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Abstract: Waterbomb structures are origami-inspired deformable structural components used in
new types of robots. They have a unique radially deployable ability that enables robots to better
adapt to their environment. In this paper, we propose a series of new waterbomb structures with
square, rectangle, and parallelogram base units. Through quasi-static axial and radial compression
experiments and numerical simulations, we prove that the parallelogram waterbomb structure has
a twist displacement mode along the axial direction. Compared with the square waterbomb struc-
ture, the proposed optimal design of the parallelogram waterbomb structure reduces the critical
axial buckling load-to-weight ratio by 55.4% and increases the radial stiffness-to-weight ratio by
67.6%. The significant increase in the radial stiffness-to-weight ratio of the waterbomb structure and
decrease in the critical axial buckling load-to-weight ratio make the proposed origami pattern at-
tractive for practical robotics applications.

Keywords: Waterbomb structure; Origami pattern; Quasi-static load; Critical axial buckling load-
to-weight ratio; Radial stiffness-to-weight ratio

1. Introduction

The origami pattern of the origami-inspired waterbomb thin-shell structure consists
of a repeating pattern of base units, each with a six-crease vertex, that is, a vertex where
six creases converge. When the two ends of a waterbomb thin-shell structure are folded
along the axial direction, they can be expanded in the radial direction from the center. This
origami structure can be used to improve the robot's environmental adaptability. Differ-
ent from the conventional mechanical structure, waterbomb structures can change their
shapes through reversible elastic deformation. Although they are lightweight, they have
the characteristics of high specific stiffness, controllable deformation, and simple assem-
bly. Therefore, thin-walled waterbomb structures have found novel applications in soft
robot grippers [1], wearable robots [2], variable-diameter wheel drive robots [3,4], bionic
robots [5,6], and floating aerial robots [7]. Equipment functions can be effectively im-
proved by combining cutting-edge origami skills with traditional mechanisms [8].

In recent years, mechanical research related to waterbomb thin-shell structures has
yielded numerous results. Feng et al. [9] discovered the twist motion of tubular mechani-
cal metamaterials based on waterbomb origami and analyzed the stiffness changes with
the continuous twist motion. Ma et al. [10] developed a waterbomb tubular mechanical
metamaterial with programmable deformation-related stiffness and shape modulation
functions. Gillman et al. [11] studied the folding mode of the waterbomb structure and
explored how the interaction between the stretching energy and the folding ability affect
the design of a bistable structure. Fonseca et al. [12] studied the nonlinear dynamics of the
waterbomb wheel structure and developed a one-degree-of-freedom reduced-order
model system to describe the waterbomb wheel. Hanna et al. [13] performed dynamic
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analysis on the waterbomb base and predicted bistable behavior through kinematic and
potential energy analyses. Feng et al. [14] combined kinematics and structural analysis to
characterize the folding process of the waterbomb structure and theoretically derived the
geometric parameter range of rigid origami motion and nonrigid structure deformation.
Bowen et al. [15] established a dynamic model of the waterbomb base to simulate the self-
folding behavior of the waterbomb base driven by magneto-active elastomers (MAEs).
Glugla et al. [16] used two mechanically different single-layer photopolymers to construct
a waterbomb base and demonstrated experimentally that the waterbomb base of this
molding method has good load-bearing capacity.

As for the research on the stiffness and critical buckling load of thin-shell structures,
Filipov et al. [17] introduced a method of connecting rigid foldable origami tubes with a
"zipper" method to effectively improve the stiffness of the system. Berger et al. [18] deter-
mined the material geometry needed to achieve the Hashin-Shtrikman upper bound of
isotropic elastic stiffness. Bertoldi et al. [19] determined the design principles for the re-
programmable stiffness, shape conversion, and other functions that appear in thin-wall
mechanical metamaterials. Ma et al. [20,21] created and studied an energy-absorbing ori-
gami structure with periodic gradient stiffness based on the Miura-ori folding pattern.
Through energy analysis, Zhai et al. [22] created a thin-walled structure that can selec-
tively collapse along two paths with different stiffness. More mechanical metamaterials
with special purposes can be designed by using the principle in this work. Martinez et al.
[23] increased the stiffness and anisotropy of elastomeric actuators by introducing a fold-
ing structure into the actuators. Filipov et al. [24] improved the simplified bar and hinge
model, allowing it to provide a realistic representation of the stiffness characteristics and
deformed shapes of origami structures. Guo et al. [25] studied the effect of texturing on
the critical pressure of hyperelastic tubes under axial load and internal pressure. You et
al. [26] proposed a thin-walled energy absorbing device that reduces the initial buckling
force by introducing a pre-folded surface to form geometric imperfections. Holmes [27]
found that buckling, wrinkling, folding, creasing, and snapping can be combined as a
mechanism to give thin-walled mechanical metamaterials the ability to morph from one
shape to another. Lee et al. [28] used the imperfection-sensitive characteristics of thin-
walled tubes to guide the deformation process, thereby controlling the buckling behavior
of thin-walled tubes. Wang et al. [29] analyzed the elastic buckling of thin-walled tubes
and other structures based on Eringen's nonlocal elasticity theory and Timoshenko beam
theory. Neves et al. [30] proposed a method to introduce the possibility of critical load
control into a topology optimization model. Mehrabadi et al. [31] studied the effects of
different geometric parameters and different types of estimation effective material prop-
erties on the critical mechanical buckling of functionally graded nanocomposite plates.
Wou et al. [32] studied the buckling behavior of single-walled carbon nanotubes subjected
to combined hydrostatic pressure and axial compression. Panedpojaman et al. [33] pro-
posed a method to calculate the elastic buckling load of the long axis of cellular columns
with multiple end openings. Wagner et al. [34] analyzed the buckling characteristics of
thin cylindrical shell structures manufactured through different design concepts such as
electroplating, machining, and welding under axial compression. In general, these studies
have made great contributions to the practical application of origami structures. However,
there is still a lack of detailed mechanical analysis of waterbomb origami structures. The
critical buckling load of axial compression (critical buckling load, in short) of waterbomb
structures is the parameter required for the waterbomb structure to achieve radial defor-
mation, and the radial stiffness when the waterbomb structure fully deploys is the param-
eter required for it to achieve load-bearing performance.

In this study, we investigate a series of flexible thin shell structures with base units
in the shapes of square, rectangle, and parallelogram. We also conduct finite element sim-
ulations and quasi-static axial radial compression testing to study the relationships of crit-
ical buckling load and radial stiffness with structural parameters [35]. In Section 2, we
present the construction of the waterbomb structures and the corresponding structural
parameters. In Section 3, we describe the numerical simulation method and
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corresponding experimental verification. In Section 4, we analyze and discuss the results
in detail. In Section 5, we present the conclusions.

2. GEOMETRIC MODELING

As shown in Figure 1, all the waterbomb structures studied in this paper have 27 base
units arranged in a grid three units wide and nine units tall. Figure 1(a) and (b) are the
crease diagrams of the waterbomb origami pattern and the end caps on both ends of the
waterbomb structure. The solid lines and dotted lines indicate the mountain and valley
creases, respectively. The waterbomb structure shown in Figure 1(c) is formed by tessel-
lation.

Figure 1(a), (b), and (c) show waterbomb structures with square base units, where m
and n are the number of horizontal and vertical units. A square base unit is 21, wide, ta is
the length of the triangle centerline spliced on both sides of the opened diagram, and s is
the distance from the center of the regular polygon in the end cap to each vertex. Figure
1(d), (e), and (f) show waterbomb structures with rectangle base units. A rectangle base
unit is 2l long and 2I» wide. Figure 1(g), (h), and (i) show waterbomb structures with par-
allelogram base units with the tilt angle a.
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Figure 1. The geometry of waterbomb thin-shell structures: (a) end cap of square waterbomb structure, (b) crease diagram
of square waterbomb structure, (c) square waterbomb structure, (d) end cap of rectangle waterbomb structure, (e) crease
diagram of rectangle waterbomb structure, (f) rectangle waterbomb structure, (g) end cap of parallelogram waterbomb
structure, (h) crease diagram of parallelogram waterbomb structure, and (i) parallelogram waterbomb structure

In addition, u and v are respectively the structure thickness and the gap in the unit
facet in the waterbomb structure design. As shown in Figure 2, v describes the amount of
soft material used in the waterbomb structure viewed from a side. Table 1 summarizes
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the geometric parameters of waterbomb thin-shell structures formed with the three types
of base units.

In total, 34 waterbomb origami structures with different shape parameters are de-
signed in this study, including Z1-Z6 with square base units, J1-J11 with rectangle base
units, and P1-P17 with parallelogram base units. For quantitative evaluation, the critical
buckling load-to-weight ratio, Q, and the radial stiffness-to-weight ratio, G, are intro-
duced to facilitate the study of the effects of the parameters. The geometric parameters are
listed in Tables 2—4.

Figure 2. Geometry of the waterbomb thin-shell structure

Table 1. Geometric parameters of the three waterbomb structures

Type of base units Geometric parameter
Square m, n, la, ta, tv, U, U
Rectangle m, n, la, In, ta, tv, U, ©
Parallelogram m, n, la, In, ta, tv, ¢, U, V

Table 2. Structural parameters of square waterbomb

Model m n L. I ta to o u v Lo/ lo G Q

(mm) (mm) (@Mmm) (mm) (rad) (mm) (mm) (N/mm-kg™) (N/kg)
Z1 3 9 12 - 5 11.5 - 1.5 1 - 53.6 2192.3
Z2 3 9 12 - 5 11.5 - 1.5 1.5 - 51.3 2076.9
Z3 3 9 12 - 5 11.5 - 1.5 2 - 49.0 2019.6
Z4 3 9 12 - 5 11.5 - 1.5 2.5 - 46.5 1923.1
Z5 3 9 12 - 5 11.5 - 1.5 3 - 42.1 1781.8
Z6 3 9 12 - 5 11.5 - 1.5 3.5 - 38.5 1750.0

Table 3. Structural parameters of rectangle waterbomb

Model m n la Iv ta to o u v L/ 1y G Q
(mm) (mm) (mm) (mm) (rad) (Mmm) (mm) (N/mm-kg™) (N/kg)
J1 3 9 105 16 5 11.5 - 1.5 1 0.66 53.6 21923
]2 3 9 115 15 5 11.5 - 1.5 1 0.77 58.2 2019.6
J3 3 9 135 13 5 11.5 - 1.5 1 1.04 65.2 1727.3
J4 3 9 145 12 5 11.5 - 1.5 1 1.21 54.8 1614.0
J5 3 9 15 11.5 5 11.5 - 1.5 1 1.3 45.8 1607.8
J6 3 9 16 10.5 5 11.5 - 1.5 1 1.52 4.7 1365.4
J7 3 9 135 13 5 11.5 - 1.5 1.5 1.04 60.6 1320.8
18 3 9 135 13 5 11.5 - 1.5 2 1.04 51.2 1152.8
]9 3 9 135 13 5 11.5 - 1.5 2.5 1.04 49.6 1054.5
J10 3 9 135 13 5 11.5 - 1.5 3 1.04 442 962.3
J11 3 9 135 13 5 11.5 - 1.5 3.5 1.04 40.7 854.5
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Table 4. Structural parameters of parallelogram waterbomb

Model m n L I ta t a u v La/Tv G Q
(mm) (@mm) (mm) (@mm) (ad) (mm) (mm) (N/mm-kg™) (N/kg)
P1 3 9 13.5 13.5 5 11.5  0.105 1.5 1 1 75.55 1519.23
P2 3 9 13.5 13.5 5 11.5  0.209 1.5 1 1 78.98 1442.31
P3 3 9 13.5 13.5 5 115  0.314 1.5 1 1 84.53 1365.38
P4 3 9 13.5 13.5 5 11.5 0419 1.5 1 1 74.86 1326.92
P5 3 9 13.5 13.5 5 115  0.524 1.5 1 1 68.68 1269.23
P6 3 9 13.5 13.5 5 115  0.628 1.5 1 1 65.25 1057.69
P7 3 9 13.5 13.5 5 115  0.314 1.5 1.5 1 83.01 1132.08
P8 3 9 13.5 13.5 5 115  0.314 1.5 2 1 82.14 900.00
P9 3 9 13.5 13.5 5 11.5  0.314 1.5 25 1 76.92 826.92
P10 3 9 13.5 13.5 5 11.5  0.314 1.5 3 1 71.39 769.23
P11 3 9 13.5 13.5 5 115  0.314 1.5 3.5 1 65.14 730.77
P12 3 9 10.5 16 5 115  0.314 1.5 1 0.66 61.8 1423.1
P13 3 9 11.5 15 5 115  0.314 1.5 1 0.77 58.2 1529.4
P14 3 9 13.5 13 5 11.5  0.314 1.5 1 1.04 62.3 1290.9
P15 3 9 14.5 12 5 115  0.314 1.5 1 1.21 60.3 1333.3
P16 3 9 15 11.5 5 115  0.314 1.5 1 1.3 50.4 1411.8
P17 3 9 16 10.5 5 115  0.314 1.5 1 1.52 56.1 1442.3
3. SIMULATION AND EXPERIMENT
3.1. Simulation model
The explicit dynamics solver of the finite element software ABAQUS/Explicit is used
to simulate the axial and radial compression processes of the waterbomb structure with
different types of base units and to solve highly nonlinear problems. In order to accurately
simulate the large deformation states of the waterbomb structures, S4R shell elements are
used. To ensure mesh convergence, the mesh size is set to 2 mm. Considering the surface
contact, the static friction coefficient and the dynamic friction coefficient are both set to
0.25. The types of soft and hard materials are shown in Figure 3, and the material proper-
ties are shown in Table 5.
Agilus Flexible Rubber
*VeroBlue Resin
Figure 3. Areas of construction materials
Table 5. Material properties
Elastic Poisson's Tensile Shear Polymer Percentage
Material modulus ratio strength modulus density elongation at
(MPa) (MPa) (MPa) (g/cm?) fracture (%)
VeroBule rubber 2500 0.35 60 926 1.18-1.19 15-25

Agilus resin 1x1011 0.45 24 0.238 1.14-1.15 220-240
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The simulation is carried out in two steps. In the first step, the critical axial buckling
load is solved in the following manner. The waterbomb structure is placed between two
rigid plates; one rigid plate remains fixed, and the other gradually compresses the sample.
The compression displacement is 45 mm. The simulation results are shown in Figure 6. In
the second step, the radial stiffness is solved in the following manner. When fully com-
pressed (that is, the waterbomb structure is compressed until the middle units are fully
expanded), the rigid plate is set to be tangent to the expanded state of the waterbomb
structure, and the type of contact is defined as point-to-surface contact. The sample is
compressed upwards perpendicularly in the horizontal direction. The compression dis-
placement is 34.5 mm. The simulation results are shown in Figure 7.

In terms of Q and G, which are used as evaluation indicators, 34 waterbomb samples
are evaluated. Q and G are defined in Equations (1) and (2), respectively:

_h
Q—M, (1)
_VU_F
C=N Ms ’ @

where F» is the critical buckling load, M is the mass of the waterbomb structure, F is the
maximum radial load, and s is the radial displacement.

3.2. Experimental verification

In order to verify the accuracy of the ABAQUS simulation method, the square water-
bomb structure Z3, the rectangle waterbomb structure J8, and the parallelogram water-
bomb structure P8 are used in the comparative experiment. Quasi-static axial load tests
and radial load tests are carried out to verify the validity of the numerical model. The
waterbombs are made of soft and hard materials by 3D printing. The soft and hard mate-
rials are Agilus soft rubber and VeroBule resin, respectively, which adhere well to each
other. The models are in a scale of 1:1. This fabrication process is quick and accurate, and
it is convenient because one-time molding does not require complex assembly. Figure 4(a)
shows the fabrication process, Figure 4(b) shows the process of removing the support ma-
terial, and Figure 5 shows a finished sample to be tested.

(a) (b)

Figure 4. Waterbomb thin-shell structure fabrication: (a) 3D printing and (b) support material removal

(a) (b) (c)

Figure 5. Waterbomb thin-shell structure: (a) square waterbomb structure test sample Z3, (b) rectangle waterbomb struc-
ture test sample J8, and (c) parallelogram waterbomb structure test sample P8

The WDW-10D and WDW-2D electronic universal testers are used to perform quasi-
static axial compression tests and radial compression tests on the waterbomb samples.
The axial compression test process is shown in Figure 6. During the process, the
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waterbomb structure is placed between two 3 cm? sample plates, and a compression dis-
tance of 45 mm is applied at a loading rate of 1 mm min-'. The entire test process is rec-
orded.

The radial compression test process is shown in Figure 8. During this process, the 3D
printing mold is used to define the expansion state of the waterbomb structure, and the
waterbomb structure is placed in the mold to make the waterbomb structure fully expand
radially. Then a compression distance of 34.5 mm is applied at a loading rate of 1 mm
min. The entire test process is recorded.

Comparisons between the axial test results and the simulation results as well as be-
tween the radial test results and the simulation results are shown in Figures 10 and 11,
respectively. The calculations show that the maximum errors between the simulation and
experimental test results of the square, rectangle, and parallelogram waterbombs are
9.34%, 9.88%, and 9.76%, respectively. Therefore, the finite element method is considered
suitable for this study. The main reason for these errors is the errors between the numeri-
cal model and sample dimensions due to inaccuracy in machining. Because our study fo-
cuses on the overall mechanical properties of the waterbomb structures, we do not explore
these factors.
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Figure 6. Axial compression process of waterbomb structure: (a) square waterbomb structure test sample Z3, (b) rectangle
waterbomb structure test sample J8, and (c) parallelogram waterbomb structure test sample P8
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Figure 7. Radial compression process of waterbomb structure: (a) square waterbomb structure test sample Z3, (b) rectangle
waterbomb structure test sample J8, and (c) parallelogram waterbomb structure test sample P8

Waterbomb structure
Fixed mold :
(b) (©)

Figure 8. Experimental process of radial compression of waterbomb structure: (a) the waterbomb structure is mounted,
(b) the compression displacement is 0 mm, (c) the compression displacement reaches 17.25 mm, and (d) the compression
displacement reaches 34.5 mm

(a) (d)
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Figure 9. Waterbomb structures: (a) the parallelogram waterbomb structure test sample P8, and (b) the square waterbomb
structure test sample Z3
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Figure 10. Experimental and numerical axial force—displacement curves of the three waterbomb structures
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4. RESULTS AND DISCUSSION

4.1. Comparison of the square waterbomb structure and the parallelogram waterbomb structure

We first compare the parallelogram waterbomb structure P8 and the square water-
bomb structure Z3. The axial compression process and the radial compression process of
Z3 are shown in Figure 6(a) and Figure 7(a), respectively. The axial compression process
and the radial compression process of P8 are shown in Figure 6(c) and Figure 7(c), respec-
tively. The parallelogram waterbomb structure changes with the compression displace-
ment, which triggers the axial twist displacement mode. It can be seen from Figure 9(a)
that the twist displacement mode occurs in the support layers of the parallelogram water-
bomb structure. As shown in Figure 9(b), the square waterbomb structure changes with
the compression displacement, and the overall structure gradually expands radially out-

ward with creases along the axial direction.
160 r : . :
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120 ' - 1
100
80
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0 10 20 30 40 50
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Figure 12. Axial load—displacement curves
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Figure 13. Radial load-displacement curves

The force—-displacement curves of the two models are shown in Figures 12 and 13.
The numerical data are shown in Tables 2 and 4. Compared with Z3, the critical buckling
load-to-weight ratio of P8 is reduced by 55.4%, and the radial stiffness-to-weight ratio of
P8 is increased by 67.6%. This is because the axial stiffness of the overall structure is re-
duced when the parameters of the parallelogram waterbomb structure are adjusted. The
radial stiffness of the structure is improved in its deployed state.

4.2. Effect of side ratio

The axial compression process of J8 is shown in Figure 6. The radial compression
process of J8 is shown in Figure 7(b). In order to analyze the effects of the side ratio, six
types of rectangle waterbomb structure models (J1-J6) with different side ratios are estab-
lished and analyzed. The specific parameters are shown in Table 3. J1-J6 are simulated,
and the numerical calculation results yield the trends of the critical buckling load-to-
weight ratio and the radial stiffness-to-weight ratio with respect to the side ratio as shown
in Figures 14 and 15, respectively.
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We find that when the side ratio li/ly < 1 and the other parameters are constant, the
radial stiffness-to-weight ratio of the rectangle waterbomb structure increases with the
increase of l./ls, and when I/l > 1, the radial stiffness-to-weight ratio of the rectangle wa-
terbomb structure decreases as I./ls increases. But regardless of whether I./ls > 1 or lo/ls <1,
the critical buckling load-to-weight ratio decreases monotonously with increasing lo/lv.

Comparing the parallelogram waterbomb structures P12-P17, we find that the ratio
la/lb is sensitive to the effects of the radial stiffness-to-weight ratio and the critical buck-
ling load-to-weight ratio. When the same initial parameters are used, P14 performs the
best. The reason is that the parameter matching of P14 is the best.

4.3. Effect of tilt angle

Six types of parallelogram waterbomb structure models (P1-P6) with different tilt
angles are established and analyzed to study the effect of tilt angle on the structure. The
specific parameters are shown in Table 4. With all other parameters remaining constant,
P1-P6 are simulated. The numerical calculation results show the changes in the ratio of
critical buckling load-to-weight and the radial stiffness-to-weight ratio, as shown in Fig-
ures 16 and 17, respectively.
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When all other initial variables remain constant, the critical buckling load-to-weight
ratio decreases monotonically with the increase of the tilt angle a, whereas the radial stiff-
ness-to-weight ratio first increases and then decreases with the increase of @. When «
equals 0.314 rad, the radial stiffness-to-weight ratio reaches its maximum value. Because
the critical buckling load is a measure to evaluate the difficulty of axial deformation of the
waterbomb structure, and the radial stiffness is the best representation of the radial load
bearing capacity of the waterbomb structure, in practical applications, we want the critical
buckling load to be the smallest and the radial stiffness to be the greatest. It can be seen
that after the other initial parameters are determined, the appropriate tilt angle « can be
determined such that the mechanical properties of the waterbomb structure become opti-
mal.

4.4. Effect of gap in unit facet

In order to study the effect of the gap in the unit facet on the waterbomb structures,
we compare the square waterbomb structures Z1-Z6, the rectangle waterbomb structures
J3 and J7-J11, and the parallelogram waterbomb structures P3 and P7-P11. In total, 18
types of waterbomb structures are established and analyzed. The specific parameters of
the models are shown in Tables 2, 3, and 4. With other variables kept constant, the numer-
ical calculation results yield the changes in the critical buckling load-to-weight ratio and
the radial stiffness-to-weight ratio with the increase of the cell gap, as shown in Figures
18 and 19, respectively.
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The comparison shows that as the gap in the unit facet, v, increases, the critical buck-
ling load-to-weight ratios and the radial stiffness-to-weight ratios of the square, rectangle,
and parallelogram waterbomb structures all show decreasing trends. The main reason is
that as v increases, the proportion of the flexible material used increases, which weakens
the axial and radial rigidity of the waterbomb structures. These trends further imply the
validity of the simulation results.

5. Conclusions

(1) Twist displacement mode along the axial direction is present in the parallelogram
waterbomb structure under axial compression. By adjusting the parameters properly, the
critical buckling load can be effectively reduced while the radial stiffness-to-weight ratio
is significantly improved: compared with the conventional square waterbomb structure,
the critical buckling load decreases by 55.4%, and the radial stiffness-to-weight ratio in-
creases by 67.6%. In conclusion, the design method proposed in this paper can effectively
improve the mechanical properties of waterbomb structures.

(2) When I/Is <1 and the other parameters remain constant, the radial stiffness-to-
weight ratio of the rectangle waterbomb structure increases as l./I» increases. When /s >
1, the radial stiffness-to-weight ratio of the rectangle waterbomb structure decreases as
I/l increases. Whether I./Iv is >1 or <1, the critical buckling load decreases with Iu/Is.

(3) For the parallelogram waterbomb structure, when other initial parameters remain
constant, the critical buckling load decreases monotonously as the tilt angle « increases,
whereas the radial stiffness-to-weight ratio first increases and then decreases as the tilt
angle a increases. It can be concluded that with other initial parameters having been de-
termined, the appropriate & can be determined through analysis to optimize the perfor-
mance of the waterbomb structure.
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(4) As the gap in the unit facet, v, increases, the critical buckling loads and the radial
stiffness-to-weight ratios of the square, rectangle, and parallelogram waterbomb struc-
tures all decrease.
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