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Highlights: Quasi-Static Impact of Indented Foldcores 
 

 Sub-folds are introduced into a standard foldcore to make an indented 
foldcore. 

 The indented foldcore possessed a high-order travelling hinge line (THL) 
failure mode. 

 The THL failure mode can absorb more energy in a more uniform manner 
than a standard failure mode. 

 Improvements in energy absorption by up to 39% were seen, with a 35% 
improved uniformity. 

 Good correlation is seen between numerical and experimental results.
.  
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Abstract

A modified planar foldcore geometry was developed by introducing sub-folds

into a standard foldcore pattern. It was demonstrated using numerical sim-

ulation that the new geometry, deemed the indented foldcore, successfully

triggered a high-order travelling hinge line failure mode. This was found to

have a much higher and more uniform energy absorption than the plate buck-

ling failure mode seen in a standard foldcore structure. A numerical analysis

also established optimum standard and indented geometries with maximum

energy absorption. Prototypes were constructed to experimentally validate

numerical findings. Prototypes with no visible geometric imperfections dis-

played the travelling hinge line behaviour as predicted. Prototypes with

visibly-buckled plates showed no change in failure mode compared to a stan-

dard foldcore, confirming numerical findings that the travelling hinge line

failure mode is highly sensitive to geometric imperfections.
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1. Introduction

1.1. Sandwich Panels

The energy absorption capabilities of sandwich panel elements are exten-

sively studied in literature. For high-performance applications with demand-

ing weight-specific stiffness and energy absorption capabilities, hexagonal

honeycomb cores are commonly employed. When loaded in an out-of-plane

direction, the hexagonal core geometry generates an extremely high initial

peak force, followed by an oscillating post-failure reaction force as sequential

folding elements form in the core cell walls [1, 2]. This failure mode forms a

large number of static hinge lines across the honeycomb core, resulting in a

high average reactive force and a large amount of energy absorption [3, 4, 5].

Despite this high average force, the failure mode is very non-uniform, in that

there is a large difference between peak and average reaction forces. Various

methods to improve the honeycomb uniformity have been suggested, includ-

ing pre-crushing the honeycomb core [6], however this effect can be negated

at dynamic loading [7].

Eggbox cores are another core structure that can be designed to have

a very efficient energy absorbing failure mode. At certain configurations,

the eggbox core possesses a travelling hinge line failure mode, in which shell

inversion occurs at the narrow end of the conical eggbox unit and propagates

through the core along a circular travelling hinge line [8]. This plasticizes a

large area of core material twice, once as it rolled into the travelling hinge

line and again when it unrolled out of the travelling hinge line, and as such

absorbs large amounts of energy. The eggbox core exhibits a low reaction

force at the initial inversion, and then the reaction force gradually increases

as the travelling hinge line expands across a larger cross-section of the conical
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unit, Figure 1(a). The failure mode is very sensitive to imperfections, which

cause the core to revert to a non-symmetric failure mode [8]. This sensitivity

is a problematic attribute for an energy absorbing device and so the eggbox

core is rarely employed.

Foldcore sandwich panels have been suggested as a potential substitute,

as they possess a number of favourable properties that are not possible with

other types of high-performance sandwich panel [9], e.g. isotropic strength

coefficients [10] and continuous manufacture [11]. Under out-of-plane im-

pact, they exhibit a plate buckling failure mode [9, 12], typified by a high

initial force followed by a steep post-buckling reduction in force. The high

initial force occurs from the high buckling resistance of the parallelogram core

plates, which are all continuously supported on four sides. The post-buckling

force reduction occurs as collapse is about stationary hinge lines formed

across buckled plate regions. The foldcore therefore possesses the same draw-

back as the honeycomb core, namely a non-uniform force-displacement re-

sponse.

1.2. Indented Foldcore

A previous study by Ma and You [13] has used rigid-origami design prin-

ciples to pre-fold the surface of a tube based on an origami pattern. The

pre-folded tube has a failure mode that differs from the standard thin-walled

tube failure modes. The new failure mode, known as the complete diamond

mode, led to a higher amount of energy absorption and good load unifor-

mity. This paper subjects the standard foldcore to a similar procedure to

generate a modified foldcore geometry with improved energy absorption ca-

pabilities under out-of-plane impact loading. Deemed the indented foldcore,

it is created by placing sub-folds in a standard foldcore, which act as a line
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imperfection that triggers an initial plate failure at the core ridge, and the

subsequent formation of top-down travelling hinge line. This failure mode

is similar to the failure mode of the eggbox core, with the difference be-

ing that the hypothesised travelling hinge line maintains an almost constant

length throughout the duration of the crush, Figure 1(b), to create a high,

near-uniform force-displacement response.

The behaviour of an indented foldcore, and its performance relative to a

standard foldcore, is assessed as follows. Section 2 establishes a geometric

parametrisation of a standard and indented foldcore. Section 3 conducts a

numerical parametric study on foldcore periodic unit geometries, to establish

an optimum standard and indented configuration. An experimental analysis

is given in Section 4 and Section 5 presents a discussion and comparison

between numerical and experimental results.

2. Standard and Indented Foldcore Parametrisation

A standard foldcore corresponds to a rigid origami pattern known as a

Miura pattern. There are numerous ways to parametrise this pattern, how-

ever this paper adopts the parametrisation given in [14], in which a standard

unit cell is defined with four parameters: side lengths a and b, pattern angle

φ, and a single pattern variable to define the folded configuration, for exam-

ple longitudinal or lateral edge angle ηA or ηZ , Figure 2(a). These latter two

parameters are related by:

(1 + cos ηZ)(1 − cos ηA) = 4 cos2 φ (1)

An additional plate thickness parameter tp is needed as the foldcore sheet has

non-zero thickness. This is used to calculate core density α = Vp/V , which
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is the volume of core plates Vp = 4abtp sinφ contained in a unit volume

V = lalblt, where length la = 2a sin(ηA/2), width lb = 2b sin(ηZ/2), and

height lt = a cos(ηA/2).

The indented foldcore geometry is simply created by introducing a small

indent along top ridge of standard foldcore pattern, Figure 2(b). It can

be seen from the indented foldcore crease pattern that the indent can be

thought of as a short, inverted Miura pattern with side length ai, where

the subscript i denotes indent. For geometric compatibility, the inverted

Miura segment must have the same b, φ, and ηZ as the main plate segment.

Therefore a single extra dimensional constant, ai, is sufficient to uniquely

define an indented pattern. It is convenient to define the standard side length

as = a−ai, the dimensionless indented ratio p∗ = ai/a, and the dimensionless

side length aspect b∗ = b/a. Henceforth the superscript ∗ shall be used to

denote dimensionless parameters. An indented foldcore with the same a, b∗,

φ, and ηA parameters as a given standard foldcore will have identical la and

lb values, but a reduced height of lt = as cos(ηA/2).

3. Numerical Analysis

3.1. Parametric Model Geometry

A numerical study was conducted on indented foldcore parameters to

assess if and when it exhibited the desired failure mode. There are five

parameters of interest: φ, ηA, and ηZ , which control the configuration of the

core plates, and b∗ and p∗, which control the aspect ratios of the core plates.

The effect of density parameter α is considered separately in Section 3.5 and

the sensitivity of cores to geometric imperfections considered in Section 3.6.

To efficiently explore this large configuration space, parametric models were
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generated by independently altering a single parameter of a base geometry.

This base geometry was deemed A1 and was set as a = 30mm, b∗ = 0.5,

p∗ = 1/15, α = 4%, φ = 60◦, ηZ = 109.5◦, and ηA = 120.0◦.

Four models were generated for each of the three configuration parame-

ters, with geometry chosen to create good distribution across the configura-

tion space of Equation (1), see Figure 3 and Table 1(a). B models possess a

common φ parameter and so represent different folded configurations of the

same base pattern. C models possess a constant ηA parameter so represent

different lateral steepness configurations. Similarly, D models possess a con-

stant ηZ and correspond to different longitudinal steepness configurations.

Four models were also generated for b∗ and p∗ aspect ratio parameters, see

Figure 3(b) and Table 1(b). E models have varied side length aspects where

0.125 ≤ b∗ ≤ 2. F models have varied indent aspects where 0 ≤ p∗ ≤ 0.25.

Seventeen equivalent standard models, A1s-E5s, were also generated with

the same parameter values above, excluding p∗ which is set to zero and

therefore excludes the four indent aspect F models. Note that the superscript

s is used henceforth to indicate a standard foldcore.

3.2. Numerical Method

A numerical simulation of all cores being crushed between two rigid bod-

ies was conducted using a quasi-static, large-displacement analysis in finite

element software ABAQUS/Explicit. The core mesh was constructed with

S4R shell elements with mesh size approximately equal to a/80. This mesh

density was selected after a mesh convergence study showed values for crush

stress converged at approximately this size, with a 2% change from a/48 to

a/96. A small bend radius was used in place of the sharp ridge crease lines

seen in the idealised origami geometry, as this is a more realistic approxima-
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tion of the shape of a formed metallic foldcore. A proportionally equal bend

radius, equal to a/40, was used for all models. A ductile, annealed, pure alu-

minium material was selected for the analysis, with isotropic elastic-plastic

material properties of E = 69GPa, v = 0.33, σY = 28MPa, σU = 83MPa,

ρ = 2710kg/m3, and strain hardening data obtained from material sample

tests shown in Table 2(a).

Fixed boundary conditions were applied along the four base edges, and

periodic boundary constraints applied along side edges. Loading was applied

by crushing the structure between two rigid panels, with the top plate given

smooth-step crush displacement of up to approximately 65%lt. To ensure a

quasi-static analysis, the loading velocity was set at 2m/s, which limited the

kinetic energy to internal energy ratio to be less than 5%, as recommended in

the Abaqus User Manual [15]. Comparative numerical models, with slower

impact velocities and reduced mass properties, displayed no change in be-

haviour from the above analysis, confirming it is a quasi-static rate with no

dynamic inertial or strain rate sensitivity behaviours. Top panel contact,

bottom panel contact, and self-self contact were all modelled with surface-

surface tangential friction, with a friction coefficient of 0.25.

Core performance is assessed using criteria from [16], which states that

a good energy absorption device should have, amongst other properties, a

restricted and uniform reactive force, a long crush displacement, and a high

Specific Energy Absorption capacity (SEA). These attributes can be read

from a core force-displacement response, measured as the reacting force on

the top plate when impacting the core unit. To facilitate comparison between

the models, crush force P and crush displacement h are normalised to dimen-

sionless stress and strain parameters σ∗ = σ/σY = P/(lalbσY ) and h∗ = h/lt,
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respectively. The dimensionless energy absorption E∗ is the integral of di-

mensionless stress-strain curve, and the total energy absorbed, E∗d , is attained

at the densification strain h∗d. The densification strain was set at the point at

which the crush stress began to sharply rise, or 60%, whichever is less. From

these values, the average dimensionless stress is calculated as, σ∗avg = E∗d/h
∗
d.

The uniformity ratio U∗ is defined as U∗ = σ∗max/σ
∗
avg=Pmax/Pavg, where an

ideal energy absorbing device would possess a U∗ value approaching unity.

An optimum core configuration is defined as the core possessing the highest

σ∗avg and lowest U∗.

3.3. Indented Simulation Results and Discussion

Dimensionless stress-strain responses and representative failure modes for

the indented pattern configuration models A1-D5 are shown in Figure 4 and

relevant values listed in Table 3. A range of failure modes are seen which

can generally be classified as one of three types. Type 1 models, B1 and

D1, exhibit plate buckling behaviour, typified by a sharp initial peak force

followed by a steep drop in reaction force. From the B1 stress plot, Figure

5(a), it can be seen that the initial buckle location remains stationary for the

crush duration.

Type 2 models, B3 and C3, show the start of a travelling hinge line

(THL) failure mode, typified by a double-peak in the force-displacement plot.

From the C3 stress plot, Figure 5(b), it can be seen that this double-peak

corresponds to an initial inversion about the indent, a slight dip in strength

as this buckle propagates, and then a second peak prior to the onset of plate

buckling. Duration of the second peak, which represents the time before the

travelling hinge is lost to plate buckling behaviours, varies considerably for

each model. In model C1 this secondary buckling occurs almost immediately
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after initial inversion at h∗ = 10%, and so the failure mode is actually initial

and secondary formation of static hinge lines, rather than a travelling hinge

line. However in model C3, plate buckling does not occur until approximately

h∗ = 35%, and so the second static hinge lines propagate to form travelling

hinge lines.

Type 3 models, B5, D4, C5, and D5, show initial buckling around the

top indent, followed by buckling and rotation about the the base supports,

see Figure 5(c). Both the initial buckle and subsequent rotation occur at

low stress, so the reaction stress is low but uniform. Note that these three

classifications are not discrete, with most cores exhibiting a combination of

the three types. Models C1, C2, and B2 show type 1 and 2 modes. Models

A1 and D2 show type 2 and 3 modes.

Relevant energy absorption values from Table 3 are plotted in energy

absorption suitability charts, that is uniformity versus average reaction stress,

in Figure 4. It can be seen that steep type 1 models have reasonably high

values of σ∗avg but generally poor U∗, due to the sharp reduction in reaction

stress following the initial buckle. Shallow type 3 models give a poor σ∗avg

but generally good U∗. Type 2 exist between these two extremes and allow

travelling hinge formation and propagation at high stress levels, giving a

very high σ∗avg with a low U∗, the desired core attributes. Model C3, with

the largest area swept through by the travelling hinge line, has exceptional

energy absorption properties. It has the highest σ∗avg and the lowest, near-

ideal uniformity of U∗ = 1.2. This shows that the travelling hinge line

corresponds to a smaller disparity between the peak and average stress, and

therefore a much better energy absorption capability.

Dimensionless stress-strain responses and representative failure modes for
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the b∗ aspect ratio configuration models E1-E5 are shown in Figure 6(a)

and Table 3. For E models, three distinct failure modes are seen. The

narrowest model E5, with b∗ = 0.125, shows a beam buckling failure mode,

typified by an initial peak stress followed by an immediate post-buckling

stress reduction. The widest model E1, with b∗ = 2, has a plate buckling

mode that is similar to the beam buckling mode, but with a less severe

post-buckling stress reduction. Inspection of the plate stresses of these two

models, Figure 6(b), shows that the plate aspect of model E5 is too narrow

to cause plate buckling and the plate aspect of model E1 is too wide to allow

a travelling hinge line to form. The middle aspect ratio, model E3 with

b∗ = 0.5, exhibits the previously seen type 2 travelling hinge failure mode.

In terms of energy absorption suitability, the beam buckling mode is least

suited, with a very high U∗, and the travelling hinge line mode is again better

suited than the plate buckling mode.

Indented aspect p∗ model results are shown in Figure 7. It can be seen

that there is no change in the failure model from F1 to F2, indicating that a

minimum threshold indent depth must be reached before the indent is effec-

tive at changing the core failure mode. In this case the minimum threshold is

reached in model F3 with p∗ = 0.05. Increasing the indent depth significantly

beyond this minimum threshold does not provide any further advantage, with

models F4 and F5 both having less optimal performance in terms of energy

absorption capabilities.

To summarise, the twenty-one indented model results have been collated

and plotted in Figure 8(a). It can be seen that model C3 is the optimum

indented model, with a 123.1% improvement in σ∗avg and a 7.7 % reduction

in U∗, compared to the initial geometry A1. Model C3 had the largest area
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swept through by a travelling hinge line, confirming the hypothesis that an

indent can force this mode, and that when present, the travelling hinge is an

extremely efficient energy absorption mechanism.

3.4. Standard Simulation Results and Discussion

The results of the seventeen standard foldcore models A1s-E5s have been

collated and plotted in Figure 8(b) and Table 4. The effect of individual

parameters is not discussed as most standard models simply exhibited plate-

buckling type failures. It can be seen that the standard configuration with the

highest σ∗avg is C2s, with a 152.3% improvement in σ∗avg and a 7.4% increase

in U∗ compared to the initial model A1s. Also highlighted in Figure 8(b) is

model C3s, which is seen to have a 22.3% lower σ∗avg compared to model C2s.

Indented and standard foldcores are therefore seen to have different optimum

configurations, with C3 optimum for the former and C2s optimum for the

latter.

Two comparisons can be made between standard and indented cores.

Comparing C3 and C3s, it can be seen that the indented model offers a

significant improvement, with a large increase of 19.6% in σ∗avg and a large

reduction of 45.4% in U∗. Comparing C3 and C2s, Figure 8(c), the indented

model is again seen to be an improvement, with a slight reduction of 7.2%

in σ∗avg but a large reduction of 50.7% in U∗. By either comparison, it can

be seen that the indented core, at an optimum configuration that allows

travelling hinge line formation, is much better suited for energy absorption

applications requiring a uniform stress response. Note that for these com-

parisons, consideration was given to both σ∗avg and U∗, as the twin primary

goals of indented foldcore were to improve on the standard foldcore unifor-

mity while maintaining or improving σ∗avg.
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Figure 9 shows the hinge formation and stress propagation for the C3

and C2s models. It can clearly be seen that the uniform indented response

is due to a very stable travelling hinge line progression. The initial hinge

formation at the top ridge of the pattern keeps the remaining plate area

relatively undistorted, allowing the inversion to propagate and the resisting

stress to remain high. By comparison, the standard core has a higher initial

stress because the initial plate buckle plasticises a larger area. However this

distorts the rest of the core plates, and the core subsequently collapses at a

reduced stress level. If model C3 is taken as an optimum travelling hinge line

failure mode, and model C2s is taken as an optimum plate buckling failure

mode, it can be concluded that the travelling hinge line is better suited for

energy absorption purposes.

3.5. Density Parameter Study

Models C3 and C2s were rerun with different densities of α = 2%, 6%,

and 8% to assess the effect core density has on relative performance. These

results, along with the original α = 4% models, are listed in Table 5 and plot-

ted in Figure 10. It can be seen that the usefulness of indent fades at higher

densities, that is to say that in comparison to standard models at the same

density, the indented models have an increasingly lower σ∗avg and decreasingly

lower U∗, as the density increases. Inspection of two stress-displacement

curves at a higher density, Figure 10(b), shows that the travelling hinge line

failure mode is still present, however it does not appear to strengthen at the

rate that the plate buckling mode does. In terms of uniformity, the indented

response is approximately constant whereas the standard core improves as

the density increases. These two differences combine to erode the benefits of

employing an indented foldcore as the density increases.
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3.6. Sensitivity Study

In [8], the travelling hinge line failure mode of an eggbox core was shown

to be highly sensitive to geometric imperfections. Models C3 and C2s, with

the original core density of α = 4%, were therefore investigated with included

geometric imperfections to see whether they exhibit a similar sensitivity.

Geometric imperfections were generated by superimposing an original perfect

core geometry with buckling mode nodal displacements. For the indented

and standard foldcores, the second and first buckled modes, respectively,

were found to cause the lowest σ∗avg. Eight geometrically-imperfect models

then were set up for both foldcores, corresponding to maximum buckled

displacements δ of 25%, 50%, 75%, 100%, 125%, 150%, 175%, and 200% of

tp. Imperfect models were designated FE’δ/tp∗100.

Responses from the sensitivity study models are shown in Figure 11 and

key values summarised in Table 6. Figure 11 (a) shows σ∗max and σ∗avg plotted

against δ/tp for indented imperfect models. Indented cores, it can be seen

that there is a gradual decline in σ∗max with increasing δ/tp and a convergence

in σ∗avg after approximately δ/tp = 1.0. Figure 11(c) shows the dimensionless

stress-strain responses of numerical models over this range of imperfection

magnitudes. It can be seen that the area of the second hinge line steadily

decreases and eventually disappears. The base FE model has the full THL

upto approximately h∗ = 35%, as discussed previously, whereas FE’75 has no

secondary hinge line and so is a typical Type 1 plate buckling mode.

Figure 11 (b) shows σ∗ against δ/tp for standard imperfect models. There

is an initial steep decline in σ∗max from FE to FE’25, followed by a gradual

decline similar to that seen in the indented models. A similar drop occurs

initially for σ∗avg, although this value then converges almost immediately after
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δ/tp = 0.25. Again comparing the dimensionless stress-strain responses of

selected numerical modes, Figure 11(d), it can be seen that the Type 1 failure

mode, plate buckling, occurs in both FE and FE’ models, although the slight

secondary hinge that formed in the FE model was lost immediately at FE’25.

To conclude, the indented foldcore travelling hinge line Type 2 failure

mode was suppressed in the presence of geometric imperfections, with a plate

buckling Type 1 exhibited instead. The standard foldcore exhibited the same

Type 1 failure mode in both perfect and imperfect geometry models. The

indented foldcore is therefore judged to be more sensitive to geometric im-

perfections than the standard foldcore.

4. Experimental Analysis

4.1. Geometry and Material

Indented foldcore prototypes were constructed from a pure aluminium

sheet material at two sheet thicknesses, tp = 0.5mm and 1.0 mm. Foldcore

height was set at 40mm and remaining parameters chosen to match the

optimum indented foldcore configuration, giving a = 60mm, b = 30mm,

φ = 64.8◦, ηA = 95◦, and p∗ = 1/15. To facilitate material draw during

manufacture, 2mm fillets were also included at the foldcore ridge locations,

giving a final unit height of lt = 36mm. The total core was constructed

using four units, two each in the longitudinal and lateral directions, for a

global length L, global width W , and density as shown in Table 7. Note the

nomenclature for height lt is replaced with the equivalent global height H for

consistency.

Comparative standard foldcores were also constructed with tp = 0.5mm

and 1.0 sheet, with identical values for a, b, φ, and ηA to that used for

14
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the indented foldcore prototype. 2mm fillets were again added at foldcore

ridge locations to give global dimensions as shown in Table 7. Note that the

C3s configuration was used, rather than the optimal C2s configuration, as it

simplified manufacture, as discussed next.

4.2. Manufacturing Method

The standard foldcore was formed in a single punch stamping process with

the male and female steel dies mounted on a mechanical punch press. The

indented core was formed in a two-stage process: a standard core was first

formed, then subjected to a second punch in a set of indented forming dies.

This simply punched the indent into the core without altering the as length

of core plates. Table 7 shows the final formed dimensions of all foldcores to

the nearest half millimeter. Standard models with tp = 0.5mm and 1.0mm

are given the models names Mi05 and Mi10, respectively. Similarly, the

indented models are named Ind05 and Ind10. It can be seen that the formed

dimensions are close to the designed dimensions. Inspection of the plates

shows that the Mi10 and Ind10 models formed without significant visual

imperfections, Figure 12(a)-(b), however the Mi05 and Ind05 models have

some visible buckling ripples, Figure 12(c)-(d).

Three samples of each foldcore type were annealed at 345◦C. Tensile tests

were conducted on annealed material samples for both sheet thicknesses.

The material properties given in Table 2(a) and used for numerical models

were the annealed material properties of the 0.5mm thick aluminium sheet.

Although ostensibly the same aluminium alloy, the 1mm thick aluminium

sheet was found to be a slightly stronger and less ductile material than the

0.5mm sheet, with σY = 37MPa, σU = 106MPa, and strain hardening data

as shown in Table 2(b).
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4.3. Experimental Method and Results

For testing, the prototypes were restrained by clamping the front and back

edge tabs to a rigid baseplate. These were placed into an INSTRON Universal

Testing machine and crushed under quasi-static loads, with a rigid top plate

descending at a rate of 2mm/min to a crush depth of approximately 65%H.

Note that this is slower than the 2m/s loading rate used for FE models, in

order to allow observation of the experimental failure modes. The difference

in rates is not expected to affect later comparisons, as both are a quasi-static

loading rates. Dimensionless stress-strain results obtained from testing are

shown in Figure 13 and it can be seen that there is good repeatability for all

cores.

5. Discussion

5.1. Comparison of 1mm Foldcore Analyses

A comparison of tp = 1.0mm numerical and experimental results is shown

in Figure 14(a) and Table 8. The numerical results are obtained from models

analysed in the same manner as described in the previous chapter, with

two differences: 1mm sheet material properties replace the previously used

material properties, and the entire core geometry is constructed, rather than

a single periodic unit geometry. This is because there are very few foldcore

units used in the prototypes, and so it is likely that free edge effects will be

significant.

It can be seen that there is good correlation between numerical and ex-

perimental predictions for the standard foldcore, with a maximum difference

of 18.9% in σ∗avg of Mi10. There is also good correlation between the nu-

merical and experimental predictions for the indented foldcore. It can also
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be seen that there are slight discrepancies in the indented numerical and

experimental curves, specifically the double-hump shown in the numerical

but not the experimental curve. This might be attributable to plate tearing

behaviour, which is observed in experimental models but not accounted for

in the numerical material definition, Figure 16(c). It might also be due to

imperfect formation of the indent.

Finally, a direct comparison of failure modes, Figure 14(b)-(c), shows

good correlation between predicted and observed failure modes.

5.2. Comparison of 0.5mm Foldcore Analyses

A comparison of tp = 0.5mm numerical and experimental results is shown

in Figure 15(a) and Table 8. As plate buckling was evident in the tp =

0.5mm models, Figure 13(c)-(d), FE’ models with a maximum imperfection

magnitude of 200% δ/tp were also created. It can be seen that a Type 1 plate

buckling mode is exhibited by both Mi05 and Ind05, and that this failure

mode is successfully predicted by FE’ models. This agrees with results of

the sensitivity study in Section 3.6 and so it is concluded that the travelling

hinge line failure mode is sensitive to the presence of geometric imperfections,

which can cause the indented foldcore to revert to a standard plate buckling

type failure.

A direct comparison of failure modes, Figure 15(b)-(c), shows good corre-

lation between predicted and observed failure modes, however there is a larger

discrepancy between predicted and observed σ∗ values than was observed for

the 1.0mm models. Comparing numerical and experimental predictions for

the standard foldcore, there is a maximum difference in values of σ∗max and

σ∗avg of 54.0% and 33.3%, respectively. For indented cores, this discrepancy

is 54.0% and 34.8%, respectively. The discrepancies are though to arise from

17



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

additional imperfect conditions present in the experiment but not in numer-

ical models, for example sample springback following manufacture, and the

non-simultaneous impact of the four core unit ridges. However additional

modelling was not undertaken to confirm this, as the primary purpose of the

present study was to investigate demonstrated failure modes, a purpose for

which the present FE’ numerical models were adequate.

5.3. Standard and Indented Experimental Comparison

A comparison of averaged experimental results for Mi10 and Ind10 is

shown in Figure 16(a). It can be seen that the indent is successful in trig-

gering an improved energy absorbing response, with a reduction in σ∗max of

9.6% and an increase in σ∗avg of 38.6%, compared with the standard model.

Inspection of the final crushed cores, Figure 16(b)-(c), shows that their final

failure modes are significantly different, with mid-plate buckling in the stan-

dard core and ridge buckling indicative of a partial travelling hinge line in

the indented core.

A comparison of Mi05 and Ind05 experimental responses is shown in

Figure 16(d). It can be seen that the indent does not significantly alter the

failure mode of the foldcore, with both standard and indented exhibiting a

typical plate buckling failure. Inspection of the final crushed cores, Figure

16(e)-(f), confirms that there is no significant change in the final crushed

shape, with mid-plate buckling occurring in both. There is a slight increase

in σ∗avg of 7.8% however this is attributable to the increased density of the

indented foldcore, rather than a change in failure mode.
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6. Conclusion

This paper has demonstrated the energy absorption capabilities of a new,

indented foldcore geometry under out-of-plate quasi-static impact loads. A

numerical parametric study established an optimum indented geometry. This

was seen to possess a travelling hinge line failure mode with a high, uniform

reaction stress. In contrast, an optimum standard foldcore was seen to pos-

sess a stationary hinge failure mode, which had non-uniform stress response

typified by a significant weakening after initial hinge formation. Experi-

mental testing and a numerical sensitivity investigation demonstrated that

foldcores constructed with no visible geometric imperfections, that is Mi10

and Ind10, exhibited failure modes and responses as numerically predicted.

In foldcores with visible geometric imperfections, that is Mi05 and Ind05, the

imperfections were seen to suppress the travelling hinge line failure mode, and

thus eliminate the advantage of indented foldcores over standard foldcores.

There were three significant limitations to the work presented here. First,

the parametric study was limited, with only five models built for each pa-

rameter. Therefore it is possible that a more thorough parametric analysis,

particularly in the local configuration space about model C3, would be able to

produce a further improved indented geometry. Other sub-fold configurations

might also generate a further improved geometry. Second, the cores studied

in this paper have all been analysed without attached sandwich panel faces.

Intuitively it can be seen that the indented failure mode is not possible in a

sandwich panel assembly, a limitation which is likely to limit applications of

the indented foldcore. Similarly, other core attributes required for successful

sandwich panel application, such as stiffnesses and behaviour under dynamic

loads, have not yet been considered. Third, the limited experiments could
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not confirm the precise magnitude of geometric imperfections necessary to

suppress a travelling hinge line failure mode, but they were sufficient to con-

firm that this sensitivity exists. Further experimental investigations have

not been conducted at this stage, both because of limitations to the current

manufacturing method and because the sensitivity of the indented foldcores,

similar to that described in the literature review for eggbox cores, is likely

to limit energy absorption applications for which it is suitable.
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(a) Eggbox core (b) Indented foldcore

Figure 1: Expanding travelling hinge line failure mode in eggbox core and hypothesised
constant length travelling hinge line in indented foldcore.

a

b φ ηA

ηZ

(a) Standard foldcore

(b) Indented foldcore

Figure 2: Unfolded crease pattern, on left; folded configuration, on right.
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Figure 3: Indented foldcore numerical unit geometries.

24



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

C1  

D1  

3.5

0 20

*

-3x10σavg

1.0

B1  

B2  

C1  
C2  

D1  

U*

h*

35

0 0.2 0.60.4

B1  

-3
x1

0
σ*

(a) Type 1 failure mode

B3  
C3  

A1  

h*

35

0 0.2 0.6

-3
x1

0
σ*

0.4

3.5

0 20

*

-3x10σavg

1.0

B3  
C3  A1  D2  

U*

(b) Type 2 failure mode

D5  D4

3.5

0 20

*

-3x10σavg

1.0

B5  

C5  

D5  

D4

U*

C5  
h*

35

0 0.2 0.6

-3
x1

0
σ*

0.4

(c) Type 3 failure mode

Figure 4: Dimensionless stress-strain responses of selected parametric study models, on
left; energy absorption suitability, on right.
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(a) Type 1 model B1
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(b) Type 2 model C3

83 MPa
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rotation about 
  base supports
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h*=44%

(c) Type 3 model C5

Figure 5: Hinge formation and Von-Mises stress in selected pattern configuration models.
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Figure 6: Results of side length aspect b∗ models.
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Figure 7: Dimensionless stress-strain responses of indent aspect p∗ models, on left; energy
absorption suitability, on right.
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Figure 8: Comparison of optimum indented and standard models.

28



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

f

hZ

hA

=109.5

=95
o

=64.8 f

hZ

hA

=109.5

=70

=70.7
o

o

o
o

o

(a) Optimum indented model C3 and standard model C2s

83 MPa

 0 MPa

stationary hinge lineinitial travelling 
  hinge line

(b) Model C3 and C2s at h∗ = 10%

propagated travelling hinge line
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Figure 9: Side view and projected view showing Von-Mises stress and hinge propagation
on optimal indented (left) and standard (right) foldcores.
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Figure 10: Comparison of optimum foldcore geometries at different densities.
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Figure 11: Responses of optimal foldcore geometries with included geometric imperfec-
tions.
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(a) Standard foldcore Mi10 (b) Indented foldcore Ind10

(c) Standard foldcore Mi05 (d) Indented foldcore Ind05

Figure 12: Foldcore prototypes.
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Figure 13: Foldcore prototype dimensionsless stress-strain responses.
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Figure 14: Comparison of numerical and experimental tp = 1.0mm foldcore results.
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(b) Mi05 experimental and imperfect numerical failure modes
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(c) Ind05 experimental and imperfect numerical failure modes

Figure 15: Comparison of FE and FE’ numerical and experimental tp = 0.5mm foldcore
results.
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(a) tp = 1.0mm (b) tp = 0.5mm

(c) Crushed Mi10 and Ind10 prototypes

(d) Crushed Mi05 and Ind05 prototypes

Figure 16: Comparison of standard and indented prototype responses and failure modes.
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Table 1: Parametric study model parameters.

(a) Pattern configuration models

Model φ ηZ ηA
(◦) (◦) (◦)

A1 60.0 109.5 120.0

B1 60.0 42.9 65.0
B2 60.0 69.6 75.0
B3 60.0 90.0 90.0
B5 60.0 117.7 150

C1 77.2 109.2 45.0
C2 70.7 109.6 70.0
C3 64.8 109.4 95.0
C5 56.6 108.3 140

D1 36.9 45.1 120.0
D2 52.5 90.7 120.0
D4 70.6 134.9 120.0
D5 77.1 150.1 120.0

(b) Aspect ratio models

Model b∗ p∗ α

A1 0.5 0.067 0.04

E1 2.0 0.067 0.04
E2 1.0 0.067 0.04
E4 0.25 0.067 0.04
E5 0.125 0.067 0.04

F1 0.5 0.0 0.04
F2 0.5 0.017 0.04
F4 0.5 0.05 0.04
F5 0.5 0.25 0.04

Table 2: Aluminium true plastic stress-strain data.

(a) Numerical and tp = 0.5mm experimental models

Strain 0.0 0.004 0.021 0.054 0.095 0.132
Stress (MPa) 28 43.8 60.0 71.5 78.6 83.3

(b) tp = 1.0mm experimental models

Strain 0 0.005 0.014 0.044 0.052
Stress (MPa) 36.8 89.2 98.2 105.5 106.4
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Table 3: Results of configuration parameter numerical models.

Model h∗d E∗d σ∗max σ∗avg U∗

×10−3 ×10−3 ×10−3

A1 0.57 4.7 10.6 8.2 1.3

B1 0.60 7.5 31.7 12.5 2.5
B2 0.60 10.0 31.5 16.7 1.9
B3 0.58 9.9 27.6 17.2 1.6
B5 0.56 0.7 2.0 1.3 1.6

C1 0.60 9.5 34.5 15.8 2.2
C2 0.60 10.5 32.9 17.4 1.9
C3 0.57 10.4 22.0 18.3 1.2
C5 0.56 1.8 4.4 3.2 1.4

D1 0.51 6.0 16.8 11.8 1.4
D2 0.60 6.5 14.1 10.8 1.3
D4 0.57 2.8 8.2 4.9 1.7
D5 0.58 2.0 7.2 3.4 2.1

E1 0.54 2.4 7.4 4.4 1.7
E2 0.55 3.5 8.2 6.3 1.3
E4 0.60 4.5 12.6 7.6 1.7
E5 0.52 2.6 17.1 5.1 3.4

F1 0.60 4.7 16.9 7.8 2.2
F2 0.60 4.6 17.1 7.6 2.2
F3 0.60 5.5 12.8 9.1 1.4
F5 0.41 1.2 3.6 3.0 1.2
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Table 4: Results of equivalent standard models.

Model h∗d E∗d σ∗max σ∗avg U∗

×10−3 ×10−3 ×10−3

A1s 0.60 4.7 16.9 7.8 2.2

B1s 0.60 8.4 37.6 14 2.7
B2s 0.60 11.3 42.0 18.8 2.3
B3s 0.60 10.8 36.5 17.9 2.1
B5s 0.60 1.2 3.3 1.9 1.8

C1s 0.60 11.1 51.4 18.5 2.8
C2s 0.60 11.8 46.2 19.7 2.4
C3s 0.60 9.2 32.8 15.3 2.2
C5s 0.60 2.3 6.8 3.9 1.8

D1s 0.53 6.8 19.1 12.9 1.5
D2s 0.60 5.6 17.8 9.3 2.0
D4s 0.60 4.7 15.5 7.9 2.0
D5s 0.60 3.7 14.5 6.2 2.4

E1s 0.60 4.5 13.5 7.4 1.9
E2s 0.55 5.5 14.8 10.0 1.5
E4s 0.60 6.0 17.3 10.0 1.8
E5s 0.53 2.8 14.1 5.3 2.7

Table 5: Optimal foldcore geometries at alternative densities.

C3 C2s

tp α σ∗max σ∗avg U∗ σ∗max σ∗avg U∗

(mm) ×10−3 ×10−3 ×10−3 ×10−3

0.13 0.02 7.4 5.1 1.4 14.7 5.0 2.9
0.27 0.04 22.0 18.3 1.2 46.2 19.7 2.4
0.40 0.06 41.8 35.0 1.2 84.5 38.0 2.2
0.53 0.08 69.7 56.4 1.2 124.0 66.0 1.9
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Table 6: Optimal foldcore geometries with geometric imperfections.

C3 C2s

Model δ/tp σ∗max σ∗avg U∗ σ∗max σ∗avg U∗

×10−3 ×10−3 ×10−3 ×10−3

FE 0.00 22.0 18.3 1.2 46.2 19.7 2.4
FE ′25 0.25 21.1 14.8 1.4 35.5 15.3 2.3
FE ′50 0.50 20.3 13.0 1.6 32.2 15.0 2.1
FE ′75 0.75 19.0 11.5 1.7 30.1 14.8 2.0
FE ′100 1.00 18.3 11.3 1.6 28.7 14.6 2.0
FE ′125 1.25 17.8 11.1 1.6 27.9 14.5 1.9
FE ′150 1.50 17.4 11.0 1.6 27.3 14.4 1.9
FE ′175 1.75 17.0 10.9 1.6 26.7 14.3 1.9
FE ′200 2.00 16.7 10.8 1.6 26.2 14.2 1.8

Table 7: Global dimensions of large-scale experimental prototypes.

Formed (Designed)
Model tp α L W H

(mm) (mm) (mm) (mm)

Mi10 1.0 0.038 182.0 (177.0) 90.0 (87.0) 38.0 (39.0)
Mi05 0.5 0.019 184.0 (177.0) 88.5 (87.0) 37.0 (39.0)

Ind10 1.0 0.040 181.0 (177.0) 90.0 (87.0) 35.0 (36.5)
Ind05 0.5 0.020 180.0 (177.0) 88.5 (87.0) 35.5 (36.5)

Table 8: Results of experimental and numerical models.

Mi10 Ind10 Mi05 Ind05
σ∗max σ∗avg U∗ σ∗max σ∗avg U∗ σ∗max σ∗avg U∗ σ∗max σ∗avg U∗

×10−3 ×10−3 ×10−3 ×10−3 ×10−3 ×10−3 ×10−3 ×10−3

Exp 27.9 11.1 2.5 25.2 15.3 1.7 3.7 2.1 1.8 3.7 2.3 1.6
FE 30.2 13.2 2.3 23.3 15.0 1.6 9.4 3.3 2.9 6.2 3.7 1.7
FE’ N/A N/A 5.7 2.8 2.0 5.7 3.1 1.9
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