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Abstract

The design of the buckling configuration for a rolling soft robot has a significant effect
on its rolling performance, but a thorough analysis remains lacking for many soft robot
buckling configurations because of the difficulty of analyzing the buckling problem. This
work comprehensively analyzes the static buckling morphology of two nested elastic
rings under gravity based on a theoretical model using the minimum potential energy
principle. Two nested rings present a tank-track-like buckling morphology under gravity,
which depends on the length ratio, the bending stiffness ratio, and the gravity ratio of the
inner ring to the outer ring. Increases in these three ratios lead to a lower tank-track-like
buckling structure with an increased ground contact length and a reduced gravity moment
on the slope. The tank-track-like buckling structures predicted using the theory agree
well with Finite Element Method (FEM) simulations and experimental results. This work
provides design guidance on achieving the maximum slope stability and the required robot
configuration by tuning the geometrical and material parameters of rolling soft robots.

Keywords: rolling soft robot; buckling morphology; energy principle; elasticity

1. Introduction
Soft robots have gained massive attention owing to their excellent flexibility enabled

by soft materials, intrinsically safe human–robot interactions, and good adaptability to
harsh environments [1–7]. A variety of soft robots (soft wearable devices [8–13], soft grip-
pers [14–19], soft arms [20–25], and mobile soft robots [26–31]) with different functions (i.e.,
transportation [2,5], manipulation [14,20], rehabilitation [32–34]) have been reported for
distinct applications, such as healthcare [8], land exploration [2,5], industrial manufactur-
ing [14,20], etc. Among mobile soft robots, rolling soft robots exhibit a good locomotion
performance (velocity, stability, efficiency, and terrain adaptability) compared to that under
other terrestrial locomotion modes for soft robots [5].

The configuration of a rolling soft robot has a significant effect on its rolling perfor-
mance [35]. The common configurations adopted for rolling soft robots include circular
shapes [36], polygonal shapes [37], ellipse-like shapes [38], and tank-track-like shapes [39].
Generally, rolling soft robots with a circular configuration possess a good rolling veloc-
ity, but their adaptability to complex terrains (the slope, the wide broken bridge and the
stairs) is limited due to their relatively higher center of gravity and shorter ground contact
lengths. Rolling soft robots with non-circular configurations (a polygonal shape [37], an
ellipse-like shape [38], or a tank-track-like shape [39]) have a relatively lower center of
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gravity, longer ground contact lengths, and better adaptability to complex terrains, but
their rolling velocities are usually slow due to their rolling mechanism being driven by
large deformations.

Compared with previous rolling soft robots from other researchers, our previous
work [5,40] reported a tank-track-like rolling soft robot with a balanced rolling performance
(both a good rolling velocity and excellent terrain adaptability), where two nested elastic
rings were used as the main structure of the robot and local snap-through buckling was
employed for rolling locomotion actuation. The robot’s tank-track-like configuration
provides good adaptability to complex terrains, and serves as the basis of the configuration
for the rolling mechanism, which is driven by the local snap-through buckling. However,
the previous theory [5,40] lacks a thorough analysis of the effect of the design parameters
(length ratio, bending stiffness ratio, and gravity ratio) on the robot’s tank-track-like
configuration and slope stability, which limits further improvements in this robot’s rolling
performance. Thus, it is necessary to comprehensively analyze how the design parameters
of the two nested elastic rings influence the robot configuration so that design guidance
on the selection of the geometrical and material parameters can be obtained. The design
parameters for the static configuration of the rolling soft robot comprise ratios of the length,
bending stiffness, and gravity of the inner ring to those of the outer ring, which will be
introduced in Section 3.1.

This study comprehensively analyzes the evolution of the static buckling morphology
of two nested elastic rings under gravity based on a theoretical model using the minimum
potential energy principle. This model is thoroughly validated using FEM simulations
and experiments. The influences of the design parameters on the buckling morphology
and the corresponding characteristic parameters (the ground contact length, the robot
height, and the blister height) are uncovered. Equally, the adaptability of different buckling
morphologies to slopes is analyzed by calculating their gravitational moments on slopes
with distinct slope angles. This paper is organized as follows: The analytical model,
simulation, and experimental methods are presented in Section 2. Section 3 provides a
comprehensive analysis of how the gravity ratio, stiffness ratio, and length ratio of the
inner ring to the outer ring influence the nested ring bucking configurations, as well as
the resulting gravitational moments on slopes with varying inclination angles. Finally,
Section 4 summarizes this study’s findings.

2. Materials and Methods
2.1. The Analytical Model

Two initially straight, nonstretchable beams with lengths Lo and Li (Lo < Li), thick-
nesses to and ti, and equal widths (wo = wi) are connected at their ends to form two rings
with the radii Ro and Ri (Ro < Ri), respectively (see Figure 1a). According to the principle
of the minimum potential energy [41,42], when two elastic rings with different radii are
nested together on the ground, the circumferential mismatch between the two rings along
with gravity induces a compressive force in the inner ring and a tensile force in the outer
ring. Then, the tank-track-like buckling structure of the two nested rings is spontaneously
formed, and a “blister” structure [43–46] in the inner ring is generated to minimize the
overall potential energy, which is the balanced result between the strain energy and the
gravitational potential energy.
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Figure 1. (a) A schematic illustration of the formation and geometrical parameters of two nested
elastic rings. Two rings with different diameters are nested together to form a tank-track-like structure
under gravity. (b) The terrain adaptability to a steep slope and a wide broken bridge for rolling soft
robots with a tank-track-like configuration.

The tank-track-like buckling structure is characterized by four geometrical parameters:
total height (ho), total width (w), blister height (hi), and ground contact length (l). This
study employs three dimensionless geometrical parameters to quantitatively characterize
the morphology of the nested ring buckling structure: the aspect ratio α, the blister height,
β and the contact length γ: 

α = w
ho

β = hi
ho

γ = l
2πRo

(1)

The dimensionless geometrical parameters α and γ are related to the outline of the
buckling structure, i.e., the tank-track-like configuration, which can influence the terrain
adaptability of the rolling soft robot (Figure 1b). The dimensionless geometrical parameter β

is related to the rolling velocity of the rolling soft robot [5]. Thus, these three dimensionless
geometrical parameters determine the rolling performance of the rolling soft robot, and
then, their relationship with the design parameters is analyzed using a theoretical model
based on the minimum potential energy principle.

Both Cartesian and natural coordinate systems are adopted to analyze the structural
evolution of the nested ring buckling structure under gravity (Figure 2). The Cartesian
coordinate system oxy is established by setting the midpoint of the contact surface between
the nested ring buckling structure and the ground as the origin. In the following text, the
subscripts ‘c’, ‘i’, and ‘o’ denote the combined segment of two rings, the inner ring, and
the outer ring, respectively. The natural coordinates sc, si, and so are used to denote the arc
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length of the combined segment of two rings, the arc length of the inner ring, and the arc
length of the outer ring, respectively. The origin in natural coordinates of the combined
segment of two rings (sc = 0) is defined at the separation point where the nested ring
buckling structure detaches from the ground surface. The bottom of the inner ring’s blister
is set as the origin of natural coordinates of the inner ring (si = 0), while the vertex of the
outer ring is set as the origin of the outer ring (so = 0). The inner (outer) ring detachment
region can be expressed as si ∈ [0, si1](so ∈ [0, so1]). For the nested ring buckling structure,
φξ(sξ) (ξ = c, i, o) denotes the angle between the tangent line at the given point qξ (ξ = c, i, o)
and the positive direction of the x axis.

Figure 2. A force diagram of the nested ring buckling structure.

It is assumed that the mass distribution is uniform along the direction of the arc length
for two rings, and the nested ring buckling structure is symmetric. For simplification,
only the right half of the nested ring buckling structure is considered due to symmetry
(Figure 2). The position of an arbitrary point qξ (ξ = c, i, o) on the nested ring buckling
structure can be described in Cartesian coordinates as rξ(sξ) = [x(sξ), y(sξ)](ξ = c, i, o).
The inextensible condition [47,48] for the inner and outer rings requires the ring curve to
satisfy r’

ξ(sξ) = τξ(sξ), where τξ denotes the unit tangent vector of the curve. Thus, the
following equation can be obtained.

x′(sξ) = cos φξ(sξ), y′(sξ) = sin φξ(sξ) (ξ = c, i, o) (2)

This study quantitatively investigates the morphological changes in the two nested
elastic rings under gravity through energy minimization principles. The energy functional
of the system includes the bending energy, characterizing bending deformation; gravi-
tational potential energy, describing the effect of gravity; and constraints in the x and y
directions arising from the inextensible condition. The energy functional can be expressed
as follows:
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E =
∫ sc1

0 ec
(
rc,τc, φc, φ′

c
)
dsc +

∫ si1
0 ei(ri,τi, φi, φ′

i)dsi +
∫ so1

0 eo
(
ro,τo, φo, φ′

o
)
dso

=
∫ sc1

0

(
Kc

2
κ2

c + σcgyc + Tcx(sc)[x′(sc)− cos φc(sc)]− Tcy(sc)[y′(sc)− sin φc(sc)]

)
dsc

+
∫ si1

0

(
Ki

2
κ2

i + σigyi − Tix(si)[x′(si)− cos φi(si)] + Tiy(si)[y′(si)− sin φi(si)]

)
dsi

+
∫ so1

0

(
Ko

2
κ2

o + σogyo + Tox(so)[x′(so)− cos φo(so)] + Toy(so)[y′(so)− sin φo(so)]

)
dso

(3)

where Kξ = EξIξ (ξ = c, i, o) denotes the bending stiffness of the ring, which is the product of
the modulus of elasticity Eξ and the moment of inertia of the cross-section Iξ . Kc = Ko + Ki.
κξ = dφ(sξ)/dsξ denotes the curvature. σξ (ξ = c, i, o) denotes the mass per unit length of
the ring, and σc= σo+σi. Gξ(ξ = c, i, o) = σξLξ denotes the gravity of the ring. Tξx and Tξy

(Lagrange multipliers) denote the internal forces in the x and y directions, respectively.
The first variation in the energy functional E is derived by considering infinitesimal

virtual displacements of the nested ring buckling configuration.

φ∗(sξ) = φ(sξ) + ϑλ(sξ), x∗(sξ) = x(sξ) + ϑδ(sξ), y∗(sξ) = y(sξ) + ϑη(sξ) (4)

where ϑ is a small positive parameter. Given the arbitrary characteristics of these parameters
λ(sξ), δ(sξ), and η(sξ), the equilibrium equations for the right half of the nested ring
buckling structure can be derived as follows:

Tcx(sc) sin φc(sc) + Tcy(sc) cos φc(sc)− Kcκ′c = 0, T′
cx(sc) = 0, T′

cy(sc) = −σcg
−Tix(si) sin φi(si)− Tiy(si) cos φi(si)− Kiκ

′
i = 0, T′

ix(si) = 0, T′
iy(si) = σig

Tox(so) sin φo(so)− Toy(so) cos φo(so)− Koκ′o = 0, T′
ox(so) = 0, T′

oy(so) = σog
(5)

Equation (5) states that the internal forces in the x direction of the nested ring buckling
structure remain constant, whereas the internal forces in the y direction vary with the
arc length. Note that in the energy functional of Equation (3), Tξx and Tξy are initially
the Lagrange multipliers of two constraint terms. After the first variation in the energy
functional, Tξx and Tξy show the meaning of the internal constraint forces in the equilibrium
equation (Equation (5)). At the detachment point (the green square in Figure 2), the internal
force of the nested ring buckling structure satisfies the following equilibrium equation:{

Tcx(sc1) + Tix(si1) + Tox(so1) = 0
Tcy(sc1) + Tiy(si1) + Toy(so1) = 0

(6)

Adding appropriate boundary and continuity conditions allows Equation (5) to be
solved numerically using the bvp4c solver on the MATLAB 2020b platform [49–51], and
thus, the deformation law for the nested ring buckling structure under gravity is revealed.
The boundary conditions for the surface contact (l > 0) are as follows:

φ′
c(sc = 0) = 0, φc(sc = 0) = 0, yc(sc = 0) = 0

φi(si = 0) = 0, xi(si = 0) = 0
φo(so = 0) = 0, xo(so = 0) = 0

(7)

For line contact (l = 0), the following boundary conditions are applied:
φc(sc = 0) = 0, xc(sc = 0) = 0, yc(sc = 0) = 0
φi(si = 0) = 0, xi(si = 0) = 0
φo(so = 0) = 0, xo(so = 0) = 0

(8)
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Furthermore, the nested ring buckling configuration should satisfy the continuity
conditions at the detachment point (denoted by the green square in Figure 2):

φc(sc) = π + φo(so) = π + φi(si)

φ′
c(sc) = −φ′

o(so) = −φ′
i(si)

rc(sc) = ri(so) = ro(si)

(9)

2.2. The Experimental Method

The outer ring was made of 0.1 mm thick printing paper with a width of 45 mm,
exhibiting a density of 750 kg·m−3 and a Young’s modulus of 1.65 GPa. The inner ring was
made of 45 mm wide PET strips (0.3 mm thick) coated with a 0.12 mm silicone layer to
enhance the gravitational effects. The PET/silicone composites exhibit an effective density
of 2800 kg·m−3 and an effective Young’s modulus of 2.4 GPa. The two rings were bonded at
both ends using double-sided tape to form closed loops, respectively. The bonding section
was placed at the bottom of the nested ring buckling structure to avoid it influencing the
overall structure. In the experiments, the inner ring’s circumference was fixed at 380 mm,
and Li/Lo was regulated by adjusting the outer ring’s circumference to study how the static
structure evolved under gravity.

2.3. The Simulation Method

The theoretical analysis was further validated through FEM simulations conducted
using the implicit method in the commercial software ABAQUS 2021 [52–54]. The simu-
lation model used the same material properties and geometrical parameters as those in
the theoretical model so that it could be compared with theory. Solid models of the two
rings were constructed based on the theoretical dimensions of the outer ring, and the inner
ring’s circumference was precisely controlled via thermal expansion to match its theoretical
dimensions. The simulation setup included a fixed rigid ground surface in contact with the
bottom of the model and uniform gravitational loading throughout the nested ring buckling
structure. All simulations employed C3D8R elements, and mesh sensitivity studies were
performed to verify both the accuracy of the results and mesh fineness.

3. Results and Discussions
3.1. Evolution of the Configuration of Two Nested Rings

When subjected to gravitational loading, two nested rings resting horizontally on the
ground undergo significant morphological transformation. The equilibrium configuration
of the nested ring buckling configuration is principally governed by the rings’ bending
stiffness, circumferential length, and gravity. Based on this understanding, the static config-
urations of the two nested rings can be effectively controlled by tuning three dimensionless
design parameters: the ratios of the stiffness (Ki/Ko), length (Li/Lo), and gravitational force
(Gi/Go) of the inner ring to those of the outer ring.

The evolution of the buckling configuration of the two nested rings is systematically
analyzed for different combinations of the Ki/Ko and Li/Lo parameters, with Gi/Go fixed, as
shown in Figure 3a. The aspect ratio α and the ground contact length γ of the configuration
are predominantly governed by Ki/Ko, whereas Li/Lo primarily modulates the height β of
the inner ring’s blister in the nested ring buckling structure. When Li/Lo is fixed and Ki/Ko

increases, the outer contour of the nested ring buckling structure changes progressively
from a circular shape to a tank-track-like shape. This morphological shift is characterized
by widening of the structure, a reduction in height, and elongation of the ground contact
distance. The tank-track-like configuration enhances the adaptability of rolling soft robots
when moving across complex terrains [5]. When Ki/Ko remains constant, the blister height
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β exhibits a positive correlation with Li/Lo, while the combined segment of two rings
progressively decreases. Notably, the critical state where the blister reaches its maximum
height occurs when the bottom of the blister (si = 0) is in contact with the combined segment
of two rings. This unique configuration is synergistically determined by Ki/Ko and Li/Lo.

Figure 3. Evolution of the configurations of the nested ring buckling structures. (a) Nested ring
buckling structures with different Ki/Ko and Li/Lo values. Gi/Go is fixed at 18. (b) Nested ring
buckling structures with different Gi/Go and Li/Lo values. Ki/Ko is fixed at 1. The red dots show the
Li/Lo values of corresponding configurations.

Figure 3b illustrates the evolution of the configuration with different Gi/Go and Li/Lo

parameters when Ki/Ko is fixed. The influence of Gi/Go on the nested ring buckling
configuration resembles that of Ki/Ko, while Gi/Go has a negligible impact on the curved
feature of the outer contour’s top. Equally, Gi/Go has a larger impact on the ground contact
length and the blister height compared with that of Ki/Ko. With an increase in the inner
ring’s gravity, the blister height increases due to its larger weight, and the ground contact
length rises since a larger area of contact with the ground is required to support the heavier
structure. The curved feature of the structure’s top is not influenced since Gi/Go has a
negligible effect on the tensile force in the outer ring.

The above analysis reveals that the static configuration of the nested ring buckling
structure under gravity is collectively governed by Gi/Go, Ki/Ko, and Li/Lo, which charac-
terize the geometrical and material properties of the structure. Gi/Go and Ki/Ko predom-
inantly dictate the macroscopic geometry of the nested ring buckling structure (e.g., the
aspect ratio α and the ground contact length γ), while Li/Lo plays a role in shaping the
local features, such as the blister height β and the combined segment length of both rings.
This finding provides a critical theoretical basis for the morphological design of flexible
nested ring buckling structures.

3.2. The Influence of the Design Parameters on α and β

To further reveal the effect of specific design parameters on certain geometrical pa-
rameters of the nested ring buckling structure, systematical analyses using the theory and
FEM simulations are conducted. When Li/Lo and Gi/Go remain constant, an increase in
Ki/Ko significantly transforms the nested ring buckling structure from a circular shape to a
tank-track-like shape. This morphological evolution is reflected by the positive correlation
between the characteristic parameter α and Ki/Ko, as illustrated in Figure 4a. Notably, α

exhibits strong dependence on Ki/Ko but weak sensitivity to Li/Lo, which aligns with the
results in Figure 3a.
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Figure 4. Ki/Ko and Li/Lo versus (a) α and (b) β calculated using the theory and FEM simulation
for Gi/Go = 18. Gi/Go and Li/Lo versus (c) α and (d) β calculated using the theory and FEM
simulation for Ki/Ko = 1. The solid lines denote the theoretical results, and the circles denote the
FEM simulation results.

When Ki/Ko is kept constant, increasing the length of the inner ring Li substantially
elevates the structure’s compressive strain energy. This energy accumulation can be miti-
gated effectively by enhancing the blister height (see Figure 4b), which serves as an energy
release mechanism to minimize the structure’s total energy. When Gi/Go is constant, the
effect of Ki/Ko on β is small, which is consistent with the results in Figure 3a.

For a fixed Li/Lo value with Ki/Ko = 1, the parameter α is directly dependent on Gi/Go.
As evidenced in Figure 4c, α increases monotonically with Gi/Go. However, when Gi/Go

is held constant, the effect of Li/Lo on α is small. Furthermore, β increases nonlinearly
with Li/Lo at a constant Gi/Go, as demonstrated in Figure 4d. When Li/Lo is constant,
the enhanced gravity of the inner ring Gi increases the structure’s gravitational potential
energy. The inner ring compensates for this by increasing the blister height to restore
equilibrium, resulting in a continuous increase in β with higher Gi/Go values. Note that
the cases of Gi/Go = 0 and Gi/Go = 50 are the lower and upper theoretical limitations for
isolating the influence of the inner ring’s gravity and exploring extreme forms of buckling.
In the experiment, a large Gi/Go value can be achieved by using a thick silicone layer for
the inner ring.

The above analysis reveals that the characteristic parameters α and β of the nested ring
buckling structure exhibit significant multi-parameter coupling behavior. Their variation
patterns are governed by the combined effects of three dimensionless parameters: Ki/Ko,
Gi/Go, and Li/Lo. As evidenced in Figure 4, the theoretical predictions show excellent
agreement with the results of the FEM simulations, thus validating the accuracy and
reliability of the proposed theoretical model for predicting the structural behavior of the
nested ring buckling structure.
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3.3. The Influence of the Design Parameters on γ

The normalized ground contact length γ of the nested ring buckling structure depends
strongly on Ki/Ko and Gi/Go while demonstrating relatively weak sensitivity to Li/Lo

(Figure 5). Increasing Ki/Ko enhances the inner ring’s relative rigidity, thereby preserving
contact with the ground. Conversely, the configuration shows line contact (γ = 0) with the
ground when Ki/Ko is small (see Figure 5a). Gi/Go modulates the contact characteristics
by governing the system’s total gravitational potential. An increased Gi/Go value enhances
the contact with the ground through larger gravity, as shown in Figure 5b. Significantly,
Ki/Ko exhibits synergistic interactions with Gi/Go, where simultaneous increases in these
two parameters produce an amplified effect on γ.

Figure 5. (a) Ki/Ko and Li/Lo versus γ for Gi/Go = 18. (b) Gi/Go and Li/Lo versus γ for Ki/Ko = 1.

3.4. The Experimental and FEM Verification

To validate the accuracy and reliability of the theoretical model, we conducted experi-
mental tests of static configurations of the two nested rings under gravity by varying the
Li/Lo ratios (see Figure 6), where a camera in front of the rings was used to obtain the
buckling configurations of the rings. In the experiments, the circumference of the inner
ring was kept constant at 380 mm, and the densities of the inner and outer rings were kept
constant. Adjusting the circumference of the outer ring (printing paper) changes both the
Li/Lo and Gi/Go values. Then, the theoretical results with the corresponding parameters
are calculated and overlapped onto the experimental buckling configuration, as shown in
Figure 6. Characteristic parameters (α, β) of the buckling structures are compared between
the theory and the experiment, as shown in Table 1, where γ = 0 for all of the rings. The
results demonstrate excellent agreement between the theory and the experiment for the
static configurations under gravity, thus validating the accuracy and predictive capability
of the proposed theoretical model.

 

Figure 6. A comparison between the theory and experiment for Li/Lo and Gi/Go values of (a) 1.01
and 3.77, (b) 1.09 and 4.07, and (c) 1.15 and 4.29 at Ki/Ko = 1.45. The red dashed–dotted lines denote
the theoretical results.
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Table 1. Configuration comparison between theory and experiment.

Length Ratio
Aspect Ratio α Blister Height β

Theory Experiment Theory Experiment

1.01 1.96 2.01 0.21 0.23
1.09 2.35 2.38 0.63 0.65
1.15 2.38 2.38 0.88 0.90

Furthermore, we compared the FEM simulation and the theory by varying one pa-
rameter (Li/Lo, Gi/Go, or Ki/Ko) while fixing the other two, as shown in Figure 7. Both
the FEM simulation and theory show strong consistency in predicting the static buckling
configuration of the two nested rings under different parameters, thereby confirming the
model’s accuracy. Based on this result, precise regulation of the static configurations of
the nested ring buckling structure can be achieved by reasonably selecting the design
parameters (Li/Lo, Gi/Go, or Ki/Ko). This will satisfy specific structural morphology needs
in different application scenarios for rolling soft robots. Note that the cases Gi/Go = 0 and
Gi/Go = 50 are the lower and upper theoretical limitations for isolating the influence of the
inner ring’s gravity and exploring extreme forms of buckling.

 
Figure 7. Comparison between theory and FEM simulation for Li/Lo of (a) 1.02, (b) 1.05, and (c) 1.11
with Gi/Go = 18 and Ki/Ko = 2. Comparison between theory and FEM simulation for Ki/Ko of (d) 0.5,
(e) 2, and (f) 20 with Li/Lo = 1.08 and Gi/Go = 18. Comparison between theory and FEM simulation
for Gi/Go of (g) 0, (h) 30, and (i) 50 with Li/Lo = 1.02 and Ki/Ko = 1. The red dashed line presents the
theoretical results.

3.5. The Influence of the Design Parameters on the Gravitational Moment

To evaluate the slope adaptability of a rolling soft robot with the nested ring buckling
structure, we quantitatively assessed the gravitational moment Mgarvity relative to point
Pc (the lower endpoint of the ground contact length) at various inclination angles (see
Figure 1b). Point Pc serves as the reference point for Mgarvity calculation, representing
the instantaneous center of rotation when the robot cannot remain stationary on a slope,
i.e., the structure undergoes rigid-body rotation around point Pc due to the gravitational
moment. The gravitational moment calculations are based on the horizontal configuration
of the nested ring buckling structure, which is reliable for small slopes (θ < 20◦) because
the gravity component perpendicular to the slope is dominant.

Increasing the structural parameters Gi/Go and Ki/Ko progressively reduces Mgarvity

of the nested ring buckling structure, as presented in Figure 8a,b. Interestingly, Mgarvity ap-
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proaches zero and eventually becomes negative on the slopes, indicating that the structure
can remain stable on such terrain. Figure 8c,d show the maximum stable inclination angles
θmax (Mgarvity = 0) for the different design parameters Gi/Go, Ki/Ko, and Li/Lo, which
reveal distinct stability thresholds for various configurations. The maximum critical slope
inclination in this study is 20◦ because soft rolling robots can only climb slopes with an an-
gle of less than 20◦ [5]. The parametric analysis reveals that increasing the values of Gi/Go,
Ki/Ko, and Li/Lo enhances both the ground contact length and the overall structural width,
consequently significantly elevating θmax. The improved stability stems from the increased
resistance to Mgarvity of the flattened nested ring buckling configuration, suggesting that
strategic design parameter selection can avoid spontaneous downward rolling and reduce
the drive force required to traverse the inclined terrain.

Figure 8. Mgarvity of the nested ring buckling structure at different slope angles for different (a) Ki/Ko

and (b) Gi/Go values. (c) Ki/Ko and Li/Lo versus θmax for Gi/Go = 18. (d) Gi/Go and Li/Lo versus
θmax for Ki/Ko = 1.

4. Conclusions
This study presents a theoretical model for a nested ring buckling structure based on

the minimum potential energy principle, which elucidates the evolution mechanism for the
configuration under gravity and the corresponding control strategy. Theoretical analyses
demonstrate that the morphological parameters (α, β, and γ) are governed cooperatively
by three design parameters (Ki/Ko, Gi/Go, and Li/Lo). Ki/Ko and Gi/Go govern the
macroscopic morphological evolution of the nested ring buckling structure from the circular
shape to the tank-track-like shape. Conversely, Li/Lo primarily modulates the local features
and exhibits a strong correlation with the blister height and the combined segment length
of both rings. Notably, the synergistic effect between these three parameters increases the
ground contact length and significantly improves the static stability on inclined planes.
Furthermore, the experiment and FEM simulations confirm that the theoretical model can
accurately predict stable configurations of the nested ring buckling structure. When the
nested ring buckling structure is used in a rolling soft robot [5], the overall configuration
of the robot (the parameters α and γ) determines its terrain adaptability (Section 3.5 gives
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an example of slope adaptability), and the blister configuration (parameter β) is related
to the critical loading of actuation (see Figure 6 of ref. [5] for details). Thus, by tuning
three design parameters (Ki/Ko, Gi/Go, and Li/Lo) of the two nested rings, the robot’s
terrain adaptability and critical loading can be tuned. This work not only advances our
fundamental understanding of the deformation of flexible nested ring buckling structures
under gravity but also establishes a robust design methodology for optimizing the design
of nested ring buckling structures for engineering applications.
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