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Abstract 11 

This study is focused on the low-velocity impact response of 3D plate-lattices fabricated via 12 

stereolithography additive manufacturing (AM). Elementary (SC, BCC and FCC) and hybrid (SC-BCC, 13 

SC-FCC and SC-BCC-FCC) configurations were tested and the effects of impact energy, relative density, 14 

plate-thickness, multiple impacts and impact angle on the dynamic crushing behavior and energy absorption 15 

characteristics were analyzed. The experimental results reveal that the hybrid lattices, due to the existence 16 

of larger number of open and closed sub-cells, were able to attenuate the peak impact stress transmitted to 17 

the structure and extend the duration of the load pulse (high toughness). A significant energy dependency 18 

of contact force-displacement characteristics of hybrid structures was noticed with increase in impact 19 

energy. The SC-BCC-FCC hybrid plate-lattices depicted a 70% increase in toughness and their specific 20 

energy absorption capacity is higher than the conventional aluminum lattices and other practical 21 

metamaterials. Experimental observations also revealed that the distribution of plates in each elementary 22 

structure in hybrid configuration plays an important role in mitigating the deleterious failure mode by 23 

transforming the brittle mode fracture into progressive damage of the plate-lattices. This paper, believed to 24 

be the first comprehensive experimental study, discusses the role of relative density, plate-thickness, 25 

multiple impacts, impact energy and oblique impact on the low velocity impact response of geometrically 26 

hybridized plate-lattice structures. The results of this investigation suggest that the concept of hybridization 27 

of plate-lattice architectures in conjunction with AM will enable development of lightweight high impact 28 

energy absorbing structures for a wide variety of applications. 29 

Keywords: Low-velocity impact, plate-lattice structures, energy absorption, impact resistance, oblique 30 
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1. Introduction 32 

Lightweight cellular structures have been extensively used for aerospace, thermal, biomedical and 33 

transportation applications due to their extraordinary properties such as high specific strength, superior 34 

vibration attenuation, low thermal conductivity and excellent energy absorption characteristics [1, 2]. 35 

Cellular structures are produced by appropriately combining solid material and void space to reduce the 36 

effective density [3] and are therefore extensively used for energy absorbing protective devices and packing 37 

[4]. These structures can endure a large compressive strain at almost a constant stress, absorbing a large 38 

amount of energy devoid of transferring a high stress to the protected object [5, 6].  39 

Based on the configuration of pores, cellular structures can be grouped two broad categories: 40 

periodic porous structures and random stochastic foams [7]. Usually, the former (periodic porous structures) 41 

contain regular and repeating unit-cells whose mechanical properties can be easily tailored. Random 42 

stochastic foams are the first generation of manmade porous-isotropic materials extensively employed for 43 

impact energy absorption applications and elastic cushioning [8]. The random assembly of closed and open 44 

cells in stochastic foams enables them to achieve the direction-independent stress-strain response. 45 

Compared to random stochastic foams, periodic lattice structures have considerably higher mechanical 46 

properties. This is owing to the reason that, under a mechanical stress (static or dynamic loading), periodic 47 

lattice structures have unit-cell elements that predominantly stretch and/or compress while stochastic foams 48 

with random microstructures predominantly bend [9]. As the configuration of these materials at the micron 49 

scale plays a vital role on their macroscopic performance and mechanical properties [3, 10], researchers 50 

have developed better replacements for foam structures.  51 

Lattice structures can overcome the aforementioned limitations of foams to a great extent. In terms 52 

of strength and stiffness, truss-lattice structures surpass stochastic foams for the same relative density and 53 

basis material [8, 11]. Lattice structures are extremely efficient but not easily producible by conventional 54 

methods. Emerging advances in additive manufacturing (AM) has enabled the fabrication of lattice 55 

structures over a range of length scales [12-14]. One of the main advantages of AM is geometric freedom 56 

as it enables the fabrication of complex near net-shape configuration directly from the CAD models, 57 

addressing the necessity for highly customized components with improved functionality [15-17]. [18] [17, 58 

19, 20].   59 

Extant computational and experimental investigations led to a better understanding of the 60 

mechanical response of 3D truss-lattices [12, 21]. Mechanical properties of truss-lattice structures under 61 

quasi-static and dynamic loading conditions have been widely investigated [22-24]. The design of lattice 62 

structure involves the choice of (a) the manufacturing technology, (b) the material system, (c) the geometry 63 

and (d) the relative density with respect to bulk specimens [23] [25] [26] [27] [28] [29] [30] [31] [32].  64 
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Regardless of their dominance in stiffness to random foams, the structural performance of the 65 

stiffest truss-lattices is still not the best. For instance, at a low relative density, their stiffness is below 33% 66 

of the Hashin-Shtrikman bound (the maximum theoretically attainable elastic modulus for an isotropic 67 

porous solid) [33, 34]. Recently, a new group of lattice structures rereferred to as plate-lattices is attracting 68 

interest among researchers due to their potential applications in lightweight-energy absorption components 69 

[12]. Berger et al. [35], using numerical analysis, reported that plate-lattice structures were capable of 70 

achieving a maximum theoretical stiffness. Plate-lattices are up to three times stiffer than optimal trusses 71 

of equal mass. Lattice structures made of shells and plates seem to be more promising [36]. Hybrid lattice-72 

structures (i.e. combination of elementary structures: namely, simple cubic (SC), body centered cubic 73 

(BCC) and face centered cubic (FCC)) can generate combinations of mechanical properties that are 74 

different from the constituent properties and are extremely reliant on both, the comparative proportion of 75 

solid material and void space (relative density) along with the structural topology (unit cell architecture). 76 

This combination produces an engineered metamaterial capable of providing effective mechanical 77 

properties not found in nature. Recently, Thomas et al. [12] investigated the quasi-static compressive 78 

behavior of different elementary and combined lattice structures made of photo-resins fabricated by photon 79 

polymerization direct laser writing technique. In their investigation, the compressive responses of plate-80 

lattice and truss-lattice structures with various relative densities were studied. Their study revealed that the 81 

combination of various elementary plate-lattices at an optimum proportion improved both, the yield 82 

strength and stiffness properties. Their study also demonstrated the role of each elementary structure in 83 

supporting the whole combined structure to achieve the directional-independent performance 84 

enhancements.  85 

The aforementioned studies have largely focused on the quasi-static compression response of 3D 86 

plate-lattice structures [12, 35, 36]. To date, no experimental evidence on the dynamic impact behavior of 87 

plate-lattice structures has been reported. The study of low-velocity impact response of plate-lattice 88 

structures is indispensable as such structures quite frequently experience transient impact loads in practice. 89 

Although plate-lattices come under cellular materials, certain concepts differ from the well-studied truss-90 

lattice structures, mainly under transient impact loading conditions [37]. The mechanical behavior of 3D 91 

plate-lattice structures may depict quite distinctive differences under quasi-static and transient impact loads, 92 

due to their rate-sensitivity [38]. In cellular structures, the mechanisms of rate-sensitivity include the micro-93 

inertia effects, the material’s strain-rate dependency, the compression and movement of air stuck in cells, 94 

the shock wave effects and the geometrical effects [37, 39]. Numerous experimental and numerical 95 

investigations have been performed on cellular structures to highlight the mechanisms inducing rate-96 

sensitivity [37-39]. The huge potential of using lattice-structures in light-weight high performance 97 

applications [12, 35] necessitates the investigation on low velocity impact response of plate-lattices.  98 
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Numerous authors have investigated the response of cellular structures under transverse impacts 99 

[7, 40, 41]. However, normal impacts do not often occur in practice and structures are more often impacted 100 

at some oblique angles [42]. Moreover, depending on the impact angle of the striker with respect to the 101 

target, impact response and damage mechanisms may vary [43]. In the case of architected materials such 102 

as truss-lattices, honeycombs and plate-lattices, it is less apparent to know the impact direction sensitivity 103 

of their impact response. For instance, a simple-cubic plate-lattice unit cell with three orthogonal plates 104 

exhibits the same response along the transverse and longitudinal directions, however, it is very anisotropic: 105 

its response along the diagonal directions is a few orders of magnitude lower [44]. At microstructural scale, 106 

anisotropy can be leveraged to obtain high strength in conjunction with high damage tolerance [45]. 107 

Nevertheless, at the macroscopic scale, engineered metamaterials for large volume applications are 108 

expected to reveal isotropic properties [46]. In cellular structures, the impact response often relies on the 109 

orientation of different structural members and distribution of materials with respect to the direction of 110 

impact [47]. To date, no investigation has concentrated on the oblique impact behavior of plate-lattices.   111 

Motivated by the present knowledge gap in the impact performance of 3D plate-lattice structures 112 

and the paucity of experimental information, this paper aims at examining the dynamic crushing behavior 113 

and energy absorption characteristics of 3D plate-lattice structures under low velocity impact loading 114 

experimentally. To the best of authors’ knowledge, this study is the first to experimentally investigate the 115 

impact response of cellular structures at various angles of impact, despite the fact that cellular structures 116 

have been used for decades as light-weight energy absorbing structures. The 3D plate-lattice structures are 117 

fabricated from polymeric material (PlasGRAYTM) using stereolithography-based 3D-printing technique. 118 

The lattice specimens were subjected to low-velocity impacts using a drop tower setup to analyze their 119 

energy absorption properties and damage mechanisms. The measurements were used to examine effects of 120 

relative density, wall thickness, impact angle, impact energy and multiple impacts on the impact 121 

performance of AM-enabled 3D plate-lattice structures.   122 

2. Experimental Procedure 123 

2.1 Specimen fabrication through 3D printing 124 

Dynamic behavior of 3D plate-lattice structures are strongly influenced by the core structure [12]. 125 

In this study, six types of core topologies were analyzed: three elementary structures namely, simple cubic 126 

(SC), body centered cubic (BCC) and face centered cubic (FCC) and three hybrid structures viz., SC-BCC, 127 

SC-FCC and SC-BCC-FCC. The main objective is to investigate the individual and associated effects of 128 

the relative density, thickness distribution and topology on the energy absorption characteristics and 129 

damage behavior of plate-lattice structures. Therefore, plate-lattice specimens with constant relative density 130 

and constant plate-thickness were fabricated separately. For the former case, the relative density (𝜌) was 131 
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set to be 35% against the bulk material. Hence, the thickness of the plates in different architectures varied 132 

depending upon the volume of the plates in each lattice. In the hybrid specimens, the different elementary 133 

structures were combined as per the optimal volumetric proportion suggested in [12], so that their behavior 134 

is directional-independent in the linear elastic regime (see Figure 1Figure 1).  135 

 136 
Figure 1: Schematic depicting the proportion of elementary structures in the hybrid plate-lattice structures. 137 

In the constant thickness case, the thickness of all the plates in the lattice structures were kept equal 138 

(i.e. 1 mm), while varying the relative density. This further allows to study how the distribution of plate-139 

lattice thickness influences the impact response of various plate-lattice configurations. All the plate-lattice 140 

specimens were fixed to have the same dimension of the unit cell, i.e., 16 mm. The specimens tested 141 

consisted of eight unit cells (2 × 2 × 2). The unit cell design and cell design parameters of various plate-142 

lattice specimens are depicted in Figure 2Figure 2.   143 
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 144 

Figure 2: The unit cell design, cell design parameters, CAD models and printed specimens of various plate-145 

lattice structures.  146 

Table 1: Specimen code and wall thickness of SC-BCC-FCC specimens for different relative densities 147 

Specimen code Relative Density (%) 
Wall Thickness (mm) 

SC BCC FCC 

R25 25 0.42 0.2 0.18 

R35 35 0.7 0.32 0.3 

R45 45 1.1 0.52 0.45 

R55 55 1.3 0.62 0.55 

 148 
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To specifically study the role of relative density, SC-BCC-FCC specimens with four different 167 

relative densities (25%, 35%, 45% and 55%) were fabricated and the volume fraction of their elementary 168 

constituents SC, BCC and FCC were set to 30%, 40% and 30%, respectively. Figure 3Figure 3 depicts the 169 

CAD models of SC-BCC-FCC specimens with various relative densities. Table 1:Table 1: summarizes the 170 

specimen code and wall thickness of elementary structures in various SC-BCC-FCC specimens. To 171 

examine the effect of oblique impact and to study the complete flat-wise dynamic compression behavior of 172 

various plate-lattice specimens, the unit cells of various specimens were rotated at 0°, 25° and 45° with 173 

respect to the face of the impactor, as illustrated in Figure 4Figure 4, while the overall dimensions were 174 

scaled down from aforementioned unit cell size of 16 mm and kept fixed at 20×20×20 mm.  175 

All the 3D plate-lattice specimens were fabricated using slide and separateTM (SAS™) 3D printing 176 

employing a PRO2-ASIGA desktop 3D printer. SAS™ enables a large build area while inducing the lowest 177 

fabrication forces of any upside-down stereolithography (SLA) technology (layer by layer) enabled system. 178 

The process parameters employed for fabricating the plate-lattice specimens are summarized in Table S1. 179 

The plate-lattice specimens were printed employing PlasGRAYTM thermoplastic material whose properties 180 

are summarized in Table S2. 181 

 182 
Figure 3: Geometries of SC-BCC-FCC specimens with various relative densities (a) 25%, (b) 35%, (c) 45% 183 

and (d) 55%. 184 
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 185 
Figure 4: Different plate-lattice specimens rotated in counter clockwise direction at (a) 0°, (b) 25° and (c) 186 

45° with respect to the face of the impactor (constant relative density,  𝜌 = 35 %). 187 

2.2 Low-velocity impact tests 188 

Dynamic low velocity impact tests were performed using a CEAST 9350 drop weight impact tower 189 

to evaluate the energy absorption characteristics of the plate-lattice specimens. The impact setup consists 190 

of a dynamic load cell, a laser displacement transducer, a braking system and a data acquisition system. 191 

During the test, the resistive contact force experienced by the specimens on the impactor was measured by 192 

a piezoelectric dynamic load cell of maximum load capacity 30 kN. An instrumented cylindrical flat-face 193 

impactor with a diameter of 60 mm and a mass of 16.748 kg was employed to impact onto the flat top-side 194 

of the specimens. Before testing, the lattice specimens were aligned and placed with respect to the impactor. 195 

The lattice specimens were placed on a rigid base to examine the pure dynamic compression behavior under 196 

impact load. With such support or boundary conditions, no impact energy can be dissipated through global 197 

bending of the lattice specimens. Specimens have been impacted at different impact energy levels by 198 

maintaining a constant impactor mass (16.748 kg). Table 2Table 2 summarizes the impact heights chosen 199 

in this investigation, as well as the corresponding impact velocities and energies. 200 

A laser device measured the velocity history of the impactor before and after the impact event. A 201 

four channel CEAST DAS 64k high speed data acquisition unit was employed to sample the signals picked 202 

up by the load cell and the laser gate. The signal sampling frequency of the data acquisition system was set 203 

to 3 MSPS (Million Samples per Second). After performing the first impact test on the specimen, a brake 204 
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mechanism was triggered to avoid a second strike. From the basic contact force–displacement and energy-205 

time curves, important parameters such as peak force, absorbed energy, contact duration and maximum 206 

displacement were calculated. At least five impact tests were repeated for each specimen category. 207 

Table 2: Summary of impact height, velocity and energy used in the tests 208 

Impact Height (mm) Impact Velocity (m/s) Impact Energy (J) 

91 1.54 20 

209 2.18 40 

315 2.67 60 

457 3.09 80 

 209 

Two types of test protocols were used, namely, (i) single impact test protocol, where the specimens 210 

were subjected to a single impact event up to complete crushing threshold (20-80 J), and (ii) multiple impact 211 

test protocol where six repetitive impacts were performed on the same specimens at lower impact energy 212 

levels between 20-60 J. For repeated impact tests, the low impact energy levels of 20, 40 and 60 J were 213 

preferred with the aim of being adequately far from the complete crushing threshold of hybrid plate-lattice 214 

specimens (80 J) in order to examine their capability of sustaining repeated impacts in the presence of 215 

moderate amount of impact damage. 216 

 217 

3. Results and discussion 218 

3.1. Effect of the impact energy 219 

The dynamic energy absorption characteristics of different 3D plate-lattices were thoroughly 220 

investigated to derive useful information for application of such structures in transient impact applications. 221 

To study the effect of impact energy, different plate-lattices with the same relative density of 35% were 222 

impacted at impact energy levels of 20, 40, 60 and 80 J. Characteristic features of energy-time and load-223 

displacement curves contain useful information for evaluating the damage process of target structures [48-224 

50]. Hence, in this study, such experimental curves are reported as a function of increasing impact energy 225 

and plate-lattice topology.  226 

The force-displacement and energy-time histories of different plate-lattice specimens are depicted 227 

in 228 
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232 

Figure 5Figure 5 and Figure S1, respectively. The experimental curves are depicted up to complete 233 

crushing of the specimens. At impact energy level of 20 J (234 
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235 

Figure 5Figure 5(a)), a clear hierarchy in terms of linear stiffness property, i.e.  SC > SC-FCC > SC-BCC-236 

FCC > SC-BCC  > BCC > FCC is seen (Table S3). It can be observed that the ranking order of linear 237 

stiffness and SC volume content among the plate-lattice systems correlate well, as illustrated in 238 
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239 

Figure 5Figure 5(a) and Figure 2Figure 2, respectively. It is thus possible that the SC volume content in 240 

the plate-lattice structures could have affected the liner stiffness of the specimens as the stiffest direction 241 

of the SC elementary structure coincides with the loading direction (i.e. high volume of the platelets 242 

coincides with the loading direction, hence stiffest among the plate-lattice structures). 243 
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244 
Figure 5: Force-displacement curves of different plate-lattices tested at different impact energies: (a) 20 J, 245 
(b) 40 J, (c) 60 J and (d) 80 J. 246 

Compared to the linear stiffness, the trend was quite different for peak contact force and absorbed 247 

energy for different plate-lattices. At impact energy of 20 J (248 
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249 

Figure 5Figure 5(a)), BCC lattices were the only specimens that absorbed the impact energy through brittle 250 

fracture, whereas all the other specimens showed considerable residual-elastic response or progressive 251 

damage growth (Figure S1). The experimental curves presented suggest that the BCC specimens fully 252 

fragmented during the impact test (Figure 7Figure 7) after the specimens were crushed by approximately 253 

4 mm (254 
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255 

Figure 5Figure 5(a)) absorbing only about 69% (13.78 J) of applied impact energy (Figure 6Figure 6). For 256 

the BCC specimens, after the initial peak (257 
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258 

Figure 5Figure 5(a)), the pertinent load-displacement curve abruptly dropped to zero. As reported by 259 

several authors, the abrupt drop in a contact force curve right after the initial peak indicates the occurrence 260 

of catastrophic brittle fracture. Moreover, the BCC specimens, despite showing higher initial linear stiffness 261 

compared to the FCC specimens (262 
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263 

Figure 5Figure 5(a)), exhibited a lower load tolerance. The presence of higher number of stretch dominant 264 

thin walled members (thin walled - due to high surface area distribution among the elementary specimens 265 

– see Figure 2Figure 2) in the loading direction might have resulted in the premature brittle failure. 266 

The contact force-displacement curves of SC and FCC specimens exhibited a perfect closed pattern 267 

(an elastic rebound phase), as both contact force and displacement reduced almost to the axis origin, 268 

confirming that some elastic energy has been recuperated causing the rebound of the striker. This suggests 269 

that the impact energy was not adequate to induce damage in the specimens (Figure 7Figure 7).  The 270 

response of SC-BCC and SC-FCC specimens impacted at 20 J showed an incomplete rebound phase. In 271 

contrast, no elastic rebound trait was observed for the SC-BCC-FCC specimens subjected to the same 272 

impact energy (20 J). The occurrence of some minor damages in the thin walled members of the hybrid 273 

structures (Figure 7Figure 7) might have resulted in incomplete rebound or no rebound trait. The 274 

experimental traces for the SC-BCC-FCC specimens remained almost the same (i.e. similarities in the 275 
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trend) for all the impact energy levels (276 

277 

Figure 5Figure 5(a-d)). SC-BCC-FCC specimens had a long oscillation region and encountered long 278 

contact duration (Figure S1) before reaching the ultimate failure. At all the impact energy levels, the energy-279 

time history progressively increased, until the maximum energy was absorbed. 280 
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 281 

Figure 6: Absorbed energy of different plate-lattices tested at various impact energies.   282 
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The trends of the initial linear stiffness for different plate-lattice specimens impacted at 40 J (283 

284 

Figure 5Figure 5 (b)) was the same as at 20 J (285 
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286 

Figure 5Figure 5(a)). The FCC, SC-BCC and SC-FCC specimens, in spite of exhibiting elastic rebound 287 

behavior at 20 J, showed a substantial change in terms of energy absorption and contact force-displacement 288 

trait at 40 J. The FCC specimens exhibited catastrophic failure by brittle fracture. The energy-time curves 289 

of SC-BCC and SC-FCC specimens impacted at 40 J exhibited a short initial plateau region at 14.17 and 290 

28.81 J, respectively (Figure S1). As reported by numerous authors [48], the initial short plateau region in 291 

the energy-time history of SC-BCC and SC-FCC specimens indicates the occurrence of major damage. 292 

Also, the force-displacement curves of these specimens showed an open pattern (293 
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294 

Figure 5Figure 5(b)), confirming that some impact energy was absorbed causing the damage. Similar 295 

suggestions can be drawn for SC-BCC-FCC specimens.  296 
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 297 

Figure 7: Post-test photographs of different plate-lattice specimens tested at various impact energies. 298 

Up to 40 J, no visible damage was noticed for SC specimens and the impactor rebounded with an 299 

energy of 5.69 J. The SC specimens, despite showing the highest initial linear stiffness compared to the 300 

other plate-lattice specimens (Figure 5(a)), exhibited a premature brittle failure at an impact energy of 60 301 

J (302 
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303 

Figure 5Figure 5(c)). SC specimens completely fragmented at 46.49 J devoid of exhibiting any energy 304 

recovery (305 
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306 

Figure 5Figure 5(a)) [51], while all the other hybrid specimens comprising both stretch and bending 307 

dominated constituent plates [12] showed a progressive damage growth. Even though the SC elementary 308 

specimens have the highest volume of plates coinciding with the loading direction compared to the other 309 

specimens, the absence of bending dominant plates [12], responsible for restricting transverse buckling 310 

(like in other specimens), might have resulted in premature fracture.  311 

As revealed by measured responses, the plate-lattice configuration heavily influenced the energy 312 

absorption behavior, with hybrid structures outperforming elementary ones, progressively as the impact 313 

energy raises (314 



26 
 

315 

Figure 5Figure 5(a-d)). As indicated, SC specimens performed better compared to the other configurations 316 

up to an impact energy of 40 J. At higher energy levels (> 40 J) the trend changed for the hybrid specimens 317 

which outperformed SC ones. After the peak contact force was reached, the contact force-displacement 318 

curve reduced by following almost a non-oscillating and linear fashion at 60, 20 and 40 J for SC, BCC and 319 

FCC specimens, respectively. These experimental results overall confirm the poor energy absorption 320 

property of all the elementary plate-lattice structures. After the initial peak, the load-displacement curves 321 

of SC-BCC, SC-FCC and SC-BCC-FCC specimens went up with a long irregular plateau with several 322 

oscillations. These oscillations are usually attributed to the development of the progressive localized 323 

damages [52]. It was obvious that the area under the force-displacement curves increased with the impact 324 

energy level, signifying a raise of absorbed energies and damages in the specimens. As a result, these 325 

structures dissipate a huge amount of impact energy. As reported by Tancogne et al. [12], the softest 326 

direction of the BCC and FCC elementary structures coincides with the stiffest direction of the SC 327 



27 
 

elementary structure, and vice versa.  Hence, each constituent plate-lattice in the SC-BCC-FCC lattice 328 

structure contributes to the impact performance. Moreover, it is reasonable to suggest that the existence of 329 

a larger number of repeated open and closed sub-cells in the SC-BCC-FCC structure might have resulted 330 

in delaying the premature failure of the lattice structures by more effectual impact damage redistribution as 331 

reported in other investigations on various cellular lattice structures [53]. 332 

Not only do the impact properties of the six plate-lattice structures vary, the damage mechanisms 333 

and deformation processes vary as well. The deformation process has a direct link with the configuration 334 

of the plate-lattice structure. Figure 7Figure 7 illustrates the damage profiles of various plate-lattice 335 

specimens. Compared with the elementary specimens, hybrid specimens showed distinct damage 336 

characteristics. From the 337 

338 

Figure 5Figure 5(a-d) and Figure 7Figure 7 it is apparent that the maximum displacement to the failure of 339 

the hybrid specimens was considerably higher than that of the elementary ones. Specifically, after being 340 
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crushed to a displacement of 3.52, 3.88 and 3.01 mm, the SC, BCC and FCC specimens absorbed about 341 

45.69, 13.78 and 21.34 J of the applied impact energy, respectively and showed abrupt and catastrophic 342 

brittle failure. These observations indicate that the cracks developed up to the striker displacement of 3.52, 343 

3.88 and 3.01 mm (i.e. 11%, 12.125% and 9.40% of the specimen height), respectively, abruptly advanced 344 

through the whole specimens, leading to ultimate failure. In contrast, for the hybrid specimens (Figure 345 

7Figure 7) (especially for the SC-BCC-FCC specimens), certain portions of the cellular structures stayed 346 

intact even after the striker was in contact with the specimens for a larger displacement (~23 mm) and 347 

longer contact duration (~14 ms). These results indicate that the hybrid specimens greatly restricted the 348 

damage propagation and diffused the impact load (progressive damage growth). 349 

 350 

Figure 8: Post-mortem SEM micrographs for (a) SC, (b) BCC, (c) FCC, (d) SC-BCC, (e) SC-FCC and (f) 351 

SC-BCC-FCC specimens. 352 

Figure 8Figure 8 illustrates the SEM micrographs of different plate-lattices after drop-weight 353 

impact tests. In the elementary structures (specifically SC specimens), radiating stress crack signatures, 354 

known as hackle marks, were fewer spotted. Evident signs detected suggest the presence of mirror or mist 355 

areas in the fractured surface. Such signatures are regarded as smooth fracture surfaces, and are revealing 356 

unstable crack growth [4, 54]. Analysis of the surface of hybrid structures, as depicted in Figure 8Figure 8 357 

(d-f), revealed many obvious hackle signs. The presence of chevron markings, else known as a plumose 358 

pattern, characterizes the development of hackle marks. The plumose pattern comprises alternating 359 

arrangements of ridges detached by smooth surface regions (concentric rings). Further, the distance between 360 
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the concentric ridges increased gradually away from the origin of the crack. These signatures were thought 361 

to represent progressive crack propagation (characteristic of slow crack growth) by alternating series of 362 

cracking and stoppage. The increase in distance between the adjacent ridges with increasing distance from 363 

the crack origin supports this conclusion, and is commonly observed in other progressive failure profiles 364 

[54]. This suggests why hybrid structures perform better than elementary ones, in terms of impact energy 365 

absorption. 366 

3.2 Constant plate thickness vs. constant relative density 367 

The low velocity impact tests were performed on two sets of six different plate-lattice specimens, 368 

by keeping the relative density constant at 35% for one set and by keeping the plate thickness of the 369 

individual unit cells constant at 1 mm for another set at an impact energy of 80 J. Their energy-time and 370 

load-displacement curves are illustrated in Figure 9Figure 9. The main interest behind comparing the 371 

constant thickness and constant density specimens is to qualitatively examine how the thickness distribution 372 

of different elementary structures influences the deformation profile pertinent to the energy absorbing 373 

mechanism. Since the relative density for both categories of specimens was different, qualitative 374 

comparison between constant relative density and constant thickness specimens was made initially through 375 

the analysis of the trends in measured response.  376 

From the low velocity impact tests carried out on the different constant thickness specimens it is 377 

apparent that a clear hierarchy in terms of absorbed energy was observed (Figure 9Figure 9(a)), i.e. SC-378 

BCC-FCC > SC-FCC > SC-BCC > FCC > BCC > SC. It can be noted that the ranking order of absorbed 379 

energy and relative density between the plate-lattice systems correlate well, as depicted in Figure 9Figure 380 

9 (a) and Figure 2Figure 2, respectively. It is, as a result, possible that the relative density can influence 381 

the energy absorption of the specimens. The force-displacement curves of these specimens (except for SC-382 

BCC-FCC) exhibited a sudden drop right after the peak contact force, signifying that the complete rupture 383 

was occurred (see Figure 9Figure 9 (b) and Figure 10Figure 10), devoid of rebound. In contrast, for the 384 

SC-BCC-FCC specimens, the load-displacement history had a single peak and trailed with a considerable 385 

rebound at the end of the impact event with an almost enclosed profile. In order to evaluate the toughness 386 

and ultimate deformation pattern, the SC-BCC-FCC specimens were subjected to impact at a higher impact 387 

energy of 150 J. Here, the experimental curves and deformation pattern (see Figure S2) seem to have the 388 

same profile as that of the constant wall-thickness specimens, highlighting abrupt brittle fracture at an 389 

absorbed energy of 110 J.  390 

The trend of the impact energy absorption was partially altered for the constant relative density 391 

specimens, as shown in Figure 9Figure 9 (c-d). All the configurations with constant relative density can be 392 

ordered from the lower to the higher impact energy absorption as followed (Figure 9Figure 9(c)): SC-BCC-393 
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FCC > SC-FCC > SC-BCC > SC > FCC > BCC. Here, SC specimens surpassed FCC and BCC specimens 394 

in terms of absorbed energy. This might be due to the higher thickness of the vertical plates in the SC 395 

specimens (see Figure 2Figure 2). However, it can be observed that the energy-time and load-displacement 396 

traces of SC specimens with constant relative density (even though having a high relative density, see 397 

Figure 2Figure 2) were comparable to that of the other constant thickness counterparts. Similar 398 

observations can be drawn for BCC and FCC specimens. In contrast, for all the hybrid specimens with 399 

constant relative density, the structures deformed in a progressive manner, where the contact force (Figure 400 

9Figure 9(d)) raised to a maximum value; after the peak point, the contact force dropped intensely to a 401 

lower plateau level, followed with a steady- and long-oscillating curve attributable to the plastic 402 

deformation of plate walls with wrinkling and fracture. In specific, the peak impact stress transmitted to the 403 

specimens were attenuated and significantly extended the duration of the load pulse. Particularly, in the 404 

case of the SC-BCC-FCC specimens with a constant relative density, the peak contact force was reduced 405 

to about 73% of that encountered in the corresponding constant thickness ones, whereas the contact duration 406 

was increased by about 81%. 407 
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 408 

Figure 9: (a) Energy-time and (b) contact force-displacement curves of constant thickness specimens (𝑡 =409 

1 mm), and (c) energy-time and (d) contact force-displacement curves of constant relative density 410 

specimens (𝜌 = 35%). 411 
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 412 

Figure 10: Post-test photographs of different plate-lattice specimens with constant-thickness (t = 1 mm) 413 

and -relative density (𝜌 = 35%). 414 

` 415 

Figure 11: Specific absorbed energy absorption of different plate-lattice specimens with constant-relative 416 

density (𝜌 = 35%) and –thickness (t = 1 mm). 417 

In order to make quantitative comparisons among the constant-relative density and -thickness 418 

specimens easier, the absorbed energy values of different specimens have been normalized by dividing 419 

them with the mass of the corresponding specimen (see Figure 11Figure 11). It can be seen that the specific 420 

absorbed energy of all the plate-lattice specimens with constant relative density was higher than that for the 421 

constant thickness ones (except for BCC due to similar wall-thickness). In addition, in both the cases, hybrid 422 

specimens revealed a higher absorbed energy than the elementary ones. This was owing to the presence of 423 

the multiple sub-cells in the later and a simpler configuration in the former. The presence of larger number 424 
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of sub-cells delayed the premature-failure of the lattice structures by more effectual impact damage 425 

redistribution as reported in other investigations on various cellular structures [8, 47, 55, 56]. It can be 426 

evidently concluded that, the geometric hybridization in conjunction with the thickness distribution of each 427 

elementary structure in the hybrid plate-lattices transformed the brittle fracture into progressive damage of 428 

the plate-lattices. 429 

3.3 Effect of relative density 430 

Figure 12Figure 12 shows the typical energy-time and force-displacement plots of SC-BCC-FCC 431 

plate-lattices of various relative densities for an impact energy of 80 J. The results indicate that changing 432 

the relative density of the lattice structure considerably, will tune the impact response and damage 433 

mechanism. From the force-displacement curves (Figure 12Figure 12(b)), it can be seen that the the  R55 434 

specimens with 𝜌 =55% (see Table 1Table 1) exhibited the least maximum displacement and experience a 435 

steep initial slope (i.e. high initial stiffness). In addition, the initial stiffness and maximum displacement of 436 

the R45 specimens 𝜌 =45% approached nearly that of the R55 specimens with 𝜌 =55%. This behavior 437 

indicates the brittle nature of the high relative density specimens. In contrast, the R25 specimens with 438 

𝜌 =25% depicted the least stiffness and maximum displacement, indicating that it withstands the applied 439 

impact load in a ductile manner with higher strain-tolerance. Specimens fabricated with a 𝜌 =35% relative 440 

density of 35% had an initial stiffness that lies between the abovementioned ones. Similar observations can 441 

be drawn in terms of the slope of the energy-time curves (Figure 12Figure 12(a)). It is shown that the 442 

decrease in relative density of 3D plate-lattice structures will reduce the rigidity and will enable them to 443 

withstand the transient impact load in a ductile manner.   444 

 445 

Figure 12: Typical (a) energy vs. time and (b) contact force vs. displacement plots of SC-BCC-FCC lattice 446 

specimens for various relative densities under an impact energy of 80 J. 447 
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R55 specimens were the only structures ruptured at 54.26 J devoid of showing any sign of a short 448 

plateau region in the energy-time curve (Figure 12Figure 12(a)) (the energy curve linearly increased with 449 

time up until failure). A similar trace in the experimental curves had been noticed for the specimens 450 

fabricated with a 𝜌 relative density of 45%. Nevertheless, there was a short plateau region and slight 451 

oscillations at the trailing end of the energy-time and force displacement curves, respectively. On the other 452 

hand, all the other specimens showed numerous distinct zones in the experimental curves as the impactor 453 

crushed the specimens. For the casespecimens with 𝜌 =25% of R25 and 𝜌 =35% R35 specimens, after the 454 

initial peak, the load-displacement trace (Figure 12Figure 12(b)) oscillated for a long duration as the 455 

impactor crushed through the specimens. However, the amplitude of the oscillation was higher in specimens 456 

with a 𝜌 =35% relative density of 35%, suggesting a higher energy absorption behavior (Figure S3). The 457 

R35 specimens with 𝜌 =35% showed a clear progressive increment in the energy-time history for a long 458 

contact duration and multiple peaks in the contact force-displacement traces. The reasons for these 459 

observations can be described by correlating the impact test results and the damage profile (Figure 13Figure 460 

13) of various specimens. 461 

The debris of the plate-lattice specimens after the impact test were investigated to provide an in-462 

depth understanding of the damage mechanism. Figure 13Figure 13 depicts the damage profile of the plate-463 

lattice specimens with various relative densities. The deformation profile is in direct correlation with the 464 

relative density of the plate-lattice structure. It can be clearly seen in the figure that increasing the relative 465 

density of the plate-lattice structures decreased the number of pieces smashed during the crushing process. 466 

Plate-lattice specimens with a low relative density showed the most favorable deformation pattern through 467 

smashing the specimens into multiple small pieces of debris or sub-cells (progressive local brittle failure) 468 

[4]. On the contrary, high relative density specimens were smashed into finite number of pieces. Also, in 469 

the case of high relative density specimens (specifically 𝜌 =55%R55), certain unit cells remained perfectly 470 

intact even after the impact test.  471 

The fracture of the high relative density specimens for an impactor maximum displacement of 472 

around 5.6 mm (Figure 12Figure 12(b)) (~17.5% of the specimen’s height) evidently indicates the 473 

occurrence of unstable damage growth (brittle fracture). In the case of For specimens with 𝜌 =25% R25 474 

and 𝜌 =35% R35 specimens (low relative density), the presence of multiple small pieces of debris and the 475 

high maximum displacement evidently indicates that most of the impact load was effectively redistributed 476 

over different plates of the specimens. The moderate optimum with a relative density of 35% restricted 477 

critical unstable crack growth unlike the stiff R45 and R55 specimens (𝜌 =45% and 𝜌 =55%), and further 478 

provided a sufficient stiffness for the plate-lattices unlike the R25 specimens with 𝜌 =25%. These features, 479 

as a result, improved the overall energy absorbing capability. From a comparison of the experimental curves 480 
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and damage profiles of various plate-lattice specimens as shown in Figure 12Figure 12 and Figure 481 

13Figure 13 it can be concluded that the relative density significantly influenced the energy absorption 482 

ability and the deformation pattern of the specimens. 483 

 484 
Figure 13: Damage profile of SC-BCC-FCC specimens with various relative densities (a) 𝜌 = 25%, (b) 485 

𝜌 = 35%, (c) 𝜌 = 45% and (d) 𝜌 = 55% under impact energy of 80 J. 486 

3.4 Effect of multiple impacts 487 

The sustained performance under repeated impacts is an important characteristic attribute of energy 488 

absorbing structures [57]. In this study, six multiple low velocity impact tests were performed at impact 489 

energy levels of 20, 40 and 60 J to examine the influence of multiple impacts on the energy absorbing 490 

capabilities of various plate-lattice specimens and the corresponding results are shown in Figure 14Figure 491 

14. The experimental results are shown up to the complete crushing of the specimens.   492 

As expected, raising the impact energy level decreased the number of impacts to failure and caused 493 

them to prematurely rupture. However, the number of impacts leading to complete failure of different plate-494 

lattice specimens were different and these values further changed with impact energy levels. In specific, 495 

when the impact energy level was increased from 20 to 60 J, the number of impacts to failure changed from 496 

6 to 1, 3 to 1, 5 to 2, 5 to 2 and 6 to 2 for SC, FCC, SC-BCC, SC-FCC and SC-BCC-FCC specimens, 497 
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respectively. The BCC specimens showed a complete rupture in the first impact (Figure 14Figure 14(a-c) 498 

and Figure S4). Photographic images obtained from the impacted specimens (see Figure S4, S5 and S6) 499 

provided an insight into the damage mechanisms of different plate-lattice specimens under repeated impact 500 

loading. Obviously, there were several differences among the damage profiles of different specimens under 501 

multiple impacts at various impact energy levels.  502 

 503 

Figure 14: Absorbed energy of various plate-lattice specimens subjected to multiple impacts at energy 504 

levels of (a) 20, (b) 40 and (c) 60 J.  505 

From Figure 14Figure 14(a), for an impact energy of 20 J, the SC specimens depicted the superior 506 

impact response. At this impact condition, there was some amount of elastic energy (i.e. rebound phase) 507 

remaining even after 6 multiple impacts. The lack of any visible permanent damage on the SC specimens 508 

in conjunction with absorption of a lower amount of impact energy during all the six impacts (see Figure 509 

S4) indicates the rebounding nature for all the six impacts [4]. This response obviously suggests that, for 510 

the damage onset, the number of impacts or the impact energy has to be raised further, highlighting its 511 

superior impact performance. It is well recognized that during the rebound phase the contact among 512 

impactor and specimen is lost significantly earlier prior to the impacted specimen returns to original position 513 

[58]. Considering that no visible damage was observed on the specimen during all the six impacts, the 514 

rebound phase was ascribed to high impact resistance of the specimen. The FCC specimens presented an 515 
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impact behavior more similar to SC specimens up to the second impact and abruptly failed in the subsequent 516 

impact. At the same impact energy level, the impact behavior of all the hybrid specimens could be 517 

characterized by “no elastic rebound” since the first impact owing to the presence of visible permanent 518 

deformation. However, for the case of the hybrid specimens, the detected damage progressively increased 519 

with the number of impacts, until the ultimate failure was reached. After being subjected to five impacts, 520 

the SC-BCC and SC-FCC specimens absorbed about 9.41 J and 13.1 J of impact energy, respectively and 521 

exhibited ultimate failure. The SC-BCC-FCC specimens depicted a better behavior with a more gradual 522 

deformation pattern and failed in the sixth impact. 523 

At an impact energy level of 40 J (Figure 14Figure 14(b)), the SC specimens endured the impact 524 

load devoid of any permanent damage during the first impact and ruptured in the subsequent one (see Figure 525 

S5). The FCC specimens failed prematurely during the first impact. Such premature failure can also be seen 526 

in the hybrid specimens. However, at a higher impact energy level (60 J) (Figure 14Figure 14(c)), the 527 

hybrid specimens depicted a higher number of impacts to ultimate failure than the elementary SC ones. The 528 

SC specimens, despite presenting superior impact response when compared to the other specimens at 20 529 

and 40 J, showed a poor impact resistance at 60 J (see Figure S6). The SC specimens exhibited ultimate 530 

failure for a single impact. This phenomenon has been related to the energy dissipation mechanism of SC 531 

specimens through catastrophic brittle fracture whereas all the hybrid specimens progressively dissipated 532 

the impact energy and failed in the second impact, as confirmed by the photographic images of the damaged 533 

specimens. It was apparent that, due to large number of sub-cells distributing the impact load at higher 534 

impact energy levels, hybrid specimens were outperforming elementary ones. 535 

3.5 Effect of impact angle  536 

As a matter of fact, most of the impact events in real-time scenario occur in an oblique manner 537 

[42]. It is an important concern on the way, to study, while configuring the energy absorbing cellular 538 

structures so that structures are capable of enduring both transverse and oblique impact loads. Energy-time 539 

and contact force-displacement curves of various plate-lattice specimens for every tested angle (0º, 25º and 540 

45º), are presented in Figure 15Figure 15 and Figure 16Figure 16, respectively at an impact energy of 20 541 

J. The peak contact-force and absorbed energy of the elementary specimens changed with the angle of 542 

impact. Moreover, for all the impact angles, the elementary specimens exhibited a brittle response, failing 543 

by a single, and sudden, load drop after reaching the peak contact force. For the SC specimens, the absorbed 544 

energy clearly reduced with increasing angle of impact from 0º to 45º; on the contrary, the BCC and FCC 545 

specimens showed an increasing trend (Figure 15Figure 15(a-c)).  For SC specimens, the absorbed energy 546 

along the diagonal directions (45º) was significantly lower than at 0º [12]. 547 
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 548 

Figure 15: Energy-time curves of various plate-lattice specimens (a) SC, (b) BCC, (c) FCC, (d) SC-BCC, 549 

(e) SC-FCC and (f) SC-BCC-FCC for 0º, 25º and 45º tested angles (𝜌 = 35%) 550 
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 551 

Figure 16: Contact force-displacement curves various plate-lattice specimens (a) SC, (b) BCC, (c) FCC, 552 

(d) SC-BCC, (e) SC-FCC and (f) SC-BCC-FCC tested at 0º, 25º and 45º angles (𝜌 = 35 %). 553 
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The energy-time histories of every hybrid specimen depicted almost the same trend for all the tested 554 

angles (Figure 15Figure 15(d-f)), and further, the loading and unloading part of the load-displacement 555 

curves were nearly identical (Figure 15Figure 16(d-f)); in specific, identical smooth and oscillation patterns 556 

were observed during the loading and unloading phase, respectively, suggesting that the damage 557 

progression for all the impact angles were identical.  558 

For all the hybrid specimens, the absorbed energies at 0°, 25º and 45° were almost the same, and 559 

the maximum difference in the absorbed energies was around 2.9% (Figure S7), which is much lower than 560 

the experimental scatter observed for every elementary specimen at various impact angles (30.13% lowest 561 

for BCC). The unloading part of contact force-displacement curves in all the specimens (including the 562 

elementary ones) was almost coincident (Figure 16Figure 16(a-f)). Consequently, the maximum 563 

displacement was independent of the impact angle, as reported elsewhere [42]. Similar to the maximum 564 

displacement, the contact duration varied considerably with the plate-lattice configuration. However, the 565 

differences among different impact angles were within the experimental scatter; therefore, the contact 566 

duration is another independent parameter of the angle of impact. 567 

For all the impact angles, the plate-lattice specimens can be ranked from the higher to the lower 568 

absorbed energy in the following order: SC-BCC-FCC > SC-FCC > SC-BCC > FCC > BCC > SC (Figure 569 

S7). It can be observed that the absorbed energy of SC-BCC-FCC specimens was higher than that of the 570 

other plate-lattice specimens. This behavior was noticed for all the impact angles considered in this work. 571 

The trend in the variation of peak contact force coincides well with the observations made for the absorbed 572 

energy of various specimens (Figure 16Figure 16). The hybrid specimens achieve a direction-independent 573 

impact response through multiple repeating structures of open or closed cells in all the directions. Hybrid 574 

structures were found to have a directional independent behavior assuming linear elasticity as reported in 575 

[38]. In this study, we observed that energy-time and load-deformation traces followed almost similar 576 

behavior independent of the angle of impact up to failure. 577 

3.6. Comparative energy absorption characteristics of SC-BCC-FCC hybrid 3D-plate lattices 578 

The SC-BCC-FCC specimens exhibit a specific energy absorption (SEA) capacity of 5.07 J/g, 579 

which is comparable to that of the titanium and stainless-steel lattice structures. Moreover, the SEA capacity 580 

of SC-BCC-FCC lattices is higher than that of the conventional aluminum lattices and other metamaterials, 581 

as depicted Figure 17Figure 17. Comparatively, the lightweight titanium alloy foams show outstanding 582 

energy absorption performance. However, fabrication of these structures via processes such as EBM, laser 583 

cladding, etc. is expensive and energy consuming as compared with SLA additive manufacturing approach 584 

used in this study for the fabrication of lightweight polymeric lattices. 585 
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 586 

Figure 17: Comparison of specific energy absorption of the plate-lattices considered in the present work 587 
with the extant literature.  588 

4. Conclusions 589 

In this paper, different elementary (SC, BCC and FCC) and hybrid (SC-BCC, SC-FCC and SC-590 

BCC-FCC) 3D plate-lattice structures were designed and 3D printed using the stereolithography (SLA) 591 

additive manufacturing technique. The dynamic crushing behavior and energy absorption characteristics of 592 

different plate-lattice structures were investigated through low-velocity drop weight impact tests. The 593 

effects of the impact energy, relative density, plate-thickness, repetitive impacts and impact angle on the 594 

dynamic impact behavior of various plate-lattice structures were investigated. The following important 595 

conclusions can be drawn from the experimental test results: 596 

1. The plate-lattice configuration heavily influenced the dynamic impact behavior, with hybrid 597 

structures outperforming elementary ones, progressively as the impact energy raises. The SC-BCC-598 

FCC specimens exhibited the highest toughness, followed by the SC-FCC, SC-BCC, SC, FCC and 599 

BCC specimens. 600 

2. The hybrid lattice structures, due to the presence of large number of open and closed sub-cells, 601 

were able to attenuate the peak impact stress transmitted to the structure and extend the duration of 602 

the load pulse (high toughness). Moreover, at all impact energy levels, the energy-time history 603 

progressively increased, until the maximum energy was absorbed, exhibiting a progressive failure 604 

behavior.   605 

3. Irrespective of the relative density, the thickness distribution of every elementary structure in the 606 

plate-lattices played an important role in mitigating the deleterious brittle fracture, promoting 607 

progressive damage. This has led to enhanced energy absorption characteristics. 608 
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4. The moderateThe moderate optimum relative density (𝜌 =35%) of 35% specimens restricted 609 

critical unstable crack growth unlike the stiff R45 and R55 specimens (𝜌 =45% and 𝜌 =55%), and 610 

further provided a sufficient stiffness for the plate-lattices unlike the R25 specimens with 𝜌 =25%. 611 

These features, as a result, improved the overall energy absorbing capability. 612 

5. The multiple-impact response of various plate lattice specimens varied considerably with the 613 

increase in impact energy. When the impact energy was increased from 20 to 60 J, the number of 614 

impacts to failure changed from 6 to 1, 3 to 1, 5 to 2, 5 to 2 and 6 to 2 for SC, FCC, SC-BCC, SC-615 

FCC and SC-BCC-FCC specimens, respectively. The BCC specimens showed a complete rupture 616 

in the first impact. 617 

6. The hybrid specimens showed a direction-independent impact response. The absorbed energy at 618 

impact angles of 0°, 25º and 45° were almost coinciding, and the maximum difference in the 619 

absorbed energy was about 2.90%, which is much lower than the experimental scatter observed for 620 

every elementary specimen at various impact angles.  621 

7. The SC-BCC-FCC lattices exhibit higher specific energy absorption than that of the conventional 622 

aluminum lattices and other practical metamaterials. 623 
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