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Abstract 8 

A novel Kirigami (cut and fold) modified honeycomb structure is proposed in this study, 9 

aiming to reduce the initial peak force under out-of-plane crushing while maintaining the high 10 

energy absorption capacity, as well as increasing the in-plane crushing resistance. Three 11 

aluminium hexagonal honeycomb structures: standard honeycomb (HC), sheet reinforced 12 

honeycomb (RHC), and Kirigami modified honeycomb (KHC) structures are prepared and 13 

tested under quasi-static compression in three axial directions. The compressive properties of 14 

the proposed Kirigami modified honeycomb are compared with standard honeycomb and 15 

reinforced honeycomb in three axial directions. Numerical method is employed to adjust the 16 

wall thickness of HC so that its relative density is the same as RHC and KHC for fair 17 

comparisons on the crushing performances. Numerical model of standard honeycomb (HC) is 18 

calibrated and updated with the adjusted wall thickness to compare with the test results of 19 

reinforced and Kirigami modified honeycomb structures of the same relative density. The KHC 20 

demonstrated significant improvement on energy absorption capability as compared to the 21 

other two honeycombs in all three axial directions. Under out-of-plane crushing, KHC does not 22 

develop an initial peak force, while its average crushing resistance remains at a similar level as 23 

RHC, and is 17.6% higher than that of HC. Under the in-plane 1 compression, the average 24 

crushing resistance of KHC is around 5.2 and 7.5 times of that of HC and RHC, with an even 25 

lower uniformity ratio. The KHC shows a moderate improvement in crushing resistance in in-26 

plane 2 direction, compared with the other two honeycombs. These results demonstrate the 27 

significant improvement of Kirigami modification on the crushing performance of honeycomb 28 

structures. 29 
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1 Introduction 32 

As one of the most representative cores of sandwich structures, hexagonal honeycomb 33 

structures have been widely used in various engineering fields including structural [1], aviation 34 

[2, 3], automobile [4], railway vehicles [5] and aerospace [6] industries. Over the past decades, 35 

extensive research on the compressive responses of honeycomb structures along both the out-36 

of-plane and in-plane axes had been carried out for numerous loading scenarios. Wierzbicki 37 

and Abramwicz investigated the axial crushing mechanics and collapsing modes of the thin-38 

walled metal honeycomb structures [6-8]. Cote et al [9] and Radford et al [10] studied the 39 

dynamic crushing response of square honeycomb structures. Kumar et al [11], Zhu et al [12] 40 

and Nurick et al [13] experimentally examined the structural response of square and hexagonal 41 

honeycomb panels under high-intensity blast loads. Sun et al [14], Xu et al  [15] and Wang et 42 

al [16] studied the effect of loading rates on out-of-plane mechanical responses of hexagonal 43 

honeycomb structures. Studies on the in-plane crushing responses of the hexagonal honeycomb 44 

structures and the effect of loading rates were carried out by Gibson and Ashby [17] as well as 45 

Hu and Yu [18].  46 

Under out-of-plane quasi-static compression, honeycomb structure undergoes a short elastic 47 

linear deformation with a drastic rise in crushing force, followed by a sudden reduction of 48 

crushing resistance and a long plateau stage with uniform crushing resistance which is an ideal 49 

feature for energy absorption, until the densification of the structure [6, 19]. However, the high 50 

initial peak force of honeycomb structures under out-of-plane crushing is non-ideal for energy 51 

absorption and structural protection. Furthermore, with the increase of crushing speed, the 52 

initial peak crushing resistance of honeycomb structures in the out-of-plane direction could 53 

increase several times while the average crushing resistance is less affected [14, 15]. These two 54 

characteristics of honeycomb structures under out-of-plane compressive loads, i.e., high initial 55 

peak force and strong loading rate dependency of the initial peak, are not ideal for energy 56 

absorbing applications [20, 21]. Although the initial peak force is not presented in honeycomb 57 

under in-plane compression, its resistances along in-plane directions are considerably lower 58 

compared to that of out-of-plane direction. 59 

Depending on the cell size and manufacturing methods, some modifications have been 60 

proposed to increase the energy absorption capacity or improve the crushing characteristics of 61 



honeycomb structure for energy absorption applications. Two common methods for fabricating 62 

metal sheet honeycomb structures are expansion and corrugation manufacturing process [22, 63 

23], as shown in Figure 1 (a, b). For the expansion manufacturing of honeycomb, the 64 

undeformed flat metal sheets are stacked and strip bonded to form a “honeycomb before 65 

expansion” or HOBE block. The block is then stretched along the in-plane direction and the 66 

stacked sheets are deformed at the bonded strips to form the hexagonal honeycomb structure. 67 

This method requires high bonding strength and the wall thickness of the cell is limited, as the 68 

layers in HOBE block required to remain bonded during stretching. Thus, the expansion 69 

manufactured honeycomb structures often have low relative density, small cell size and thin 70 

cell wall [22]. To enhance the energy absorption characteristics of the expansion manufactured 71 

honeycomb, it can be combined with other structures such as tube reinforced honeycomb 72 

structures [24-27] or used as a filler [5, 28-30] similar to foam-filled structures. Different to 73 

the expansion manufacturing process, the metal sheets are firstly corrugated using a press, they 74 

are stacked and then either adhesively bonded or welded during the corrugation manufacturing 75 

process. As a press is used to from the corrugation layers of honeycomb, larger unit cells, higher 76 

relative density and thicker cell wall of the honeycomb structures can be achieved for 77 

corrugation manufacturing process [22]. Therefore, the modifications on corrugated structures, 78 

such as the addition of foam fillers [31-34], sheet reinforced [23, 35, 36], graded layers [37, 79 

38], hierarchical cell wall [39-41] and origami honeycomb [42, 43] etc., could be implemented 80 

here on corrugation manufactured honeycomb structures in order to enhance the energy 81 

absorption characteristics.  82 

 83 

Figure 1. Two common manufacturing process of honeycomb; (a) Expansion process; (b) 84 
Corrugation process [23]; (c) Commercially available standard and reinforced hexagonal 85 

honeycomb structures made from corrugation process [36] 86 



Many of the modifications on corrugation-manufactured honeycomb structures have some 87 

drawbacks. Foam fillers significantly increase the energy absorption, but they also increase the 88 

mass of the light-weight honeycomb. Foam fillers can be expensive to machine and to bond 89 

with the structure [31]. Layer density graded honeycomb structures may be effective for 90 

dynamic crushing under a certain range of crushing speeds and in the graded orientation only. 91 

Hierarchical honeycombs have complex geometry and can be difficult to fabricate, especially 92 

in large size. Sheet reinforced hexagonal honeycomb is one of the few, if not the only 93 

commercially available modified honeycomb structure with enhanced energy absorption 94 

capacity [44], as shown in Figure 1 (c). However, until now there are limited research on the 95 

mechanical properties of such sheet reinforced honeycomb structures. No comparative study 96 

between the standard and sheet reinforced honeycomb structures of the same density has been 97 

reported yet. The investigation on the in-plane mechanical properties of the sheet reinforced 98 

honeycomb is also deficient.  99 

Based on the Kirigami modification on single layer trapezoidal corrugated unit [45], a 100 

relatively inexpensive and simple Kirigami modification is proposed for the corrugation 101 

fabricated honeycomb structures in this study.  The corrugated layers are firstly laser cut and 102 

folded along the designed creases and then adhesively bonded to other layers, the same as in 103 

the corrugation manufacturing process of a honeycomb structure. However, interlayers 104 

between corrugated sheets similar to reinforced honeycomb are required for this modification 105 

to provide support to the fold-ins on in-plane directions. The proposed Kirigami modification 106 

changes the 2D reinforced honeycomb into a 3D structure and significantly increase the in-107 

plane crushing resistances while reducing the initial peak force under out-of-plane compression. 108 

In this paper, three honeycomb structures, including standard hexagonal honeycomb (HC), 109 

reinforced honeycomb (RHC) and Kirigami modified honeycomb (KHC), are compared for 110 

their quasi-static crushing resistance and energy absorption capacity in three axial directions. 111 

The quasi-static compressive tests were carried out in three axial directions for three blocks of 112 

aluminium honeycomb structures. Due to the availability of the aluminium sheet, the relative 113 

density of standard honeycomb (HC) was slightly lower than those of the other two (RHC, 114 

KHC). To fairly compare these structures, a numerical model of the standard honeycomb (HC) 115 

was firstly constructed and validated with test data. The wall thickness of the standard 116 

honeycomb (HC) was then adjusted to have the same relative density as the other two 117 

honeycomb specimens (RHC, KHC). Load-displacement curves, peak and average crushing 118 



resistance, and energy absorption were used as criteria for comparing the quasi-static 119 

compressive properties of three honeycomb structures in three axial directions. 120 

2 Quasi-static compression set-up 121 

2.1 Specimen preparation 122 

 123 

Figure 2. Schematic drawings of (a) standard honeycomb (HC); (b) sheet reinforced 124 
honeycomb (RHC); (c) Kirigami modified honeycomb (KHC)  125 

Three types of honeycomb structures including standard honeycomb, sheet reinforced 126 

honeycomb and Kirigami modified honeycomb are considered, as shown in Figure 2. The 127 

standard honeycomb structure is abbreviated as HC, sheet reinforced honeycomb and Kirigami 128 

modified honeycomb are noted as RHC and KHC, respectively. The hexagons on all 129 

honeycomb structures have the same side length of 20 mm, with a 5 mm flat strip on each side 130 

of the corrugating sheet for bonding. All three types of honeycomb specimens were prepared 131 

with the corrugation process, where the layers were firstly corrugated and then bonded. There 132 

were six corrugated sheets for each specimen, where three flat sheet interlayers were used to 133 

separate the corrugated sheets for RHC and KHC. 134 



 135 

Figure 3. Illustrative manufacturing process for KHC  136 

For KHC, a manufacturing process similar to corrugation process of honeycomb shown in 137 

Figure 1 (b), is proposed for potential mass production. As shown in Figure 3, two more steps 138 

are required for KHC: laser cutting of the fold-in pattern and partial stamping of the fold-ins, 139 

both can be achieved relative easily compared to some current modifications such as 3D-140 

printed hierarchical wall. In this study, the aluminium sheet material was laser cut first to make 141 

the folding process easier. A 3D-printed mould shown in Figure 4, was then used for folding 142 

the Kirigami corrugated sheets. Each corrugated layer was also folded according to the specific 143 

design before bonding. Bonding glue ergo 1655 NB was applied between the contacted 144 

horizontal flat areas between the sheets. All three honeycombs, HC, RHC and KHC have the 145 

same overall dimensions of 110×105×100 mm as marked out in Figure 5.  146 



 147 

Figure 4. A folded layer of Kirigami corrugate sheet and 3D printed mould used for folding 148 

 149 

Figure 5. Specimens of standard honeycomb (HC), reinforced honeycomb (RHC) and 150 
Kirigami modified honeycomb (KHC) prepared with corrugation process (left to right) 151 

For Kirigami modified honeycomb, a portion of the top horizontal unit cell of the corrugate 152 

sheet is folded by 90° as shown in Figure 6. Three adjacent faces become perpendicular to the 153 

horizontal plane after folding. Dash lines along the designed creases were laser cut to enhance 154 

the quality and reduce the difficulty of the folding process. The creases were laser cut at 1 mm 155 

in length for every 4 mm, with a width of 0.1 mm. This creased dash line configuration was 156 

selected after testing dozens of laser-cutting configurations [45]. The geometric parameters of 157 

the Kirigami modification are dependent on the side length, a, for the hexagonal honeycomb 158 

where six sides of the cell have the same length. Other parameters can be expressed as follows: 159 
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 161 

Figure 6. Kirigami modification on a unit cell of a corrugation sheet for hexagonal 162 

honeycomb 163 

All specimens were made from Aluminium 1060 where the corrugated sheet has a thickness of 164 

0.26 mm, and the interlayers on RHC and KHC had a thickness of 0.1 mm. The mechanical 165 

properties of Al 1060 were tested previously [45] according to ASTM-E8M [46] and they are 166 

listed as follows, yield strength: 110MPa, Young’s modulus: 70 GPa and density: 2700 kg/m3, 167 

the true stress-strain curve of Al 1060 is shown in Figure 7. Due to the additional interlayers 168 

within the RHC and KHC, the relative densities or volumetric densities of RHC and KHC 169 

specimens are slightly higher than that of HC. The relative density for HC is 2.0% and the 170 

relative densities for RHC and KHC are 2.3%. The aluminium mass of HC specimen is 63g, 171 

and the mass of RHC and KHC are 72g.  172 



 173 

Figure 7. True stress-strain curve of aluminium 1060 sheet  174 

2.2 Test set-up 175 

Crushing tests were carried out in three axial directions for the three honeycomb specimens 176 

under quasi-static loading condition. SUNS® CMT5504 testing machine with a loading 177 

capacity of 50 kN was used for the compressive tests. The honeycomb specimens were simply 178 

placed between the crushing head and the support plates without constraint. Circular crushing 179 

and supporting discs with a diameter of 150 mm were used for out-of-plane compression and 180 

square plates with a side length of 200 mm were used for in-plane compression. To ensure the 181 

quasi-static crushing loading condition, constant crushing speed of 5 mm/min [47] was applied 182 

for all tests until the strain reached approximate 0.85. Two specimens were tested for each 183 

honeycomb in each loading direction. However, a third repetitive test was carried out for the 184 

cases when the first two test results have relatively large discrepancy. 185 

3 Test results and discussion 186 

3.1 Out-of-plane compression 187 

Out-of-plane compressive properties of the honeycomb structures are crucial for energy 188 

absorption and load-bearing applications. The load-displacement curves of the three 189 

honeycomb structures under out-of-plane compression are shown in Figure 8. Initial peak, 190 

average crushing force, uniformity ratio and energy absorption for individual tests are listed in 191 

Table 1. The initial peak force is defined as the peak crushing force at the initial stage of 192 

crushing, where the initial stage is defined by the strain less than 0.1 in this study. The average 193 

crushing force is the average of the crushing force until the densification of the structure, where 194 
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a sudden increase in crushing resistance occurs. The ratio between the initial peak and average 195 

crushing force is named as uniformity ratio (U), which is used as an important parameter to 196 

evaluate the energy absorption performance of the structure. The energy absorption is measured 197 

by the integrating the load-displacement curves from beginning to the densification of the 198 

structure. It should be noted that the initial peak force may be in low value and could be even 199 

lower than the average crushing force, due to the easy deformation initiation of the structure. 200 

For instance, KHC test 02 shows a lower initial peak than the average crushing force under 201 

out-of-plane crushing as shown in Figure 8 (c). The uniformity ratio, U, for such case, is set to 202 

be 1 as shown in Table 1.  203 

 204 

Figure 8. Load-displacement curves of (a) HC; (b) RHC; (c) KHC under out-of-plane 205 
compression 206 

As shown in Figure 8, sheet reinforced honeycomb (RHC) demonstrates similar out-of-plane 207 

crushing response as HC but with higher peak crushing and average resistance force, where a 208 

sharp rise and drop of crushing force at the initial stage followed by a long plateau stage with 209 

slight fluctuations. KHC structure shows no sudden sharp rises and drops in crushing force at 210 

the initial stage. However, as shown in Figure 8 (c), a moderate rise in crushing resistance as 211 

circled can be observed at middle deformation around 35 mm of displacement. Compared to 212 

the standard honeycomb (HC), RHC structures exhibit an enhanced energy absorption capacity. 213 

By introducing additional thin sheets between layers, RHC structures show a noticeable 214 

increase in average crushing resistance and a slight increase in initial peak, resulting in a slight 215 

reduction of uniformity ratio as compared to HC structures. Further improvements are also 216 

observed by Kirigami modification on RHC structures. As shown, the initial sudden rise and 217 

drop in crushing resistance observed in HC and RHC are eliminated with Kirigami 218 

modification. Under out-of-plane crushing, the KHC structure has demonstrated a more 219 

uniform crushing resistance throughout the compression, while its average crushing resistance 220 

remained at a similar level as RHC structure. 221 



Table 1. Initial peak, average crushing force, uniformity ratio and energy absorption of three 222 
honeycombs under out-of-plane compression 223 

Out-of-plane test 
number 

Ppeak (kN) Pave (kN) U=Ppeak/Pave EA (J) 

HC 
 

01 17.34 7.32 2.37 572.12 
02 15.15 7.49 2.02 584.95 
03 15.66 6.68 2.34 527.00 
Average 16.05 7.16 2.24 561.36 

RHC 
 

01 17.23 8.78 1.96 673.88 
02 19.31 10.85 1.78 820.12 
03 17.62 9.28 1.90 710.36 
Average 18.05 9.64 1.88 734.79 

KHC 
01 10.25 9.47 1.08 731.46 
02 9.10 9.48 1.00 711.23 
Average 9.68 9.48 1.04 721.35 

Both HC and RHC show similar deformation throughout the crushing. Typical multiple folds 224 

are observed near the contacts and wall buckling is shown away from the contacting interfaces, 225 

as shown in Figure 9 (a, b) at 10 and 35 mm displacement. KHC deforms differently to the 226 

other two honeycombs at the early stage. With the Kirigami modifications at two ends circled 227 

in Figure 9 (c), the compressive strength is significantly reduced at the initial stage, as some 228 

portions of the vertical walls are folded parallel to the crushing surface, and provide little 229 

support at initial stage under out-of-plane crushing. The middle section of KHC is less 230 

deformed than HC and RHC at 10 mm displacement. Under further compression, the remaining 231 

middle sections on KHC are in contact with the crushing and supporting plates and the 232 

deformation on these middle sections initiated. As shown in Figure 9 (c) at around 35 mm 233 

displacement, the circled fold-ins of KHC are completely crushed and middle sections start to 234 

deform, leading to a noticeable increase in crushing resistance at 35 mm of displacement in 235 

Figure 8 (c). 236 



 237 

Figure 9. Deformation comparisons of (a) HC; (b) RHC; (c) KHC at 10, 35 and 85 mm 238 
displacement (from top to bottom) under out-of-plane quasi-static compression 239 

3.2 In-plane compression 240 

 241 

Figure 10. Load-displacement curves of (a) HC; (b) RHC; (c) KHC under in-plane 1 242 
compression; Load-displacement curves of (d) HC; (e) RHC; (f) KHC under in-plane 2 243 
compression 244 



The load-displacement curves of three honeycomb structures under both in-plane directions are 245 

shown in Figure 10. Key parameters of the compressive properties under in-plane 1 and 2 246 

directions are listed in Table 2 and Table 3, respectively. Very different crushing responses are 247 

observed for three honeycombs under in-plane 1 compression. The crushing resistance of HC 248 

under in-plane 1 compression is very low, with an average resistance of 100 N, which is about 249 

1.3% compared to its out-of-plane crushing resistance. However, the crushing process of HC 250 

seems uniform with no high initial peak force. With the interlayer sheet, the average crushing 251 

resistance of RHC under in-plane 1 compression is more than twice than that of HC. 252 

Furthermore, a distinct initial peak is shown for RHC under in-plane 1 compression, resulting 253 

in the highest uniformity ratio of RHC among the three honeycombs. Gradual increase in 254 

crushing resistance can also be observed at the later stage for RHC. KHC shows superior energy 255 

absorption performance under in-plane 1 compression out of these three honeycombs. The 256 

average crushing resistance as well as the energy absorption are significantly improved, around 257 

12 times higher than that of HC and around 5 times higher than RHC. The initial peak force of 258 

KHC is also relatively low. Its uniformity ratio under in-plane 1 crushing remained in a similar 259 

level as HC at around 1.2, indicating great energy absorption capacity. 260 

Table 2. Initial peak, average crushing force and uniformity ratio of three honeycombs under 261 
in-plane 1 compression 262 

In-plane 1 test 
number 

Ppeak (N) Pave (N) U=Ppeak/Pave EA (J) 

HC 
 

01 106 99 1.07 9.63 
02 107 101 1.06 10.02 
Average 107 100 1.07 9.83 

RHC 
 

01 442 224 1.97 20.50 
02 591 280 2.11 25.96 
Average 517 252 2.05 23.23 

KHC 
01 1611 1318 1.22 94.13 
02 1483 1280 1.16 94.55 
Average 1547 1299 1.19 94.34 

HC has similar crushing responses under in-plane 2 compression and in-plane 1 compression 263 

due to the symmetry of the HC. However, slight increases in both initial peak and average 264 

crushing resistance are shown for in-plane 2 compression, which is caused by the stress-free 265 

edges under in-plane 1 compression [45]. RHC shows the similar crushing response as HC 266 

under in-plane 2 compression, with a higher average crushing resistance at around 150 N. The 267 

addition of interlayer in RHC is less effective in terms of crushing resistance under in-plane 2 268 

compression than that of in-plane 1 compression. KHC shows a higher crushing resistance than 269 



that of HC and RHC, but the increment is not as large as that along in-plane 1 direction. Initial 270 

peak force for all three honeycombs under in-plane 2 compression is very low. It should be 271 

noted that the load-displacement curves of KHC started to rise significantly at around 70 mm 272 

of displacement where the ‘densification’ is reached. However, the actual structure 273 

densification of KHC is not yet reached at 70 mm of displacement, further crushing can be 274 

carried out. Due to its unique geometry, KHC reached the second state of deformation at 70 275 

mm displacement, where a much higher crushing resistance occurs. Details of this second stage 276 

are discussed in deformation analysis of the three structures. For consistency, the ‘densification’ 277 

of KHC is considered reached at 70 mm displacement as it is the starting point of the sudden 278 

increase in crushing resistance. 70 mm is used to calculate the average crushing resistance of 279 

KHC in Table 3.  280 

Table 3. Initial peak, average crushing force and uniformity ratio of three honeycombs under 281 
in-plane 2 compression 282 

In-plane 2 test 
number 

Ppeak (N) Pave (N) U=Ppeak/Pave EA (J) 

HC 
 

01 137 126 1.09 10.74 
02 117 104 1.13 8.71 
Average 127 115 1.10 9.72 

RHC 
 

01 156 141 1.11 11.58 
02 155 156 1.00 12.38 
Average 156 149 1.05 11.98 

KHC 
01 272 260 1.05 18.26 
02 292 272 1.07 19.41 
Average 282 266 1.06 18.84 

 283 



 284 

Figure 11. Deformation comparisons of (a) HC; (b) RHC; (c) KHC at 15, 40 and 80 mm 285 
displacement (from top to bottom) under in-plane 1 quasi-static compression 286 

Deformations of three honeycombs at 15, 40 and 80 mm displacement under in-plane 1 287 

crushing are shown in Figure 11. Under in-plane 1 crushing, HC expands outwards and 2D 288 

bending deformations appear only near the existing plastic hinge lines introduced during the 289 

corrugation process. The cell walls between the static plastic hinge lines experience minimal 290 

deformation. Thus, the crushing resistance of HC remains uniform and at a very low value 291 

under in-plane 1 crushing. For RHC, the corrugated layers cannot expand outwards due to the 292 

additional interlayer bonds the corrugated sheets. These interlayers constrain the initial 293 

deformation of RHC and maintain its shape at the initial contact, resulting in a peak force at 294 

initial stage. As shown in Figure 11 (b), the width of RHC is noticeably smaller than that of 295 

HC structure. Furthermore, due to the restriction on the horizontal expansion of RHC, some 296 

parts of the cell walls between the plastic hinge lines as well as the interlayer start deforming 297 

as marked in Figure 11 (b), leading to doubling of the crushing resistance compared to HC 298 

under in-plane 1 compression. However, most of the deformation of RHC is still in 2D bending 299 

mode and the crushing resistance along in-plane 1 direction is low. KHC shows completely 300 

different deformation mode from the other two honeycombs. With the Kirigami modification, 301 

some portions of the cell walls become vertical, and these are also connected to the remaining 302 

of the cell walls. After the Kirigami modification, the deformation mode changes from 2D 303 

bending that mostly concentrated near folding lines to 3D buckling of entire fold-ins, and leads 304 



to around 5 times increase in crushing force as compared to RHC. It should be noted that the 305 

interlayer and sidewalls of KHC experience less deformation compared to its fold-ins.  306 

 307 

Figure 12. Deformation comparisons of (a) HC; (b) RHC; (c) KHC at 15, 40, 70 and 90 mm 308 
displacement (from top to bottom) under in-plane 2 quasi-static compression 309 

Out of three axial directions, the crushing resistance under in-plane 2 direction of all three 310 

honeycombs are the most similar and their average crushing resistance are all below 300 N, 311 

and the uniformity ratios are very low. As shown in Figure 12, the deformations of HC and 312 

RHC are similar under in-plane 2 crushing, except that for RHC the additional bending of the 313 

bonded interlayer can be observed as marked in the figure. The fold-ins on KHC provide little 314 

support under in-plane 2 compression, the hexagonal unit cells deform and become rectangle 315 

in shape, similar to the other two honeycombs. However, at displacement around 70 mm, the 316 

two rows of deformed unit cells are in contact, and the fold-ins start to buckle. These 3D 317 

buckling of the fold-in faces cause a sharp rise in crushing resistance, as shown in Figure 10 (f) 318 

at around 70 mm, and it could be mistakenly recognized as the ‘densification’ of the KHC 319 

structure. In reality, the second stage of deformation with much higher crushing resistance is 320 

reached for KHC, while the fold-ins are in contact and start to buckle, and the true densification 321 

of the structure is not yet reached.  It should be noted that the 2nd stage of KHC crushing (after 322 

70 mm) is not included for calculating the average crushing resistance along in-plane 2 323 



direction, due to the significant differences in crushing resistances between 1st and 2nd stage of 324 

deformation.  325 

4 Numerical simulation 326 

4.1 Numerical modelling 327 

As previously mentioned, the three honeycomb specimens used for testing are of different 328 

relative density due to the additional interlayers in RHC and KHC structures. HC has a relative 329 

density of 2.0%, slightly lower than that of RHC and KHC, which both have relative densities 330 

of 2.3%. To fairly compare the compressive properties of three honeycombs, numerical model 331 

of HC is firstly constructed in LS-DYNA, and validated with test data. The wall thickness of 332 

the validated HC model is then adjusted so that HC would have the same relative density as 333 

the other two honeycombs. Their compressive properties in three axial directions are then 334 

compared.  335 

 336 

Figure 13. Numerical model of standard honeycomb (HC) 337 

LS-DYNA is used for numerical modelling of the HC structure in this study. Shell element 338 

with mesh size of 1 mm is used after performing the mesh convergence test. As shown in Figure 339 

13, the sections of HC are divided into orange and purple colours and are assigned with 340 

different thicknesses of 0.52 mm and 0.26 mm, matching the thicknesses of the HC specimen 341 

tested in the study, where the glue thickness is not considered. An elasto-plastic material model, 342 

*MAT_24 PIECEWISE LINEAR PLASTICITY, is used to model the 1060 aluminium sheet. 343 

Material properties and stress-strain data of Al 1060 shown in section 2.1 are applied in the 344 



material model. The friction coefficient of 0.25 [48] is used in this study. Both supporting and 345 

crushing plates are modelled as rigid solid.  346 

4.2 Model validation 347 

 348 

Figure 14. Load-displacement curves and deformation comparisons at 35 mm / 84 mm for 349 
HC under (a) out-of-plane; (b) in-plane 1; (c) in-plane 2 compression  350 

Comparisons of three axial compressive response from FE and test results for HC with the 351 

corrugating sheet thickness of 0.26 mm are shown in Figure 14. The initial peak and average 352 

crushing resistances are compared and listed in Table 4. It is observed that the FE results 353 

slightly overestimate the initial peak force of HC under crushing in three axial directions. As 354 

imperfections introduced in specimen manufacturing are not included in the FE models, the 355 

average crushing force obtained from FE simulation slightly underestimates out-of-plane 356 

compression, and overestimates both in-plane compressions. The presence of glue used in the 357 

testing specimens could also affect the crushing resistance, as it slightly increases the wall 358 

thickness hence a higher buckling resistance under out-of-plane compression. For in-plane 359 

compression, the bending deformations mostly concentrate along crease lines, instead of the 360 

glued surfaces. Therefore, the FE models without considering imperfections show a slightly 361 

higher crushing resistance in both in-plane directions. Nevertheless, the overall trends of load-362 

displacement curves and deformation patterns of the FE simulation results agree well with the 363 

test results for HC under compression in all three directions. The uniformity ratio of HC from 364 

tests and FE are 1.06 and 1.23, respectively for in-plane 1 compression, 1.10 and 1.09 for in-365 

plane 2 compression. Overall, the FE model is considered yielding reasonable predictions of 366 



crushing responses of HC and is therefore used in the investigation of responses of HC with 367 

increased wall thickness.  368 

Table 4. Average crushing resistance and energy absorption comparison between FE and test 369 
for HC under three axial quais-static compression 370 

 Pave  EA 

Test  FE Error Test FE Error 

Out-of-plane 7.16 kN 6.56 kN -8.4% 561.36 J 532.46 J -5.1% 

In-plane 1 100 N 128 N 28% 9.82 J 12.55 J 27.8% 

In-plane 2 115 N 137N 19.1% 9.72 J 11.76 J 21.0% 

 371 

4.3 Performance comparison of HC, RHC and KHC  372 

 373 

Figure 15. Load-displacement curves of three honeycombs under (a) out-of-plane; (b) in-plane 374 
1; (c) in-plane 2 compression 375 



The corrugation sheet thickness of HC is increased to 0.297 mm to achieve the relative density 376 

of 2.3%, same as the other two tested specimens. Comparisons of the load-displacement curves 377 

among RHC, KHC and the HC with adjusted wall thickness are shown in Figure 15, the load-378 

displacement data of KHC and RHC are from the tests and are shaded in Figure 15 to cover the 379 

variations obtained in the test. Some key compressive parameters including initial peak, 380 

average crushing force and uniformity ratio of the three structures are listed Table 5, where 381 

these parameters of RHC and KHC were averaged from the test data. Compared to HC with 2% 382 

relative density, the initial peak force of FE result for HC with 2.3% relative density increases 383 

from 17.79 kN to 22.51kN. As previously studied [19], the critical load or the initial peak force 384 

of honeycomb structure under out-of-plane crushing is in a power relationship with the wall 385 

thickness, a slight increase (14% in this case from 0.26 to 0.297 mm) in wall thickness could 386 

lead to a large increase in initial peak force (27% increase in this case, from 17.79 kN to 22.51 387 

kN). Therefore, to increase the energy absorption capacity of HC, alternatives should be 388 

considered rather than simply increase the wall thickness, as a significant increase in initial 389 

peak force could lead to severe damage to the protected structure.  390 

Table 5. Comparisons of key compressive properties of HC with adjusted wall thickness, 391 
RHC and KHC under compression in three axial directions 392 

 Out-of-plane In-plane 1 In-plane 2 

Ppeak  Pave  U Ppeak  Pave  U Ppeak  Pave  U 

HC 22.51kN 8.06kN 2.79 213N 170N 1.25 196N 189N 1.04 

RHC 18.05kN 9.63kN 1.87 517N 252N 2.05 156N 149N 1.05 

KHC 9.67kN 9.48kN 1.02 1547N 1299N 1.19 282N 266N 1.06 

 393 

A radar chart is shown in Figure 16, to illustrate the energy absorption capacity of the three 394 

honeycombs under compression in three axial directions. Compared to the HC, RHC still shows 395 

a superior energy absorption capacity under out-of-plane compression with a higher specific 396 

energy absorption as well as a more uniform crushing response. However, the advantage of 397 

RHC in terms of energy absorption under in-plane crushing is diminished. The in-plane 1 398 

energy absorption of RHC is higher than that of HC, but it also introduces a high initial peak 399 

force. Under in-plane 2 crushing, RHC shows no advantage as compared to HC of the same 400 

density, with a low crushing resistance and a similar load-displacement response. Kirigami 401 



modified honeycomb (KHC) demonstrates superior energy absorption capacity over HC and 402 

RHC in all three axial directions. In out-of-plane compression, KHC exhibits excellent energy 403 

absorption with a higher crushing resistance than HC and a comparable average crushing 404 

resistance as RHC with nearly no initial peak force, owing to the unique fold-ins near the 405 

crushing interfaces. The crushing resistance of KHC along in-plane 1 direction is almost 7.5 406 

times and 5.2 times than that of HC and RHC while maintaining a low initial peak force. Under 407 

in-plane 2 compression, KHC shows less enhancement in crushing resistance with a 40.7% and 408 

a 78.5% increase over HC and RHC, respectively. However, it should be noted that the second 409 

stage of deformation with a significant increase in crushing resistance occurs at around 70 mm 410 

of displacement for KHC under in-plane 2 compression as shown in Figure 15 (c). Since the 411 

‘densification’ like sudden rise in crushing resistance is shown at around 70 mm, this second 412 

stage is therefore not included for calculating energy absorption of KHC along in-plane 2 413 

direction, although the actual densification is not yet reached at 70 mm. Overall, in terms of 414 

energy absorption, RHC shows superiority over HC only under out-of-plane crushing, while 415 

KHC significantly outperforms both HC and RHC under out-of-plane and in-plane 1 416 

compression, moderately outperforms HC and RHC under in-plane 2 compression.  417 

 418 

Figure 16. Comparison of average crushing resistance and uniformity ratio among HC, RHC 419 
and KHC under compression in three axial directions  420 

5 Conclusion 421 

Based on a Kirigami modification of a unit cell of corrugated structure, a new Kirigami 422 

modification on corrugation-manufactured honeycomb structure is proposed to enhance the 423 



energy absorption characteristics of standard honeycomb structure. Its compressive properties 424 

are investigated and compared with standard honeycomb and sheet reinforced honeycomb, 425 

which is one of the only commercially available modified honeycomb structure. Quasi-static 426 

crushing tests were carried out for these three honeycomb structures, including the standard 427 

honeycomb (HC), sheet reinforced honeycomb (RHC) and Kirigami modified honeycomb 428 

(KHC) under compression in three axial directions. To ensure a fair comparison among the 429 

structures, a numerical model of honeycomb structure was developed and validated with test 430 

data, and the wall thickness of HC numerical model was then adjusted so that all three 431 

honeycomb structures have the same relative densities. The main conclusions are given below. 432 

1. The reinforced honeycomb (RHC) shows an improved energy absorption performance 433 

than standard honeycomb (HC) only under out-of-plane compression, with an increased 434 

average crushing resistance and a more uniform crushing. However, RHC shows similar or 435 

slightly worse energy absorption performance than HC under crushing in both in-plane 436 

directions.  437 

2. Kirigami modified honeycomb (KHC) demonstrated significant improvement of 438 

energy absorption performance as compared to the other two honeycombs in all three axial 439 

directions, especially under out-of-plane and in-plane 1 crushing.  440 

3. For crushing in the out-of-plane direction, KHC does not develop an initial peak force 441 

due to its unique fold-ins near two contacting interfaces, while its average crushing resistance 442 

remains at a similar level as RHC, higher than that of HC. 443 

4. For the in-plane 1 compression, the average crushing resistance of KHC is around 5.2 444 

and 7.5 times of that of HC and RHC, with an even lower uniformity ratio.  445 

5. KHC shows a moderate improvement in crushing resistance in in-plane 2 direction, 446 

compared with the other two honeycombs.  447 

Overall, KHC shows a significant enhancement in energy absorption characteristic of 448 

honeycomb structure in three axial directions, with minimal altering on its corrugation 449 

manufacturing process.  450 
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