (e.g., aluminum alloy) is
complicated by the fact that the wave superposition occurs early at the
strain-gauge location. In this case, the situation is worse for the incident
bar, where the mounting of the second strain-gauge at the end of the bar
is problematic. The second strain-gauge is necessary for the standard
wave separation according to, e.g., [51].

In this paper, we introduce a different version of the OHPB setup
than presented in [67]. A linear guidance system is employed to guide
the incident bar during its acceleration provided by a gas-gun. With this
arrangement, it is possible to achieve higher impact velocities without
any bar alignment problems, parasitic bending and damage to the
strain-gauges or wiring. The system has been successfully tested at
impact velocities of up to approximately 30m-s~!. However, we are
convinced that, with a higher performance of the gas-gun, this limit can
be increased even further. DIC is used as a tool for the verification of the
straight-forward wave separation technique requiring only a single
strain-gauge at each bar allowing for the extension of the experimental
time window several times. The experimental method has been tested
with mid-sized linear elastic bars made of a high strength aluminum
alloy and with visco-elastic bars made of PMMA. It is shown that, under
certain circumstances, a simple linear elastic model is sufficient to
perform measurements with the visco-elastic bars, while no additional
attenuation and phase-shift corrections are necessary. The methods of
the wave separation, the setup calibration and the DIC analysis are
described in detail. The applicability of the experimental method is
demonstrated on various experiments with conventional metal foams,
hybrid foams, and additively manufactured auxetic lattices subjected to
dynamic compression. Thus, the presented OHPB and methodology
represent an interesting alternative to the testing of low impedance
materials using the standard DIHB or SHPB that can be easily adapted,
provides reliable results and uses standard instrumentation. The method
is particularly beneficial for experiments, where instrumented striker
bar is critically required together with the large strain in the specimen, i.
e., the dynamic indentation of large specimens or panels that cannot be
launched against an instrumented transmission bar in RDIHB.

2. Materials and methods
2.1. Open Hopkinson pressure bar

The principle of the OHPB method is directly derived from the DIHB
methods. The schemes of both the forward and reverse DIHB method
and the OHPB are shown in Fig. 1. Note that in the forward and reverse
DIHB, only the transmission bar is instrumented with a strain-gauge. The
OHPB consists of two measurement bars (incident and transmission)
both of which are instrumented with strain-gauges. The incident bar is
inserted into the barrel of the gas-gun and simultaneously serves as the
striker bar. The specimen is mounted on the impact face of the trans-
mission bar. During the experiment, the incident bar is accelerated using
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the gas-gun and directly impacts the specimen (see Videos S1 and S2). At
the impact, the strain waves are generated in both bars. The pulses
propagate from the specimen to the free ends of the bars. Then, the
pulses are reflected and travel back to the specimen. The experiment
ends (in the classical representation [67]) when the
backward-propagating waves reach the strain-gauges, thus, producing
superposed signals. As the waves propagate from the specimen, they
have an approximately identical shape. The beginning of the trans-
mission pulse is delayed in comparison with the incident pulse as the
strain wave has to pass through the specimen (similarly to the SHPB).

Using the strain-gauge signals, it is possible to calculate the forces
and displacements on the respected faces of the bars [67]. The forces on
the incident face Fj,(t) and on the transmission face F,.(t) can be
calculated according to the relations

Fin(t) = AinEinein(t)-, (1)
Foul(t) = Aoul ouleom(t)a (2)

where A;,, Aon represent the cross-sectional area of the (input and
output) bars, Ej,, E,, represent Young’s modulus of the individual bars
and €i,(t), €ou(t) are the measured strain-gauge signals. The particle
velocities iy (t), Vou(t) at the ends of the bars can be represented using
the relations

vin(t) = Co,, €n(1), (3)
Vou((t) = Coy, eou((t)-, 4)

where Cy, and C,, are the wave propagation velocities in the bars. By
adopting the aforementioned formulas, the actual impact velocity v(t)
and the distance between the bars (or actual specimen length) [(t) are
given by

V(1) = vy — Co, €in(t) — CopEou(t), 5)
L(t) = 1o — / V(1)dt = Iy — / (vo = Co, €mn(t) — Con o ()d, 6)
0 0

where [ is the initial length of the specimen and vy is the initial impact
velocity. Note that the evaluation of the actual length of the specimen
(strain) is strongly dependent on the initial impact velocity vo. Thus, in
the OHPB, it is crucial to measure the velocity with high precision (by, e.
g., DIC), unlike in the SHPB method, where the impact velocity serves as
a secondary parameter useful for the verification of the results.

All the above described equations are valid for linear elastic bars. For
experiments with visco-elastic bars, one of the well-known methods
based on the propagation coefficient and the time-shifting in frequency
domain [46,47,49,51] can be used. However, as it is demonstrated
further in the text, under certain strict conditions, the linear elastic
model can be adopted even for visco-elastic bars (see Section 2.4.4).
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Fig. 1. Principle of the forward DIHB (a), reverse DIHB (b), and OHPB (c).
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2.2. Digital image correlation

Digital Image Correlation (DIC) is an optical method employing
tracking techniques for the measurements of the changes in the images.
In this paper, an in-house developed software tool is employed for the
tracking of the pseudo-random black-and-white speckles mounted on
the bars and for the evaluation of the particle velocities at the faces of
the bars. With the DIC tool, the tracking is achieved with a sub-pixel
precision. First, the correlation is evaluated at the pixel level using
template matching employing the Sum of Squared Differences (SSD)
method. To obtain the sub-pixel precision, the pixel level difference is
interpolated using a third order bivariate spline over the pixel grid. The
best match is in the position of the minimum difference. The minimum
of the difference (best match) is then found by minimizing the inter-
polated bivariate spline using the LM-BFGS algorithm.

2.3. Wave separation technique

The equations described in Section 2.1 are valid only until the strain
wave is reflected at the free-end of the bar and it arrives back to the
strain-gauge location producing the superposed signals. This situation is
represented by the wave propagation diagram in Fig. 2(a). From this
moment, the recorded signal is composed of a sum of forward- and
backward-propagating strain waves. According to standard one-
dimensional wave propagation theory, the actual particle velocity v(t),
and the actual force F(t) at a certain cross-section of the bar are given by
[51]

e(r) = ex(1) + (1), %)
V(1) = coler(r) —es(1)), ®
F(r) = EA(er (1) + e8(1)), ©)

where ¢g(t) is the forward-propagating strain-wave and eg(t) is the
backward-propagating strain-wave. Wave separation methods for the
decomposition of the forward- and backward-propagating waves in
SHPB have been developed and are available [47,49,51]. The methods
usually separate the waves using signals from at least two strain-gauges
(or a strain-gauge and velocity sensor for a bar with a free-end) and are
applicable even for visco-elastic bars. For the SHPB, a wave separation
technique based on a single-point measurement and known boundary
conditions was published in [50]. This method works without any
redundant data source and does not account for the wave dispersion. In
the case of the OHPB, the application of a second strain-gauge or direct
velocity sensor would be complicated for the incident bar. Therefore,
under certain circumstances, a simplified wave separation technique
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requiring only a single strain-gauge on each bar can be employed, while,
in our case, its output is verified using DIC.

The straight-forward wave separation technique can be used if the
following assumptions are satisfied:

The waves propagate from the specimen to the free-ends of the bars.
e The free-ends are not in contact with other parts of the setup.

The waves are generated directly at the interface between the spec-
imen and the bar.

The specimen has the lowest mechanical impedance in the experi-
mental setup and deforms plastically up to a large strain.

High frequencies are not present in the strain pulse as they are
attenuated by the plastic deformation of the specimen.

The wavelengths present in the strain pulse are several times higher
than the diameter of the bar. Thus, the wave attenuation and
dispersion effects can be neglected.

Under the aforementioned circumstances, a boundary condition
valid for the free-end of the bar can be used to separate the individual
waves. According to this boundary condition, the force at the free-end of
the bar has to be zero. Thus, the waves at the free-end of the bar have to
satisfy the following relations (see Fig. 2(b))

er(r) +e8(1) =0, (10)

SB(t) = 78]:([). (11)

According to the diagram shown in Fig. 2(a) the experiment begins at
time t = —At, and the strain wave arrives at the strain-gauge location at
time t = 0. Then, the time required for the wave to travel through the
bar to its free-end is equal to At,. Thus, at time t = 2At, the superposed
signal is recorded by the strain-gauge and the measured signal &(t) is
composed of two waves ¢x(t) and ¢z (t). By adopting the equations from
above, the forward- and backward-propagating waves can be separated
and are given by

ep(t) = —ep(t — 2At,), 12)

er(t) = e(t) — es(r) = e(t) + er(t — 2At,). 13)

Using the procedure shown in Fig. 2(b), the relevant forward- and
backward-propagating waves can be time-shifted to the bar-specimen
interface producing strain waves egs(t —At,), eps(t —At;) at the speci-
men’s location and can be used to calculate the particle velocity v(t —
At,) and the contact force F(t — At;) using the relations

eps (1 — Aty) = e(t) + ep(t — 2At,), 14
eps (1 — Aty) = —ep(t — 2A1, + Aly), (15)
(b)
time ® EF.(t) time ©
ex(t) +Ate I -Atg
i Forward propagating I
F=0 I wave I Fspecwmen
i Backward propagating strain-gauge  specimen
| wave |
I eg(t) 1
time © l time ®
Ate  ggt) +Ats

Fig. 2. Diagram showing the strain wave propagation in the OHPB setup (a). Principle of the wave separation and time-shifting (b).
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v(t — Aty) = co(ers(t — At;) — eps(t — At,)), 1e)

F(t — Aty) = EA(ers (1 — Aty) +eps(t — AL)). a7

As the wave dispersion effects can be considered negligible, the
waves can be separated using this procedure. Neither the shape nor
amplitude of the waves needs to be updated. At the beginning of the
experiment, the strain-gauge signal ¢(t) is not superposed between time t
= —At, and t = 2At,. Thus, this part of the pulse can be used for the
iterative reconstruction of the signal.

In the real bars, the wave dispersion effects are always present and
the strain wave is attenuated over time. Therefore, it is necessary to
check whether the wave separation technique still produces reliable
results. For this purpose, pseudo-random black-and-white speckle pat-
terns are mounted on the bars as close to the specimen as possible. The
high-speed camera is used to observe the specimen during the experi-
ment, while the speckle patterns are observed together with the spec-
imen. DIC is used to evaluate the displacements at the boundaries
between the bars and the specimen. The displacements are calculated
from the strain-gauge data by integration of the indicated velocities
producing smooth curves (typically monotonous), where difference
between the DIC and strain-gauges is represented by typically margin-
ally different slopes of the curves. Conversely, the particle velocities of
the bars’ faces are calculated from the DIC displacements by differen-
tiation. By its nature, differentiation brings more noise into the resulting
velocity signal. Thus, a comparison of velocities is more difficult, but it is
more useful to identify possible errors in the measurement and, if suc-
cessful, produces more representative results. If the setup and DIC are
properly calibrated, the particle velocities indicated by DIC have to be
comparable with the velocities indicated by the separated strain-gauge
signals time-shifted to the bar-specimen interface. The strain calcu-
lated without the wave separation plotted against time is compared with
the strain calculated using the wave separation technique in Fig. 3(a).
The velocities indicated by strain-gauges calculated without the wave
separation and with the wave separation are compared with the velocity
evaluated by the DIC in Fig. 3(b). Results of the wave separation tech-
nique in the incident bar of the OHPB are shown in Videos S3 and S4.

The wave separation technique, in this form, does not account for the
wave dispersion effects including the attenuation and phase-shift.
Therefore, it is not possible to use it for the visco-elastic bars. In the
OHPB, the wave travel distance is usually long (typically close to 3 m for
the experiments presented in this paper) because the strain wave has to
propagate to the free end of the bar and then return back to the location
of the strain-gauge. Thus, in the case of the visco-elastic bars, the
backward propagating wave is significantly attenuated and phase-
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shifted. As a result, the assumption that the forward-propagating wave
can be directly used for the wave decomposition does not hold true.
However, a simple analysis valid until the wave superposition (see
Section 2.1) can be used even for visco-elastic bars. Comparing typical
materials used for visco-elastic and linear elastic bars in the Hopkinson
bar devices (with the same length and configuration of the bars), a
longer time window prior to the wave superposition is available for the
visco-elastic materials because of their lower wave propagation veloc-
ities. For instance, the wave propagation velocity in aluminum alloy bars
is approximately 5100m-s~!, while the wave propagation velocity for
the PMMA is approximately 2100 m-s~!. Therefore, approximately 2.5x
longer time window is available for the PMMA compared to aluminum
before the backward-propagating strain wave hits the strain-gauge
producing superposed signals.

2.4. Setup calibration

The setup calibration is an important task that has to be carried out
prior to every set of experiments. During the calibration procedure, the
response of the strain-gauges is tested using a quasi-static force cali-
bration. Furthermore, the behavior of the strain-gauges and DIC is
compared in a series of dynamic void tests.

2.4.1. Quasi-static calibration

During the quasi-static calibration, the bars of the setup are subjected
to an uni-axial compression using a piston mounted at the end of the
experimental setup. A conventional membrane load-cell (U9B, HBM,
Germany) is mounted co-axially between the bars (as the specimen). The
values of the force calculated from the strain-gauges (and the known
material properties of the bars) are compared with the force indicated by
the load-cell. Using the quasi-static calibration, the proper functionality
and precision of the strain-gauges are verified. Typically, the error of an
individual pair of foil strain-gauges is up to 2 — 4% of the load-cell force.

2.4.2. Dynamic void tests

A void test is, in principle, an OHPB experiment without any spec-
imen. The incident bar is accelerated using the gas-gun and directly
impacts the transmission bar forming an elastic collision between two
bars. Under such conditions, the kinetic energy of the incident bar is
transferred to the transmission bar, while the duration of the collision
corresponds to 21/Cy in the case when both bars are made of the same
material with the nominal wave propagation velocity Cy and have the
same length . In such a theoretical case, the initial impact velocity v, of
the incident bar decreases to vy/2 during the collision. After the colli-
sion, the incident bar has zero velocity, while the transmission bar is

(b)
14 :

Velocity [m-s™1]

4 DIC = —
without wave separation
with wave separation

I I

0 0.5 1 1.5 2 25 3

Time [ms]

Fig. 3. Strain calculated without the wave separation plotted against time compared with the strain calculated using the wave separation (a). The velocities indicated
by the strain-gauges calculated without the wave separation and with the wave separation compared with the DIC (b).
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accelerated to vy. During the void test, the strain-gauge signals are
compared with the velocity obtained from the DIC and with the theo-
retical velocity value estimated according to the elastic collision theory.
In the case of linear elastic bars, the error has to be maximally in the
order of a few percent (typically better than 1 — 3%). The situation is
more complicated for visco-elastic bars, however, the strain-gauge sig-
nals still have to closely correspond to the values obtained from the DIC
(where an average difference approaching 6 — 10% is considered to be
an unacceptable error).

2.4.3. Linear elastic bars

The dynamic material properties, wave propagation velocity and
dispersion of the bars are investigated according to method published by
Bacon [46] using the "bars together” void test. The impact of the short
striker colliding with the incident bar directly in the barrel of the
gas-gun is used to evaluate the required parameters. For linear elastic
bars, the results of the quasi-static calibration should closely match the
outputs of the dynamic testing. Then, a set of dynamic void tests is
performed, while the consistency of the strain-gauge signals is investi-
gated. The velocities indicated by strain-gauges have to closely match
the velocities evaluated using the DIC. Result of the quasi-static cali-
bration of the high-strength aluminum alloy bars is shown in Fig. 4(a).
The velocities indicated by the strain-gauges and DIC during the void
test are compared in Fig. 4(b).

2.4.4. Visco-elastic bars

The situation is more complicated for visco-elastic bars. In this case,
during the quasi-static calibration, the quasi-static material parameters
have to be used to compare the strain-gauge signals with the load-cell.
Then, the “bars together” void test is performed similarly as in the
case of the linear elastic bars and the dynamic material properties of the
visco-elastic model are evaluated according to [46]. Then, a set of dy-
namic void tests is used to compare the response of the strain-gauges
with the DIC and with the theory of the elastic collision. The result of
the quasi-static calibration of the PMMA bars is shown in Fig. 5(a). The
velocities indicated by the strain-gauges and DIC during the void test are
compared in Fig. 5(b).

Conventionally, the waves in the visco-elastic bars have to be time-
shifted in the frequency domain using the visco-elastic material model
and a function of the wave propagation coefficient [46]. However, in the
case of the OHPB, simplifications can be adopted if the following testing
conditions are satisfied:

e The strain-gauges are mounted as close as possible to the specimen.
Proximity of the sensors to the location of the impact ensures that the
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recorded signals are highly similar to the original signals generated

by the impact.

The amplitudes of the strain waves are low in comparison with the

theoretical strain capacity of the bar at a given impact velocity. For

the small strain amplitudes, non-linear effects in the polymeric bars
are significantly suppressed, while the distortion becomes more se-
vere with the increasing amplitudes.

e The wavelengths of the frequencies present in the recorded pulses are
several times higher than the diameter of the bars. This assumption is
essential for significant reduction of the wave dispersion effects
during the experiment.

e The specimen deforms plastically and acts as an effective filter of the
higher frequencies. Plastic collapse of the specimen prevents transfer
of high frequencies that are significantly affected by the wave
dispersion effects.

o No significant bending is present during the testing. If significant
bending is observed during the experiment, the specimen does not
follow the uni-axial loading leading to more complex modes of
deformation. Moreover, the measurement technique cannot
compensate for a minor bending of the bars and the measured signals
are distorted.

When the above described conditions are fulfilled, the time-shifting
procedure can be processed identically as in the case of the linear
elastic bars. Because the dynamic properties of some visco-elastic ma-
terials are approximately constant at lower frequencies for long pro-
jectiles (as presented in Fig. 6(a,b) for a projectile with a length of
1750 mm and a diameter of 20 mm made of PMMA), the average value
of the complex modulus and the phase velocity for that can be used for
the calculation of the particle velocity and the force, while the frequency
domain based time-shifting of the signal is not necessary. The signals
recorded by the strain-gauges at distances of 200 mm and 400 mm from
the impact face of the PMMA bar with a diameter of 20 mm are time-
shifted by the frequency domain method and compared with the
output of this simplified approach in Fig. 7(a). It can be seen that, using
this simple approach, the error caused by the wave attenuation is more
profound with the increasing amplitude of the recorded signal, while the
frequency domain time-shifting procedure can better compensate for
this error. No significant phase-shift effects are observable in the pre-
sented example. The method for the dispersion correction in the visco-
elastic bar based on the frequency domain approach produces more
precise results. However, as the recorded amplitudes of the tested
cellular materials are usually low and the effects of the attenuation and
dispersion are small or negligible for the short travelled distance, the
simple method can be adopted. As can be seen in Fig. 7(a), its error over
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Fig. 4. Force indicated by the strain-gauges compared with the load-cell during the quasi-static calibration procedure, aluminum alloy bars (a). The velocities
indicated by the strain-gauges during the void test compared with the DIC, aluminum alloy bars (b).
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the 200 mm travel distance is negligible for forces of up to approxi-
mately 4000N and the error is around 2% at a force of approximately
8000N. Therefore, with care, this simple approach can be used to avoid
problems caused by the inverse Fourier transform, where the errors or
peaks in a function of the propagation coefficient can result in the
reconstruction of distorted signals.

2.5. Experimental setup

In this paper, we present a set of representative results from the two-
sided direct impact Hopkinson bar testing of conventional metal foams,
additively manufactured auxetic lattices, and hybrid auxetic constructs.
For the measurements, two variants of the OHPB experimental setup
were used: (i) a setup with aluminum alloy bars of an identical diameter
for the uni-axial compression testing, (ii) a setup with PMMA bars of an
identical diameter for the uni-axial compression testing. Foil strain-
gauges were used instead of the semiconductor strain-gauges due to
their linearity, durability and longer service-life. The use of the semi-
conductor strain-gauges was rejected mainly because of their strongly
non-linear response above approximately 500u¢ (see the velocity pro-
files evaluated from the semiconductor and foil strain-gauges compared
with the DIC in Fig. 7(b)). Nevertheless, the semiconductor strain gauges
were used as the auxiliary sensors with limited service-life in the
selected experiments. The arrangement of the individual experimental
setups is presented in Fig. 8.

2.5.1. Linear guidance system

In all the variants of the presented OHPB setup, a low mass/low
friction linear guidance system was employed to guide the incident bar
during the acceleration over a relatively long travel distance. The linear
guidance system consisted of a linear motion guide with a high perfor-
mance polymeric slider bearing (drylinT, IGUS, USA) and a rail with a
length of 1200 mm. The incident bar was attached to the carriage via a
friction contact clamp. The tightening moment of the clamp had to be
kept constant for all the experiments and was re-adjusted after each
impact. During the calibration testing, it was found out that the friction
clamp did not bring any distortion to the incident wave if adjusted
properly. As the design parameters of the used bearing type were
partially outside the OHPB velocity envelope, the bearings had to be
replaced after a certain number of measurements (usually after a few
dozen impacts) due to wear and tear. The stiffness, performance and
durability of the system could be probably further improved with the use
of caged-ball linear motion guides optimized for high-speed
applications.

2.5.2. Gas-gun system

An in-house gas-gun system was used for the acceleration of the
incident bar. This system consists of a barrel with an inner diameter of
20 mm and a length of 2500 mm which is connected to a 20l air reservoir
with a maximum operating pressure of 1.6 MPa. The compressed air is
released by a solenoid valve (366531, Parker, USA).

1600 mm(Al) -1750 mm(PMMA)
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2.5.3. High-speed imaging and data acquisition system

All the experiments were observed with high-speed camera(s). In the
described experiments, two types of high-speed cameras were used: (i)
Fastcam SA-5 (Photron, Japan), (ii) Fastcam SA-Z (Photron, Japan). A
typical experiment was captured with the latter camera at 252kfps with
an image resolution of 256 x 168px. The illumination of the scene was
undertaken using a pair of high intensity LED lights systems: (i)
Constellation 60 (Veritas, USA) and (ii) Multiled QT (GS Vitec, Ger-
many). The strain-gauge signals were amplified by a pair of low-noise
differential amplifiers (EL-LNA-2, Elsys AG, Switzerland) with a gain
of 100 and recorded by high-speed digitizer cards (PCI-9826H, ADLINK
Technology, Inc., Taiwan) operating at 20 MHz. The digitizer cards were
synchronized with the high-speed camera(s) using a pair of short-
reaction-time through-beam photoelectric sensors (FS/FE 10-RL-24 PS-
E4, Sensopart, Germany) serving as a trigger and as a redundant
method (together with DIC) for the estimation of the initial impact ve-
locity. The data acquisition system was implemented in LabView soft-
ware (National Instruments, USA).

2.5.4. Aluminum alloy bars

A high-strength aluminum alloy (EN-AW-7075-T6) was used as the
material of the bars. Both bars had a length of 1600 mm. The bars were
instrumented by a pair of foil strain-gauges (3/120, LY61, HBM, Ger-
many) located at a distance of 200 mm from the impact faces arranged in
a half-bridge circuit. The transmission bar was supported by low friction
bearings (drylin TJUM series, IGUS, USA). Using this setup, the results
summarized in Section 3.1 and 3.3 were acquired. The experimental
setup with the aluminum alloy bars and the important parts of the OHPB
arrangement are shown in Fig. 9.

2.5.5. PMMA bars

For the testing of the low impedance materials, the setup was fitted
with PMMA bars with a diameter of 20 mm and a length of 1750 mm.
The basic characteristics of the setup remained unchanged with only a
few minor changes in the instrumentation. Semiconductor strain-gauges
(AFP-500-090, Kulite, USA) with an active length of 2.29mm were
mounted together with the foil strain-gauges as redundant strain sen-
sors. A single measurement point was mounted at the incident bar at a
distance of 200 mm from the impact face. Two measurement points were
mounted at the transmission bar at a distance of 200 mm and 400 mm
from the impact face. Using this setup, the results summarized in Sec-
tion 3.2 and 3.4 were measured. The OHPB setup with the PMMA bars
during the experimental campaign is shown in Fig. 10.

3. Applications and results

The applications of the OHPB experimental setup and the represen-
tative results exploiting the important features of the direct impact
Hopkinson bar with two-sided instrumentation are presented. The
applicability and performance of the setup is demonstrated with the
results of two different experimental campaigns: (i) the uni-axial high
strain-rate compression of the additively manufactured auxetic lattices
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Fig. 8. The arrangement of the OHPB experimental setup: uni-axial compression with the aluminum alloy/PMMA bars.
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Fig. 10. The experimental setup with the PMMA bars during the experimental campaign.

and conventional metal foams, (ii) the uni-axial high strain-rate
compression of the low impedance hybrid auxetic lattices. The range
of impact velocities for every type of material was selected by taking
multiple aspects into account. Besides the quasi-static response of the
specimens, indicating on the stiffness, plateau stress, and densification
strain, numerical simulations with the virtual OHPB apparatus devel-
oped in LS-DYNA were used to predict the deformation response of the
specimens together with the performance of the setup including effec-
tive DIC measurement windows. The following sections show the
representative results for different impact velocities selected according
to the deformation characteristics of the particular tested material.

3.1. Closed-cell aluminum foam

Cubic specimens of the closed-cell aluminum foam with commercial
name Alporas with a size of approximately 15 x 15 x 15mm, a density
of 0.25-0.3 g - cm™ and a porosity of 89% were tested with the
aluminum bars. The material had a low mechanical impedance and
exhibited localized strain bands in compression, where the majority of
deformation was observed. A slideshow showing a specimen of Alporas
foam during dynamic compression is presented in Fig. 11(a). The
Alporas foam has already been tested by a number of research teams
[68-71]. In this paper, we present the results showing the ability of the
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Fig. 11. Closed-cell Alporas foam, EN-AW-7075 bars. Slideshow showing a specimen of the Alporas foam in dynamic compression (a). Dynamic equilibrium and
stress-strain diagram (b). Velocity profiles on both bars compared with the velocities from the DIC (c).

OHPB method to reliably capture the dynamic behavior of the foam with
a very nice dynamic equilibrium. The dynamic equilibrium after wave
separation is shown in Fig. 11(b). The wave separation technique pro-
duced precise results verified by the DIC. The velocity profiles on the
both bars are compared with the DIC in Fig. 11(c). Impact into the
Alporas foam recorded by the high-speed camera with mapped DIC re-
sults of the longitudinal displacement and incremental strain is shown in
Videos S5 and S6.

3.2. Open-cell aluminum foam

Cubic specimens of an open-cell aluminum foam with a size of
approximately 15 x 15 x 15mm, a density of 0.18 — 0.25g-cm ™ and a
porosity of 93% were tested in dynamic compression using the OHPB
with PMMA bars. As this foam has significantly lower mechanical
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impedance than the Alporas foam, the testing of such a material using
the conventional setups is quite challenging. The force-displacement
diagram recorded during the impact with an initial impact velocity of
approximately 6.5m-s~! is shown in Fig. 12(a). Note that the stress level
at the initial part of the plateau region was approximately 0.2 MPa
(corresponding to a force of approximately 100N in this case), while the
dynamic behavior, oscillations of the incident stress, and its conver-
gence with the transmission stress were clearly recorded. The velocity
profiles on both bars compared with the DIC are shown in Fig. 12(b).

3.3. Additively manufactured auxetic lattices
Additively manufactured auxetic lattices (metamaterials with a

negative Poisson’s ratio) were manufactured using a selective laser
sintering (SLS) method from SS316L powdered austenitic steel. Different
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Fig. 12. Open-cell aluminum foam, PMMA bars. Stress-strain diagram recorded during the impact with an initial velocity of approximately 6.5m-s~! (a). Velocity

profiles on both bars compared with the DIC (b).
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sizes and types of the auxetic lattices were tested in the experimental
campaign. Both 2D and 3D auxetic structures were investigated: a 2D re-
entrant honeycomb, a 3D re-entrant honeycomb, and a 2D missing-rib
structure. Here, the representative results of the 2D re-entrant honey-
comb are presented as this structure is considered very versatile [7]. The
structure had nominal dimensions of 12.15 x 12.15 x 12.58 mm, a
density 3.32 g-cm~2 and a porosity of 59% with a nominal strut thickness
of 0.3 mm which was at the resolution limit of the used SLS device (AM
250, Renishaw, UK). The 2D re-entrant construct with a detailed view
from the scanning electron microscopy (SEM) of the printed strut is
shown in Fig. 13(a). The representative velocity histories evaluated
using the strain-gauges during the impact with an initial velocity of
approximately 20m-s~! are compared with the DIC in Fig. 13(b). Note
that the structure reached full densification and the final stage of the
experiment corresponded to the elastic collision, where the velocities of
the individual bars converged and the bars finally separated due to the
reflected elastic waves. The wave separation technique was able to
reliably separate the waves until the random speckle pattern mounted
on the transmission bar disappeared from the images and the DIC
tracking was no longer possible.

3.3.1. Dynamic crushing at different strain-rates

Special attention was paid to the analysis of the crushing behavior of
the 2D re-entrant auxetic constructs. The specimens were subjected to
impacts at two different velocities of 12m-s~! and 20 m-s~!. With the
increasing strain-rate, the auxetic lattice exhibited a different crushing
behavior. The stress value, at which the collapse of the first layer of the
auxetic structure occurred, increased with the strain-rate. Furthermore,
the collapse mechanism of the individual layers was different as, during
the impact at the lower velocity, significant lateral movements of the
layers were observed with the corresponding peaks in the loading dia-
gram. During the impact at the higher velocity, this effect was signifi-
cantly suppressed as the inertia effects and the impact velocity acted
against the lateral motion. The comparison of the deformation mecha-
nism of the 2D re-entrant honeycomb lattice at the two different impact
velocities is shown in Fig. 14(a,b). More importantly, the crushing
mechanism was analyzed at both faces of the specimen using the two-
sided instrumentation. As many stress oscillations occurred in the
post-peak plateau region, the two-sided analysis of the phenomena was
important. The stress-strain diagrams for both impact velocities and
both faces of the specimen are compared in Fig. 14(c). Note that the
velocity measured by the DIC closely followed the strain-gauge signals in
every oscillation. Furthermore, the initial collapse was observed at a
higher stress for the higher impact velocity and that the oscillations in
the post-peak plateau had higher amplitudes at the lower velocity.

(a)
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Moreover, at the lower velocity, the stress oscillations on both faces of
the specimen were approximately identical, whereas, at the higher ve-
locity, the oscillations were delayed and/or attenuated. Also, at the
lower velocity, the signals from both faces of the specimens intersected
earlier than at the higher velocity showing that the behavior is related to
initial wave propagation and convergence of the dynamic forces. The
same structure was tested in our previous study [11,12] using an SHPB
with copper pulse-shapers, a striker bar with a length of 500 mm and a
similar overall length of the setup. The SHPB was used for the
compression of the auxetic lattice at approximately the same impact
velocity of 20m-s~1. While it was possible to compress the construct up
to the full densification with the OHPB (nominal strain > 0.5), the
maximum engineering strain in the SHPB was around 0.25. Even at the
lower testing velocity of approximately 12m-s~!, the OHPB with the
wave separation technique was able to reach maximum strain of
0.35-0.4. Velocity histories measured by the strain-gauges at both faces
of the specimen are compared with the DIC for the impact with an initial
velocity of approximately 20 m-s~! in Fig. 14(d). Impact into the auxetic
re-entrant lattice foam recorded by the high-speed camera with mapped
DIC results of the longitudinal displacement and incremental strain is
shown in Videos S7 and S8.

3.4. Hybrid auxetic lattices

Hybrid auxetic lattices represent a novel approach in the low-cost
manufacturing of an advanced light-weight materials. In this work,
the specimens were printed using a Pro Jet HD3000 3D printer (3D
Systems, Rock Hill, USA) from a UV-curable polymer VisiJet EX200 with
the highest resolution (656 x 656 x 800 dpi). The overall dimensions of
the specimens were approximately 14 x 14 x 20 x mm (width, depth,
height). The polymeric samples were electro-chemically coated with an
~ 60um and ~ 120 ym thick layer of nickel, respectively. The average
density of the samples was: (i) 0.27 g-cm~3 for the non-coated construct,
(ii) 0.469 g-cm~* for the 60um coating, and (iii) 0.537 g-cm~2 for the
120 ym coating. Further information on the coating process can be found
in [4]. After the coating, the polymer was taken out via pyrolysis at
approximately 1000°C. The printed polymeric constructs as well as the
final hybrid coated hollow-strut auxetic structures are shown in Fig. 15.

3.4.1. No coating

As the printed polymer was very brittle, the uncoated constructs
disintegrated instantly after the initial impact. The disintegration
captured by the high-speed camera is shown in Fig. 16(a). Nevertheless,
the force measurement during the disintegration was possible with the
OHPB method. The corresponding stress-strain diagrams showing the
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Fig. 13. The 2D re-entrant construct with an SEM detail of the printed strut (a). Velocity profiles on both bars compared with the DIC (b).
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Fig. 15. The printed and coated hybrid auxetic constructs.

behavior at both faces of the disintegrating specimen are shown in
Fig. 16(b). The velocity histories at both bars evaluated from the strain-
gauge signals are compared with the DIC results in Fig. 16(c). Note that
despite the very rapid disintegration, the short force peaks were recor-
ded reliably and were comparable with the values from the DIC. This
indicates that the wave dispersion in the PMMA bars over the short
travelled distance in the OHPB was minor and the resulting force peaks
were still relevant. The behavior after the disintegration when the bars
hit the residuals of the specimen and underwent an elastic collision were
also captured despite some discrepancy between the incident strain-
gauge and the DIC, which can be identified as the wave separation in
its simple form, as it cannot reliably account for the wave dispersion
over long travel distances.

3.4.2. Nickel coating - 60 ym

The hollow-strut hybrid auxetic lattice with a coating thickness of
60 um exhibited ductile behavior. The structure deforming during the
impact is shown in Fig. 17(a). Note a very profound auxetic behavior

12

with the struts rapidly closing into the core of the specimen. Stress-strain
diagrams are presented in Fig. 17(b). The velocities evaluated from the
strain-gauge signals are compared with the DIC in Fig. 17(c). Here, the
perfect match of the strain-gauge velocities and the DIC is very impor-
tant as the behavior of the specimen at the impacted face was different
than at the opposite face. Interestingly, the incident curve was lower
than the transmission curve up to the densification of the structure,
where both curves converged. All the tested specimens with a coating
thickness of 60 ym exhibited this behavior. As the incident curve did not
exhibit any stress oscillations, the phenomenon could not be simply
explained by the classical convergence of the dynamic forces. As the
coating process is not perfect, the coated layer had a lot of imperfections,
defects and cracks (see Fig. 15) affecting the response of the samples.
The distal face of the specimen was embedded in a resin for the better
contact with the transmission bar face, while the impacted face was
without any embedding. Also, by design, the auxetic cells were not
distributed symmetrically along the length of the specimen. These fac-
tors can possibly cause some distortion and/or internal reflections of the
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Fig. 16. The disintegration of the polymeric construct captured by the high-speed camera (a). Stress-strain diagrams showing the behavior at both faces of the
disintegrating specimen (b). Velocity histories at both bars evaluated from the strain-gauge signals compared with the velocities from the DIC (c).
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Fig. 17. The hybrid auxetic construct with a coating thickness of 60um deforming during the impact (a). The corresponding stress-strain diagrams (b). Velocities

evaluated from the strain-gauge signals compared with the DIC (c).

strain wave in the specimen or wave transfer problems that were rep-
resented by the asymmetrical response recorded by both the strain-
gauges and the DIC. Furthermore, this effect was not observed in the
case of the structures with a coating thickness of 120 um, where the
dynamic forces converged quickly (see Section 3.4.3).

3.4.3. Nickel coating - 120 ym

Hybrid auxetic lattices with a coating thickness of 120 um were
tested. In this case, the behavior was very different from the constructs
with a coating thickness of 60um. Stress-strain diagrams showing a
quick convergence of the dynamic forces at the respective faces of the
specimen are shown in Fig. 18(a). The velocities evaluated using the

13

strain-gauges and the DIC are shown in Fig. 18(b). Note that the DIC was
able to track the image features and compute the velocity only for a short
period of time. As these constructs exhibited a stiffer response, the
speckle pattern mounted at the transmission bar quickly disappeared
from the image making further tracking impossible. Impact into the
hybrid auxetic lattices recorded by the high-speed camera with mapped
DIC results of the displacements and incremental strains is shown in
Videos S9 - S12.

4. Discussion

Several different types of cellular solids and lattices were tested using
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Fig. 18. The hybrid auxetic construct with a coating thickness of 120um: The corresponding stress-strain diagrams (a). Velocities evaluated from the strain-gauge
signals compared with the DIC (b).

the OHPB in dynamic compression. Based on the analysis of the acquired
results, the following comments, findings and remarks can be drawn:

Fig. 19. The hybrid auxetic construct with a coating thickness of 120um and rectangular struts tested at a maximum impact velocity of approximately 30m-s~':

The DIHB experimental setup instrumented with strain-gauges
mounted on both the incident and the transmission bar (the so
called OHPB [67]) with the linear motion guidance system sup-
porting the incident bar can be successfully employed for impacts
with an initial velocity of at least 30 m-s~! (see representative dia-
grams in Fig. 19). In comparison with the similar previously pub-
lished setups [62,67], the presented variant of the OHPB setup
significantly extended the application envelope in terms of the
maximum impact velocity (an impact velocity of 10m-s~! is
mentioned as a reasonable maximum in the arrangement published
in [67]). Moreover, the linear guidance system allowed for the easy
installation of the strain-gauges and wiring that is more complicated
in the variant with the incident bar and strain-gauge in the barrel of
the gas-gun.

The instrumentation with the conventional strain-gauges represents
a straightforward approach for the evaluation of the results which is
not different from the classical Kolsky bar measurements. This
approach is simple and does not require expensive instrumentation
such as the PDV. However, the PDV is simultaneously a type of
instrumentation suitable for the testing at higher impact velocities
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[63]. Application of two strain-gauges at a single measurement point
connected in a half Wheatstone bridge arrangement can compensate
for the minor bending of the bars and effects of the flexural waves
that can possibly occur during the testing of the specimens with a
complex internal structure.

No significant bar alignment problems were identified with the
applied linear guidance system. After the careful adjustment and
calibration of the experimental setup, no problems with the wave
reflections from the friction clamp that attaches the incident bar to
the linear guidance system occurred. The wear and tear of the
polymeric linear bearings were observed particularly during impacts
close to the maximum impact velocity. Thus, the bearings had to be
replaced after a certain number of experiments.

The wave separation technique based on the arrangement specific to
the OHPB, where both bars have free-ends, was employed to separate
the forward- and backward-propagating waves in the bars. This
approach allowed the duration of the experiment to be extended
several times.

The DIC was used as a technique for the measurements of the dis-
placements and the velocities in the vicinity of both faces of the
specimen. DIC was also employed as a tool for the verification of the
wave separation technique. It was shown that, under the conditions
valid for the testing of low impedance cellular materials, the wave
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Stress-strain diagram (a). Velocities evaluated from the strain-gauge signals compared with the DIC (b). Because of the high impact velocity, the DIC data are
available only in a relatively narrow time window before the specimen moved from the area inspected by the camera.
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separation technique can provide reliable decomposition of the
strain pulses during the whole impact. The comparison of the ve-
locities indicated by the DIC and strain-gauges is considered bene-
ficial (in comparison to the displacements) as various errors can be
better distinguished using the velocity measurements based on the
DIC. Therefore, if successful, a more precise comparison of the
measured quantities is possible.

The DIC optimized for the sub-pixel tracking of the random speckle
patterns mounted at the faces of the bars can be possibly employed as
a sole technique for lower precision measurements of the velocity of
the incident bar. With the known material properties of the incident
bar, it would be possible to reconstruct the force present at the
impact face using the wave separation approach inverse to the
technique shown in the paper. The bar would have to be relatively
long not to produce high frequency oscillations as, in such case, the
wave reflections would be hidden in the noise and the velocity signal
could not be used for the inverse separation method to calculate the
actual force. The double differentiation of the DIC displacements
cannot be used for the calculation of the actual acceleration (and
force) as the differentiated signals are unsuitable due to significant
noise. The DIC limits are particularly seen in the higher noise of the
velocity signals, the high-speed camera imaging frequency and lower
resolutions of the high-speed images. Nevertheless, the physical limit
of the DIC for the evaluation of the velocity profiles with the
employed state-of-the-art high-speed cameras lies significantly
higher and was not reached in the presented method.

The measurements with the visco-elastic bars can be significantly
simplified in the OHPB under certain strict conditions. As the travel
distance of the wave is short in the OHPB, the linear elastic model
can be adopted instead of the frequency domain time-shifting to
reconstruct the strain waves at the faces of the bars. Still, some
technique that can reliably determine the dynamic material prop-
erties of the visco-elastic bars (e.g., [46]) has to be used to acquire
the relevant parameters required for the linear elastic model. How-
ever, the straight-forward wave separation technique shown in the
paper cannot be used for the visco-elastic bars as the distance trav-
elled by the wave reflected from the free-end of the bar is too long
and the reflected wave arrives severely attenuated and distorted.
Both the aluminum alloy and PMMA bars were able to reliably record
fine details of the crushing behavior of the cellular solids. The signals
from the incident and transmission bar have comparable amplitudes
and travel distance from the specimen. Therefore, problems with
achieving the dynamic equilibrium typical for the SHPB are signifi-
cantly reduced in this method. This can be supported by conclusions
presented in [67], where, for the OHPB, the condition of the dynamic
equilibrium has been achieved in a shorter time than in the con-
ventional SHPB. In some of the presented experiments, force oscil-
lations with an amplitude as low as 50 — 100N were reliably
measured with the PMMA bars with a diameter of 20 mm.

The method was successfully employed for the testing of several
types of cellular solids, metamaterials and lattices in a high strain-
rate dynamic compression. It was demonstrated that the two-sided
instrumentation is a very important feature allowing for the anal-
ysis of the phenomena specific to the collapse of the individual lattice
layers and the wave propagation through the specimen.

Both closed-cell and open-cell metal foams were successfully tested
using the setup, while the results are in good agreement with other
papers [68,70].

Additively manufactured auxetic lattices were tested using this
method. The application of the OHPB arrangement allowed for the
precise two-sided analysis of the collapse of the individual cell layers.
As compared with our previous study regarding the same type of
lattice tested in SHPB, the OHPB was able to compress the specimens
to significantly larger strains than the SHPB with a comparable
overall length at a similar strain-rate. Here, the OHPB represents an
important alternative to the SHPB for testing materials at lower
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strain-rates, where the SHPB would require very long striker and
both bars.
Hybrid auxetic lattices manufactured by nanocrystalline coating
process of the polymeric constructs printed using a 3D printer were
tested using the method. As demonstrated, it was possible to measure
the uncoated polymeric constructs that underwent instant disinte-
gration as well as the hollow strut lattices. The auxetic constructs
with a coating thickness of 60um exhibited an unusual behavior
when the incident signal was, after the settling period, in all cases
lower than the transmission signal until the densification of the
structure, where both signals converged. The possible causes of this
phenomenon including defects in the specimens and poor or asym-
metric transfer of the strain-wave from the specimen to the bar were
proposed. Interestingly, this behavior was not observed in the case of
the constructs with a coating thickness of 120 um. Here, the equi-
librium of the dynamic forces was achieved quickly. The DIC indi-
cated the same trend as the strain-gauges. Furthermore, the
specimens of the different materials with even lower forces at the
plateau region were measured with the same setup with a symmet-
rical response. Thus, it is considered that the phenomenon has to be
caused by the specimen or the wave transfer at the interface between
the specimen and the bar. Nevertheless, the material represents a
light-weight and cost-effective alternative to the still expensive
additively manufactured auxetic metamaterials. It was revealed that
its auxetic behavior is much more profound than in the case of the
previously tested structures [11] and has the potential for further
development.

e The OHPB method in the presented form has a broad potential for
further improvements and development. The method is particularly
beneficial for a low to medium velocity impact and penetration
testing (see Video S13) of large specimens and/or specimens that are
difficult to produce in large numbers, where the analysis of the wave
propagation effects is important and the specimen cannot be easily
launched against a well-instrumented transmission bar or anvil. The
presented arrangement also allows for designs with large diameter
tubular bars or with large diameter inserts.

5. Conclusions

The DIHB method with the two-sided instrumentation using con-
ventional strain-gauges was developed and tested with different types of
cellular solids, metamaterials and auxetic lattice constructs subjected to
uni-axial high strain-rate compression. The method is based on the
previously proposed design of the OHPB, while it significantly increases
its application envelope in terms of the impact velocity as well as the
experiment duration. The wave separation technique based on boundary
condition at the free-end of the bar was employed to reconstruct the
velocity and force histories at the faces of the specimen. DIC was used as
a tool for the measurement of the particle velocities at the bars in the
vicinity of the specimen. It was shown that the comparison of the ve-
locity indicated by the DIC with the strain-gauge signals can be used for
the verification of the wave separation technique. This approach is
considered superior to the possible comparison of the indicated dis-
placements as the DIC velocity is more useful to analyze sources of errors
and can reveal eventual problems with the experimental setup. The
method was tested at impact velocities of up to 30 m-s~! with both linear
elastic aluminum alloy bars and visco-elastic PMMA bars. The maximum
velocity was constrained by the performance of the used gas-gun. It is
believed that the maximum impact velocity can be further increased as
no significant problems with the strain-gauges, wiring, linear guidance
system or geometrical alignment of the bars during the impact at the
maximum impact velocity were observed. Under certain circumstances,
a simple approach using a linear elastic model can be employed for the
evaluation of the experiments measured with the visco-elastic bars in the
OHPB. The performance of the setup was evaluated in a series of ex-
periments with different types of closed- and open-cell aluminum foams,
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additively manufactured auxetic lattices, and hybrid nickel coated
auxetic constructs subjected to dynamic uni-axial compression. The
comprehensive direct impact testing methodology utilizing OHPB with
two-sided instrumentation based on conventional strain-gauges and DIC
was successfully employed for the high strain-rate loading of the cellular
solids. The method represents an interesting, advanced, and straight-
forward alternative to the existing setups and is especially promising for
the instrumented dynamic impact/penetration testing of large and/or
expensive specimens, sandwiches or structural panels at low to medium
impact velocities.
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