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A B S T R A C T

Plate-based lattices have emerged as promising candidates for lightweight structural and energy-absorbing ap
plications; however, the latter remain largely underexplored. This study investigates the quasi-static and dy
namic compressive behaviour of BCC and FCC plate lattices featuring a novel sinusoidal plate geometry. Lattices 
were additively manufactured in ABS and tested across strain rates from 0.001 to 43.5 s− 1. The sinusoidal ge
ometry promoted stable deformation by suppressing localised failure in both plate lattices, albeit with reduced 
stiffness and strength. Compared to BCC, sinusoidal FCC lattices exhibited pronounced strain-rate strengthening, 
likely owing to the increased strain-rate sensitivity of bulk ABS under shear loading. A Cowper–Symonds plas
ticity model provided robust dynamic strength predictions across strain rates. These findings underscore the 
potential of sinusoidal plate lattices for tailored energy absorption and deformation control in additively man
ufactured structures.

1. Introduction

Architected cellular materials are increasingly employed in light
weight structures where high specific stiffness and efficient energy ab
sorption are critical, such as aerospace panels [1], biomedical implants 
[2], and impact-protection systems [3]. Their appeal stems from the 
ability to tailor performance through geometric design combined with 
additive manufacturing (AM) capabilities, extending beyond material 
composition alone [4]. Among various lattice architectures, plate-based 
lattices, recently proposed by Berger et al. [5], have gained interest due 
to their high stiffness and strength, approaching theoretical upper 
bounds for isotropic materials (i.e., the Hashin–Shtrikman and Suquet 
bound [5,6]). However, despite their superior theoretical mechanical 
performance, the closed-cell configurations of plate lattices are suscep
tible to powder entrapment during powder-based AM processes [7]. 
Material extrusion (MEX) addresses this issue through layer-by-layer 
deposition whilst offering low production costs [8,9].

The thin-walled plate members comprising plate lattices are sus
ceptible to panel buckling prior to yielding. This has driven research into 
geometric modifications aimed at delaying or stabilising buckling while 
preserving their lightweight benefits. Reported strategies include hybrid 
lattices [10–12], plate perforations [13,14], and computationally opti
mised designs [15]. Sinusoidal corrugation has been extensively 

adopted in 2D sandwich panels [16,17] and thin-walled tubes [18], and 
recently has been applied to 3D lattice structures for enhanced buckling 
resistance in truss-based lattices [19], grids [20] and plate-based lattices 
[21,22]. Derveni et al. [22] observed that sinusoidal perturbations can 
stabilise and strengthen low-density plate lattices but may lead to pre
mature plastic collapse at higher relative densities, where bifurcation 
occurs near yield. Similarly, Ding et al. [21] reported that mild corru
gations improve post-buckling performance and energy absorption at 
low relative density (<4.7 %). Nevertheless, it remains unclear whether 
such sinusoidal modifications remain beneficial for buckling stability in 
denser lattices under dynamic loading conditions.

The dynamic behaviour of lattice structures at intermediate strain 
rates remains insufficiently characterised [23], with dynamic loading 
introducing stress gradients, strain rate-dependent material behaviour, 
and localised deformation that can alter failure mechanisms [24,25]. 
Most dynamic studies on plate-based lattices have focused on metallic 
system [24,26–28], where Tancogne et al. [28] demonstrated that 
constituent material strain rate sensitivity drives lattice’s performance. 
However, as metals and polymers differ in their elastic–plastic transi
tions and energy dissipation mechanisms, these findings are less directly 
applicable to polymer-based lattices. Existing research by Andrew et al. 
[29,30] has addressed polymer plate-based lattice behaviour through 
drop-weight impact evaluations, examining the effects of impact energy, 

* Corresponding author.
E-mail address: a.panesar@imperial.ac.uk (A. Panesar). 

Contents lists available at ScienceDirect

Materials & Design

journal homepage: www.elsevier.com/locate/matdes

https://doi.org/10.1016/j.matdes.2025.114976
Received 21 July 2025; Received in revised form 13 October 2025; Accepted 18 October 2025  

Materials & Design 260 (2025) 114976 

Available online 22 October 2025 
0264-1275/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

https://orcid.org/0009-0005-9817-8732
https://orcid.org/0009-0005-9817-8732
mailto:a.panesar@imperial.ac.uk
www.sciencedirect.com/science/journal/02641275
https://www.elsevier.com/locate/matdes
https://doi.org/10.1016/j.matdes.2025.114976
https://doi.org/10.1016/j.matdes.2025.114976
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


carbon nanotube reinforcement, and cell topology. Nevertheless, the 
effects of geometric modifications and strain rate remain unstudied. This 
lack of data restricts the utilisation of polymer lattices for controlled 
deformation and impact energy absorption.

This study investigates how sinusoidal geometries alter the 
compressive response and failure mechanisms of plate lattices under 
both quasi-static and dynamic loading. Through experimental cam
paigns and theoretical analysis, modified Body-centred cubic (BCC) and 
face-centred cubic (FCC) plate lattices are compared against their con
ventional flat-plate counterparts. This comparison elucidates the com
plex interplay between failure mode, geometric modification, and 
strain-rate sensitivity. The findings advance the understanding of how 
tailored geometric features govern dynamic failure, offering new in
sights to design principles for crashworthiness of AM cellular structures.

2. Methodology

2.1. Design of flat and sinusoidal plate lattices

To investigate the effect of sinusoidal features, both flat (i.e., con
ventional) plate lattices and modified sinusoidal versions were created. 
BCC and FCC variants were selected due to their prevalence in prior 
research and their comparable truss-based counterparts, where struts 
and plates are arranged in the same cubic crystal structures [6,26]. 
Additionally, both topologies are self-supporting, making them well- 
suited to the MEX-AM process.

The arrangement of plates within the BCC and FCC cells follows the 
design principles established by Tancogne-Dejean et al. [6], in which 
crystallographic planes are used to define plate orientations. Miller 
index notation was employed to describe the plate families (Fig. 1) [31], 
where an index of zero indicates that the plane is parallel to the corre
sponding axis. The z-axis was designated as the build direction to align 
with the layer-wise fabrication process. In this convention, the BCC cell 
consists of six rectangular plates aligned with the {110} family of planes 
(i.e. {011}, {101}, {110}), while the FCC cell consists of four hexagonal 
plates corresponding to the {111} family, each inclined at an angle of ϕ 
= 55◦ and rotated by θ = 45◦, 135◦, 225◦, and 315◦ to form a symmetric 
enclosure within the cube’s bounding volume. These FCC plates are 
connected at the corners by eight triangular elements.

A parametric framework was developed using Python and Open
SCAD. Flat plates were first defined as surface matrices in Python, then 
imported into OpenSCAD where they were oriented, combined to form a 
unit cell, and tessellated along the x-, y-, and z-axes into 3 × 3 × 3 
lattices for mechanical testing, a size commonly used in prior studies as a 
practical balance between representativeness and experimental feasi
bility [29,32,33]. In the sinusoidal lattices, each flat plate was modified 
into a bi-directional sinusoidal surface, defined as: 

d = Asin
(

2πfx
x
L

)
sin

(
2πfy

y
L

)
(1) 

where x and y denotes spatial coordinates and L is the plate length. The 
amplitude A and frequency f(with fx = fy = f , unless stated otherwise) 
are tuneable descriptors. A preliminary study (Appendix B) confirmed 
that f influences yield strength and plateau stress fluctuations. However, 
as the aim was to isolate the effect of sinusoidal shaping, both param
eters are fixed in this study. The adopted values (A = 1.125 mm, f = 1, 
L = 7.5 mm) reflect MEX feature-size limits and unit-cell dimensions, 
ensuring that deformation mechanisms were clearly observable during 
experiments. Fig. 2 shows the resulting flat and sinusoidal BCC and FCC 
configurations.

2.2. Fabrication and materials

The fabrication process was carried out using MEX technique on an 
Ultimaker S5 printer [34], employing Acrylonitrile Butadiene Styrene 
(ABS) filament. A layer height of 0.15 mm, solid infill setting, and build 
direction (z-axis in Fig. 2) were fixed, whilst the standard ABS temper
ature profile for the Ultimaker was used. A quality assessment was 
performed using dimensional measurements, weight analysis, and op
tical microscopy to ensure consistency in fabrication.

To investigate the effect of relative density (i.e. ratio of the density of 
the lattice to its constituent) on mechanical properties, three relative 
densities (ρ) were considered: 0.35, 0.5, and 0.65. The relative density 
was varied by adjusting the plate thickness, while maintaining a con
stant unit cell edge length of 7.5 mm. Both flat and sinusoidal plate unit 
cells were tessellated into a 3 × 3 × 3 lattice structure. The is fixed It 
should be noted that slight differences in plate thickness may be 
observed between configurations, as maintaining consistent ρ was pri
oritised across all samples.

A test matrix was designed to systematically capture the influence of 
key design parameters, including ρ, cell type, sinusoidal features, and 
loading condition. Each configuration was tested with at least four re
peats under both quasi-static and dynamic loading. The test cases 
included two lattice types (FCC and BCC) and two plate configurations 
(flat and sinusoidal). The breakdown of these test configurations is 
summarised in Table 1.

3. Experimental procedure

3.1. Quasi-static testing

Quasi-static compression tests were conducted using a 50 kN Instron 
universal testing machine at a nominal strain rate of 0.001 s− 1. A preload 
of 50 N (~1% of the expected yield stress [35]) was applied to ensure 
uniform contact between the specimen and the compression platens. 
Digital Image Correlation (DIC), providing an independent validation of 
global strain and enabling local strain field visualisation throughout 
loading.

The stress–strain response was computed from the obtained force

Fig. 1. Miller’s index [31] of the plates forming the plate-based lattice structures.
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–displacement (F − δ) data using the nominal cross-sectional area and 
initial height of each specimen, along with standard deviation (SD) 
bands reported across repeats. The elastic modulus (E) was determined 
from the linear portion of the stress–strain curve within the strain range 
of 0.05–0.2. The yield stress (σy,qs) was evaluated using the 0.2 % offset 
method following standard procedure [36].

To enable meaningful comparison between lattice configurations of 
varying relative density (ρ), both stiffness and yield strength were nor
malised by the corresponding values of the base material. These bulk 
material properties were obtained from compression testing of fully 
dense reference samples fabricated under identical process conditions 
(E0 = 1.22 GPa and σy,0 = 56 MPa, validated with previous study [37]).

Unless stated otherwise (e.g. for comparison with previous studies), 
all energy absorption (Ea) was computed by integrating the F − δ curve 
up to their own densification onset strain (εD0). The densification strain 
was defined using the energy efficiency function, κ(ε), as follows: 

κ(ε) = 1
σ(ε)

∫ ε

0
F(ε)dε (2) 

The εD0 corresponds to the strain at which the slope of κ(ε) approaches 
zero, signifying the transition from progressive deformation to 
compaction-dominated collapse. This method provides a robust and 
objective criterion for identifying the onset of densification. For 
comparative analysis across different relative densities (ρ), the nor
malised energy absorption (Êa) was computed as :

Êa =

∫ εD0
0 F(ε)du

ρ =
Ea

ρ (3) 

The analytical estimation of buckling strength for isolated flat plates 
under prescribed boundary conditions was used to guide experimental 
interpretation. These derivations were based on the theory of elastic 
stability [38,39] and plate crushing mechanics [40,41], and were sub
sequently compared against experimentally observed failure behaviour.

3.2. Dynamic testing

Dynamic tests were performed using an Instron CEAST 9350 drop- 
weight impact machine with a 90 kN load cell and a 100 mm flat 

impactor. Impact energies were varied by adjusting the drop height and 
weight. A Phantom high-speed camera (10,000 fps) captured ~ 100 
frames per test to observe failure progression.

To ensure impact velocities remained within the intermediate strain 
rate regime and below the onset of wave-dominated effects, a critical 
velocity threshold was estimated based on the elastic wave speed of ABS 
( 49.7m/s, Appendix A). Through preliminary trails and errors, impact 
energies of 15 J and 60 J were selected (Table 2), the corresponding 
average strain rates.

were 22.2 and 43.5 s− 1, respectively, both within the targeted in
termediate strain rate regime (1–100 s− 1). V.

The contact force (F) and time (t) data were analysed in accordance 
with ASTM D7136 [42], from which impactor displacement δ(t) and 
energy absorption Ea(t) profiles were extracted. The specific energy 
absorption (SEA) of the lattice was determined as the remaining 
absorbed energy after the impact event per lattice’s mass (Eq. (4)).

Depending on the loading condition, the free-fall impactor either 
bounced back, transferring residual kinetic energy away from the lattice, 
or remained in contact, inducing further deformation. Additionally, the 
εD0 was determined using the same approach as in quasi-static 
compression or, alternatively, identified as the strain at which the 
contact force reached zero, indicating full energy dissipation.

To assess strain rate effects, the Dynamic Increase Factor (DIF) was 
computed using Eq. (5) as the ratio of dynamic yield stress to quasi- 
static. 

SEAd =
Ea

m
(4) 

DIF =
σy,d

σy,qs
(5) 

4. Results

4.1. Quasi-static compressive curves

4.1.1. Baseline flat plate lattice
As shown in Fig. 3a and b, the quasi-static compression behaviour of 

flat plate lattices follows a typical three-stage response for cellular ma
terials: linear elasticity, a stress plateau, and densification [43]. 

Fig. 2. Dimensions and visualisations of flat and sinusoidal plate lattice structures.

Table 1 
Testing matrix.

Cell Type Feature Loading Condition Relative Densities (ρ)

BCC/FCC Flat/Sinusoidal Quasi-static 0.35/0.5/0.65
Dynamic 0.35

Table 2 
Drop weight impact testing parameters.

Impact energy 
[J]

Drop height 
[mm]

Drop weight 
[kg]

Impact velocity [m/ 
s]

15 58.57 26.1 1.07
60 234.3 26.1 2.14
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Effective stiffness and strength both demonstrated a clear power-law 
relationship with ρ

(
R2 > 0.92

)
, with all fitted coefficients detailed in 

Appendix A [44].
The variation between repeated tests, represented by the standard 

deviation (SD) shaded regions, increased as the ρ decreased. This effect 
also reflected differences in failure mode, with the SD for BCC lattices 
(Fig. 3a) being wider than that for FCC lattices (Fig. 3b) at ρ ≥ 0.5. 
Although the BCC and FCC topologies exhibited comparable stiffness 

Fig. 3. Normalised stress–strain curves for a) BCC flat plate and b) FCC flat plate at ρ = 0.35,0.5,0.65. Regions A, B and C correspond to the linear-elastic, plateau 
and densification stages, respectively, in the ρ = 0.35 sample.

Fig. 4. Normalised stress–strain curves for a) BCC and b) FCC lattices comparing flat and sinusoidal feature (all at fixed ρ = 0.35), and c) corresponding energy 
absorption for each configuration.
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and plateau stress at low relative densities, their performance diverged 
as ρ increased. At the highest ρ tested, the BCC configuration showed 
notably greater stiffness and strength.

4.1.2. Sinusoidal plate lattice
Fig. 4 compares the stress–strain responses of sinusoidal and flat 

plate lattices at ρ = 0.35. Qualitatively, the flat lattices exhibit more 
pronounced stress fluctuations in the plateau region, whereas the sinu
soidal lattices show a smoother stress profile with less variation across 
the strain range, particularly for the FCC topology. The key mechanical 
properties derived from these curves are summarised in Table 3. The 
data shows that in both BCC and FCC configurations, the sinusoidal 
structures exhibit lower stiffness and strength than their flat counter
parts, with the reduction being more pronounced in BCC lattices.

The introduction of the sinusoidal geometry also delayed the onset of 
densification (εD0) compared to the flat counterparts, with the FCC si
nusoidal lattice showing the greatest delay (ΔεD0 = 0.07). Corre
sponding energy absorption values ranged from 43.22 J to 53.71 J, with 
FCC sinusoidal lattices exhibiting the highest energy absorption. These 
performance differences remain despite the reported error margins 
(< 5%), reflecting the influence of sinusoidal geometry on the defor
mation response.

4.1.3. Dynamic response of flat and sinusoidal plate lattices
Initial peak force and deformation behaviour varied with lattice 

configuration. A significant reduction in peak force was observed for the 
sinusoidal BCC lattices compared to their flat counterparts (Fig. 5a), 
whereas the FCC lattices showed only a slight reduction (Fig. 5b).

Following this primary peak, the force–displacement curves of the 
flat configurations were characterised by a sharp drop, while the sinu
soidal lattices exhibited a more gradual decline in load-bearing capacity. 
Despite these differences in the force–displacement response, the total 
energy absorption was comparable across all configurations, with each 
dissipating over 95 % of the initial impact energy.

5. Discussion

5.1. Performance and failure of baseline (flat) lattices

5.1.1. Effect of cell topology and relative density
Subjected to quasi-static loading, the FCC lattice exhibits a distinct 

stress plateau typical of cellular solids [43], whereas the BCC lattice 
shows a more gradual stress increase with strain (Fig. 3a and b). At the 
lowest tested relative density (ρ = 0.35), stress–strain curves present 
fluctuations within the plateau regions, resulting from local instabilities 
such as thin-plate buckling in both topologies. Increasing ρ and corre
sponding plate thickness leads to a smoother plateau behaviour. The 
BCC lattices exhibit a slightly larger stress drop from yield to plateau 
compared with the FCC, qualitatively consistent with the behaviour of 
BCCP lattices reported in [12].

Theoretical upper bounds, specifically the Hashin-Shtrikman (HS) 
[45] and Suquet [46] models, served as a reference for the stiffness and 
yield strength of isotropic cellular solids (Fig. 6a and 6b, respectively). 
Plate lattices approached these bounds and outperform other lattice 
types, including surface-based [5,11] and truss-based structures 
[43,47]. This experimental observation aligns with recent numerical 
studies [5,8]. To further confirm that the scaling behaviour is 

predominantly governed by geometry rather than the constituent ma
terial, Onyx BCC results were cross-validated against other materials, 
showing < 4 % difference in the fitted exponents.

BCC lattices exhibited superior relative stiffness and yield strength 
compared to FCC, attributed to two key factors. Firstly, the vertically 
aligned {110} plates in the BCC structure provide efficient axial load 
transfer, thereby increasing stiffness and strength [48]. Secondly, BCC 
lattices exhibit higher geometric fidelity via MEX, due to their alignment 
with the build direction. Conversely, the angled plates in FCC lattices are 
more susceptible to fabrication inaccuracies, which likely accounting for 
discrepancies between experimental results and numerical predictions 
for FCC [8].

Regarding failure mechanisms, it should be noted that whilst BCC 
lattices benefit from axial load transfer through vertically aligned plates, 
the complete BCC geometry also contains oblique {110} plates and 
edge-sharing arrangements that introduce bending and shear as strain 
increases, giving rise to scaling exponents slightly above unity and 
indicating a mixed response. By contrast, FCC lattices comprise oblique 
hexagonal plates whose plate connectivity constrains out-of-plane 
bending and promotes in-plane membrane stresses along shared edges, 
consistent with prior findings [8]. This results in an effective stretching- 
dominated response, with exponents close to unity.

Energy absorption (Ea) follows a power-law relationship with ρ. As 
shown in Fig. 6c, plate lattices absorb more energy than previously re
ported Schwarz-P (SP) architectures at the same ρ and εD0 [42]. Under 
quasi-static loading, the Ea varies only slightly across topologies. Note 
that several factors contribute to this accumulated energy, including 
plateau stress, densification behaviour and the strain at densification 
onset, all of which depend on the governing failure mechanism and may 
vary with material choice. A detailed examination of these failure 
mechanisms and their associated mechanical properties is thus 
warranted.

5.1.2. Analytical prediction
Buckling and collapse of component plates govern the failure 

mechanisms in both BCC and FCC lattices. In BCC specimens, the initial 
instability appears at the centre of the vertical {110} plates (Fig. 9), 
aligning with the lowest-order buckling prediction based on classical 
plate theory (CPT) [38]. Building on CPT and Derveni et al.’s framework 
[22], the critical elastic buckling stresses of a component plate are 
expressed in Eqs. (6) and (7). The term 1/cos2ϕ accounts for the 55◦

inclination angle of FCC plates, and the geometry factors CBCC = 3.70 
and CFCC = 4.44 relate the plate slenderness ratio to relative density. 

σBCC
cr = xk

π2E
12(1 − ν2)

(
ρ

CBCC

)2

(6) 

σFCC
cr = xk

π2E
12(1 − ν2)

(
ρ

CFCC

)2

×
1

cos2ϕ
(7) 

ρcrit = C
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
12(1 − ν2)

xkπ2

√

×

̅̅̅̅̅
σY

E

√

= C
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
12(1 − ν2)

xkπ2

√

× M (8) 

Considering plastic deformation by setting σcrit = σY in Eqs. (6) and (7), 
the critical density ρcrit is defined by Eq. (8). This value scales linearly 
with the material index, M. Replacing a high-strength metal (M = 0.07) 
by ABS (M = 0.21), triples the critical densities, predicting ρcrit values of 

Table 3 
Averaged mechanical properties of quasi-static compression test.

Lattices Stiffness [MPa] Strength [MPa] Onset strain εD0 Energy absorption [J]

BCC sinusoidal 191.87 ± 5.0 % 3.93 ± 1.5 % 0.52 ± 2.4 % 43.22 ± 4.0 %
BCC flat 270.31 ± 2.1 % 5.59 ± 3.3 % 0.49 ± 2.2 % 46.28 ± 3.4 %
FCC sinusoidal 218.86 ± 3.3 % 4.32 ± 4.1 % 0.58 ± 3.7 % 53.71 ± 2.8 %
FCC flat 265.99 ± 1.9 % 5.24 ± 2.6 % 0.51 ± 3.6 % 50.15 ± 2.1 %
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0.34 for BCC and 0.24 for FCC. Above these thresholds, the failure 
mechanism transitions from elastic buckling to plastic yielding or 
localised fracture.

Consistent with these predictions, the BCC lattice at ρ = 0.35 

(slightly above its ρcrit of 0.34) shows a continuous stress rise without a 
stiffness drop in elastic region (i.e., region A in Fig. 3a). Conversely, the 
FCC lattice, tested above its critical density enters plastic collapse at 
lower strain, exhibiting a shorter elastic regime and flatter plateau 

Fig. 5. Force–displacement curves from a 60 J impact at flat and sinusoidal plate lattice: a) BCC and b) FCC lattices (For 15 J results, see Figure B1).

Fig. 6. Relative mechanical properties in comparison to literatures and theoritical bounds a) relative modulus b) yield stress and c) cumulative absorbed energy.

Fig. 7. Relative critical buckling stress a) BCC and b) FCC with variations in k and x.
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(Fig. 3b). These behaviours confirm the transition from buckling- 
dominated to yield-dominated response forρ > ρcrit.

When plates are assembled into a full lattice structure, shared edges 
and multiple intersecting nodes enhance boundary stiffness, increasing 
the buckling coefficient k up to ~ 8 [22,49]. A higher k lowers the 
predicted ρcrit relative to isolated plates (Eqs. (6) to (8)). Conversely, 
manufacturing defects typically reduce the knock-down factor x < 1, 
thus increasing ρcrit [50]; however, this detrimental effect usually re
mains smaller than the stiffening effect from shared edges. Conse
quently, the isolated-plate model provides a conservative lower bound. 
Fig. 7 illustrates the combined impact of variations in k and x for each 
lattice topology.

Corrugated plate enhances plate compliance, thereby reducing 
overall load carrying capability. According to [51], this effect can be 
quantified by multiplying σcrit by a chord-to-arc length ratio, which is 
less than one for curved plates and unity for flat plates. This adjustment 
effectively captures the reduced buckling strength in sinusoidal plates 
due to increased compliance and potentially capture the threshold for 
the sinusoidal plate lattices.

However, the simplified plate model assumptions inadequately 
represent localised failure mechanisms, including inter-layer delami
nation, vertical cracking, or rotation at junctions. These defects can 
interrupt the post-buckling load transfer and precipitate premature 
collapse. Accurate predictions of σcrit thus require more detailed 
modelling and comprehensive experimental validation that account for 
both global deformation and local damage evolution.

5.1.3. Effect of strain rate
The dynamic yield stress 

(
σy,d

)
of all specimens increased with 

applied strain rate (ε̇), as reflected by the increasing values of the dy
namic increase factor (DIF), defined as the ratio of σy,d to σy,qs (Table 4). 
Among flat-plate configurations, BCC and FCC exhibited differing DIF 
increases, owing to their distinct deformation mechanisms. BCC cells 
deform mainly via axial compression of vertical {110} plates, directly 
translating the polymer’s strain-rate sensitivity into higher structural 
strength. In contrast, FCC cells deform primarily through bending and 
shear of inclined {111} plates [8,52], dampening this effect. Similar 
trends are observed in other lattice architectures, with truss-based BCC 
structures exhibiting higher DIF values [53] than surface-based gyroids 
[54]. Despite the increased severity, failure modes resemble those 
observed quasi-statically; therefore, scaling relationships (Appendix C) 
are expected to persist with higher scaling coefficients whilst exponent 
values should remain consistent [25,55,56].

The introduction of sinusoidal features altered the deformation 
behaviour distinctly in each topology. In BCC lattices transitioned from 
axial compression to a more compliant bending-dominated deformation 
mode thereby reducing the stiffness and flattening the σy,d − ε̇ curves. As 
a result, sinusoidal BCC lattices yielded the lowest DIF values across all 
configurations. Conversely, the sinusoidal FCC lattices showed 
enhanced σy,d, surpassing their flat counterparts at ε̇ > 40s− 1 (Fig. 8). 
This can be attributed to the suppression of local plate failure, which 
promoted a more uniform stress distribution under shear-dominated 
global deformation. Given that bulk ABS shows increased ε̇ sensitivity 
under shear [57], this uniform more likely facilitated greater 

engagement of shear-driven ε̇ effects, thereby elevating σy,d.
The Cowper–Symonds model (Eq. (9) [58]) fitted the experimental 

data effectively, yielding R2 > 0.94 values across all configurations. 
Predicted σy,d at a ε̇ = 34 s− 1 closely matched the experimental results 
for the 45 J impact case (excluded from the fitting), with differences 
within 5 %. The contribution of inertial effects (represented by the third 
term in Eq. (9)) was considered negligible due to low impact velocity (v) 
involved in the intermediate ε̇ regime tested. 

σy,d = σy,qs + σy,qs

(ε̇
a

)1
b
+

ρ0v2

εd
(9) 

The quasi-static strength (σy,qs) is known to be governed by the dominant 
failure mode through power-law coefficients. In the dynamic regime, 
σy,d builds upon this σy,qs baseline, incorporating an additional depen
dence on ε̇ through parameters a and b in Eq. (9). Although all specimens 
were fabricated from the same ABS material, the fitted values of a and b 
varied across lattice configurations (Appendix C). This indicates that the 
dominant failure mode not only sets the quasi-static baseline but also 
dictates the dynamic performance of the structure. For comparison, the 
Johnson-Cook formulation [59] was fitted using the same dataset and 
assumptions, though the prediction error at a ε̇ = 34 s− 1 was higher 
(~9%). The corresponding fitted coefficients are provided in Table C2.

The observed topology- and ε̇-dependent behaviour directly informs 
design implications: flat BCC lattices excel in low strain-rate applica
tions; sinusoidal FCC lattices provide superior performance in high ε̇ 
condition; and sinusoidal BCC provides the most rate-agnostic response 
across the tested strain rates.

6. Influence of sinusoidal geometry

6.1. Failure mechanisms: Quasi-static regime

Under quasi-static compression, the flat BCC lattice (ρ = 0.35) 
exhibited folding of vertical {110} plates. This folding created plastic 
hinges at mid-span, which acted as rotational failure points and led to 
splitting between printed layers (Fig. 9). Delamination was also evident 
between the upper and middle lattice unit cell layers, likely due to 
insufficient interlayer bonding. These localised failure mechanisms 
induced pronounced strain concentrations, as evident in the DIC strain 
fields (εxx and εzz, Fig. 10), particularly in the upper half of the specimen.

Conversely, the sinusoidal BCC lattice exhibited a more distributed 

Table 4 
Yield strength and DIF values for flat and sinusoidal plate lattices under varying 
strain rates.

Configuration UC 
type

ε̇ =

0.001
ε̇ = 22.2 ε̇ = 43.5 DIF15J DIF60J

σy,qs σy,d 15J σy,d 60J

Flat BCC 5.59 11.28 13.45 2.02 2.41
FCC 5.24 9.20 10.67 1.76 2.04

Sinusoidal BCC 3.93 6.21 6.63 1.58 1.69
FCC 4.32 7.77 11.02 1.80 2.55

Fig. 8. Normalised yield stress (σy,d
σy,qs

) over strain rate range compared to bulk 
ABS [37].
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deformation mode under compression. The εzz map revealed diagonal 
strain bands within individual unit cells (Fig. 10), and Fig. 9 showed 
subtle outward bulging at ε = 0.1 without the sharp folding seen in the 

flat BCC. While some interlayer delamination was still present, it was 
more diffuse and not confined to a single crack plane. These observa
tions suggest that the sinusoidal geometry promoted out-of-plane 

Fig. 9. Quasi-static compressive failure modes of BCC plate lattices with flat and sinusoidal geometries.

Fig. 10. Stain map from DIC results for each configuration at..ε ≈ 10%
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bending of the vertical plate. As these bending modes occurred repeat
edly throughout the structure, they facilitated a more distributed plastic 
response. This shift is quantitatively supported by the increased power- 
law exponents for stiffness and strength scaling (Appendix C), which 
indicate a greater contribution from bending-dominated behaviour, 
consistent with delayed buckling reported for corrugated SC plate lat
tices [21].

Both flat and sinusoidal FCC lattices deformed through shear- 
dominated mechanism, as evidenced by global shear bands in the DIC 
strain maps (Fig. 10) and angular reorientation of plates (Fig. 11) [8]. 
While both exhibited minor qualitatively differences, their global 
deformation profiles diverged (Fig. 11). The flat FCC lattice developed a 
barrel-shaped profile with lateral expansion at mid-height, likely due to 
outward plate bending combined with frictional constraint at the pla
ten–specimen interface, resulting in a mix of horizontal and vertical 
cracks. Conversely, the sinusoidal FCC lattice retained a more columnar 
form, with deformation confined along the loading direction and mini
mal visible cracking. Therefore, the sinusoidal plates likely inhibited 
lateral expansion, facilitating a more uniform axial load path. This 
behaviour corresponded with reduced stress fluctuations (Fig. 4), 
delayed onset of densification (Table 3), and slightly lower power-law 
exponents for stiffness and strength (Appendix C).

6.2. Failure mechanisms: dynamic regime

Failure modes under dynamic loading were broadly similar to those 
observed under quasi-static conditions (Fig. 12), but with increased 
brittleness. This is evidenced by sharper post-peak force drops in the 
dynamic curves (Fig. 5), consistent with trends reported in truss-based 
lattices [60]. The behaviour is likely associated with the viscoelastic 
nature of thermoplastic polymers such as ABS, where reduced chain 
mobility at elevated strain rates limits time-dependent plastic defor
mation and promotes a transition from ductile to brittle failure [61]. 
Additionally, greater force oscillations observed under dynamic loading 
may result from elastic wave propagation [62].

The flat and sinusoidal BCC lattices exhibited distinct failure modes 
under dynamic loading, which influenced their respective force
–displacement responses. The flat variant reached a higher peak force 
but suffered a more pronounced subsequent drop, with failure initiating 

by buckling in the top unit-cell layer (Fig. 5a and 12c and d). In contrast, 
the sinusoidal variant failed from both ends, showing a lower average 
force and greater deformation. This reflects a trade-off between peak 
force and maximum displacement, as both configurations ultimately 
absorbed a comparable amount of energy.

While both FCC variants recorded similar peak forces (Fig. 5b), their 
post-yield failure modes diverged significantly (Fig. 12a and b). The flat 
FCC structure underwent abrupt failure through shear-localised collapse 
and fragmentation. Conversely, the sinusoidal FCC variant maintained 
structural integrity, deforming into a trapezoidal shape reminiscent of 
functionally graded systems [47], and dissipated impact energy through 
more distributed deformation.

Table 5 summarises the effects of introducing sinusoidal geometry 
into BCC and FCC plate lattices across different strain-rate regimes. 
Overall, the response reflects a structural trade-off: while the added 
geometric compliance reduces stiffness and strength, it enhances 
deformation stability and onset of densification. The effectiveness of this 
modification is governed by the dominant failure mechanism of the 
parent topology (i.e. bending- or stretching-dominated) and the applied 
strain rate. Sinusoidal BCC lattices exhibited more distributed failure 
and reduced strain-rate sensitivity, whereas sinusoidal FCC lattices 
benefited more under dynamic loading, showing suppressed fracture 
and enhanced strain rate sensitivity. Therefore, the performance of the 
sinusoidal modification depends jointly on structural failure mode and 
strain rate, offering a tuneable design strategy for specific application 
requirements.

7. Conclusions

This study systematically investigates the quasi-static and dynamic 
compressive response of plate lattices with varying relative density, unit 
cell type, and strain rate. Both conventional flat and novel sinusoidal 
plate geometries were examined in FCC and BCC configurations. The 
findings elucidate how geometric modification influences failure 
mechanisms and energy absorption in architected materials.

Flat BCC lattices showed a mixed bending and shear failure, with 
plastic hinges forming at the mid-span of the vertical {110} plates. 
Meanwhile, flat FCC lattices exhibited stretching-dominated failure with 
localised shear. These mechanisms aligned with the derived power-law 

Fig. 11. Quasi-static compressive failure modes of FCC plate lattices with flat and sinusoidal geometries.
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exponents. Introducing sinusoidal feature altered the failure mode, 
promoting distributed plastic deformation and suppressing localised 
failure, which resulted in smoother stress plateaus without reducing 
overall energy absorption.

The Cowper–Symonds model reliably predicted dynamic yield 
strength beyond the fitted strain-rate range. Classical plate theory was 
able to describe the buckling of flat plates but requires extension to 
capture sinusoidal geometries. Sinusoidal FCC lattices showed higher 
strain-rate sensitivity and strength gains compared to their flat 

counterparts, while this effect was less pronounced in BCC lattices.
Overall, this study demonstrates that the failure behaviour and me

chanical performance of plate-based lattices can be tailored for intended 
strain rate regimes through geometric modification, providing a 
pathway for the development of impact-resistant architected materials. 
Future work should employ a greater number of tessellations to obtain 
more accurate homogenised properties, broaden the strain-rate range, 
and systematically examine the influence of printing parameters (e.g., 
build direction), constituent materials, and non-axial loading conditions 

Fig. 12. Failure mechanisms under impact 60 J (yellow: localised failure; blue: layered/global failure). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

Table 5 
Summary of effects of sinusoidal modification on each cell types.

Parameter Loading Regime BCC Lattice (Sinusoidal) FCC Lattice (Sinusoidal)

Baseline limitation – Prone to localised buckling due to vertical plate alignment Susceptible to shear localisation under dynamic loading
Stiffness & strength Q Marked reduction Moderate reduction

Increased n1, n5 values Reduced n1, n5 values
D Marked reduction Comparable

Energy absorption Q Slightly decreased/comparable Slight improvement/comparable
D Comparable Comparable

Failure response Q Axial load redistribution; progressive collapse with less localisation Delayed shear band formation; deformation more distributed
D Reduced peak force; more gradual collapse initiation Extended plateau; less fluctuation; suppressed fractures

Strain rate sensitivity – Modest yield strength increases with strain rate Noticeable yield strength increases with strain rate
Preferred application – Quasi-static deformation control High-rate impact mitigation and energy absorption
​

Q: Quasi-static, D: Dynamic.
Exponents n1, n5 refer to stiffness and strength scaling with relative density (Table C1).
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(e.g., oblique impact) to fully characterise the design implications. Nu
merical simulations incorporating rate-dependent plasticity would 
further clarify the deformation behaviour beyond experimental limits.
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Appendix A 

Estimation of critical impact velocity

The critical impact velocity was estimated to identify the threshold beyond which wave-dominated, non-equilibrium deformation is expected 
during dynamic loading. This was calculated using the relation 

ucr = εy × ce = εy ×
̅̅̅̅̅̅̅̅
E/ρ

√

where εy is the quasi-static yield strain of the bulk material and ce is the elastic wave speed [63]. For ABS, the elastic modulus E = 1.22 GPa and density 
ρ = 1040 kg

m3 were used to compute the wave speed. The yield strain was estimated from σy = 56MPa giving εy ≈ 0.0459. Substituting into the equation 
gives a critical impact velocity of 49.7 m/s.

Appendix B

Fig. B1. Force-Displacement plots under impact energy 15 J (Left: BCC, Right: FCC).

Fig. B2. Stress–strain plot under quasi-static loading shows the influence of f in BCC.
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Appendix C

Power-law coefficients

Plasticity model coefficients

Data availability

Data will be made available on request.
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