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A B S T R A C T   

Multi-cell structures have been widely utilized in energy-absorbing applications for their lightweight and su-
perior mechanical properties. However, they may produce high peak forces that are harmful to occupant safety 
during a vehicle collision. In addition, the naturally formed folding and global bending modes under axial loads 
can significantly restrict their energy-absorbing capability. In this study, a novel origami multi-cell structure is 
proposed to avoid excessive peak loads and at the same time to guide the deformation mode to improve the 
energy-absorbing capability. Four cross-sectional types of origami multi-cell structures are investigated experi-
mentally and numerically. The results indicated that the web-to-web (W2W) type origami multi-cell structures 
are most promising for energy absorption, while web-to-corner (W2C) structures yield low peak forces and 
excellent deformation modes in our study cases. To further exploit the potential of these structures, multi- 
objective optimization is required to consider the conflicting objectives of maximizing energy-absorbing capa-
bility and minimizing the peak force. However, it is challenging for traditional optimization to deal with 
continuous, integer, and categorical variables simultaneously. Therefore, the Bayesian optimization method 
based on the Hamming distance is utilized to handle mixed categorical-continuous variables to optimize origami 
multi-cell tubes. The optimization results indicated that the optimal origami W2C can decrease the peak force by 
30 % while keeping a similar level of specific energy-absorbing capability compared with the conventional W2C 
structure. Moreover, the optimal origami W2C structure can improve the energy absorption by 40 % compared 
with the origami W2C baseline design.   

1. Introduction 

Energy-absorbing devices dissipate kinetic energy through plastic 
deformation during impact events to protect the lives of occupants. 
Thin-walled tubes are widely utilized as energy absorbers [1–3] due to 
their excellent impact resistance, lightweight, and ease-of-processing 
performances. Furthermore, various efficient energy-absorbing struc-
tures such as foam-filled [4,5], sandwich [6,7], multi-cell structures 
[8–10], and Lattice structures [11–13] have been proposed to enhance 
the energy-absorbing capability of thin-walled tubes. 

In general, the multi-cell structures place more materials at the in-
tersections within the cross-section and exhibit excellent energy- 
absorbing capability compared to the conventional mono-cell 

counterparts [14,15]. Najafi et al. [16] investigated the energy absorp-
tion properties of multi-cell tubes with different connections among the 
outer, rib plates, and inner tubes. Zhang et al. [17] revealed that the 
deformation mode is sensitive to the different cross-sections in nested 
corrugated square energy-absorbing tubes. These studies demonstrated 
the significant potential of multi-cell tubes in energy absorption. How-
ever, their folding patterns are naturally formed, and the tube may even 
collapse in a global bending mode under axial crushing, as shown in 
Fig. 1, which is usually inefficient for energy absorption [18]. In addi-
tion, the peak force of the multi-cell structure is also relatively high (see 
Fig. 1), which is not preferable and even dangerous during a vehicle 
collision. Therefore, how to reduce the peak load and enhance the 
energy-absorbing capability by controlling their deformation modes 

* Corresponding authors. 
E-mail addresses: yimingzhang@zju.edu.cn (Y. Zhang), Jianguang.Fang@uts.edu.au (J. Fang).  

Contents lists available at ScienceDirect 

Thin-Walled Structures 

journal homepage: www.elsevier.com/locate/tws 

https://doi.org/10.1016/j.tws.2024.111799 
Received 19 November 2023; Received in revised form 10 March 2024; Accepted 10 March 2024   

mailto:yimingzhang@zju.edu.cn
mailto:Jianguang.Fang@uts.edu.au
www.sciencedirect.com/science/journal/02638231
https://www.elsevier.com/locate/tws
https://doi.org/10.1016/j.tws.2024.111799
https://doi.org/10.1016/j.tws.2024.111799
https://doi.org/10.1016/j.tws.2024.111799
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tws.2024.111799&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Thin-Walled Structures 199 (2024) 111799

2

simultaneously has drawn a lot of attention. 
To trigger the collapse mode and reduce the maximum force, cor-

rugations [19–22], origami [23–28], and grooves [29–33] have been 
introduced to the surface of thin-walled structures. Among them, 
origami structures can lead to pre-designed deformation patterns to 
produce the desired mechanical response. For example, Song et al. [34] 
studied the energy-absorbing capability of an origami pattern tube 
under axial loading. They found that the origami tubes can effectively 
lower the initial peak force and achieve a more uniform crush load than 
the conventional tube. Zhou et al. [35] found that the trapezoidal 
origami pattern can trigger the full diamond pattern. Ma et al. [36] 
investigated a gradient origami tube and found that the force response of 
the origami tube could be tuned by the gradient of folding angle and 
module height. However, its overall energy-absorbing capability did not 
change significantly. Zhou et al. [37] studied the origami tubes under 
low-velocity impact load and found that the origami tubes outperform 
conventional square tubes in energy absorption. As depicted in Fig. 1, 
while the pre-designed origami patterns could guide the stable collapse 
mode and reduce the maximum force, they would also reduce the overall 
energy absorption due to the introduced weakening of the whole 
structure [23]. 

The previous studies mainly focused on origami structures [37–39] 
or multi-cell structures [16,40] alone. To the authors’ best knowledge, 
the combination of origami patterns and multi-cell structures has been 
less studied [25]. To exploit the full potential of thin-walled tubes, a new 
origami multi-cell structure is proposed by combining multi-cell struc-
tures [16] and origami patterns [41]. 

Effective optimization algorithms play a crucial role in the explora-
tion of design spaces, as highlighted in previous works [42,43]. While 
traditional structural optimization methods have primarily been 
employed in discrete [44–46] and continuous design spaces [47], they 
often fall short when dealing with categorical design variables, such as 
distinct configurations. This presents a formidable challenge in the 
optimization process. To address this issue, some approaches involve 
optimizing each configuration individually or selecting the most prom-
ising configuration for optimization. The ultimate optimal design solu-
tion is then determined based on either engineers’ expertise [8] or 
employing multi-attribute decision-making (MADM) techniques [2,48, 
49]. 

The conventional approach of optimizing multiple categories sepa-
rately proves to be inefficient from the viewpoint of structural optimi-
zation. Addressing the challenge of optimizing across multiple 
categories necessitates expanding the design space to incorporate 

mixed-categorical variables. For instance, Li et al. [50] employed tech-
niques such as K-nearest neighbor, Random forest, Support vector ma-
chine, and Artificial neural network to consider categorical variables (e. 
g., deformation mode) and effectively mitigate undesired deformations, 
thereby enhancing optimization accuracy. 

In the realm of Bayesian optimization over combinatorial spaces, 
various strategies have been introduced. These include methods like 
variational autoencoders (VAEs) [51], one-hot transformation [52], and 
inherently discrete models (e.g., random forests [53]). However, accu-
rately quantifying uncertainty in scenarios involving both continuous 
and categorical variables remains a challenge. Gaussian processes have 
also been applied to combinatorial space problems. Two noteworthy 
strategies can be summarized as follows: the utilization of a hierarchical 
structure, as seen in the Model-based Algorithm Configuration (SMAC) 
[54], and employing kernel-based approaches involving the Gower 
distance [55] and relaxation techniques [56]. Nevertheless, random 
sample points are unreliable in hierarchical approaches, and 
kernel-based methods are often constrained by complex interactions 
among distinct feature variables. 

An alternative approach that can overcome the abovementioned 
limitations involves handling mixed data by employing combined ker-
nels for Gaussian processes [57]. This entails utilizing a Hamming kernel 
within the categorical subspace [54] and a squared-exponential kernel 
within the continuous subspace. By combining these kernels, more 
complex interactions among different feature variables can be captured. 
In this study, a Gaussian process-based Bayesian optimization algorithm 
is proposed for optimizing origami multi-cell structures using combined 
kernels. This approach is well-suited for handling mixed 
categorical-continuous variables. 

The rest of this paper is organized as follows. First, the geometric 
design of the origami multi-cell tube is given in Section 2. Numerical 
modeling and its validation are elaborated in Section 3. A novel 
Bayesian optimization method based on the Hamming distance is used 
to optimize the origami multi-cell structures in Section 4. The conclu-
sions are drawn in Section 5. 

2. Design of origami multi-cell structures 

2.1. Geometry 

The origami multi-cell structure proposed herein consists of an outer 
origami tube, connecting rib plates and an inner tube (as shown in 
Fig. 2). The outer tube is a square cross-sectional configuration tube with 

Fig. 1. Schematic diagram of force–displacement curves for multi-cell, origami, and proposed origami multi-cell structures.  
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the diamond origami pattern, and the inner tube is a straight tube with a 
square cross-sectional configuration. The outer and inner tubes are 
connected by the ribs to form an origami multi-cell structure. 

In this study, four types of origami multi-cell structures are con-
structed as shown in Fig. 3(a): (a) web-to-web (W2W): ribs connecting 
the outer and inner webs at the mid-wall; (b) W2C: ribs connecting the 
outer web to the inner corner; (c) C2C: ribs connecting the outer corner 
to the inner corner; (d) C2W: ribs connecting the outer corner to the 
inner web. The thicknesses of the outer origami walls, connecting ribs, 
and inner tubes are t1, t2, and t3, respectively. The width of the outer tube 
is 60 mm and that of the inner tube is 30 mm, which is determined by 
referring to the size of real automotive energy absorbers and the pre-
vious multi-cell designs [16,58]. 

As depicted in Fig. 3(b–d), a diamond origami module with a certain 
folding angle is designed on the outer tube. This origami module plays 
two roles: (a) a pre-designed geometric imperfection to reduce the peak 
crushing force; and (b) a folding trigger to guide the origami multi-cell 
structure to produce a controlled deformation pattern during the 
compression process. Specifically, Fig. 3(b) represents the unfolding 
diagram of an origami module, where the solid lines represent the 
mountain folds and the dashed lines represent valley folds. As shown in 
Fig. 3(c), an origami module can be constructed by folding the planar 
structure shown in Fig. 3(b) along these creases and then connecting the 
free edges. 

The relationship between the width of the origami pattern c and the 
unfolded height of the origami module l can be established by [59] 

θ = 2arccos
[( ̅̅̅

2
√

− 1
) c

l

]
(1)  

where θ is the folding angle. The origami module is determined by the 
width of the origami module b, the width of the diamond origami 
pattern c, and the height of the origami module l. When c equals 0, the 
origami pattern tube is transformed into a conventional straight tube of 
square cross-section with a folding angle of 180◦ (see Fig. 3(d)). 

As shown in Fig. 3(e–g), an origami module’s upper end is the same 
square as its lower end. Thus, the designed origami tubes are composed 
of multiple origami modules connecting end to end. For example, Fig. 3 
(e) illustrates an origami tube with five modules, where h denotes the 
folded height of a single module and M denotes the module number. In 
this case, the folded height of the origami tube H can be calculated by Mh 
and the unfolded height of the origami pattern tube L can be given as Ml. 
The geometric relationship between L and H can be formulated by 

H = Lsin
θ
2

(2)  

2.2. Geometric relationship 

Fig. 3(f) depicts the diamond pattern variation with different module 
numbers when the folding angle equals 150◦. It is observed that the 
diamond pattern gradually shrinks as M increases. Because the ratio of 
the width c of the diamond pattern to the unfolded height l of the module 
remains constant when the folding angle is kept constant. As M in-
creases, the unfolded height l of the diamond pattern becomes smaller 
and smaller. Hence, the width c of the diamond pattern also becomes 
smaller and smaller to keep the folding angle unchanged. 

When module number M and the unfolded height l of the diamond 
origami pattern are kept constant, the width c of the diamond origami 
pattern becomes smaller and smaller as the folding angle increases. 
Fig. 3(g) shows the variation of the origami pattern for different folding 
angles when M is fixed at 3. 

3. Numerical modeling 

3.1. Finite element modeling 

The explicit finite element solver LS-DYNA 971 was used in this 
paper to numerically investigate the collapse behaviors and energy- 

Fig. 2. Origami multi-cell structure configuration.  

Fig. 3. (a) Four section types of origami multi-cell structures, (b) an unfolded origami module, (c) an origami module, (d) a conventional square tube, (e) origami 
pattern tube, (f) scheme of diamond origami pattern with different module number M when folding angle θ = 150◦, (g) scheme of diamond origami pattern with 
different folding angles θ when module number M = 3. 
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absorbing capabilities of the origami multi-cell structures under quasi- 
static loading. The finite element (FE) model is made up of moving 
and fixed rigid plates, as well as multi-cell origami structures with 
various cross-sectional arrangements and patterns (see Fig. 4(a)). To 
simulate the quasi-static loading, the top moving plate moves down-
wards from the top end of the tubes along the axial direction at a con-
stant velocity of 1 m/s [60]. It was observed the ratio of the kinetic 
energy to the total energy remained below 5 % throughout the simula-
tion, indicating the dynamic effect is insignificant and the velocity of 1 
m/s can be considered quasi-static loading conditions. The bottom fixed, 
rigid plate restrains the tubes’ bottom ends. The origami multi-cell 
structure was meshed using Belyschko–Tsay four-node shell elements 
with five-point integration through the thickness. The mesh size of the 
shell element was set to 1.5 mm according to a convergence study of the 
mesh size as shown in Fig. 4(b). The contacts between the origami 
multi-cell structures and moving/fixed rigid plates were simulated by 
the “AUTOMATIC_SURFACE_TO_SURFACE” contact constraint. While 
the self-contact inside the origami multi-cell structure was defined by 
the “AUTOMATIC_SINGLE_SURFACE” constraint. The friction co-
efficients for both types of contacts were set to 0.25 [61]. 

The material used for the origami multi-cell structures was 316L steel 
and the elastic-plastic material model MAT24 in LS-DYNA was 
employed. To obtain the material properties, the tensile sample made 
with 316L stainless steel was tested under the uniaxial tensile condition. 
The corresponding true stress–strain curve is shown in Fig. 4(c). The 
mechanical properties were Young’s modulus E = 145 GPa, yield 
strength σs = 538.593 MPa, ultimate tensile strength σu = 603.698 MPa, 
Poisson’s ratio γ = 0.3, and density ρ = 7607 kg/m3. It was observed that 
the elastic modulus obtained in this paper (145 GPa) is lower than that 
of general steel (~200 GPa), which was also observed in 3D-printed 
316L steel of other studies [12,62]. There may be two reasons for this 
phenomenon. The first is that the elastic modulus is very sensitive to the 
elastic range selected for calculating it. The second is that the material 
properties fabricated by the 3D printing technology may be worse than 
the general material. Besides, the structures in the study experience 
extensive plastic deformation, and the effect of elastic modulus on 
structural response is negligible. In conclusion, the stress–strain curve 
obtained from the uniaxial tensile test is considered reliable and suitable 
for use in the study. 

3.2. Model validation 

In this study, the tensile specimens and four types of 316L steel tubes 
were fabricated using commercial 316 stainless steel powder based on 
selective laser melting (SLM). The chemical composition of the powder 
is listed in Table 1 and the fabricated 316 specimens are shown in Fig. 5 
(b). 

To validate the accuracy of the FE model, the experiment was per-
formed by utilizing the Zwick HB250 testing machine with a speed of 4 

mm/min (Fig. 5). Specifically, the geometric parameters of the tested 
origami pattern tube were b = 60 mm, c = 16.292 mm, l = 30 mm, and 
t1 = t2 = t3=1 mm. As shown in Fig. 6, it was observed that the 
simulated and experimental force–displacement curves for the four 
origami multi-cell structures generally agreed in terms of fluctuations 
and average force. However, the initial peak forces of experiment results 
were observed to be higher than that of simulation results. This may be 
attributed to manufacturing defects in the specimens. Overall, the finite 
element model was accurate enough to simulate the origami multi-cell 
structure and was used for the subsequent numerical analysis and 
optimization. As shown in Fig. 6(a) and (b), the maximum peak force 
and average force were adopted by W2W structures, and the lowest peak 
force was attained by the W2C structure. 

As for the deformation mode, four different origami multi-cell tubes 
were compared in Fig. 6. It was observed that almost every origami 
module was folded by following the pre-designed diamond origami 
pattern for W2W and W2C structures and the origami creases deformed 
to two sides as shown in Fig. 6(a) and (b). However, as depicted in Fig. 6 
(c) and (d), C2C and C2W structures did not follow the pre-designed 
origami pattern, and the origami creases deformed laterally. The 
deformation mode following the redesigned origami pattern is desirable 
by sweeping more area and producing more membrane energy, which 
helps to enhance energy absorption. The reason for this difference is the 
cross-section characteristic of the four multi-cell structures. Specifically, 
for W2W and W2C structures, the ribs were connected to the web of the 
outer origami tubes, which cannot interrupt the deformation of the pre- 
designed patterns (see Fig. 7). It was observed that the deformation was 
mainly initiated from the corner (see Fig. 7(a) and (b)). However, for 
C2C and C2W structures, the ribs are connected to the corner of the outer 
origami tubes, which is the middle line of origami patterns. The con-
necting ribs prevented the middle valleys of the origami pattern (red 
dotted line in Fig. 7(c) and (d)) from moving inward, which were forced 
to move sideways along with the origami patterns. 

As shown in Fig. 6, it was interesting to find that the W2C and C2C 
structures introduced a progressive layer-by-layer deformation pattern, 
while the W2W and C2W structures deformed irregularly. Specifically, 
for the W2W structure (see Fig. 6(a)), the left side of the second origami 
module and the right side of the third module collapsed first in the 
experimental results, and then the left side of the first module began to 
collapse. In the simulation results, the W2W structures collapsed in a 
layer-by-layer mode from the top. There may be some manufacturing 
defect randomly distributed in the inner wall and outer wall, which 
weakened different parts of the structure. When ribs connect to the 

Fig. 4. (a) Numerical model of origami multi-cell structure, (b) convergence study of element size, (c) true stress–strain curve obtained by the uniaxial tensile test of 
the 316L stainless steel specimen. 

Table 1 
Chemical composition inspection report of 316 stainless steel powder.  

Element Fe Cr Ni Mo Mn Si 

wt. % / 16-18 10-14 2-3 0-2 0-1  
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corner of the inner walls (W2C and C2C), there is a strong interaction 
between the outer origami tube, the rib plate, and the inner tube, which 
results in a layer-by-layer deformation mode (see Fig. 6(b) and (c)). 
Because the deformation of the rectangular tube is initiated by the four 
corners. However, for W2W and C2W, the web connection between the 
inner tube and the rib plates results in a more flexible deformation 
compared to the corner connection. Therefore, the non-progressive and 
unstable deformation modes occurred for these structures due to the 
manufacturing defects during the loading process in the experiment (see 

Fig. 6(a) and (d)). The results concluded that W2C structures excelled in 
forming progressive diamond deformation mode. 

Overall, the W2W type origami multi-cell structures are most 
promising for energy absorption and W2C type outcomes for low peak 
force and excellent deformation mode. 

Fig. 5. Installation of the specimen and the as-built 316L specimens of four types of geometrical structures for (a) installation of a specimen, (b) the as-built 316L 
specimens including C2C, C2W, W2C, and W2W. 

Fig. 6. Comparison of experimental and simulation results based on the force–displacement curves and deformation (The deformation plots for simulation and 
experimental comparison are reflected at displacement d = 20, 40, 60, 80, 100 mm respectively.) (a) W2W, (b) W2C, (c) C2C, (d) C2W. 

N. Qiu et al.                                                                                                                                                                                                                                      



Thin-Walled Structures 199 (2024) 111799

6

4. A Bayesian optimization algorithm for multi-objective 
crashworthiness optimization 

This section introduces a novel Bayesian optimization with Gaussian 
Processes to effectively address the challenge of handling mixed 
categorical-continuous design variables. Subsequently, the multi- 
objective optimization problem of origami multi-cell structures is 
formally defined. The discussion encompasses optimization outcomes, 
focusing on energy absorption capacity and deformation modes. To 
underscore the effectiveness of this optimization method, a comparative 
analysis is conducted against baseline origami multi-cell structures. 

4.1. Bayesian optimization algorithm based on Hamming distances 

4.1.1. Modeling mixed categorical-continuous variables using the Gaussian 
process 

Gaussian Process (GP) Model has proven to be a flexible and effective 
surrogate model for expensive non-linear responses. It is especially 
suited for sparse data (X, Y) or (x(i), y(i)), where x(i) is a vector of 
nd-dimensional input at the ith data and y(i) is the associated output, 
where i = 1, 2, …, n. For a typical GP, the output is given a GP prior 
distribution with zero mean and a covariance kernel. The predictive 
power of GP is governed by the kernel function. To model the categorical 
inputs with continuous variables, we use a kernel that combines a cat-
egorical kernel based on Hamming distances and the squared- 
exponential kernel into the form as in Eq. (3) [63]. 

K
( (

x(i), c(i)
)
,
(
x(j), c(j)

))
= Kcont1

(
x(i), x(j)

)
+ Kcat1

(
c(i), c(j)

)

+Kcont2

(
x(i), x(j)

)
× Kcat2

(
c(i), c(j)

) (3)  

where x(i) and x(j) are the continuous variables, c(i) and c(j) are the cat-
egorical variables, Kcont1 and Kcont2 are the squared-exponential kernels 
with different length scales, Kcat1 and Kcat2 are the categorical kernels 
with different length scales. The squared-exponential kernel is adopted 
as in Eq. (4) [53]: 

kcont
(
x(i), x(j)

)
=

1
λ0

exp

{

−
∑nd

r=1
βm

(
x(i)r − x(j)r

)2
}

(4)  

where rth is the dimension of input, and 1/λ0 and βm represent the 
process variance and the length scale, respectively. The categorical 
kernel is adopted as in Eq. (5) [53]: 

kcat
(
c(i), c(j)

)
= exp

(

−
dist

(
c(i), c(j)

)

βq

)

(5)  

where dist(c(i), c(j)) is 1 if c(i) = c(j), otherwise dist(c(i), c(j)) is 0. βq denotes 
the length scale. The marginal likelihood of the GP requires inverting the 
covariance matrix K defined in Eq. (6) [64], where δi,j is the identity 
matrix: 

Ki,j = k
( (

x(i), c(i)
)
,
(
x(j), c(j)

))
+

1
λ1

δi,j (6) 

The GP parameters to be fit are the variance and noise parameters. 
The marginal log-likelihood for GP with the given dataset (X, Y) is 
shown in Eq. (7) [65]. Since the model does not provide gradients for the 
categorical variables, optimization of the acquisition function was per-
formed in a mixed fashion, i.e., treating the categorical variables as 
discrete optimization variables. 

logP(Y|X) = −
1
2
YT K − 1Y −

1
2

log|K| −
n
2

log(2π) (7) 

The model prediction is a Gaussian distribution with mean ŷ(x∗) in 
Eq.(8) [65] and variance v̂(x∗) in Eq.(9) [65], where k(x∗, x∗) is 
self-covariance for the test point x∗, and k(x∗, x) is the kernel evaluated 
between the x∗ and samples/dataset x: 

y(x∗) = k((x∗, c∗), (x, c))T K − 1Y (8)  

v(x∗) = k((x∗, c∗), (x∗, c∗)) − k((x∗, c∗), (x, c))T K − 1k((x∗, c∗), (x, c)) (9)  

4.1.2. Bayesian optimization 
The primary goal of the Bayesian optimization algorithm (BO) is to 

establish a probabilistic model that effectively captures the behavior of 
the black-box objective being optimized. Initially, the objective values 
associated with each point in the input space are used to establish a prior 
distribution, typically employing a GP in our study. Once objective 
values for the input points are acquired, the predictive distribution is 
subsequently updated, transitioning into the posterior distribution. This 
updated distribution informs us about the potential objective values for 
each point in the input space and guides the selection of the most 
promising locations for enhancing the probabilistic model. The strategy 
for locating these points is defined by the acquisition function. 

For multi-objective optimization, various approaches are available, 
including Pareto fronts-based methods and weighted sum approaches. 
We adopt the latter to handle multi-objective optimization. This 
approach transforms the multi-objective problem into a single-objective 
one, and for BO, we adopt the Expected Improvement (EI) acquisition 
function. EI effectively balances exploration and exploitation within the 
design space by leveraging the uncertainty information provided by the 
GP. Exploitation involves sampling where the GP predicts a high 
objective value, while exploration involves sampling at locations where 
prediction uncertainty is high. Both scenarios result in elevated acqui-
sition function values, and the objective is to maximize the acquisition 
function to determine the next sampling point. 

Fig. 8 illustrates the function of BO, showcasing the black-box 
function before and after BO in Fig. 8(a) and (b), respectively. By uti-
lizing the acquisition function, we can identify promising points char-
acterized by high prediction uncertainty (shaded area) and improved 
goal values (dotted line), as depicted in Fig. 8(a). Fig. 8(b) shows the 

Fig. 7. Von Mises stress contours at the displacement of 4 mm for (a)W2W, (b)W2C, (c)C2C, and (d) C2W.  
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impact of incorporating a new point, leading to a significant reduction in 
uncertainty in the vicinity of the added point and the assessment of new 
promising locations. This concludes one iteration of the BO process, 
effectively achieving both exploration and exploitation objectives 
concurrently. 

EI is defined as in Eq. (10) [66], where f(x+) is the value of the best 
sample so far. The EI can be evaluated analytically under the GP model 
assuming normal distribution as in Eq. (11) [67]. 

EI(x) = Emax(f (x) − f (x+), 0) (10)  

EI(x) = (y(x) − f (x+) − ξ)Φ(Z) + σ(x)ϕ(Z) (11)  

where [68] 

Z =
y(x) − f (x+) − ξ

σ(x)
(12)  

where σ̂(x) is the standard deviation of the GP posterior prediction. Φ 
and ϕ are the CDF (cumulative distribution function) and PDF (proba-
bility density function) of the standard normal distribution, respectively. 
The first summation term in Eq. (11) is the exploitation term and the 
second is the exploration term. Parameter ξ determines the amount of 
exploration during optimization and higher ξ values lead to more 
exploration and are set to be 0.01. 

To further illustrate the optimization process of the multi-cell tube, 
the flow chart is shown in Fig. 9. The optimization algorithm is mainly 
performed in Python, coupled with numerical simulations utilizing LS- 
DYNA. 

4.2. Design of multi-objective optimization problem 

The origami pattern design is essential for triggering the collapse 
mode of the origami multi-cell structures and thus affecting their 
energy-absorbing characteristics. In this optimization study, five design 
parameters are analyzed, namely folding angle θ and modulus number 
M, the thickness of outer wall t1, thickness of ribs t2, and thickness of 
inner wall t3. In this case, the studied origami parameters M is set from 3 
to 12, θ is set from 120◦ to 170◦ and the thicknesses of different parts 

vary from 0.7 mm to 2.0 mm. Besides, four types of origami multi-cell 
structures were investigated in this study, i.e., W2W, W2C, C2C, and 
C2W. For each type of origami multi-cell structure, 10 initial sampling 
points were selected. Therefore, the initial surrogate models were built 
based on the 40 initial sampling points, which were distributed in the 
design space using the Latin hypercube sampling (LHS) method. The 
sequential sampling strategy was adopted by adding 10 new training 
points at each optimization iteration, and the optimized result was 
finally attained after convergence. The target response values of the 120 
training sample points were obtained from finite element simulations. 

To quantitatively evaluate the energy-absorbing performance of 
these origami multi-cell structures, two important design criteria were 
utilized in this study, i.e., specific energy-absorbing capability (SEA) and 
maximum force (Fmax) [69]. A small Fmax is preferred because the large 
maximum force can produce large impact acceleration and even cause 
severe injuries to the passengers. SEA is a key indicator to consider both 
the energy-absorbing capability and the mass, which can be expressed 
as: 

SEA =
EA
m

=

∫ d
0 F(s)ds

m
(13)  

where F denotes the force at the loading distance s and d is the total 
loading displacement. In this study, d is set as 86 mm. EA is the energy- 
absorbing capability at the displacement d and m is the total mass of the 
tube. In a crash, the energy absorber is expected to absorb as much 
energy as possible, so that less energy is transferred to passengers. On 
the other hand, lightweight is pursued to save fuel consumption. Thus, a 
large value of SEA indicates excellent energy absorption efficiency. 

While assuming the “SEA” and “Fmax” are equally important, the 
weighted sum approach for the multi-objective optimization was 
adopted as formulated in Eq. (14), whereSEAnorm and Fmaxnorm are the 
normalized values according to Eqs. (15) and (16), respectively. The 
minimum and maximum values are estimated from the training dataset 
and are updated for each optimization cycle. 

obj = SEAnorm + Fmaxnorm (14)  

Fig. 8. The function of Bayesian optimization: (a) prior and (b) posterior distributions. The acquisition function identifies promising points, contributing to the 
enhancement of model quality through increased certainty at these points. 

Fig. 9. The flow chart of Bayesian optimization. The optimization is considered to be converged when the decrease of the minimum objective for two consecutive 
iterations is less than 1.0 × 10− 6. 
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SEAnorm = −
SEA − min(SEA)

max(SEA) − min(SEA)
(15)  

Fmaxnorm =
Fmax − min(Fmax)

max(Fmax) − min(Fmax)
(16) 

Therefore, the multi-objective optimization problem is given as 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

obj = min{ − SEAnorm(θ,M, t1, t2, t3,C) + Fmaxnorm(θ,M, t1, t2, t3,C)}

s.t. 3 ≤ M ≤ 12 (M ∈ N∗)

120∘ ≤ θ ≤ 170∘ (θ ∈ N∗)

0.7 mm ≤ t1, t2, t3 ≤ 2.0 mm

Configuration categories C ∈ {C2C, C2W,W2W,W2C}

(17) 

Where C∈ {C2C, C2W,W2W,W2C} is the categorical variable. The 
proposed BO method was utilized to obtain the Pareto optimal solution 
set and the corresponding Pareto frontier. 

4.3. Multi-objective optimization result 

The optimization results were obtained after several iterations of 
progressively adding points, the optimization results were depicted in 
Fig. 10. The Pareto fronts, as depicted in Fig. 10(a), showed no signifi-
cant improvements from the 6th iteration to the 8th iteration. Further-
more, no decrease in the minimum objective during the 7th iteration and 
the 8th iteration, as presented in Fig. 10(b). Therefore, the convergence 
criteria were satisfied after the 8th iteration. It was also interesting to 
find that most added points were from W2C for the sequential iterations, 
which means these origami-multi-cell structures have the potential for 
better performance among the four origami multi-cell structures. This 
may be due to the stable and progressive deformation mode of origami 
W2C structures. 

The optimization results show that the two objectives conflict with 
each other, i.e., the SEA decreases as the Fmax decreases and vice versa. 
The Pareto frontier provides an insightful understanding of the rela-
tionship between the optimization objectives and offers more design 
options for the energy-absorbing capability structure. To show the 
convergence process, the Pareto fronts of initial samples, 6th, 7th, and 
8th iterations were compared in Fig. 10(a). Compared to the Pareto front 
of the initial samples, the Pareto front for the 8th iteration moved to-
ward the bottom left corner, demonstrating the effectiveness of the 
optimization algorithm. 

It was observed that the total number of samples was 120 for this 
mixed categorical-continuous variable design problem. However, for 
each conventional five-variable optimization problem, typically 50 
initial samples (10 times the number of design variables) are needed, 

which indicates that at least 200 samples are needed to build accurate 
surrogate models of acceptable accuracy. For this nonlinear design 
problem, even more samples may be needed to achieve a desirable ac-
curacy. The results conclude that the proposed Bayesian optimization 
method can efficiently deal with mixed categorical-continuous variables 
problems by using at least 66.67 % fewer samples and fully exploring the 
potential of the promising structures. Considering the fact that the 
calculation time of each FE model is 3 h and the processing time of the 
optimization loop is within 1 min with the computer of 8 kernel i5- 
CP11400F@2.60 GHz CPU and 16GB RAM. Therefore, the proposed 
optimization method is very promising for complicated and time- 
consuming problems. 

Therefore, the Pareto front of the 8th iteration was considered as the 
optimization results, and the final optimal design was then obtained 
based on the minimum distance selection method (TMDSM) [70] (red 
star point in Fig. 10). To quantitatively evaluate the energy-absorbing 
performance of the origami multi-cell structure after optimization, the 
selected optimal solution was compared with the conventional 
multi-cell W2C and the baseline design. 

The multi-cell structure and thickness of conventional W2C structure 
were set to the same as the optimal W2C. To keep the same mass, the 
height of the conventional W2C was set to 144.56 mm. The comparison 
between the optimal and multi-cell W2C was obtained by force-
–displacement curves and energy–displacement curves as shown in 
Fig. 11. Compared with conventional multi-cell W2C, the optimal 
origami W2C greatly decreased the maximum force Fmax by 30.69 % 
with the similar SEA. The related results are listed in Table 2. 

Moreover, the comparison between the optimal and baseline W2C 
was obtained by force–displacement curves, energy–displacement 
curves, and deformation in Fig. 12. The related results are listed in 
Table 3. It was interesting to find that the SEA of the origami multi-cell 
structure after BO increased by 40 % and the maximum force Fmax was 
almost similar. Because the optimum and baseline designs are all 
origami structures, their peak force already decreased a lot compared 
with the conventional multi-cell structures and were hard to further 
improve. As for the deformation mode, the optimal and baseline W2C 
designs were collapsed in a progressive and uniform deformation mode 
as shown in Fig. 12, which is pre-designed by their origami structures. In 
Fig. 12(c) and (d), it was observed that the number of origami modulus 
in the outer wall of the optimal W2C design increased from 5 to 12 
compared to the baseline W2C structures. Therefore, the force-
–displacement curve of the optimal design was more stable than that of 
the baseline design (see Fig. 12(a)). In conclusion, the advantage of the 
origami multi-cell W2C in energy absorption property was observed. 

Fig. 10. Pareto fronts of origami multi-cell structures (The red star-shaped point was the optimum design. And it was determined by the minimum distance selection 
method (TMDSM), which was the closest point to the utopia point.), (b) the minimum objective for different optimization iterations. 
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5. Conclusions 

In this paper, the energy-absorbing capability of four cross-sectional 
types of origami multi-cell structures with different folding angles, 
modulus numbers, and thicknesses was studied. To optimize the design 
parameters of four origami multi-cell structures, the Bayesian optimi-
zation method based on Hamming distance was utilized to handle the 
mixed categorical-continuous variable problem. The main conclusions 
are summarized as follows:  

(1) Among the four origami multi-cell tubes in our study cases, the 
web-to-web (W2W) type origami multi-cell structures are most 

promising for energy absorption and web-to-corner (W2C) type 
outcomes for low peak force and good deformation mode. The 
results concluded that the web connection of the rib and outer 
wall facilitates the formation of diamond deformation mode and 
the corner connection of the rib and inner wall helps to deform in 
a stable and progressive mode.  

(2) A novel Bayesian optimization algorithm based on Hamming 
distance was proposed to handle the mixed categorical- 
continuous variable problem. Specifically, the origami multi- 
cell optimization problem includes continuous variables (three 
wall thickness), discrete variables (origami folding angle and 
modulus number), and categorical variables (four types of 

Fig. 11. Comparison optimization results of optimized and conventional multi-cell W2C: (a) force–displacement curves and (b) energy–displacement curves.  

Table 2 
Comparison of energy-absorbing capability characteristics of the optimized and 
conventional multi-cell W2C.  

Tube Fmax(kN) Fmax reduction SEA (kJ/kg) SEA increase 

Optimal W2C 143.10 30.69 % 22.35 2.00 % 
Conventional W2C 206.47 – 21.91 –  

Fig. 12. Comparison optimization results of optimized and baseline W2C: (a) force–displacement curves, (b) energy–displacement curves, (c) cross-sectional view of 
baseline W2C, (d) cross-sectional view of optimized origami multi-cell structure. 

Table 3 
Comparison of energy-absorbing capability characteristics of the optimized and 
baseline W2C.  

Tube Fmax(kN) Fmax reduction SEA (kJ/kg) SEA increase 

Optimal W2C 143.10 − 4.00 % 22.35 40.03 % 
Baseline W2C 137.59 – 15.96 –  
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origami multi-cell structures). The results indicated that the 
proposed Bayesian optimization method can efficiently explore 
the design space of the promising structures and save at least 
66.67 % computational cost.  

(3) The obtained optimal W2C origami multi-cell structure exhibited 
excellent energy-absorbing capability performance. Compared 
with the conventional multi-cell W2C, the maximum force Fmax of 
optimal W2C origami multi-cell structure was decreased by 30 % 
while keeping a similar SEA. Compared with the baseline origami 
multi-cell W2C, the energy-absorbing capability of optimal W2C 
origami multi-cell was improved by 40 % with a similar 
maximum force Fmax. 

In this study, the uncertainty of design variables, the discrepancy 
between experimental and model predictions, different weights for the 
different objectives, and the dynamic performance of the origami multi- 
cell structure were not considered and will be studied in our future 
research. Besides, the discrete variable type might be more appropriate 
for the thickness variable if the manufacturing process is taken into 
account, especially for some manufacturing methods with low precision, 
which can also be considered in the future study. 
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