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Re-entrant auxetic honeycombs – porous lattice structures that are characterised by a nega-
tive Poisson’s ratio – have attracted growing interest for use in vibration damping and energy
absorption applications. The aim of this thesis was to investigate their behaviour experi-
mentally under both quasi-static and dynamic loading. Based on a screening of the litera-
ture, several modified re-entrant topologies were selected for testing alongside the conven-
tional re-entrant topology. These topologies were then fabricated from 316L stainless steel
via laser-based powder bed fusion. Under quasi-static compression combined with digital
image correlation, the specimens were evaluated in terms of Young’s modulus, energy ab-
sorption and Poisson’s ratio, and their deformation modes were characterised. One modified
topology demonstrated improvements over the conventional re-entrant topology across the
investigated properties. Under dynamic loading, the loss factor was determined using two test
setups: a universal testing machine, evaluated via the phase-shift and hysteresis methods, and
an excitation shaker, evaluated via the half-power bandwidth method. Only the latter proved
suitable for determining the damping properties of the metallic auxetic specimens. However,
not all topologies could be evaluated using the shaker setup, so that the influence of topology
on damping cannot yet be conclusively established. The results nonetheless indicate that the
loss factor depends more on the microstructure than on the macrostructure, with no direct
correlation observed between improved energy absorption and damping. Future work should
resolve these limitations and explore alternative modifications to enhance damping.
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Symbols and abbreviations

Latin characters

A Area mm2

B Out-of-plane thickness mm
c Viscous damping coefficient N sm−1

cc Critical damping coefficient N sm−1

d Measured displacement mm
D1/D2 Constants determined by initial conditions –
E Young’s modulus MPa
Eabs Energy absorption per unit volume MJm−3

Ediss Dissipated energy J
F Force N
f Frequency Hz
f1, f2 Half-power frequencies Hz
fn Natural frequency Hz
H Cell array height mm
h Unit cell height mm
H(ω) Frequency response function (receptance) mN−1

k Stiffness Nm−1

L Length mm
l1 Horizontal cell wall length mm
l2 Diagonal strut length mm
m Mass kg
N Number of samples –
n Current sample/stage –
P Point pair set –
r Frequency ratio –
R2 Coefficient of determination –
SEA Specific energy absorption J g−1

Sxx, Syy Power spectral density m2 s−4Hz−1

Syx Cross-spectral density m2 s−4Hz−1

t Time s
Ta Acceleration transmissibility –
Td Displacement transmissibility –
tw Cell wall thickness mm
Umax Maximum strain energy J



V Volume m3

W Cell array width mm
w Unit cell width mm
w[n] Window function (discrete-time) –
X Steady-state response amplitude m
x Displacement m
ẋ Velocity m s−1

ẍ Acceleration m s−2

X̄ Complex amplitude m
X∗

n(ω) Complex conjugate of the Fourier transform –
Xf DFT output at frequency bin f –
xh Homogeneous solution m
xp Particular solution m
Y Base excitation amplitude m

Greek characters

∆ Difference / deviation (e.g. ∆L, ∆CAD) –
δ Re-entrant angle ◦

ε Nominal strain –
ε0 Prescribed strain threshold –
εvM Equivalent von Mises strain –
η Loss factor –
γ2 Coherence –
ν Poisson’s ratio –
ω Angular frequency rad s−1

ωd Damped natural angular frequency rad s−1

ωn Natural angular frequency rad s−1

φ Phase angle / phase shift rad
ρ Density kgm−3

ρ̄ Relative density –
σ Nominal stress MPa
ζ Damping ratio –

Subscripts

amp Amplitude
COD COD gauge measurement



eff Effective
hc Value obtained via hysteresis curve method
head Machine head measurement
HPB Value obtained via half-power bandwidth method
lc Load cell
ps Value obtained via phase-shift method

Superscripts

(·) Arithmetic mean
(·) Grand mean
n Current stage

Abbreviations

AC Accelerometer
AM Additive Manufacturing
BCC Body-Centred Cubic
CAD Computer-Aided Design
C1, C2, C3 Calculation Method
COD Clip-On Displacement (gauge)
CSD Cross Spectral Density
DAQ Data Acquisition System
DFT Discrete Fourier Transform
DIC Digital Image Correlation
FFT Fast Fourier Transform
FRF Frequency Response Function
HPB Half-Power Bandwidth
IPS Initial Peak Stress
MP Measurement Point
Mx Measurement Condition
PBF-LB Laser-Based Powder Bed Fusion
PSD Power Spectral Density
RHC Re-entrant Honeycomb
SDOF Single-Degree-of-Freedom
Sx Sample Number
Tx Topology Type
UTM Universal Testing Machine
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1 Introduction

Complex engineering applications across various fields, including machining systems, au-
tomotive, and biomedical applications, have simultaneously created the need for structures
with superior mechanical properties, which has driven interest in so-called metamaterials
(Jiang, Yin, et al., 2022). Among these, auxetic metamaterials – and in particular the bow-tie
re-entrant honeycomb – have attracted growing interest for use in vibration damping and en-
ergy absorption applications, offeringmechanical properties superior to those of conventional
materials (Periyasamy & Srinivasan, 2025; Zhu et al., 2024; Kim et al., 2022). Re-entrant
auxetic honeycombs are porous lattice structures that exhibit a negative Poisson’s ratio aris-
ing from their internal unit cell geometry, causing them to expand laterally under tension and
contract laterally under compression. The development of additive manufacturing (AM) has
further expanded their design space by enabling the fabrication of intricate geometries from
engineering materials including metals. (Novak, Vesenjak & Ren, 2016; Kim et al., 2022)

1.1 Previous research

Previous research on re-entrant auxetic honeycombs has predominantly focused on quasi-
static loading conditions, with studies on dynamic behaviour and vibration damping remain-
ing scarce (Fayyaz et al., 2025). Furthermore, owing to the accessibility of polymer-based
additive manufacturing, research has focused on polymeric rather than metallic structures,
despite the recognised need to investigate metallic structures for applications in the afore-
mentioned fields (Saxena, Das & Calius, 2016; Yucel et al., 2026). Prior studies have fur-
ther identified the stiffness–auxeticity trade-off inherent to re-entrant auxetic honeycombs
as a fundamental challenge, since the high porosity results in low stiffness and thereby lim-
its suitability for load-bearing applications. Yet current approaches to augmenting stiffness
tend to diminish auxetic performance, such that simultaneously enhancing auxetic behaviour,
stiffness, and energy absorption capacity remains difficult. Although various geometric mod-
ifications have been proposed to address this trade-off, the influence of such modifications
on damping properties has received little attention. (Lu, Li, Shen, et al., 2025; Zhu et al.,
2024; Fayyaz et al., 2025)

1.2 Research gap

The reviewed literature thus reveals three principal gaps – the focus on quasi-static loading
conditions, the material bias towards polymeric structures, and the unaddressed influence
of geometric modifications on the damping properties – that collectively motivate the ex-
perimental characterisation of metallic re-entrant auxetic honeycomb topologies under both
quasi-static and dynamic loading conditions.
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3.2 Experimental setup

The following sections describe the test setup, procedure, and data processing for quasi-static
and dynamic testing.

3.2.1 Quasi-static compression testing

The quasi-static compression tests were performed on a servo-hydraulic universal testing
machine (UTM), as shown in fig. 13.

Figure 13: Quasi-static test setup with UTM and DIC system

The UTM is equipped with two flat platens, two couplings, two hydraulic grips, the necessary
adapters, and an Interface 1210 load cell, the specifications of which are listed in table B.2.
As a digital image correlation (DIC) system, a ZEISS ARAMIS Adjustable 24M was po-
sitioned in front of the specimens to track the deformation of the front face during testing,
with specifications listed in table B.5. AMoog Modular Test Controller was used to control
the UTM and served as a data acquisition (DAQ) system, converting the analogue signals
to digital data and recording the force and displacement data. Tests were conducted at room
temperature under ambient conditions.

Test procedure and data processing

For the procedure of quasi-static compression testing, ISO 13314 was used as a guideline.
Accordingly, a sample size of 3 was used for each specimen topology, resulting in a total of 15
tests performed over several days. A speckle pattern for DIC analysis was applied to the front
face of each specimen using spray paint: a white base coat (semi-gloss, RAL 9010) with black
speckles (matt, RAL 9005) sprayed on top. Once the paint had dried, each specimen was hor-
izontally centred between the platens and positioned towards the front of the platens to ensure
full visibility for the DIC system. Compression was applied in displacement-controlled mode
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Table 3: Point pair sets Px and Py and pair counts Nx, Ny per calculation method
Method Px (lateral) Nx Py (longitudinal) Ny

C1 {(4, 3)} 1 {(1, 5), (2, 6)} 2

C2 {(8, 7), (10, 9), 4 {(7, 13), (8, 14)} 2
(12, 11), (14, 13)}

C3 {(16, 15), (18, 17), (20, 19)} 3 {(15, 19), (16, 20), 4
(21, 22), (23, 24)}

3.2.2 Dynamic testing

This section describes the test setup, procedure, and data processing for the dynamic charac-
terisation of specimens using both the UTM and the excitation shaker.

UTM: Phase-shift and hysteresis method

The dynamic experiments are performed on the same UTM test setup as described in sec-
tion 3.2.1, but without the DIC system and the control mode changed to force control. A
clip-on displacement (COD) gauge (model 3541-005M-040M-LT-E399, specifications listed
in table B.1) was attached between the two platens to provide a compliance-corrected dis-
placement measurement independent of the machine frame. The COD gauge was attached
using two adapters on the upper and lower platen, as seen in fig. 15 and a Kyowa Dynamic
strain amplifier (model DPM-711B) is used to amplify the signal from the COD gauge.

Figure 15: Dynamic test setup with COD gauge attached to upper and lower platens via
adapters

In addition, a National Instruments NI-9215 is used as the DAQ to record the force and
displacement signals from both the COD gauge and the machine at a sampling frequency of
1700Hz. No filtering was applied to any of the signals.
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The grand means B, H ,W , and tw and their standard deviations are calculated per topology
and presented in table 5, along with the deviation ∆CAD from the nominal CAD dimensions
for T0–T4. Across all specimens T0–T5, the standard deviations of H , W , and tw are of
comparable magnitude, whereas B exhibits a substantially larger standard deviation.

4.2 Quasi-static compression testing

This section presents the quasi-static compression results of specimens T0–T4, analysing the
stress–strain and Poisson’s ratio–strain curves as well as the DIC data to characteriseYoung’s
modulus, energy absorption, Poisson’s ratio, and deformation modes, followed by a cross-
topology comparison.

4.2.1 Analysis of individual topologies

Throughout this section, strains and forces are reported as positive values, noting that they are
compressive negative in nature, as explained in section 2.3. The values reported for Young’s
modulus and Poisson’s ratio in this section are effective values, denoted as Eeff and νeff as
defined in section 2.3, with Poisson’s ratio reported at a strain of ε = 0.01. In all figures,
topologies T0–T4 are distinguished by the colour coding introduced in section 3.1.2, individ-
ual samples S1, S2, and S3 by line style (dashed, dash-dotted, and dotted, respectively), and
their means by a solid line. For the Poisson’s ratio–strain curves, the calculation method is
indicated by marker style: circles for C1, diamonds for C2, and squares for C3.

Topology T0

The stress–strain curves of each sample of T0, alongwith their mean, are presented in fig. 19a,
where stress increases with strain up to the initial peak stress (IPS) of σIPS = (3.09 ±
0.02)MPa, after which it decreases with increasing strain. Based on the stress–strain curves,
the Young’s modulus is calculated as Eeff,T0 = (633.97± 55.07)MPa and the absorbed en-
ergy is Eabs,T0 = (0.150± 0.001)MJm−3, as summarised in fig. 24.

The Poisson’s ratio–strain curves of each sample of T0, together with their means, are shown
in fig. 19b for each of the three calculation methods. At very low strain (ε ≈ 0.001), the Pois-
son’s ratio exhibits a peak, after which it declines with increasing strain across all specimens.
At ε = 0.01, method C1 yields an effective Poisson’s ratio of νeff,T0,C1 = 8.60± 0.53. This
pronounced positive value is not a material property, but a structural response caused by the
comparatively thin walls of T0, which undergo substantial deformation under load.

The Poisson’s ratio remains positive for all samples and all calculation methods at all strain
levels, confirming the conventional lateral expansion behaviour of the reference geometry.
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(a) Stress–strain curves of T0 (b) Poisson’s ratio–strain curves of T0

Figure 19: Stress–strain and Poisson’s ratio–strain curves of T0

This is further supported by the deformationmode shown in fig. C.1a, which presents the DIC
images of T0 at the selected strain levels, in which the sidewalls are seen to yield outwards
under compression.

Topology T1

The stress–strain curves of each sample of T1, alongwith their mean, are presented in fig. 20a.
Stress increases linearly with strain up to an IPS of σIPS = (15.24±0.04)MPa, after which it
decreases with increasing strain. By analysing the stress–strain curve in fig. 20a, the Young’s
modulus is calculated asEeff,T1 = (1483.61±4.74)MPa andEabs,T1 = (1.04±0.01)MJm−3,
as summarised in fig. 24.

At very low strain (ε ≈ 0.005), the Poisson’s ratio exhibits a valley-shaped minimum for C2
and C3, but not for C1, as shown in fig. 20b. Method C1 yields the largest absolute values,
with νeff,T1,C1 = −6.57 ± 0.09, followed by C2 with νeff,T1,C2 = −2.79 ± 0.07, and C3 with
νeff,T1,C3 = −1.08± 0.04, at ε = 0.01.

The deformation mode of T1 is shown in fig. C.1b, where a backslash-shaped (\) deformation
mode is observed consistently across all T1 specimens. This mode is characterised by a lateral
tilt of the specimen towards the left, highlighted by the von Mises strain distribution, with
the highest strains concentrated along the descending diagonal of the middle unit cells.
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(a) Stress–strain curves of T1 (b) Poisson’s ratio–strain curves of T1

Figure 20: Stress–strain and Poisson’s ratio–strain curves of T1

Topology T2

The stress–strain curves of each sample of T2, together with their mean, are shown in fig. 21a.
Stress increases linearly up to the IPS of σIPS = (60.24± 0.34)MPa, followed by a decrease
up to the end condition. Based on the stress–strain curve, theYoung’smodulus is calculated as
Eeff,T2 = (3234.56± 168.69)MPa and the energy absorbed up to the defined strain threshold
is calculated as Eabs,T2 = (3.87± 0.04)MJm−3, as summarised in fig. 24.

(a) Stress–strain curves of T2 (b) Poisson’s ratio–strain curves of T2

Figure 21: Stress–strain and Poisson’s ratio–strain curves of T2

The Poisson’s ratio–strain curves of each sample of T2, together with their means, are dis-
played in fig. 21b. Method C3 yields a positive Poisson’s ratio at low strains, which passes
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absolute value of the Poisson’s ratio decreases with increasing strain. Method C1 yields a
Poisson’s ratio of νeff,T4,C1 = −7.13 ± 0.14, method C2 yields νeff,T4,C2 = −3.23 ± 0.03 and
method C3 yields νeff,T4,C3 = −1.16± 0.07 at ε = 0.01.

Overall, T4 follows a backslash-shaped (\) deformation mode, as shown in fig. C.2a. Self-
contact of the sidewalls initiates at the middle diagonal at a strain of ε = 0.025 and propagates
outwards with increasing strain, as shown at ε = 0.05 and ε = 0.075 in fig. C.2a.

4.2.2 Comparative analysis

For a comparative analysis of the mechanical properties across topologies T0–T4, fig. 24
presents an overlay of the mean stress–strain curves together with bar charts of effective
Young’s modulus and energy absorption.

Figure 24: Stress–strain curve overlay, effective Young’s modulus, and energy absorption
across topologies T0–T4

The stress–strain overlay shows that T4 is the only topology to exhibit multi-peak behaviour.
In terms of effective Young’s modulus, T3 exhibits the highest stiffness, followed by T2, T4,
T1, and T0. Regarding energy absorption, T4 achieves the highest value, followed by T2,
T1, T3, and T0. It should be noted that T3 did not reach the defined strain threshold.

When comparing the overlaid Poisson’s ratio–strain curves of all topologies, as shown in
fig. 25, the absolute Poisson’s ratio is observed to decrease with increasing strain across all
topologies and calculation methods. For T1–T4, this indicates a diminishing auxetic effect,
whereas for T0, the Poisson’s ratio remains positive but converges towards zero, suggesting
reduced lateral expansion at higher strains. Additionally, the Poisson’s ratio is negative for
T1, T2, T3, and T4 across all calculation methods, except for T2 based on method C3 and
T3 based on method C3. Also, T0 is the only topology to exhibit a clear positive Poisson’s
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ratio across all methods. With respect to the auxetic test specimens, the auxetic effect at the
reported strain of ε = 0.01 is most pronounced for T4, followed by T1 and T2.

Figure 25: Cross-topology comparison of Poisson’s ratio–strain curves of T0–T4

To compare the deformation modes of the auxetic specimens, sample S2 of each topology is
shown side by side at the selected strain levels in fig. C.2b, with T3 excluded as no distinct
deformation mode could be identified. All three topologies T1, T2, and T4 exhibit a sideways
tilt of the specimen, with the effect being more pronounced for T2 and T4 than for T1.

4.3 Dynamic testing

This section first presents the results of the dynamic testing conducted on the UTM test setup,
evaluated using the phase-shift and the hysteresis method, followed by the results obtained
from the shaker test setup, evaluated using the half-power bandwidth method.

4.3.1 UTM: Phase-shift and hysteresis method

First, the phase-shift method is applied to the dynamic test data of T5 under measuring condi-
tions M1 andM2. The resulting phase shifts between the applied force and the displacements
dhead and dCOD are presented in fig. 26, where a positive phase shift is observed for both sig-
nals. As outlined in section 2.4.4, for small phase angles φ the loss factor approximates to
η ≈ φ, such that the phase shift is plotted directly as a measure of the loss factor, denoted
ηps, in fig. 26. The machine-head-based loss factor of ηps,head = 0.071 ± 0.010 is overesti-
mated relative to the expected range for steel structures discussed in section 2.4.4, whereas
the COD-based value of ηps,COD = 0.016± 0.010 is still considerably high but falls within a
more physically plausible range.
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Figure 26: Phase shift φ of T1 and T5

The loss factors obtained by the hysteresis curve method ηhc are shown in fig. 27 and exhibit
a similar trend, with the machine-head-based loss factor ηhc,head being higher than the COD-
based loss factor ηhc,COD.

Figure 27: Loss factor ηhc of T1 and T5

In particular, the overestimation of the machine-head-based loss factor is further corroborated
by the hysteresis curves of T5S1M2-1 shown in fig. C.4, plotting the force amplitude Famp

against the displacement amplitude damp around the setpoint, with the curves smoothed and a
representative subset of five cycles displayed for clarity. The area enclosed by the hysteresis
curve, corresponding to the energy dissipated per cycle, is visibly larger for the machine-
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Influencing factors on the Shaker test setup

While the shaker-based approach has proven suitable for loss factor determination, several
potential sources of error and influencing factors must be considered.

First, the boundary conditionsmay not have been identical across all specimens. As described
in section 3.2.2, a washer was bonded to the specimen surface using adhesive for T0 and T1,
to which the magnetic base of the accelerometer was then attached. For T5, by contrast, the
magnetic base was attached directly to the specimen. This difference in mounting may have
introduced differing boundary conditions that influenced the measured damping behaviour.
More generally, the use of adhesive bonding introduces additional uncertainty (ASTM E756-
05), as the thickness of the adhesive layer between the specimen and the washer may have
varied between specimens.

Second, the coupling rigidity between the accelerometer and the specimen is a critical fac-
tor in measurement of resonance frequencies, as the accelerometer should follow the motion
of the structure as closely as possible. According to DIN ISO 5348, cyanoacrylate adhe-
sive bonding, as employed in this study, is classified as a higher-quality coupling method,
whereas magnetic coupling is considered one of the least suitable for determining resonance
frequencies. Furthermore, the mass of the accelerometer should be small relative to that of
the specimen. (DIN ISO 5348) This condition is not satisfied here, as the combined mass of
the accelerometer and magnetic base is approximately 30 g (table B.3), which is large rela-
tive to the specimen masses listed in table A.7. In summary, the observed ranking – with T5
exhibiting a slightly higher loss factor than T0 and T1 via the half-power bandwidth method
– should therefore be interpreted with caution due to these potential sources of error and
influencing factors in the shaker test setup.

Possible influences on damping behaviour

The loss factors of the non-auxetic reference specimen T0 and the auxetic specimen T1 are
found to be very similar. One possible explanation is that, under the present excitation con-
ditions, the measured damping is governed primarily by the intrinsic material damping. The
excitation displacement amplitudes are in the order of nanometres, when considering the ac-
celeration amplitudes and excitation frequencies of T0 and T1 in fig. C.6. It could be assumed
that, at such small amplitudes, the macroscopic deformation of the re-entrant auxetic struc-
ture contributes little additional energy dissipation, and the auxetic specimen T1 therefore
exhibits a loss factor comparable to that of the non-auxetic reference specimen T0.

Another influencing factor could be the microstructure of the specimens. The microstruc-
ture of PBF-LB-fabricated specimens, such as T0 and T1, is generally characterised by fine
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improving the surface quality of machined parts. Additionally, Huang (2025) highlighted
the application of auxetic structures in automotive energy-absorbing boxes to improve crash-
worthiness and reduce occupant injury through enhanced energy absorption. With respect to
biomedical applications, Kolken, Lietaert, et al. (2020) indicated that auxetic structures could
be used in specific orthopaedic applications to improve implant-to-bone contact. Lastly, Ra-
madani et al. (2021) investigated the use of traditional lattice structures in the body of a spur
gear, resulting in reduced weight and vibration. Based on this, substituting traditional lattice
structures with auxetic structures in spur gears could further enhance vibration damping and
weight reduction, leading to improved performance.
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bandwidth method proved more suitable. However, not all topologies could be characterised
with the shaker-based test setup either, as the natural frequencies of T2–T4 exceeded the
resonance frequency of the baseplate due to their higher stiffness, preventing the specimen
resonance from being identified and limiting dynamic characterisation to T0, T1, and T5.
The three characterised topologies exhibited loss factors of the same order of magnitude,
with T5 yielding only a marginally higher value than T0 and T1. Whether the modified
topologies exhibit improvements in damping properties relative to the conventional re-entrant
honeycomb could not be conclusively determined, as only T1 among the auxetic topologies
was characterised under dynamic loading. An indicative conclusion can nonetheless be drawn
from the non-auxetic reference specimen T0 and T1. The findings suggest that, at least at the
nanometre-scale excitation amplitudes employed in this study, the damping properties are
governed by the microstructure of the base material rather than by the macrostructure of the
specimen. The shaker test results, and the conclusions drawn from them, should nonetheless
be interpreted with caution, as identical boundary conditions could not be maintained across
all specimens with the given setup. Future work should therefore modify the test setup and
specimen design to ensure identical boundary conditions across all specimens, enabling a
clearer conclusion on the influence of topology on damping.

Concluding remarks

Overall, this thesis demonstrated that topological modifications of the re-entrant auxetic hon-
eycomb can improve quasi-static performance. However, a definitive conclusion on the
influence of topology on damping could not be drawn with the given test setups. An in-
dicative conclusion suggests that damping is governed by the microstructure rather than the
macrostructure of the specimen. This implies that other types of modifications may prove
more effective in improving damping properties than topological design alone. A compre-
hensive comparison across all topologies remains open, and resolving the limitations of both
test setups is the central prerequisite for future work.
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Appendix B Equipment

Table B.1: Specifications of the COD
gauge based on (Epsilon Technology
Corp, 2026)

Parameter Value

Measuring range 4.0mm
Gauge length 5.0mm
Linearity ≤ 0.2% FS
Max. operating frequency ≤ 14Hz (est.)

Table B.2: Specifications of the load cell based
on (Interface, 2026)

Parameter Value

Measuring range 50 kN
Deflection at rated output 0.05mm
Linearity ±0.04% FS
Hysteresis ±0.04% FS
Non-repeatability ±0.01% RO

Table B.3: Specifications of the triaxial accelerometer based on (PCB Piezotronics, Inc.,
2026)

Parameter Value

Sensitivity 1.02mV/(m/s2) (±10%)
Measurement range ±4905m/s2 pk
Frequency range (y/z axis, ±5%) 2Hz to 10 000Hz
Frequency range (x axis, ±5%) 2Hz to 7000Hz
Resonant frequency ≥ 55 kHz
Linearity ≤ 1%
Weight 4 g (30 g with magnetic base)

Table B.4: Specifications of the vibration exciter based on (HBK, 2026)
Parameter Value

Force rating 45N sine peak
Frequency range 10Hz to 20 000Hz
First axial resonance frequency 20 kHz
Max. displacement (peak-to-peak) 8mm
Max. bare-table acceleration 736m/s2

Table B.5: Specifications and software parameters of the DIC system based on (Zeiss, 2026)
Parameter Value

Camera resolution 24 MP (5312 × 4448 px)
Number of cameras 2
Max. frame rate 100 fps at 24 MP
Measurement volume (l × w) 20mm× 18mm to 5000mm× 4500mm

Imaging rate 3Hz
Facet size 25 px
Point distance 16 px
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Appendix C Complementary figures
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(a) Deformation mechanism of T0
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(b) Deformation mechanism of T1
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(c) Deformation mechanism of T2
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(d) Deformation mechanism of T3

Figure C.1: DIC images of T0–T3 at selected engineering strain levels. Colour scale: εvM ∈
0% to 15%
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T4S1 T4S2 T4S3
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(a) Deformation mechanism of T4
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(b) Comparison of T1S1, T2S1, and T4S1

Figure C.2: T4 deformationmechanism and cross-topology S2 specimen comparison, Colour
scale: εvM ∈ 0% to 15%

(a) Force–displacement curves of T0–T4 (b) Force–displacement curves of T5

Figure C.3: Force–displacement curves for topologies T0–T5
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(a) Machine head (b) COD

Figure C.4: T5S1M2-1 hysteresis curves

(a) Machine head (b) COD

Figure C.5: T1S4M2-1 hysteresis curves

(a) T0S4 (b) T1S6 (c) T5S3

Figure C.6: Time-domain acceleration data for T0S4, T1S6, and T5S3
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