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Abstract 8 

Dynamic crushing responses and energy absorption of functionally graded folded 9 

structure with foam fillers are investigated in this study. The proposed structure consists 10 

of multiple layers of folded truncated square pyramid (TSP) foldcore with foam fillers 11 

added inside each unit cells and the interlayer plates to separate each layer of foldcore 12 

and its foam filler. The foldcores are folded using pre-patterned thin aluminium sheets. 13 

Two types of foam including cubic shape expanded polystyrene (EPS) foam fillers with 14 

density of 13.5, 19 and 28 kg/m3 and rigid polyurethane (PU) foam with two shapes. Two 15 

sets of functionally graded multi-layer structures are achieved by varying the densities of 16 

EPS foam fillers (positively/negatively graded EPS) and varying the shapes of PU foam 17 

fillers (positively/negatively graded PU) inside each layer of TSP foldcore. These 18 

specimens are then crushed under 1 and 10 m/s. Under 1 m/s crushing, excellent crushing 19 

responses as energy absorber are observed for both negatively graded and positively 20 
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graded multi-layer structures with low initial peak force and low fluctuation in resistance 21 

throughout deformation. Under 10 m/s crushing, however, positively graded structures 22 

show much more uniform load-displacement response with significantly reduced peak 23 

crushing force, increased energy absorption than negatively graded structures. Up to 60% 24 

increase in specific energy absorption is shown for folded structure with positively graded 25 

PU foam as comparing to the uniform structure without foam filler under 10 m/s crushing.  26 
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1 Introduction 28 

Sandwich structures have been widely used due to the characteristics such as high specific 29 

strength to weight ratio, light weight and high energy absorption capacity [1-3]. Sandwich 30 

panel, as its name would suggest, often consists of a cellular crushable core sandwiched 31 

by two high strength skins. Under static and dynamic loading, the crushable core is able 32 

to undergo large plastic deformation and dissipate a large amount of energy. The cores 33 

with different topologies including metallic foam [4, 5], polymeric foam [6], eggbox [7, 34 

8], honeycomb [9], lattice [10], corrugated [11, 12] and load-self-cancelling [13] have 35 

been extensively studied under static and dynamic loads such as blast and impact. Many 36 

studies suggest that under dynamic loading, conventional honeycomb [14], corrugated 37 

[15, 16] and lattice [10, 17] sandwich structures have an inconsistent crushing behaviour 38 

with a sudden rise in initial peak crushing resistance and fluctuation in resistance during 39 

crushing, which may not be ideal for the application as energy absorption under higher 40 

loading rate [1]. Metallic and polymeric foams have uniform deformation process with 41 

long plateau stage of consistent crushing resistance. However, most of the stochastic 42 



foams have bending dominated deformation [18], which results in a lower crushing 43 

resistance than stretching dominated cellular structures of the same density [19].  44 

As a new structural form, folded structures inspired by the art of origami, were introduced 45 

as core of sandwich structures. Miura-type foldcore, as one of the common folded 46 

sandwich core structures, has been widely studied [20, 21]. With advantages such as 47 

open-channel design and high strength to weight ratio, it was proposed to be used as 48 

sandwich core of airplane fuselage to reduce weight and avoid moisture accumulation 49 

[22]. Other folded structures including origami-patterned vehicle crash box [23], curved 50 

crease foldcores [24] and self-locking origami structure [25] have been developed to 51 

achieve certain mechanical properties. Truncated square pyramid (TSP) folded structures 52 

were proposed and studied both numerically and experimentally under static and dynamic 53 

crushing [26, 27]. Due to its unique geometry, ideal structural response was demonstrated 54 

with uniform load-displacement response during crushing deformation, and low 55 

sensitivity to loading rate. Good energy absorption performance was also shown where 56 

its specific energy absorption almost doubled some current energy absorbers made of 57 

similar materials with similar densities [7]. Foam filled multi-layer TSP foldcore was also 58 

verified by dynamic tests where significant enhancement in energy absorption was 59 

demonstrated without inducing a sudden rise in initial peak force [28]. 60 

Functionally graded materials (FGM), where the material properties vary layer-by-layer 61 

or gradually within the material, are used as cores for sandwich structures. The varying 62 

material properties can be achieved by changing cell size, geometrical dimensions [29], 63 

wall thickness [30] and density [31, 32]. Many stepwise and continuously graded 64 

structures including corrugated [33], honeycomb [34, 35], foams [36], stacked Miura-65 

type foldcore [37] and lattice [38, 39] were investigated recently. Improved energy 66 



absorption and crushing behaviour are shown for functionally graded structures than their 67 

uniform counterpart under impact or blast loading. It is worth noting that many existing 68 

graded structures are permanently bonded between layers and some complex graded 69 

structures such as lattice structures can only be manufactured by additive manufacturing 70 

[38, 39], which limits the size of the structure and can be costly.  71 

In this study, three-layer TSP folded structure with different foam fillers is explored to 72 

achieve a layer-by-layer functionally graded sandwich structure. Two sets of foam fillers 73 

are used. For the first set, three different densities of cubic expanded polystyrene (EPS) 74 

foam fillers are inserted into three layers of foldcore. For the second set, shaped and cubic 75 

rigid polyurethane (PU) foam fillers are inserted into two layers with no foam filler added 76 

on the third layer. Two different foam filling orders including positively and negatively 77 

graded are considered for both sets of EPS and PU foam. These foams filled graded multi-78 

layer TSP structures along with the uniform TSP structure without filler are then tested 79 

under different impacting speeds. Crushing response and energy absorption are then 80 

compared among these different set-ups.  81 

2 Layer geometry 82 

2.1 Folding geometry of foldcore 83 

In this study, four connected unit cells are used for each layer of the folded structure. The 84 

folding pattern and a folded unit cell of TSP structure is shown in Figure 1. The black 85 

solid lines are the boundary of each sheet pattern, where the blue and red lines are 86 

mountain and valley creases, respectively. Multiple aluminium thin sheets are stacked 87 

together and then cut into the designed pattern using water jet cutting machine all at once. 88 

Each layer of TSP foldcore is then folded manually according to the designed crease 89 



pattern. The designed dimension of each unit cell is 40x40x20 mm, with bottom edge 90 

length, a, of 40 mm, top edge length, b, of 20 mm and height, H of 20 mm. The designed 91 

slope of TSP foldcore sidewalls is 63 degrees. Each layer, consisting of four connected 92 

unit cells, has a designed dimension of 80x80x20 mm. All specimens are folded from Al 93 

1060 sheets with thickness of 0.26 mm. Relative density of each layer of foldcore without 94 

foam filler is about 2.7%, which is calculated using the material volume divided by the 95 

overall volume of each foldcore. It should be noted that the geometry of the patterns is 96 

determined by the given values of a, b and H. 97 

 98 

Figure 1. (a) Waterjet cutting pattern and folding crease of a four-unit TSP foldcore; (b) 99 

a folded unit cell of TSP foldcore 100 

All testing specimens are prepared by hand folding the patterned aluminium sheets. 101 

Imperfections cannot be avoided in this process on the bent sidewalls with uneven 102 

levelling for unit cells on the same layer, which results in the gaps between foldcore and 103 

supporting plate, as well as uneven initial contact of top edges of foldcore to crushing 104 



head. The measured height of foldcore specimens varies between 21 to 23 mm, slightly 105 

larger than the designed height of 20 mm. These imperfections could lead to reduction in 106 

initial stiffness of the proposed TSP foldcore while the overall crushing response and 107 

energy absorption are barely affected. As shown in Figure 2, 3D Direct Image Correlation 108 

(3D DIC) analysis is carried out to evaluate the surface flatness of the sidewalls of folded 109 

specimens. The maximum difference on the sidewall is about 0.765 mm (-0.485 mm to 110 

0.28 mm) over the length of 40 mm of the bottom edge, as shown in the scale legend in 111 

Figure 2. Some imperfections such as bending, or torsion may still exist on triangular 112 

interconnections between sidewalls and around the crease lines. Overall, the finishing of 113 

the TSP foldcore specimens is acceptable. It should be noted this manufacturing error is 114 

also observed even in some of machine pressed Miura-type foldcores in previous studies 115 

by other researchers [40], and cannot be completely eliminated. Such errors can be 116 

reduced by more advanced machine folding.  117 

 118 

Figure 2. (a) Surface flatness analysis of one sidewall of TSP foldcore using 3D direct 119 

image correlation (DIC); (b) sidewall model reconstruction 120 



2.2 Foam filler configurations and multi-layer set-up 121 

Table 1. Five graded configurations and total weight of the foldcore  122 

Notation 
Graded 
order 

Foam filler (kg/m3) Total 
mass 
(g) Top layer 

Middle 
layer 

Bottom 
layer 

3TSP  Uniform - - - 28.1 

3TSP-EPS-C-
PG 

Positively 
graded (PG) 

Cubic 
EPS13.5 

Cubic 
EPS19 

Cubic 
EPS28 

29.6 

3TSP-EPS-C-
NG 

Negatively 
graded (NG) 

Cubic 
EPS28 

Cubic 
EPS19 

Cubic 
EPS13.5 

29.6 

3TSP-PU-PG 
Positively 
graded (PG) 

- 
Cubic 
PU35 

Shaped 
PU35 

30.9 

3TSP-PU-NG 
Negatively 
graded (NG) 

Shaped 
PU35 

Cubic 
PU35 

- 30.9 

 123 

Five different graded configurations are listed in Table 1. These include a uniform multi-124 

layer folded structure without filler, two sets of negatively and positively graded multi-125 

layer folded structures achieved by varying foam filler densities and shapes. A total of 126 

five different types of foam fillers are inserted into the foldcores: cubic expanded 127 

polystyrene (EPS) with densities of 13.5, 19 and 28 kg/m3, cubic and shaped rigid 128 

polyurethane (PU) foam with density of 35 kg/m3. The densities of foam filled TSP core 129 

range between 75 and 88 kg/m3, where a TSP foldcore without foam filler has a density 130 

of 73 kg/m3 (2.7% relative density). Based on previous investigation of multi-layer folded 131 

structure with uniform foam fillers, the crushing resistance of the foam filled structure is 132 

proportional to the foam strength and the support provided from foam to the foldcore. 133 

The positively graded structure is defined as increasing density and crushing strength 134 

from top to bottom layer. The notations of these structures are listed in Table 1. For 135 



instance, 3TSP-EPS-C-NG represents three-layer truncated square pyramid structure 136 

filled with negatively graded cubic EPS foam fillers from the top to the bottom layer. 137 

 138 

Figure 3. (a) Dimension of shaped foam filler; (b) dimension of cubic foam filler; (c) 139 

multi-layer set-up of PU foam filled positively graded folded structure; (d) cubic EPS 140 

foam filled negatively graded folded structure; Note: quarter of the plates and foldcores 141 

are cut out to illustrate the added foam fillers 142 

The geometry of these two shapes of foam filler and the graded multi-layer set-up are 143 

shown in Figure 3. Four units of foam filler are inserted into each layer of foldcore, 144 

achieving graded effect on different layers. Each layer of foldcore and foam filler is 145 

separated by interlayer plate made of Al 5083 with thickness of 3 mm. To constrain the 146 

in-plane movements of foldcore sidewalls, 2 mm high boundary curbs are also included 147 

on the interlayer plates along the four sides. Thread rods are bolted onto base plate and 148 

function as guide for interlayer plates to move in the vertical direction. The holes located 149 

at four corners of the plates have diameter of 8 mm, sufficiently larger than the M6 150 



threaded rods of 6 mm diameter. Unlike the common sandwich structure designs, where 151 

the skins and core are often permanently bonded [15, 20], each layer of the proposed 152 

graded folded sandwich structure is simply supported. After impact, each layer of 153 

deformed core can be easily removed and replaced by a new core structure. Only one set 154 

of plates are used for all different graded configurations throughout the impact tests in 155 

this study. No noticeable plastic deformation is observed on any plate after dozens of 156 

impact tests.  157 

2.3 Material properties 158 

The TSP cores are folded from Aluminium 1060 thin sheet with thickness of 0.26 mm 159 

which gives a relative density of 2.7% for all foldcores. Aluminium 1060 has a minimum 160 

99.6% of aluminium content [41]. The measured mechanical properties are listed in Table 161 

2, and the true stress-strain curve is measured in the previous study [42]. The interlayer 162 

plates and base plate are made of Al 5083 alloy, material properties are listed in Table 2. 163 

As plates made of Al 5083 is much thicker and of higher yield stress than TSP foldcore 164 

made of Al 1060, no noticeable plastic deformation of the plates is observed throughout 165 

the impact tests.  166 

Table 2. Mechanical properties of aluminium 1060 and 5083 [43] 167 

Parameter 
Young’s modulus 
(GPa) 

Poisson’s 
ratio 

Yield stress 
(MPa) 

Density 
(kg/m3) 

Aluminium 1060 [42] 69 0.33 66.7 2710 
Aluminium 5083 [43] 71 0.33 215.0 2660 
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Figure 4. Engineering stress-strain curves of EPS13.5 [44], EPS19, EPS 28 [44] and 170 

PU35 under 1 m/s and 10 m/s crushing speed 171 

Uniaxial compressive tests are carried out for EPS19 and PU35 foam material under the 172 

same crushing rate (1 and 10 m/s). Stress-strain data for EPS13.5 and 28 are obtained 173 

from the previous study [44]. Engineering stress-strain curves of these foam materials 174 

under two loading rates are shown in Figure 4. The foam specimens have a diameter of 175 

75 mm and height of 50 mm. Multiple tests are carried out for each loading scenario. 176 

Same testing equipment is used to test the graded structures. Two crushing speeds on the 177 

foam materials are used for the proposed graded structures as well. The labelled crushing 178 

speed is not necessarily the actual moving speed of the impact head throughout the 179 

crushing, due to the deceleration at later stage. Details of the testing machine and crushing 180 

speed are provided in section 3.  181 



3 Test set-up 182 

3.1 Dynamic test 183 

Instron VHS 160/100-20 high speed testing machine is used for dynamic crushing tests 184 

of these graded multi-layer folded structures. Fastcam APX RS high speed camera is used 185 

for recording with the frame rate between 2,000 and 5,000 fps depending on the crushing 186 

speed of the tests. The impacting head and base support are discs with diameter of 100 187 

mm, smaller than the distance between the rods. Each layer of foam filled foldcore has a 188 

height of 20 mm, and the interlayer plate is 3 mm thick. For three-layer graded structures, 189 

the actual overall height varies between 71 and 74 mm instead of the designed 69 mm 190 

height. As previously discussed, the hand folding process induces imperfections and 191 

causes slight uneven levelling between unit cells within a layer. This, however, has 192 

negligible effect on overall crushing response of the graded structure including energy 193 

absorption and peak crushing force, although slight reduction of initial stiffness is 194 

observed. A total of 24 tests are carried out. Two to three specimens are tested for each 195 

loading and graded scenario and the load-displacement curve closest to the average is 196 

selected to represent the case.  197 

3.2 Crushing speed 198 

Two crushing speeds, i.e. 1 m/s and 10 m/s are considered in this study to compare the 199 

crushing responses of the graded structures with the increasing speed under low to 200 

intermediate crushing speeds [45]. The testing machine is designed to impact and crush 201 

the specimens at a constant speed. However, constant crushing speed cannot be 202 

maintained perfectly throughout the entire process. The impacting head requires to be 203 

decelerated to zero speed before reaching a pre-set stopping position to avoid impacting 204 



the base support disc. Therefore, with the progressing of the crushing, the crushing speed 205 

decreases. The actual crushing speeds of the impacting head corresponding to the 206 

designated crushing speed of 1 and 10 m/s are not constant throughout the crushing 207 

process. Under lower crushing speed of 1 m/s, the distance required for deceleration is 208 

shorter, therefore a constant crushing speed can be achieved for the most portion of the 209 

deformation. However, longer deceleration distance is required under higher crushing 210 

speed of 10 m/s, which leads to decreasing crushing speed. In this study, the crushing 211 

speed (i.e. 1, 10 m/s) refers to the speed setting for the test instead of the actual crushing 212 

speed which is not a constant value throughout the crushing process in the test. 213 

4 Results and discussions 214 

4.1 Low-speed impact (1m/s)  215 

4.1.1 Damage mode comparison (quasi-static and 1 m/s crushing)  216 

Deformations of the crushing of three-layer TSP folded structure without foam fillers 217 

(three cores and three plates) are shown in Figure 5 for quasi-static and 1 m/s crushing 218 

cases. The loading rate of 2 mm/min is applied for the structure under quasi-static 219 

crushing. Obvious difference in deformation can be observed between these two loading 220 

cases. Simultaneous deformations across all three layers are shown for the quasi-static 221 

crushing case. This simultaneous deformation results in a smoother load-displacement 222 

response of the structure which is shown in section 4.1.2. Furthermore, the interlayer 223 

plates are tilted for quasi-static condition, and this is caused by the difference in crushing 224 

strength of the unit cells on the same layer. Due to the very low loading rate (2 mm/min), 225 

even slight difference in crushing strength of unit cells can cause plate tilting and uneven 226 

loading to the next layer. Under 1 m/s crushing, the interlayer plates are less tilted and the 227 



layer-by-layer deformation is shown in Figure 5 (b, d). Under 1 m/s impact loading, the 228 

foldcore has less time to deform along the weaker portion of the unit cells as compared 229 

to quasi-static crushing, especially during the initial impacting stage. Therefore, foldcore 230 

within a same layer is more evenly crushed among unit cells, resulting in less tilting 231 

interlayer plates.  232 

 233 

Figure 5. Deformation of three-layer TSP folded structure without foam fillers (a) early 234 

stage of quasi-static (2 mm/min) crushing; (b) early stage of 1 m/s crushing; (c) later 235 

stage of quasi-static crushing; (d) later stage of 1 m/s crushing 236 

In addition, it is observed that only the bottom layer undergoes large deformation while 237 

the other two layers almost remain their original shapes at the early stage. The 238 

deformation then propagates to the mid and finally to the top layer. The initiation of the 239 

layer-by-layer crushing from the bottom layer is caused by stress wave interferences 240 



under impact condition [46, 47]. Under the impact of 1 m/s, the stress at top layer is not 241 

high enough to cause layer deformation at the moment of impact, thus the stress wave 242 

propagates downwards. When the reflected wave from the stationary base meets with the 243 

propagating stress wave from the impact end, the superimposed stress exceeds the layer 244 

buckling stress and thus the damage occurs near the base end. Under higher speed impact, 245 

the stress at the impact end might exceed the buckling stress of the structure, the damage 246 

occurs at the impact end rather than the base end. As reported in the previous study, the 247 

damage initiates from the top layer under 15 m/s impact.  248 

 249 

Figure 6. Deformation of (a) negatively; (b) positively graded structures with PU foam 250 

filler under 1 m/s crushing 251 



Crushing process of the NG and PG folded structure with PU foam fillers under crushing 252 

rate of 1 m/s is shown in Figure 6. The last two digit in the label is the specimen number. 253 

For instance, 3TSP-PU-NG-1-02 stands for the second test of 3-layer TSP folded 254 

structure with negatively graded PU foam fillers from top to bottom. This also shows a 255 

layer-by-layer crushing of the graded structures, similar to the uniform TSP folded 256 

structure without foam fillers. However, unlike the structure with uniform foldcores that 257 

crushing initiates at the bottom layer as shown in Figure 5 (b), the crushing initiates at the 258 

weaker layer of the graded structure, which is the bottom layer for NG structure and the 259 

top layer for PG structure. The initiation of the buckling of each layer corresponds to three 260 

peaks as shown in section 4.1.2. The differences in load-displacement curves can be found 261 

among structures with different graded configurations. Comparing to the uniform TSP 262 

folded structure without foam fillers, graded structures have higher local peaks. The foam 263 

filler provides not only direct compressive strength to the structure but also the support 264 

and interaction to the sidewalls. As previously investigated [48], the interactions become 265 

more apparent when sidewalls deform. Since more portions of sidewalls are in contact 266 

with the foam fillers to resist sidewall buckling, the crushing resistance of the structure 267 

significantly increases. 268 



 269 

Figure 7. Damage modes of negatively graded structure with (a) cubic EPS foam 270 

fillers;(b) PU foam fillers, under 1 m/s crushing 271 

The NG and PG folded structures with EPS foam fillers show similar behaviour to the 272 

PU foam filled graded structures. However, the layers of NG and PG structures show 273 

opposite crushing order since the crushing of the structure always starts from the weakest 274 

layer under low impacting speed. Due to the difference in material properties between 275 

EPS and PU foams, three peak values in load-displacement curves are not the same as 276 

shown in section 4.1.2. The layer with shaped PU foam filler has the highest peak, as the 277 

designed shape (Figure 3 a) better fits the slope of the sidewalls and enhances the 278 

interaction between the foam filler and sidewalls. This added shaped foam filler also 279 

results in a change of damage mode as compared to the bottom layer where no foam filler 280 



is added, as presented in Figure 7 (b). The added shaped foam on the top layer of 3TSP-281 

PU-NG-1-01 provides extra support to the sidewalls during deformation. Therefore, the 282 

faces of sidewalls bend outwards horizontally, and the top openings remain their original 283 

square shape. For the layer without foam filler or with cubic foam filler (bottom and 284 

middle layers), the sidewalls bend inwards, resulting in more deformation on the top 285 

openings before deformation. The damage modes on three layers of positively graded PU 286 

filled structures are shown in Figure 8 (b). This change of damage mode leads to the 287 

highest peak force out of the three peaks in load-displacement curves when the shaped 288 

foam filled layer undergoes deformation. 289 

 290 

Figure 8. Damage modes of positively graded structure with (a) cubic EPS foam 291 

fillers;(b) PU foam fillers, under 1 m/s crushing 292 



4.1.2 Structural response and energy absorption (1 m/s crushing tests) 293 

Structural response and energy absorption are compared in this section. Peak crushing 294 

load, Ppeak, average crushing load, Pave, uniformity ratio, U, densification strain, D , and 295 

specific energy absorption (SEA) are selected for evaluation of the crushing response and 296 

energy absorption capacities of these different graded structures. The densification strain, 297 

D , is calculated by the displacement at the onset of densification divided by the total 298 

height of the foldcores. Densification is the stage where crushing resistance rises suddenly 299 

due to the compaction of structure. The total height of foldcore in this study is 60 mm 300 

which consists of 3 layers of 20 mm high foldcore. Total height does not include the 301 

thickness of interlayer plates, as no deformation and energy absorption is presented on 302 

these plates. The average crushing force, Pave, is the average crushing resistance of the 303 

structure before it reaches densification, and is defined as follows: 304 

0
( )

D

ave
D

P d
P


 




   1  

where P is the crushing force and   is the strain, which is calculated by crushed distance 305 

over total height of foldcores. The peak crushing force (Ppeak) is defined as the overall 306 

peak force before densification in this study. Uniformity ratio is the ratio between peak 307 

and average crushing forces as: 308 

peak

ave

P
U

p
  2  

It is worth noting that the peak crushing force is often defined as the initial peak force in 309 

many studies [49, 50]. As for conventional sandwich structures such as honeycomb [50], 310 



lattice [10] and Miura-type foldcore [20], sudden rise and fall in crushing resistance 311 

occurs at initial stage which can be several times larger than its average crushing force. 312 

However, for the folded structures considered in the present study, this initial peak force 313 

is not necessarily the overall peak force before densification. Therefore, in this study the 314 

uniformity ratio is defined by using the overall peak force instead of the initial peak force.  315 

The specific energy absorption is defined as  316 

ave D

TSP foam

P H
SEA

m m

 



 3  

where H is the overall height of the foldcores, TSPm   and foamm   are the overall mass of 317 

the TSP foldcore and overall mass of the foam filler, respectively. 318 
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Figure 9. Load-displacement curves of uniform multi-layer TSP folded structure, (a) 321 

negatively graded folded structures; (b) positively graded folded structures under 1 m/s 322 

crushing; Marked out local peaks corresponds to initiation of buckling of the three 323 

layers 324 

The load-displacement curves of multi-layer graded folded structures under 1 m/s 325 

crushing are shown in Figure 9. The average crushing forces are also calculated and 326 

indicated by the same coloured lines as the curves. The end bar of average force line 327 

represents the densification position of the structure where sudden and consistent rise of 328 

the crushing force occurs due to the compaction of the structure. The overall crushing 329 

response of these structures indicates good performances, with low fluctuations and a 330 

long plateau before reaching densification. As previously mentioned, the initial stiffness 331 

of structure is slightly lowered due to the imperfections such as uneven levelling and 332 

existing gaps between foldcore and plates. This can be observed by the lower slope of 333 

curves before 1 to 2 mm displacement. However, this has little effect on energy absorption 334 

and overall crushing response of the multi-layer folded structures. It is also clear that the 335 

graded structures have a higher average crushing resistance than uniform folded 336 



structures without foam filler. As can be noted, the increment in compressive strength of 337 

the structure with added foam filler is much greater than the compressive strength of the 338 

added foam itself. This great improvement in compressive strength to the folded structure 339 

by adding foam filler is due to the interaction effect between foam and the walls [48, 49]. 340 

As marked out in circles in Figure 9, three local peaks can be observed for all graded and 341 

non-graded folded structures under this crushing speed. These peaks are associated with 342 

the initiation of buckling of the sidewalls in each layer. Under quasi-static loading, the 343 

load-displacement response is smoother due to simultaneous deformation on all layers. 344 

Furthermore, the foam filled graded structures have higher peak resistance than the case 345 

without foam fillers due to both added material and foam-sidewall interaction effect. 346 

Structural responses of these graded structures are given in Table 3. The differences in 347 

the crushing response parameters of graded structures are minimal under low impacting 348 

speed. Both negatively graded and positively graded structures with the same set of foam 349 

fillers have similar crushing parameters. For instance, under 1 m/s crushing, negatively 350 

and positively graded structures with EPS foam filler show very similar peak, average 351 

crushing resistance, uniformity ratio, densification strain and specific energy absorption, 352 

although the crushing process is not the same as presented above. Similarly, negatively 353 

graded structure with PU foam filler has almost identical crushing parameters as the 354 

positively graded structure with PU foam filler. Significant enhancement in average 355 

crushing force (25% to 39%) is shown for foam filled graded structure as compared to 356 

uniform unfilled structure, while the mass of foam filler only increases between 5 and 357 

10%. Excellent performances in energy absorption are shown for all folded structures 358 

with or without foam filler. The SEA varies between 2.50 J/g and 3.80 J/g, which is higher 359 

than 0.82-2.51 J/g of typical graded folded structures made of stronger sheet materials 360 



and higher core densities (e.g., brass, with Young’s modulus 111.1 GPa and yield stress 361 

142 MPa) [37].  362 

Table 3. Crushing responses of different graded structures under 1 m/s crushing speed 363 

Graded 

configurations 

Ppeak
 

(kN) 
Pave (kN) U= Ppeak /Pave εD SEA (J/g) 

3TSP-Quasi-static 2.30 1.66 1.386 0.70 2.50 

3TSP-1-02 2.96 1.84 1.598 0.69 2.73 

3TSP-EPS-C-NG-1-

01 

3.30 2.33 1.416 0.72 3.39 

3TSP-PU-NG-1-01 4.12 2.55 1.616 0.74 3.67 

3TSP-EPS-C-PG-1-02 3.37 2.44 1.381 0.71 3.50 

3TSP-PU-PG-1-02 4.68 2.55 1.835 0.76 3.80 

Under 1 m/s crushing speed, the graded structures have enhanced average crushing 364 

resistance and energy absorption capacity due to the added foam filler. However, 365 

difference in positively or negatively graded structure is minimal. For each foam filler 366 

configuration considered in the present study, positively graded structures show similar 367 

crushing parameters as their negatively graded counterpart. This is due to the layer-by-368 

layer deformation of the structure. Under low crushing speed, the deformation initiates at 369 

the weakest layer, followed by the collapsing of the second and then final layer, which 370 

are associated with three local peaks in the load-displacement curves as shown in Figure 371 

9. The graded configuration changes the order of layer crushing, but the compressive 372 



strength of each corresponded layer is the same. Therefore, the general trends of load-373 

displacement curves between NG and PG under 1 m/s crushing are similar.  374 

4.2 High-speed impact (10 m/s) 375 

4.2.1 Damage mode comparison (10 m/s crushing) 376 

Different from the low crushing speed cases, the graded configurations show significant 377 

influence on load-displacement responses under 10 m/s crushing. Figure 10 (a) shows the 378 

crushing at the instant when the overall peak force of NG structure occurs at about 22 mm 379 

of displacement as shown in section 4.2.2, and Figure 10 (b) is at the same instant when 380 

the PG structure with PU foam fillers reaches the peak resistance. The NG structure has 381 

a significantly higher peak force than the PG structure with almost a 40% increase. This 382 

is because collision between the middle and bottom interlayer plates occurs on NG 383 

structure as shown in the figure, which results in higher force. 384 

In this study, the plates are larger than the foldcore, slight tilting may lead to collision on 385 

the edge of the plates. However, the primary reason behind the collision of the plates is 386 

the fully crushed foldcore layer. For graded structures, the strength difference between 387 

layers is amplified with graded structure due to inertia effect and extra stabilization by 388 

both the foldcore and the added foam. The weaker layer is crushed quickly and becomes 389 

fully compacted. As shown in Figure 10 (a, b), the first deforming layer is completely 390 

crushed, resulting the contact between two plates. However,  under 1 m/s crushing, the 391 

first deforming layer still has residual height for further deformation for both NG and PG 392 

structures as shown in Figure 6. The full compaction of the weaker layer leads to large 393 

rise in force being transmitted to the next layer. For NG structures, the foldcore of the 394 

first crushed layer is fully compacted (bottom layer), therefore, it leads to huge rise in the 395 



reaction force, i.e., the force being transmitted to the base where the load cell is located, 396 

as shown in section 4.2.2. For PG structures, the fully compacted layer is at the top, and 397 

there are two layers below it that can deform to absorb energy. Therefore, the force 398 

transmitted to the base is still relatively small. Similar significant increase in transmitted 399 

force due to fully compacted layer subjected to dynamic loading were also reported in the 400 

previous analytical and experimental studies [51, 52].   401 

 402 

Figure 10. Early deformation comparison of PU foam filled folded structure (a) 403 

negatively graded under 10 m/s crushing; (b) positively graded under 10 m/s crushing; 404 

(c) positively graded under 1 m/s crushing  405 

 Prior to layer-by-layer buckling, all three layers undergo slight deformation 406 

simultaneously under high speed crushing, which is slightly different from that under low 407 

speed crushing. As can be observed, there is almost no deformation on the middle and 408 

bottom layers when the top layer is fully crushed under 1 m/s impact as shown in Figure 409 

10 (c). Under 10 m/s crushing, as shown in green circle in Figure 10 (b), both middle and 410 



bottom layers experience some slight deformation when the top layer is fully crushed. 411 

This leads to an increased crushing resistance at initial stage due to simultaneous buckling 412 

initiation on all layers prior to layer-by-layer deformation. However, the crushing force 413 

at later stage is slightly reduced as compared to 1 m/s impacting case, as shown in Figure 414 

16 of section 4.2.2, which is due to the slightly deformed sidewalls of foldcores on middle 415 

and bottom layers prior to layer-by-layer crushing.  416 

 417 

Figure 11. Damage modes of positively graded structure with (a) cubic EPS foam fillers; 418 

(b) PU foam fillers under 10 m/s crushing 419 



 420 

Figure 12. Damage modes of positively graded structure with (a) cubic EPS foam fillers; 421 

(b) PU foam fillers under 10 m/s crushing 422 

Damage modes of the two graded structures under 10 m/s crushing are show in Figure 11 423 

and Figure 12. Similar damage modes are observed for foam filled layers due to foam-424 

sidewall interactions. Comparing with 1 m/s crushing (Figure 8 b), larger residual opening 425 

and more buckled interconnections on the top layer (i.e. no foam filler) of 3TSP-PU-PG 426 

are observed under 10 m/s crushing as shown in Figure 11 (b). This is due to the inertia 427 

effect and the geometry of the foldcore causing top portion of the foldcore to deform 428 

before the lower portion. As each corner of folded structure consists of two triangular 429 

interconnections which strengthen the structure, the foldcore corners rotate about the base 430 

instead of buckling under low crushing speed. Under high crushing speed, the 431 

deformation of top layer is localized on the top edges of the sidewall. In this case, the top 432 



edges roll towards cell centre and the interconnections buckle instead of rotating. 433 

Therefore, the interconnection lines are no longer straight as observed under low speed 434 

crushing (marked out in Figure 8 (b) top layer), and the top openings are not closed as 435 

marked out on the top layer of Figure 11 (b).  436 

 437 

Figure 13. Schematic diagram of layer deformation under different loading and graded 438 

conditions; (a) No foam filled TSP folded structure under 1 m/s crushing; (b) No foam 439 

filled TSP folded structure under 10 m/s crushing; (c) PG structure under 1 m/s 440 

crushing; (d) PG structure under 10 m/s crushing; (e) NG structure under 1 m/s 441 

crushing; (f) NG structure under 10 m/s crushing; Note: denser lined layer represents 442 

the layer with higher compressive strength  443 

To summarize the layer deformation of graded multi-layer folded structure under three 444 

graded configurations and two loading speeds, schematic diagrams are shown in Figure 445 

13. Under low crushing speed, layer-by-layer deformation is observed for both graded 446 



configurations. The weakest layer deforms first followed by the second weaker layer. 447 

Under 10 m/s crushing, however, slight deformation on all three layers is observed prior 448 

to layer-by-layer crushing for both NG and PG structures. Different from that under low 449 

crushing speed, the weakest layer is completely crushed under 10 m/s impact before large 450 

crushing starts in the next weakest layer. This full compaction of layer may result in a 451 

significant increase in force transmitted to the structure behind if the fully crushed layer 452 

is the bottom layer. It is also worth noting that the layer-by-layer deforming order for 453 

uniform TSP folded structure under 1 m/s impact starts from bottom layer. Random 454 

deforming order is observed for 10 m/s impacting case, as the impacting speed is not 455 

sufficiently high to cause the failure at impacting end while the interaction of reflected 456 

and propogating stress wave is not nessarilly occurs at base end under this impacting 457 

speed. 458 

4.2.2 Structural response and energy absorption (10 m/s crushing) 459 
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Figure 14. Load-displacement curves of uniform multi-layer TSP folded structure and 462 

(a) negatively graded folded structures; (b) positively graded folded structures, under 10 463 

m/s crushing 464 

Load-displacement curves of the multi-layer graded structures under 10 m/s crushing are 465 

shown in Figure 14. Crushing responses of these graded folded structures under 10 m/s 466 

are very different, as compared to those under low crushing speed of 1 m/s. Fluctuation 467 

of the curves can be observed on both the negatively and positively graded cases. For 468 

negatively graded folded structures, three sudden rises can be identified on both EPS and 469 

PU foam filled NG structures. Out of which, the second peak at around 22 mm of crushed 470 

distance shows the highest rise and drop in force as marked out in Figure 14 (a). The peak 471 

value at this point is almost twice than the average crushing resistance and almost 40% 472 

higher than that of PG counterparts. As previously explained, the collision of the middle 473 

and bottom plates as well as full compaction of the weakest layer, which is the bottom 474 

layer for NG structures, lead to large force transmitted to the structure behind. For the 475 

positively graded folded structure, the load fluctuates around the average line of the 476 

crushing force and the fluctuation is much smaller in amplitude, indicating a more 477 

uniform crushing response. Clear change in initial stiffness can be observed as well. For 478 



the first 2 to 3 mm of the crushing, the stiffness of all structures is much lower than that 479 

after initial stage, which is caused by the gap between foldcores and plates. Once the 480 

manual folding induced gaps are closed, the crushing stiffness rises quickly, which can 481 

be observed for PG and NG cases in Figure 14. The slopes of the initial stage of crushing 482 

after gap closing are much higher than those under 1 m/s crushing shown in Figure 9 due 483 

to inertia effect and stabilization effect of the cell walls. 484 

Table 4. Crushing responses of different graded structures under 10 m/s crushing speed 485 

Graded configurations 

Ppeak
 

(kN) 

Pave 

(kN) 
U= Ppeak /Pave εD SEA (J/g) 

3TSP-10-02 3.44 1.94 1.773 0.65 2.70 

3TSP-EPS-C-NG-10-02 6.97 3.19 2.206 0.68 4.37 

3TSP-PU-NG-10-01 6.10 2.67 2.285 0.65 3.37 

3TSP-EPS-C-PG-10-01 4.93 3.27 1.508 0.65 4.32 

3TSP-PU-PG-10-03 4.40 3.06 1.438 0.66 3.91 

The structural response and energy absorption of the graded structures under 10 m/s are 486 

listed in Table 4. The peak crushing forces for two configurations of negatively graded 487 

structures (3TSP-EPS-C-NG, 3TSP-PU-NG) are around 40% larger than their positively 488 

graded counterparts (3TSP-EPS-C-PG, 3TSP-PU-PG) under 10 m/s loading. On the other 489 

hand, the energy absorption and average crushing resistance of these NG structures are 490 

similar or lower than their PG counterparts. Both negatively graded structures (3TSP-491 

EPS-C-NG, 3TSP-PU-NG) show less uniform crushing behaviour than the uniform and 492 

PG structures, by yielding a larger uniformity ratio. Positively graded structures, however, 493 



have smaller uniformity ratios than NG structures and uniform folded structures, 494 

demonstrating the improved crushing behaviour by adding positively graded foam fillers, 495 

which not only enhance the energy absorption but also lead to a more uniform crushing 496 

process. 497 

For the structures with both PU and EPS positively graded foam infill, the specific energy 498 

absorption (SEA) is above 4.3 J/g under 10 m/s crushing, which is much superior to the 499 

uniform folded structure without foam infill. The energy absorption is also much higher 500 

than some conventional energy absorbing material and structures such as aluminium foam 501 

and eggbox made of aluminium thin sheet of similar density [7]. Under quasi-static 502 

loading, the aluminium eggbox with volumetric density of 2.8% has the SEA around 1 503 

J/g and the Cymat® aluminium foam with 3.1% volumetric density has the SEA between 504 

0.5 and 0.8 J/g [7, 27].  505 
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Figure 15. Peak and average crushing forces with the increase of impacting speed for (a) 507 

negatively graded structures; (b) positively graded structures 508 

Figure 15 shows the comparison of the peak and average crushing forces among the 509 

folded graded structures under low and high crushing speeds. With the increasing 510 

crushing speed, rises in average crushing forces can be observed for all graded 511 



configurations and the uniform foldcore without foam fillers. This is due to the structural 512 

stabilization and change of damage mode on some layers with the increasing crushing 513 

speed. With the increase of impacting speed from 1m/s to 10 m/s, the changes of the peak 514 

crushing forces are different for the two graded (PG/NG) configurations. As shown in 515 

Figure 15 (a), much higher rise of peak crushing force is shown for the negatively graded 516 

(NG) structure due to the quick full compaction of the bottom layer and impacting onto 517 

the base support where the load cell is located. However, for the positively graded 518 

structure, the peak force increases slightly or even decreases (e.g. 3TSP-PU-PG as shown 519 

in Figure 15 b) when crushing speed increases from 1 to 10 m/s. Under 10 m/s impacting 520 

speed, all layers deform slightly before layer-by-layer deformation occurs, as shown in 521 

Figure 10. This will increase the initial peak force at early stage due to initiation of 522 

buckling on all layers, while the peak at later stage of the crushing is reduced as the layers 523 

are slightly buckled prior to layer-by-layer deformation.  524 

Under 10 m/s crushing, the overall peak force occurs at early stage of the deformation for 525 

EPS foam filled PG structure (Figure 14 b), different from low speed crushing where the 526 

peak force occurs at later stage of deformation (Figure 9 b). For PU foam filled PG 527 

structure, overall peak force occurs at later stage of the deformation under both crushing 528 

speeds. For both PG structures (EPS and PU), the deforming orders are the same, from 529 

top to bottom layer under both crushing speeds, whereas slight deformation occurs on all 530 

three layers before layer-by-layer deformation under higher crushing speed. This leads to 531 

the increase in crushing force at early stage and reduction at later stage under higher 532 

crushing speed, as explained in the previous paragraph. Illustration of this change in 533 

crushing force at early and later stages under 1 and 10 m/s crushing is shown in Figure 534 

16. It is worth noting that the illustration only shows the changes caused by the slight 535 



simultaneous buckling on all three layers before layer-by-layer crushing under 10 m/s 536 

loading, it does not include other factors such as inertia effect and stabilization of the 537 

foam which result in a higher average crushing force under higher crushing speed as 538 

previously explained. For EPS foam filled PG structure, the difference in compressive 539 

strength from top to bottom layers (EPS 13.5, EPS19, EPS 28) is not significant. 540 

Therefore, with the increasing loading rate from 1 to 10 m/s, the appearance of peak force 541 

changes from later stage P2 (10 m/s) to early stage P1 (10 m/s) due to the increase of 542 

crushing force at early stage as shown in Figure 16 (a). For PU foam filled PG structure, 543 

the compressive strength from top to bottom layers is very different due to foam filler 544 

configuration (no foam, cubic foam and shaped foam from top to bottom layer). Therefore, 545 

under 10 m/s crushing, even with the increase in crushing force at early stage and decrease 546 

at later stage, the crushing force at early stage P1 (10 m/s) is still smaller than that at later 547 

stage P2 (10 m/s) where bottom layer with shaped foam is being crushed as shown in 548 

Figure 16 (b). Therefore, overall peak crushing force of PU foam filled PG structure 549 

occurs at later stage and its value is slightly reduced comparing to 1 m/s crushing case.  550 

 551 



Figure 16. Illustration of changes in peak forces at early and later stage of crushing 552 

under 1 and 10 m/s impact for (a) EPS foam filled PG structure; (b) PU foam filled PG 553 

structure; note: this graph is only used to illustrate the changes in peak forces caused by 554 

the change of layer deformation mode under 1 and 10 m/s impact, does not represent the 555 

actual crushing responses  556 

5 Conclusions 557 

Two sets of negatively and positively graded TSP folded structures by varying foam filler 558 

configurations are experimentally studied. Their crushing behaviours including peak and 559 

average crushing force, energy absorption, uniformity ratio and damage modes are 560 

compared under two different speeds. It is found that the structures with different graded 561 

configurations show similar crushing behaviors under low crushing speeds, indicating the 562 

graded configurations have minimum influences on the impact responses of the graded 563 

TSP folded structures. Under high crushing speed, however, significant advantages are 564 

obtained for positively graded structure where the core strength increases along the 565 

impacting direction. More uniform load-displacement responses with lower fluctuation, 566 

lower peak force and higher energy absorption are achieved for positively graded 567 

structures with two sets of foam filler configurations than their negatively graded 568 

counterparts. Different damage modes are observed for these graded structures as well. 569 

Layer-by-layer crushing with initiation on the weakest layer is observed on graded 570 

structure under low crushing rate. Under high crushing speed, all three layers undergo a 571 

slight simultaneous deformation prior to the layer-by-layer crushing. Due to foam-shell 572 

interaction effect, an excellent graded performance can be achieved by inserting 573 

lightweight foam, which leads to an up to 68.6% increase in average crushing force with 574 

only a 5.3% increase in structural mass. Furthermore, the graded configuration of this 575 



multi-layer TSP folded structure can be easily modified according to various scenarios 576 

by relocating the desired foam filler, as no permanent bonding between foldcores and 577 

plates is required. The interlayer plates of the set-up are also reusable, the core can be 578 

easily replaced after each use. Overall, with suitable graded configuration, this graded 579 

multi-layer TSP folded structure has superior energy absorption capacity than uniform 580 

TSP folded structure especially under dynamic loading conditions.  581 
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