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Abstract
We experimentally study the energy absorption of metallic origami cellular structures additively manufactured from an AlSi10Mg alloy. We fabricate 
AlSi10Mg origami using the laser powder bed fusion (L‑PBF) process. Since the as‑fabricated AlSi10Mg has limited elongation at break, we sys‑
tematically examine the heat treatment conditions and achieve the large deformation (i.e., wide folding range) of AlSi10Mg origami without fracture 
of origami creases. In addition, we use a drop tower impact system to demonstrate the effectiveness of AlSi10Mg origami’s folding behavior for 
impact energy absorption. Based on our experimental results, AlSi10Mg origami cellular structures could be exploited to develop a highly efficient 
lightweight impact absorber.

Introduction
Thin-walled structures are used in a wide range of engineering 
fields due to their enhanced mechanical performance, such as 
lightweight design,[1] impact energy absorption,[2–4] and tun-
able stiffness.[5] Origami provides an ideal platform to con-
struct such architecture through folding thin sheets (i.e., making 
crease lines). The design strategy based on origami can offer 
not only 2D planner structures (e.g., Miura-ori [6]) but also 3D 
volumetric systems (e.g., cellular materials consisting of ori-
gami tubes [7]). However, the geometry of 3D origami architec-
tures tends to be complex, causing manufacturing challenges, 
especially fabrication from sheet materials.

In recent decades, additive manufacturing (AM) technolo-
gies have been developed rapidly, enabling the fabrication 
of architected materials with complex geometries, including 
cellular lattice  structures.[8] In particular, metallic additive 
manufacturing has been exploited recently for industrial prod-
ucts ranging from medical devices to aerospace structural ele-
ments.[9–11] One commonly used approach for metallic AM is 
laser powder bed fusion (L-PBF), also known as selective laser 
melting (SLM). Recently, origami-based cellular structures, 
specifically stacked Miura-ori cellular materials, have been 
fabricated from stainless steel 316 L via the L-PBF process, 
exhibiting the effectiveness of metallic additively manufactured 
origami structures for large deformation (i.e., folding motion), 
particularly energy absorption behavior.[12,13]

Here, we experimentally demonstrate the efficient energy 
absorption of a lightweight metallic origami cellular mate-
rial fabricated from aluminum alloys, specifically AlSi10Mg 
(Fig. 1). Since the density ( ρ ) of AlSi10Mg is typically 
2670 kg/m3 , it is advantageous to design a lightweight cellular 

structure using Al alloys compared to stainless steel materials 
( ρ = 7900 kg/m3 ). However, it has been shown that the as-
fabricated L-PBF AlSi10Mg alloys exhibit lower elongation 
at break (6.3% for AlSi10Mg,[14] whereas more than 40% for 
stainless steel 316 L,[15]) which limits the folding motion of ori-
gami structures. Previous studies have reported enhancing the 
mechanical properties of L-PBF-processed AlSi10Mg alloys 
via subsequent heat treatment (e.g.,[16]). In the present study, we 
systemically examine the effect of heat treatments, especially 
heat treatment temperatures, by performing tensile coupon tests 
and compression tests on the cellular origami structures. In 
addition, we introduce variable thickness for face and crease 
parts to enhance the folding motion of AlSi10Mg origami, 
which has been unexplored previously for metallic origami. We 
then demonstrate the impact-absorbing behavior that relies on 
the rigid origami folding motion by applying dynamic impact 
to the AlSi10Mg prototypes.

Materials and methods
Design and fabrication of AlSi10Mg 
origami
We start by designing the geometry of origami cellular struc-
tures, specifically the Tachi-Miura polyhedron (TMP)[17–19] 
[Fig. 1(a)]. The TMP is a bellows-like origami that shows a 
rigid origami folding motion in which the deformation takes 
only along the crease lines [see Fig. 1(b)]. Previous studies on 
the TMP have shown rich physical properties, such as load-
bearing capability,[20] high reconfigurability,[21] and efficient 
impact energy absorption.[22] Note that the TMP structures have 
been fabricated mainly from paper sheets or soft materials in 
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the previous work, and the fabrication of the TMP from metal-
lic materials has been unexplored. The unit cell geometry can 
be defined by the length parameters (l, m, d) and the angle 
( α ) between the horizontal and inclined creases [see the left 
illustration of Fig. 1(a)]. To define the folded configuration, 
we introduce the folding angle θM  , which is a half angle of the 
horizontal crease line [see the side view of the TMP unit cell 
shown in Fig. 1(a)]. Then, a cellular configuration composed of 
multiple TMP unit cells can be designed [see Fig. 1(b) for the 
folding motion of the TMP tessellation]. Here, the width (W), 
breadth (B), and height (H) of the (zero thickness) rigid origami 
cellular structure can be calculated as follows [Fig. 1(c)]:

where N3 is the number of layers in the 3-axis and N1 and N2 
are the numbers of TMP unit cells in the 1- and 2-axes, respec-
tively. Also,

Based on the rigid origami model [Fig. 1(c)], we add thickness 
to each surface of the origami to build the origami structure 
with non-zero thickness [Fig. 1(d)] for additive manufacturing. 
Note that we use two different thickness values ( tf  and tc ) for 

(1)W = 2N1l +
d

tan α
+ βm cos θG ,

(2)B = 2N2m sin θG + d cos θM ,

(3)H = N3d sin θM ,

(4)tan

(

θG

2

)

= tan α cos θM ,

(5)β =

{

N1 + 1, if cos θM ≤ 1/ tan α,

N1 − 1, otherwise.

the face and crease parts to enhance the folding motion under 
compression [see the inset of Fig. 1(d)]. In this study, tf = 0.6 
mm and tc = 0.4 mm are used.

Finally, we fabricate the (non-zero thickness) origami cellu-
lar structure via L-PBF. We use the EOS M290 system to addi-
tively manufacture origami cellular structures from AlSi10Mg 
[Fig. 1(e)]. After the L-PBF process, we consider the various 
heat treatment conditions to enhance the folding motion of the 
origami structure under compression, particularly the deforma-
tion around the creases. We discuss this heat treatment in the 
next section.

Heat treatment condition
To enhance the folding behavior of the additively manufac-
tured origami, we first examine the mechanical properties of 
AlSi10Mg using tensile coupons. In particular, we focus on 
tensile elongation after various heat treatments [see Fig. 2(a) 
for the fracture points for different heat-treated coupons; also 
see Supplementary Movie S1]. The previous research on the 
additively manufactured specimens made of AlSi10Mg shows 
that with the application of the heat treatment (e.g., 300°C for 
2 h) to the as-fabricated specimens, mechanical properties such 
as elongation and strength can be drastically changed.[16] We 
consider the following five different temperatures for the heat 
treatment as well as the as-fabricated samples: 200°C, 250°C, 
300°C, 400°C, and 500°C. Note that we apply the heat treat-
ments at those temperatures for 2 h. For each condition, we fab-
ricate three (rectangular) tensile coupons with a gauge length 
of 25 mm, a width of 6 mm, and a thickness of 3 mm based 
on ASTM B557 (subsize specimen). Also, the tensile direc-
tion is parallel to the building direction [see the inset image 
of Fig. 2(b)].

(a)

(c) (d) (e)

(b)

Figure 1.  Geometry of the Tachi-Miura Polyhedron (TMP). (a) The unit cell geometry of the TMP. The length parameters ( (l,m,d) ), angle 
parameter ( α ), and the folding angle ( θM ) are illustrated in (Left) the 3D view and (Right) side view. (b) The folding motion of the 5 × 3 origami 
cellular structure. Three different models of the 5 × 3 TMP tessellation; (c) Zero thickness origami model, (d) origami with non-zero thick-
ness, and (e) additively manufactured AlSi10Mg origami prototype.
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Figure 2(b) shows the stress–strain curves obtained from the 
tensile tests performed at room temperature. In this figure, the 
colors indicate the heat treatment temperature, and the solid, 
dashed, and dotted lines denote the results of three different 
samples. Our tensile tests show that as we increase the tem-
perature value, the total elongation increases significantly, espe-
cially above 250°C (for 2 h). However, the strength becomes 
lower for higher heat treatment temperature conditions. To 
examine the differences among various conditions, we extract 
and compare the elongation, strength, and 0.2% proof stress 
values in Fig. 2(c). The upper plot shows that the elongation 
of the as-built coupons is about 5 %; the cases of 400°C and 
500°C achieve more than 20 % elongation. The strength and 
0.2% proof stress values change drastically between 250°C 
and 300°C cases, as shown in the middle and lower plots, 
respectively.

This drastic change in mechanical properties arises from 
the microstructure change of L-PBF AlSi10Mg via heat treat-
ment. It has been reported that due to the melt pools devel-
oped through the L-PBF process (i.e., rapid local melting and 
solidification), columnar α-Al grains with a fine substructure 
consisting of tangled dislocations are formed in the as-fabri-
cated AlSi10Mg samples,[16] which generally leads to higher 
strength. The application of the heat treatment (especially at 
over 300°C) can cause the annihilation of such fine substruc-
tures, and the mechanical properties of AlSi10Mg change 
accordingly (particularly reducing strength). Also, it should be 
noted that the as-fabricated AlSi10Mg specimens exhibit dif-
ferent elongation behavior depending on tensile directions (i.e., 
parallel/normal to the building direction) due to the presence of 

the melt pool boundaries, whereas AlSi10Mg with higher heat 
treatment temperature (e.g., 500°C) exhibits weak anisotropy 
in elongation. This is because the melt pool boundaries can 
be removed by the heat treatment at higher temperatures.[16] 
Therefore, to design and fabricate AlSi10Mg origami for engi-
neering applications requiring large deformation, we need to 
choose the heat treatment conditions carefully.

Static compression test
To characterize the folding behavior of AlSi10Mg origami, we 
conduct the quasi-static compression test. We use the Instron 
5882 universal testing machine to compress the AlSi10Mg pro-
totypes. We fabricate 5 × 3 multi-cell origami structures com-
prising the TMP unit cells with (l, m, d, α) = (5 mm, 8 mm, 5 
mm, 63°). Also, the folding angle θM = 48

◦ is used to design 
the origami model with non-zero thickness [Fig. 1(e)]. Here, six 
prototypes are fabricated for different heat treatment conditions 
discussed in the previous section. We apply the compression 
to the AlSi10Mg origami prototype at the displacement rate of 
0.1 mm/min.

Drop tower impact test
Based on the static compression test, the drop tower impact 
testing is performed to analyze the energy absorption behav-
ior of AlSi10Mg origami under dynamic impact in the 3-axis. 
We use the Instron Ceast 9350 drop tower impact system to 
characterize the dynamic response of the prototype. Also, we 
employ a high-speed camera (Photoron FASTCAM SA-X) to 
capture the dynamic folding motion. The design parameters of 
5 × 3 multi-cell origami structures are l = 6 mm and θM = 46

◦ , 

Figure 2.  Tensile tests on coupons with a rectangular cross-section. (a) Photographs of tensile coupons at the fracture point for four differ-
ent heat treatment conditions; As-built, 200°C, 300°C, and 400°C for 2 h. (b) Stress–strain curves for tensile coupons with different heat 
treatment temperatures. For each heat treatment condition, three specimens are tested and each result is denoted as solid, dashed, and 
dotted lines in the plot. (c) The tensile properties obtained from the stress–strain curves. (Upper) Elongation at break, (Middle) strength, 
and (Lower) 0.2 % proof stress are plotted.

(a)

(b) (c)
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and the other parameters are identical to those in the static com-
pression test. In this configuration, the bounding dimensions 
calculated numerically from the computer-aided-design (CAD) 
software are (W, B, H) = (53.0 mm, 49.6 mm, 22.0 mm), and 
the volume of origami with non-zero thickness is 7063 mm3 . 
Based on the 3D CAD model (see Fig. 1(d)), the relative den-
sity of this origami structure is 0.12. For reference purposes, we 
also fabricate AlSi10Mg 5 × 7 hexagonal honeycomb structures 
by choosing a side length of 5.15 mm and a wall thickness of 
0.55 mm so that the relative density and volume are identical 
to those of the origami structure. Here, (W, B, H) = (45.1 mm, 
57.1 mm, 21.6 mm), and the volume calculated from the CAD 
is 7063 mm3 . The heat treatment condition for AlSi10Mg ori-
gami and honeycomb structures is 500°C for 2 h.

Results and discussion
Force–displacement relationships
We study the folding behavior of AlSi10Mg origami under 
quasi-static compression in three different directions (i.e., 1-, 
2-, and 3-axes). Figure 3(a) shows the snapshots of the com-
pression test for the 3-axis case. We observe that the AlSi10Mg 
origami shows the rigid origami-like folding motion [see 

Fig. 1(b) for the rigid origami motion of the TMP], which 
means that deformation occurs mostly along the crease parts. 
During the compression test, origami prototypes with differ-
ent heat treatment temperatures show a similar folding motion 
at the early stage of compression (see Supplementary Movie 
S2). However, the prototypes with lower heat treatment tem-
perature cases show the fracture of the crease regions (see the 
inset image i) in Fig. 3(a) for the as-built AlSi10Mg origami 
after compression in the 3-axis). For the higher heat treatment 
temperature cases, the folding motion can be achieved without 
noticeable breakage of the structure (e.g., see the inset ii) in 
Fig. 3(a) for 500°C/2 h case). Figure 3(b) shows the force–dis-
placement relationships (compression in the 3-axis) for various 
heat treatment conditions. We observe the periodic fluctuation 
after the initial peak for the lower heat treatment temperature 
cases (200°C/2 h and 250°C/2 h) as well as the as-built proto-
type [e.g., the gray line in Fig. 3(b) for the as-built case], which 
is due to the layer-by-layer fractures of the crease parts. On the 
other hand, the higher heat treatment temperature cases (300°C, 
400°C, and 500°C) indicate a smooth evolution of the force 
without spikes. In addition, we observe evidently the formation 
of plateau regions (i.e., constant force stage) without fluctua-
tion, which is extremely useful for energy absorption, followed 
by the (final) densification stage. Since the AlSi10Mg origami 

Figure 3.  (Quasi) static compression test. (a) (Upper) Photographs showing the folding motion of the AlSi10Mg origami compressed in 
3-axis. (Lower) Origami configurations after quasi-static compression for two heat treatment conditions: (i) As-built and (ii) 500°C/2 h. (b) 
Force–displacement relationships for compression in the 3-axis are shown. The color indicates the heat treatment temperature. Also, we 
conduct compression tests for (c) 2-axis and (d) 1-axis.

(a) (b)

(c) (d)
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with the heat treatment temperature of 300°C (or higher) can 
achieve a smooth force–displacement curve without fracture, 
the elongation of around 10 % (or more) is required to obtain 
the (smooth) rigid origami folding motion for the design param-
eters chosen in this study, based on the tensile coupon tests as 
shown in Fig. 2. Note that AlSi10Mg origami can exhibit dras-
tically different deformation modes, i.e., brittle compressive 
behavior or smooth folding motion with a flat plateau region, 
depending on the heat treatment condition, which is different 
from stainless steel origami structures.

We also examine the compression in the other directions. 
Figures 3(c) and (d) show the compression test results for the 2- 
and 1-axis cases, respectively (see also Supplementary Movies 
3 and 4). Although the smooth (origami-like) folding motions 
are observed at the beginning of the compression, the later part 
of the force curves shows the fluctuation triggered by the con-
tact between neighboring faces (or vertices). This is because 
the range of the rigid folding motion is limited if we apply the 
compression in the 1-/2-axis.

Energy absorption under impact
Based on the static compression tests, we investigate the 
dynamic folding behavior of the AlSi10Mg origami for energy 
absorption, specifically the crush response in the 3-axis. Fig-
ure 4(a) shows snapshots of the drop tower impact testing on 
the origami structure (see the upper row) and the honeycomb 
structure (lower row) (see also Supplementary Movie S5). 
Here, we apply the impact energy of 27.8 J, corresponding to 
the impactor speed of 2.51 m/s. The high-speed camera images 
show a rigid-origami-like folding motion similar to the static 
compression test result [Fig. 3(a)]. For the honeycomb with 

the same relative density as the origami, the impactor bounces 
back immediately after the impactor and honeycomb are in 
contact [see the red line in Fig. 4(a)]. Figure 4(b) shows the 
force profiles for the origami (red line) and honeycomb (gray) 
cases as a function of time. Remarkably, the origami structure 
exhibits an extremely lower force level and longer contact time 
than the honeycomb case, in which a sharp initial force peak is 
observed (see Supplementary Movies S6 and S7).

To analyze the energy absorption of the origami from the 
folding motion, we compare static and impact test results in 
terms of the energy from the deformation under quasi-static 
compression or dynamic impact. By using the force–displace-
ment curve from the static compression test [the upper plot in 
Fig. 4(c)], we calculate the energy W defined as

where u3 represents the deformation in the 3-axis. In the lower 
panel of Fig. 4(c), we plot the calculated energy curve (red line) 
and the impact test results (green markers). For the impact test 
results, we measure the deformation (i.e., height change) of 
each origami after dynamic impact for three different impact 
energy cases: 14.8 J (the corresponding impact speed is 1.83 
m/s), 26.1 J (2.43 m/s), and 27.8 J (2.51 m/s). Our analysis 
indicates reasonably good agreement between the impact test 
results and the energy values calculated from the static com-
pression test, which means that the impact energy is efficiently 
absorbed by the origami deformation (i.e., the folding motion). 
Therefore, the AlSi10Mg origami structure can be useful for 
engineering applications such as efficient impact absorbers, 
especially for low-velocity impact mitigation.

(6)W (u3) =

∫

u3

0

F3du,

(a)

(b)

(c)

Figure 4.  Drop tower impact testing. (a) High-speed camera images show the compressive behaviors of the origami and honeycomb 
under the impact (the impact energy is 27.8 J for both cases). (b) The force profiles measured from the impact testing for origami (red 
solid line) and honeycomb (gray) are shown. The inset shows the magnified plot for the origami case. (c) (Upper) Force–displacement 
curves for the origami with l = 6 mm (red line) and honeycomb lattice (gray) obtained from the static compression test. The relative den-
sity of both origami and honeycomb structures is 0.12. Based on the force–displacement curves, the calculated energy curve for origami 
is shown (Lower). The green markers indicate the impact testing results for origami (Color figure online).
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Conclusion
We have studied the static and dynamic folding behavior of 
the metallic additively manufactured origami cellular struc-
tures fabricated via laser powder bed fusion (L-PBF). The 
origami cellular structure is composed of the Tachi-Miura 
polyhedron (TMP) unit cells with non-zero thickness. We 
have fabricated origami structures using AlSi10Mg and 
examined various heat treatment conditions after the L-PBF 
process to enhance the origami folding motions. We have 
conducted the quasi-static compression test to character-
ize the static response of our origami prototypes, and our 
experimental results show that AlSi10Mg origami can exhibit 
drastically different static responses depending on the heat 
treatment conditions (i.e., collapse mode with layer-by-layer 
crease fractures and a well-controlled force–displacement 
curve with a wide plateau region), especially for the compres-
sion in the 3-axis. In addition, we have experimentally dem-
onstrated the effective energy absorption of the AlSi10Mg 
origami for several impact cases by using the drop tower 
impact system. Although this study focused on low-velocity 
impact, we envision that the AlSi10Mg origami can be devel-
oped for different impact ranges by optimizing the energy 
absorption efficiency (e.g., altering geometric parameters to 
tailor the force–displacement relation or changing the heat 
treatment condition to enhance the strength of AlSi10Mg 
alloys). Moreover, by leveraging the additive manufacturing 
technique, one can select different metallic (or soft) materials 
(e.g., steel, titanium, etc.) to fabricate the origami cellular 
structure for various purposes. Therefore, the metallic ori-
gami cellular structure, together with additive manufactur-
ing, has great potential to develop novel engineering devices 
such as lightweight cellular structures for power plants and 
efficient impact absorbers for aerospace applications.
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