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Variable-stiffness–morphing wheel inspired by the 
surface tension of a liquid droplet
Jae-Young Lee1,2†, Seongji Han3,4†, Munyu Kim5, Yong-Sin Seo1,2, Jongwoo Park1, Dong Il Park1, 
Chanhun Park1, Hyunuk Seo1, Joonho Lee1, Hwi-Su Kim1, Jeongae Bak1, Hugo Rodrigue2,6, 
Jin-Gyun Kim3, Joono Cheong5, Sung-Hyuk Song1,7*

Wheels have been commonly used for locomotion in mobile robots and transportation systems because of their 
simple structure and energy efficiency. However, the performance of wheels in overcoming obstacles is limited 
compared with their advantages in driving on normal flat ground. Here, we present a variable-stiffness wheel in-
spired by the surface tension of a liquid droplet. In a liquid droplet, as the cohesive force of the outermost liquid 
molecules increases, the net force pulling the liquid molecules inward also increases. This leads to high surface 
tension, resulting in the liquid droplet reverting to a circular shape from its distorted shape induced by gravita-
tional forces. Similarly, the shape and stiffness of a wheel were controlled by changing the traction force at the 
outermost smart chain block. As the tension of the wire spokes connected to each chain block increased, the wheel 
characteristics reflected those of a general circular-rigid wheel, which has an advantage in high-speed locomotion 
on normal flat ground. Conversely, the modulus of the wheel decreased as the tension of the wire spoke decreased, 
and the wheel was easily deformed according to the shape of obstacles. This makes the wheel suitable for over-
coming obstacles without requiring complex control or sensing systems. On the basis of this mechanism, a wheel 
was applied to a two-wheeled wheelchair system weighing 120 kilograms, and the state transition between a cir-
cular high-modulus state and a deformable low-modulus state was realized in real time when the wheelchair 
was driven in an outdoor environment.

INTRODUCTION
For robot or mobile systems to move on the ground without limita-
tions related to terrestrial conditions, the ability to overcome obsta-
cles has been a key function (1, 2). Wheels are generally used to realize 
movement in robot or transporter systems and are among the oldest 
inventions in human history, but the wheel has limitations in over-
coming relatively large obstacles, such as rocks or stairs. To increase 
the ability to overcome obstacles using wheels, articulated frames with 
multiple wheels, such as rocker-bogie mechanisms, have been de-
veloped (3–6), but the increases in the size and complexity of these 
systems are negative factors. The track-based locomotion system is a 
specially designed mechanism for uneven terrain based on increas-
ing the contact area (7). However, the track-based system is limited 
by a relatively low speed and consumes more energy than wheeled 
systems because of the high friction from the increased contact area 
between the ground and system. In addition, vibration and friction 
can occur because of the discontinuous track profile with moving 
vertices and the difficulty of adapting the damping system (8). Leg-
based locomotion systems have been adapted for structured environ-
ments and uneven terrain by mimicking the locomotion of animals 
or humans (9–11). This approach has the advantage of mimicking 

effective locomotion strategies in nature, such as the gait of cheetahs 
(12, 13), dogs (14–16), horses (17), and humans (18–23). However, 
because of the complexity of these systems associated with the rela-
tively large number of actuators and complex control systems, the 
energy efficiency of locomotion is relatively low, and it is difficult to 
realize such systems as the size and payload of the robot increase.

To overcome these limitations, hybrid locomotion systems that 
combine two or three different locomotion mechanisms have been 
proposed, such as leg-wheel, leg-track, wheel-track, and leg-wheel
track systems. (7). However, these combined locomotion mechanisms 
require complex mechanical and control systems (24–28), so it is dif-
ficult to establish reliable systems under unexpected, unstructured 
outdoor conditions without mechanical or control failure. As an 
alternative method, nonpneumatic tires have been developed to 
overcome the limitations of wheels. The nonpneumatic tire has an 
advantage in harsh driving conditions because it can prevent punc-
tures, leaks, or blowouts, which cause critical safety issues; addition-
ally, it can generate effective shock absorption with a high traction 
force because of the flexibility of the wheel (29, 30). The performance 
of nonpneumatic tires mainly depends on the structural characteris-
tics of the tires and the materials used and can be categorized as fol-
lows: multiple flexible spoke structures (31–34), multihole structures 
(35), mesh-like structures using spiral steel wire (36), shape-memory 
alloy structures (37), and deployable structures (38–41). However, 
the main purposes of these nonpneumatic tires are to prevent punc-
tures and increase durability, not to overcome high obstacles. There-
fore, the maximum deformable depth of the usual nonpneumatic 
tire is small to maintain driving stability on flat ground. As the over-
all stiffness of the nonpneumatic tire decreases, the available depth of 
deformation increases when in contact with the obstacle, and the 
ability to overcome the obstacle is enhanced. However, the moving 
speed and energy efficiency decrease in this case. Therefore, there is 
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an inverse relationship between the ability to overcome obstacles 
and movement efficiency on flat ground, and it is challenging to op-
timize both simultaneously. In the case of the wheel using a deploy-
able structure, the main purpose of applying this mechanism is to 
change the wheel size for adaptation to various obstacles (38, 39), 
transform torque (40), and make efficient use of limited space (41). 
However, these transformable or deployable structures can only 
change the diameter of the wheel without varying the wheel stiffness, 
preventing the wheel from deforming to match the shape of obsta-
cles for adaptation. Moreover, altering the wheel diameter poses 
challenges to the design of the integrated vehicle system because of 
the changing space requirements. In particular, when the diameter 
of the wheel increases, large vibrations can occur because of discon-
tinuous sections in the structure, making it difficult to achieve stable 
movement at high speeds, which is a general advantage of wheels.

In this research, we propose a possible solution for this contra-
dictory condition. Inspired by the surface tension of liquids, we 
present a method to adjust the stiffness and shape of wheels. Nota-
bly, the states of the wheel can be altered in real time between a 
rigid-circular–shape state for fast movement on flat ground and a 
soft-deformable state for overcoming obstacles. The rigidity of the 
wheel can be controlled by changing the tension of the wire spoke 
structure, which influences the surface tension of the smart chain 
structure located at the outermost edge of the wheel. When the 
wheel state changes to the fast movement mode, the surface tension 
of the wheel is increased by increasing the tension of the wire spoke 
structure, and then the shape of the wheel becomes circular and a 
high-rigidity state is achieved. On the other hand, when the wheel is 
in the obstacle-overcoming state because of decreased surface ten-
sion, it can easily deform to a depth of up to 40% of its radius. This 
liquid-mimetic variable-stiffness mechanism for adjusting the rigid-
ity of the wheel helps to overcome the limitations of the wheel when 
obstacles are encountered while maintaining the original advantag-
es of the wheel on flat ground. The basic characteristics and mecha-
nism of the variable-stiffness wheel were verified, and an evaluation 
of its performance was conducted. A four-wheeled vehicle and a 
real-sized wheelchair system are proposed as possible applications of 
the surface-tension-mimetic variable-stiffness wheel.

RESULTS
Configuration of the variable-stiffness wheel inspired by the 
surface tension of liquid
To effectively overcome obstacles while maintaining the advantage 
of a general wheel driving on flat ground, a mechanism for realizing 
switchable wheel modes was proposed (Fig. 1A). When the wheel 
drives on a normal flat ground, it maintains a circular shape in a high-
modulus state (Fig. 1Ai); thus, it functions as a normal wheel, dis-
playing energy-efficient and stable movement during locomotion 
without shaking. When the wheel is used on rough terrain with large 
obstacles, where a typical wheel does not effectively function, the mod-
ulus of the proposed wheel decreases. This makes the wheel easily de-
formable, allowing it to adapt to the shape of the obstacle (Fig. 1Aii). 
The smart chain structure, which consists of a chain-like structure 
located at the outermost side of the wheel, is connected to a wire 
spoke structure (Fig. 1B). As shown by the green line in Fig. 1B, one 
wire is connected to one side of the chain block, passes through the 
hub structure colored in red in Fig. 1B, and is fixed to the opposite 
side of the chain block. The total length of the wire spoke structure 

is constant and equal to its total length in the initial configuration. 
Therefore, the length of the wire spoke from the chain block to the 
hub structure can be changed on the basis of the hub-gap distance 
between the front- and rear-hub structures (Fig. 1B). As the hub-gap 
distance increases to lh_large, the length of the wire spoke between the 
chain block and hub structure decreases, and the chain block is forced 
inward. Then, the modulus of the wheel increases in a circular shape, 
and the wheel functions as a normal wheel (Fig. 1Ci). Otherwise, 
when the hub-gap distance decreases to lh_small, the inward-directional 
force acting on the chain block also decreases. Then, the wheel en-
ters a soft state, allowing it to deform effectively to adapt to the shape 
of the obstacle and overcome it (Fig. 1Cii).

The variation in stiffness is derived from the sum of the inward-
directional force at the chain block, and it can be compared with the 
surface tension of a liquid droplet (Fig. 1D). The molecules located 
at the surface of a liquid are pulled inward because of the nonuni-
form cohesive forces, whereas the net force becomes zero for mole-
cules inside the liquid. The sum of each cohesive force for the 
molecules at the surface can be described as the attraction force to-
ward the center of the liquid. This attraction force can be matched to 
the force acting on the chain block because of the wire spokes in the 
wheel. As the length of a wire spoke from the chain block to the hub 
structure decreases at a large hub-gap distance, the force acting on 
the chain block can be separated into the tangential force that brings 
adjacent blocks closer to each other and the radial force that causes 
the blocks to move in the direction of the wheel center. This tangen-
tial force acting on the block is similar to the surface tension of a 
liquid, and the net force of each chain block plays a role in the con-
traction of the wheel structure and affects the shape and stiffness of 
the wheel. The dependence on contraction force on the variable stiff-
ness of the wheel is similar to the dependence on surface tension on 
the variable contact angle of a liquid droplet (Fig. 1E). Because of the 
gravitational force, a liquid droplet is deformed at the surface, and 
this magnitude of deformation is generally represented as the con-
tact angle. As the contact angle increases and approaches 180°, the 
shape of the liquid droplet approaches a circular shape with mini-
mized deformation because of gravity. These shape variations of the 
liquid droplet depending on the surface tension are similar to the 
shape variations of the wheel depending on the surface tension con-
trolled by the tension of the wire spoke structure.

Mechanism of stiffness variation for the proposed wheel
The smart chain structure is located above the soft supporting struc-
ture, which supports the initial position of the smart chain structure 
(Fig. 2A). The soft supporting structure can be replaced with any 
material or structure that is effective in realizing a large amount of 
deformation. The modulus of the soft supporting structure influ-
ences the range of stiffness variation of the wheel by varying the 
tension of the wire spoke. Individual smart chain structures are as-
sembled by using a pin at the hole, similar to the method for assem-
bling a general chain.

The stiffness of the wheel can be changed on the basis of two ma-
jor mechanisms: the spoke length variation at the ground contact 
position and variation in the distance between each smart chain 
structure depending on the direction of rotation. In the case of the 
first mechanism, the required length of the spoke structure at the 
ground contact position increases as the depth of deformation in-
creases. When the circular structure with radius R is pushed down to 
a distance d, which is defined as the depth of deformation (Fig. 2Bii), 
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the point Pint at which the wheel touches the ground and begins to 
bend away from the ground occurs. Then, lo is defined as the outer 
length of the overlapped part of the circular structure with the ground. 
If the circumference of the circular structure is constant and if there 
is no wrinkling or partial roll-up, then the contact length between the 
ground and circular structure becomes not lo, which is the intersect-
ed length of the line where they overlap, but lo (Fig. 2Biii). The in-
creased contact length between the circular structure and ground, 
from lo′, is given by 2Δlo, where

Consequently, the position where the wheel begins to bend away 
from the ground changes from Pint to Pd, which is shown as a red line 
in Fig. 2Biii. The distance variation between the center of the circular 
structure and Pd is R′, so the length of the wire spoke of the wheel 
needs to increase with ΔR as follows

The ΔR value generally increases as the depth of deformation d 
increases until d < R, which means that the maximum elongated 
length of the wire spoke influences the depth of deformation d on 
flat ground. If the circumference of the circular structure consists of 
a block with a thickness t (Fig. 2C), then the rotation center of each 

block is determined by the way that the blocks are assembled and 
how they contact each other. The center of rotation of the block can 
be located at its middle (Fig. 2C), meaning that each block is assem-
bled using a pin at the middle of the block relative to the block thick-
ness. Otherwise, this center of rotation can be located at the top or 
bottom side of the block (fig. S1). When the depth of deformation d 
is reached, the overlapped length of the middle line of the block, which 
is also the line of the neutral axis of deformation, is defined as lm 
(Fig. 2Cii). Similar to Fig. 2B, the contact line between the ground 
and the wheel increases from lm′ by 2Δlm (Fig. 2Ciii); thus, the length 
of the wire spoke of the wheel needs to increase to R′ by ΔR, as 
shown in Eq. 2. In this case, the thickness of block t does not affect 
ΔR. When the rotation center of a block is at the top or bottom side 
(fig. S1), it is similar to a block rolling against the surface of another 
block. Therefore, each block cannot be overlapped with each other 
(fig. S1iii). In this case, the contact length (ls′) is increased by 2Δls_1, 
which is given by

The length of the wire spoke needs to be increased by ΔR1 
as follows

Δlo=
lo− lo
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Fig. 1. Configuration of the variable-stiffness–
morphing wheel. (A) State transition between the 
(i) circular high-modulus state and (ii) deformable 
low-modulus state of the wheel in the two-wheeled 
wheelchair system. (B) Configuration of the wire 
spoke and smart chain structure. The tension of 
the wire spoke can be varied by changing the dis-
tance between the hub structures. lf indicates the 
spoke length on the front side of the wheel, and 
lr indicates the spoke length on the rear side. 
(C) Description of wheel characteristics according 
to each state of the wheel [(i) circular high-modulus 
and (ii) deformable low-modulus states]. (D) Com-
parison between the attraction force of the liquid 
droplet and the contraction force in the wheel 
structure. (E) The similarity of shape variation de-
pends on the surface tension of the liquid droplet 
and the wheel. Scale bar, 5 cm.
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In addition, the block next to that contacting the surface starts to 
separate from the ground (marked in green in fig. S1iv), and the re-
quired length of the wire spoke is increased from R′ by ΔR2, ex-
pressed as

where θ is the angle of the deformed block from the ground, and 
the wire spoke is assumed to be connected to the middle of the block 
at Pd_2. Each block is rotated about the edge of the block marked 

with a purple dot; then, ls is increased by 2Δls_2. Therefore, the re-
quired length of the wire spoke at the given depth of deformation is 
affected by the thickness of block t and the angle of block deforma-
tion θ, unlike in the case in Fig. 2C. Because of this complex and 
sensitive effect on the variation in the length of the wire spoke, we 
established the rotation axis near the center of the block, similar to 
that shown in Fig. 2C, not at the edge of the block. As a result, the 
deformation height of the wheel with a 140-mm radius in Fig. 2D 
can be controlled by varying the spoke length where the block be-
gins to bend away from the ground, marked as point Pd in Fig. 2C. The 
maximum length of the wire spoke can be controlled on the basis of 
the deviation in the hub-gap distance, and, therefore, the length of 

ΔR
2
=R

�� −R
� =

√

(

t

2
sinθ+

l
s

2

)2

+
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R−d−
t

2
(1−cosθ)

]2

−R
�
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Fig. 2. Stiffness-variation mechanism based on the tension of the wire spoke structure. (A) Configuration of the soft supporting structure and the pin in the smart 
chain block. (B) Diagram of the simplified one-dimensional wheel model showing the effect of the length of the wire spoke. (C) Diagram of the simplified two-dimensional 
wheel model showing the effect of the length of the wire spoke. (D) Shape of the deformed wheel considering that the gravitational force depends on the hub-gap dis-
tance variation. (E) Measured length of the wire spoke at the deformed position from the ground based on the hub-gap distance variation. Error bars represent SD (n = 5). 
The deformation height of the wheel based on the hub-gap distance variation achieved with (F) a blue sponge or (G) a black sponge as the soft supporting structure. 
Error bars represent SD (n = 3).
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the wire spoke near position Pd can be controlled on the basis of the 
hub-gap distance. The longest measured value among the length of 
wire spoke obtained near point Pd was used as a standard in Fig. 2E; 
this ambiguity arises from the discontinuity of the chain block and 
difficulties in distinguishing where the slope changes. The hub-gap 
distance variation was defined as zero when the distance reached a 
maximum in the initial state, and the distance variation values in-
creased as the hub structures moved closer together (Fig. 2E). The 
spoke length deviation was derived from the difference between 
the length variation of the wire spoke and its initial length when the 
hub-gap deviation is zero. Because of the length variation of the wire 
spoke associated with the variation in hub-gap distance, the defor-
mation height of the wheel can be changed (Fig. 2F). After the hub-
gap distance reached the target value, the wheel was placed on the 
ground, and it started to deform until reaching an equilibrium posi-
tion because of the gravitational force. Thus, the deformation height 
was defined as the deviation between the initial radius of the wheel 
in the floating state in air without the tension of the wire spoke and 
the current height of the wheel center after deformation (Fig. 2F). 
The deformation height was mainly influenced by the hub-gap dis-
tance, not by the dead weight applied to the wheel. This is because 
the soft supporting layer of the wheel in Fig. 2F was sufficiently soft. 
Thus, the magnitude of wheel deformation, controlled by the hub-
gap distance, reached its limit before the soft supporting structure 
reached its equilibrium position because of the reaction force gener-
ated by the deformation. If the value of the applied dead weight was 
lighter than the experimental values, then the effect of the soft sup-
porting structure became dominant. Consequently, the deformation 
height of the wheel reached its maximum when the soft supporting 
structure had sufficiently deformed and before the limit position 
controlled by the hub-gap distance. In other words, the effect of the 
soft supporting structure became dominant as the relative modulus 
of the soft supporting structure increased compared with that for an 
applied gravitational force.

The deformation height was measured using the wheel model 
with a soft supporting structure of higher modulus (the moduli of 
the soft supporting structures in Fig. 2, F and G, are presented in 
fig. S2), as shown in Fig. 2G, to verify the effect of the relative modu-
lus of the soft supporting structure. When the hub-gap distance vari-
ation was near zero, the effect of the external gravitational force 
became negligible for different deformation heights. This means that 
the variation in surface tension because of the hub-gap distance primar-
ily affected the characteristics of the wheel when in a high–surface 
tension state. As the hub-gap distance variation increased, the influ-
ence of the applied weight became dominant for the deformation 
height, whereas the influence of the hub-gap distance variation itself 
on the deformation height decreased. This is because the possible 
range of deformation height was controlled by the hub-gap distance, 
but the deformation of the soft supporting structure reached an 
equilibrium position as the reaction force increased from deforma-
tion, even before the maximum deformation height was attained. 
These trends can be observed in fig. S3. As the hub-gap distance vari-
ation decreased, the deformation heights of each wheel using differ-
ent soft supporting structures became similar. This is because the 
influence of surface tension became more dominant as the hub-gap 
distance variation decreased. Conversely, as the hub-gap distance 
variation increased, the differences in deformation height between 
the wheels with different soft supporting structures became more 
noticeable. To verify the effect of distance variations during the 

deformation process, the distance variations from the wheel center 
to each block were measured while the wheel was slowly placed on 
the ground from the floating state (fig. S4) at a fixed hub-gap distance. 
As the magnitude of deformation increased, the distance of the blocks 
located right below the wheel center, such as block numbers 16 and 
18, decreased (fig. S4B), whereas the distance of the blocks located at 
the section where the blocks were bent and moved away from the 
ground increased. In particular, the distance of block number 22 rap-
idly increased as it approached the available maximum deformation 
(fig. S4C). This is because the position of block 22 was the nearest 
position at which the block was lifted from the ground when the wheel 
deformation reached a maximum for the given hub-gap distance 
conditions.

The second main mechanism that controls the stiffness of the 
wheel is the variation in the distance between each chain structure. 
The proposed smart chain structure was designed to have different 
distances between each block depending on the direction of rotation 
(Fig. 3). When the block rotates in the negative direction, where 
the largest deformation occurs in the inward direction (marked by the 
red circle in Fig. 3A) as the edges of obstacles are encountered, the 
distance between each block remains constant, but the angle of rota-
tion increases. This movement direction was defined as the direction 
of negative curvature, and the contact surface between each smart 
chain structure was a circular shape in this direction. On the other 
hand, on the basis of the position at which concentrated and large 
inward directional deformation occurred, the smart chain block ro-
tated in the positive direction near both sides of the wheel (marked 
by the green circle in Fig. 3A) as the distance between each block 
increased. This characteristic is because of the specially designed ex-
ternal shape of the smart chain block. On the upper side of the chain 
block, there is a small bump that alters the distance as the block ro-
tates in the positive direction. As the angle of rotation increased, each 
block in the contact state continued to follow the protrusion path, and 
then the distance between each block increased. The pins are located 
at the hole in each smart chain structure to prevent the blocks from 
being disassembled (Fig. 3B). The hole shape is elliptical, and the pin 
can freely move in the lateral direction. When the block rotated in 
the direction of positive curvature, the distance between each block 
increased until the pin was stuck in the reduced volume of the over-
lapping area of pin holes of each block. For rotation in the direction 
of negative curvature, the distance between each block was main-
tained because the rotation axis of each block coincided with a cir-
cular shape. If a block rotated more than 90°, then the pin prevented 
further rotation because of the increased distance between each 
block. Therefore, the pin and the shape of the hole determined the 
range of rotation of each block.

This distance variation of the block mechanism was applied be-
cause of the different physical characteristics of a liquid droplet and 
a wheel. In the case of a liquid droplet, its total volume is conserved 
even when the shape of the liquid droplet changes, whereas the vol-
ume of the soft supporting structure in the wheel can be compressed, 
and the total volume of the wheel was decreased when an inward 
directional force was applied to the wheel. Because of these factors, 
the principle associated with the minimization of the surface area for 
a given volume in a liquid droplet because of surface tension, which 
is the reason liquid droplets have a spherical shape, was not applied 
to the wheel. However, if the distance between each block was 
changed depending on the rotation conditions, then the total surface 
area (or total length of the wheel circumference) was changed. 
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Therefore, the potential energy derived from the contraction force of 
a wire spoke was not minimized when the total surface area in-
creased because of the rotation of the blocks. This was comparable to 
a liquid that shows minimum potential energy at the minimum sur-
face area. The shape of the smart chain structure was designed to 
minimize the wheel circumference when the wheel was circular. If 
any deformation started to occur from the initial circular shape, then 
the direction of positive curvature was generated as a result, leading 
to an increase in the total potential energy. For example, when con-
centrated inward directional deformation occurred (fig. S5), the 
chain block, situated relatively close to both sides from the position 
where the concentrated deformation occurred, rotated in the posi-
tive direction. Therefore, the total potential energy increased as the 
length of the circumference increased. The effect of the distance 
variation of each block was measured as deformation occurred at the 
fixed hub-gap distance (fig. S6). The wheel was slowly placed on the 

ground from the floating state, and the 
total length of the blocks was measured 
by adding the individual distance be-
tween each block. As a result, the total 
length of the blocks decreased as the cen-
ter displacement increased until the wheel 
reached the state of maximum possible de-
formation. This is because the blocks are 
partially separated from each other when 
the wheel floats without an external load; 
then, the blocks were pushed close to each 
other as the center displacement increased. 
These gaps between blocks were dimin-
ished after 20 mm of center displacement, 
and the total length was maintained at a 
constant thereafter. When the wheel de-
formation approached its maximum val-
ue, the blocks located around the position 
where the wheels deformed in the direc-
tion away from the ground were deformed 
in the direction of positive curvature, so 
the distance between the blocks increased.

In a situation in which the wheel was 
pressed against an obstacle, negative cur-
vature was generated where the largest 
deformation occurred at the edge of the 
obstacle, and positive curvature was gen-
erated at the same time; thus, the total 
length of the blocks increased (fig. S7). 
The magnitude of curvature because of 
adaptation to the obstacle increased as 
the deformation distance, which was de-
fined from the wheel center to the edge 
of the obstacle, increased. As a result, the 
total length variation increased as the 
depth of deformation increased (fig. S7C). 
To verify the effects of distance variation 
on the basis of the rotation angle and di-
rection in detail, the distance between 
each adjacent individual block was mea-
sured on the basis of the relative rota-
tion angle between each block (fig. S8).

Evaluation of the variable stiffness of the proposed wheel
To evaluate the dependence of stiffness variation on the hub-gap 
distance, the wheel with a 140-mm radius was installed in the ex-
perimental setup (Fig. 4A). Different sizes of indenters could be in-
stalled in the experimental setup, and the reaction force associated 
with each indenter was measured while the indenter was transferred 
downward. The indenter with a wide shape was used to mimic the 
scenario in which the wheel was at rest on typical flat ground. The 
indenter with a narrow shape was used to mimic the scenario at 
which the wheel was deformed by an obstacle, similar to applying a 
concentrated force associated with encountering an obstacle. First, 
the reaction force was measured with the wide-shaped indenter. The 
reaction force displayed a different trend before and after a 4-mm 
hub-gap distance variation was reached (Fig. 4B). When the hub-gap 
distance variation was smaller than 2 mm, the force-displacement 
slope changed, with ~1.5 mm of displacement (Fig. 4C); then, the 

Fig. 3. Geometrical description of the smart chain structure. (A) The relative distance variation between each 
block depends on the direction of curvature. (B) The role of the pin in the chain block in the direction of positive or 
negative curvature.
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first part of the graph can be divided into two regions: the first re-
gion of high stiffness and the second region of low stiffness. The first 
region represents the normal state in which the wheel maintains its 
circular shape in a stable manner. When the applied pressure be-
came larger than the boundary value of the first region, the chain 
block structure of the wheel that was in contact with the ground was 

partially buckled inward, and the second region was reached. When 
the hub-gap distance variation was larger than 4 mm, the character-
istics of the wheel differed compared with those at 0-and 2-mm hub-
gap distance variations. The stiffness of the wheel was lower in the 
first region and higher in the second region after the transition point 
was reached (Fig. 4D). When a force started to be applied to the 

Fig. 4. Evaluation of wheel characteristics based on the surface tension. (A) Experimental setup for evaluating basic wheel characteristics. (B) Required force to gener-
ate deformation at each displacement on the basis of the hub-gap distance variation. The required force is measured as the change in deformation displacement when 
the hub-gap distance variation is fixed at (C) 0 mm or (D) 6 mm. Fitting lines in (C) and (D) were derived by linearly fitting the measured data in each region, except for the 
values at the transition position. (E) The analyzed transition force and transition displacement position depend on the hub-gap distance variation. Error bars represent SD 
(n = 3). From (B) to (E), the wide indenter was used to simulate flat ground. (F) Required force to generate deformation at each displacement on the basis of the variation 
in the indenter width. The hub-gap distance variation was fixed at 2 mm. (G) Measured reaction force based on displacement with a 10-mm-wide indenter and 0-mm 
hub-gap distance variation. (H) Transition force at each indenter width based on the hub-gap distance variation. Error bars represent SD (n = 3).
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wheel, the soft supporting structure started to deform until the de-
sired deformation height was reached at the given hub-gap distance. 
After the wheel reached its desired deformation height, the tension 
of the wire spoke structure started to rapidly increase because of the 
mechanism shown in Fig.  2C, and then the stiffness of the wheel 
increased, as shown in the second region. Because of the dominant 
role of the wire spoke structure at the transition point, the hub-gap 
distance mainly influenced the required displacement and force at 
the transition position (Fig. 4E). In addition, as the hub-gap distance 
variation increased, more deformation was required before the stiff-
ness started to increase substantially. The force required to maintain 
each hub-gap distance was measured as shown in fig. S9.

In the case of using a narrow shape indenter, a concentrated ap-
plied force on the wheel was generated, which was similar to the 
deformation of the wheel when pressing against obstacles (Fig. 4F). 
By decreasing the width of the indenter, situations in which the 
wheel overcomes sharp obstacles could be simulated. As the defor-
mation magnitude from displacement of the indenter increased, the 
transition point at which the slope started to decrease was observed. 
The position of the transition point was shifted to a larger deforma-
tion value as the width of the indenter increased, and the slope be-
fore the transition point was maintained. Because of the decreasing 
modulus of the wheel after the transition point, the wheel was easily 
deformed, with potentially large deformations, according to the 
shape of the obstacle. This trend is shown in Fig. 4G. As the hub-gap 
distance increased, the force required to reach the transition posi-
tion decreased for the same indenter width (Fig. 4H and fig. S10). 
When the hub-gap distance variation was 4 mm, the transition point 
appeared when the width of the indenter was more than 50 mm.

Evaluation of the wheel overcoming obstacles
To evaluate the ability of the wheel to overcome obstacles, the trajec-
tory of the wheel was measured for an obstacle with a square shape. 
As the hub-gap distance variation increased, the position of the cen-
ter of the wheel lowered because of the decreasing modulus of the 
wheel (Fig. 5A). In particular, when the hub-gap distance variation 
was less than 4 mm, the position of the center of the wheel was high-
er compared with cases with larger hub-gap distance variations, be-
cause the wheel shape was relatively circular without deformation 
from gravitational force. However, because of the increased stiffness, 
the wheel was difficult to deform to the shape of the obstacle. There-
fore, the wheel could not overcome the obstacles when the hub-gap 
distance was less than 4 mm. When the wheel moved down a step, 
the trajectory for a hub-gap distance variation of 0 mm was similar 
to that for a wheel with a rigid-circular shape, as the wheel rotated 
around the edge of the step as the rotation axis (Fig. 5B). When the 
hub-gap distance variation was larger than 2 mm, deformation occurred 
as the wheel approached the edge of the step. As the wheel approached 
the edge of the step, the magnitude of the radial directional force on 
the wheel from the obstacle increased. Consequently, the distance 
between the edge of the step and the starting position of the defor-
mation increased as the hub-gap distance variation increased. The 
gravitational force from the additional weight affected the depth of 
deformation at the obstacle (fig. S11A), and these variables were 
proportional to each other. However, until the wheel made contact 
with an obstacle, its height remained nearly constant regardless of 
the weight. This finding means that, after the deformation caused by 
an obstacle, the stiffness of the soft supporting structure predomi-
nantly affected the characteristics of the wheel. Therefore, the stiffness 

of the soft supporting structure needs to be relatively high to main-
tain a similar shape of deformation under high payload conditions 
(figs. S11B and S12).

The real-time variation in stiffness required to overcome an ob-
stacle was implemented in the proposed wheel (Fig. 5C and movie 
S1). As an example of ascending motion, the wheel could maintain 
a circular high-modulus state before contact with an obstacle; then, 
the modulus of the wheel decreased to achieve an easily deformable 
state. After climbing on the step and overcoming obstacles, the wheel 
returned to the high-modulus state. This process could be repeated 
in descending motion to minimize abrupt z-directional acceleration. 
If the wheel maintained the high-modulus mode during its descend-
ing motion, then the contact area between the wheel and the step 
obstacles was limited only to the edge of the step. This limitation re-
duced the stability of the wheel. The high z-directional acceleration 
because of the rotation axis at the edge of the obstacle, which was 
evident from the steeper slope of the trajectory just before the wheel 
contacted the ground, also negatively affected stable locomotion 
(Fig. 5C). The height of the wheel could also be controlled by con-
tinuously changing the modulus of the wheel in real time (Fig. 5D, 
fig. S13, and movie S2).

The ability to overcome obstacles was mainly affected by the hub-
gap distance variation, such as the height of obstacles (Fig. 6). The 
stability of climbing was defined as follows

where lblock is the length of the unit smart chain block and dslip is the 
slip distance at which the wheel slides off the ground before start-
ing to climb the step-shaped obstacle. As the stability value ap-
proached 1, the slip distance decreased, and then the wheel climbed 
the obstacle in a stable manner. As the hub-gap distance variation 
increased, the decreased wheel modulus allowed the wheel to stably 
climb higher step-shaped obstacles (Fig. 6A). However, when the 
hub-gap distance variation exceeded a certain value and the step 
height was higher than 100 mm, the stability decreased because of 
the relatively low height of the wheel before the wheel contacted the 
obstacle. When the weight applied to the wheel increased, the hub-
gap distance variation needed to be increased for stable climbing 
(Fig. 6B). When the hub-gab distance variation was small, the defor-
mation generated in the wheel from the obstacle was not completely 
restored after overcoming the obstacle (fig. S14). This characteristic 
could be minimized by using a high-modulus soft supporting struc-
ture (fig. S15). The average traction force of the wheel was measured 
as 23.4 N with a 5.3-kg applied weight and 32.7 N with a 7.3-kg ap-
plied weight (fig. S16). Under high-speed driving conditions, the 
vibration characteristics of the wheel, using two different soft sup-
porting structures, were evaluated on the basis of changes in the 
hub-gap distance variation (figs. S17 to S20 and movie S3). Regard-
ing durability, the tensile strength of the single wire spoke module 
was also measured, and its average value was 1.193 kN (fig. S21).

In the simulation results, the trajectories of the wheel when as-
cending and descending step-shaped obstacles displayed character-
istics similar to those in the experimental results (Fig. 6, D and E, 
and movie S4). The detailed shape of deformation (Fig. 6F) and the 
position variation of each chain block (fig. S23 and Supplementary 
Methods) were also verified. In addition, the state transition be-
tween the circular high-modulus and deformable low-modulus 

Stability =
lblock

dslip + lblock
(6)
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states was verified in the simulation (fig. S24 and Supplementary 
Methods).

Demonstration in a vehicle system
A variable-stiffness wheel was implemented in a four-wheeled ve-
hicle system for performance evaluation (Fig. 7, A and B; movie S5; 
and fig. S25). The surface tension of all four wheels could be ad-
justed individually, and a black sponge was used as the soft sup-
porting structure because of the increased weight of the system. 
The four-wheeled vehicle system could operate with wheels in a 
circular high-modulus state on flat ground, and the vehicle could 
overcome rocks with irregular shapes by transitioning the wheels 
to the deformable low-modulus state (Fig. 7A). In a similar se-
quence, the four-wheeled vehicle could overcome a 180-mm-high 
obstacle, which was 1.2 times higher than the wheel radius 
(Fig. 7B).

The wheel was also implemented in a two-wheeled wheelchair 
system (fig. S26). In this case, the size of the wheel was doubled, 
considering the size of the wheelchair user. The weight of the vehicle 
system was ~120 kg, which was four times heavier than the weight 
of the four-wheeled system. Because the sponge structure had limi-
tations in terms of increasing stiffness, a urethane honeycomb struc-
ture was applied as the soft supporting structure. The traction force 
(fig. S27) and the vibration characteristics of the large-sized wheel 
were evaluated at high speeds of up to 30 km/hour (fig.  S28 and 
movie S6), and its durability was also tested for more than an hour 

at a speed of 15 km/hour (movie S7). The dynamics of the two-
wheeled wheelchair system was studied (Supplementary Methods), 
and a control algorithm was developed (Supplementary Methods). 
The resulting control input torque applied to the wheelchair can be 
described as

The stiffness variation in the smart chain structure with a 40-kg 
weight was evaluated (movie S8), and the wheelchair system effec-
tively overcame the obstacle by changing the state of the wheel 
(Fig. 7C and movie S9). Using the wheelchair system, driving speed 
and performance were assessed in an atypical outdoor environment 
(movies S10 and S11), and the state transition of the wheel in real 
time was demonstrated; notably, the wheelchair system successfully 
overcame the obstacle (Fig. 7D and Movie 1).

DISCUSSION
Here, we presented a variable-stiffness wheel inspired by the sur-
face tension of liquid. We established a variable-stiffness mecha-
nism by controlling the tension of the wire spoke structure on the 
smart chain structure. We demonstrated the feasibility of the 
developed wheel by applying it to a four-wheeled vehicle and a 

τ(t)=τffw(t)+τfdk(t)

=Y†
[

M
(

qd(t)
)

q̈d(t)+N
(

qd(t), q̇d(t)
)

+G
(

qd(t)
)

+KP

(

αh
)(

qd(t)−q(t)
)

+Kd

(

αh
)(

q̇d(t)− q̇(t)
)]

(7)

Fig. 5. Evaluation of wheel trajectory. (A) The trajectory of the center of the wheel based on the hub-gap distance variation when the wheel ascends a step-shaped 
obstacle. (B) The trajectory of the center of the wheel based on the hub-gap distance variation when the wheel descends a step-shaped obstacle. (C) Trajectory of the 
center of the wheel while ascending and descending a step-shaped obstacle and experiencing state transitions. The blue line represents the descending trajectory of the 
wheels, similar to that of a normal rigid circular wheel, which is simulated with a 0-mm hub-gap distance variation. (D) The position of the wheel center depends on 
the hub-gap distance and (E) the deformed shape of the wheel when the wheel moves on a flat surface.
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two-wheeled wheelchair system. The wheel could overcome ir-
regularly shaped rocks and steps that were 1.2 times higher than 
the wheel radius by changing its shape according to the target 

object through real-time state transition. However, noise and en-
ergy efficiency could not be evaluated in this study because the 
fabrication process used in this research was not automated or 

Fig. 6. Evaluation of the ability to overcome obstacles and simulation results. (A) Stability when overcoming obstacles considering the hub-gap distance variation 
and step height. (B) Stability when overcoming obstacles considering the hub-gap distance variation and weight applied to the wheel. (C) Description of the morphing-
wheel simulation model. The trajectory of the wheel center based on the hub-gap distance variation for (D) ascending and (E) descending motions in the numerical 
simulation model. (F) Sequential deformation shape in the simulation.
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stabilized. Dust and particles can enter 
the areas between the smart chain blocks 
and cause damage to the wheel. Therefore, 
a wheel cover structure will be added in 
future research to encapsulate the de-
veloped wheel, similar to a typical tire 
structure. In addition, the smart chain 
block made of an acrylonitrile-butadiene-
styrene (ABS) material will be replaced 
with one fabricated from thermoplastic 
polyurethane, and the current wire spoke 
structure will be modified to one with a 
thicker radius to enhance durability. Also, 
a nonlinear-based finite element analy-
sis simulation will be developed to pre-
dict deformation characteristics of the 
soft supporting structure more accu-
rately, with the goal of achieving a more 
precise prediction of the operating char-
acteristics of the entire wheel structure. 
This study demonstrates real-time stiff-
ness variation at the scale of the actual 
wheels used for a wheelchair, suggest-
ing broader common applications in 
wheel-based robots and transporta-
tion systems for efficient driving on 
rough terrain.

MATERIALS AND METHODS
Fabrication of the wheel
The smart chain block was fabricated 
with a three-dimensional (3D) printer 
(F370 Stratasys Inc.) with ABS (ABS-
M30). Each chain block was connected 
by an aluminum rod with a radius of 
2 mm. A sponge structure and a honey-
comb structure were used as the soft 
supporting structure. The modulus of 
each sponge was measured (fig. S2). The 
honeycomb structure was fabricated 
with a 3D-printed mold (ABS-M30) 
and with liquid urethane rubber (Vy-
taflex 60, Smooth-On Inc.). The de-
tailed fabrication process is described in 
figs. S34 and S35.

The material used for the wire spoke 
structure was Kevlar fiber with a thick-
ness of 2 mm. For the small-sized wheel that was applied to the 
four-wheeled vehicle, the diameter of the wheel was 300 mm, and 
the width was 40 mm. For the large wheel that was applied to the 
wheelchair system, the wheel diameter was 560 mm, and the width 
was 90 mm.

Experimental setup
To evaluate the basic characteristics of the wheel, the load cell at the 
indenter was used to measure the reaction force of the wheel, and 
the other load cell at the hub structure was used to measure the 
required force to maintain the desired hub-gap distance (Fig. 4A). 

The two load cells (CSBA-50 L, CAS Ins.) at the hub structure and 
one load cell (CSBA-50 L, CAS Ins.) at the indenter were used to 
measure force. A laser displacement sensor (ODSL 96B M, Leuze) 
was used to measure the positions of the indenter and hub struc-
ture. The data were collected with the NI DAQ module (cDAQ-
9172, NI-9215, National Instruments) and LabVIEW software. For 
the experiment in the flat-ground–condition case, an indenter with 
a square surface at the bottom with a length of 200 mm and a width 
of 40 mm was used.

The experimental system for evaluating the wheel was devel-
oped as shown in Fig.  5. A rail on which the wheel could move 
freely in the x-axis (forward) and z-axis (vertical) directions was 

Fig. 7. Evaluation of wheel characteristics based on the surface tension. Demonstration of a four-wheeled vehi-
cle overcoming a (A) rock and a (B) 180-mm step-shaped obstacle. Demonstration of a two-wheeled wheelchair 
system overcoming a (C) square obstacle and a (D) rock.
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installed in the system, and two motors that rotate the wheel and 
change the hub-gap distance were installed as the only parts of the 
wheel requiring power. The position of each smart chain block and 
the trajectory of the wheel were analyzed with image tracking soft-
ware (ProAnalyst, Xcitex).

Configuration of the vehicle system
For the four-wheeled vehicle system, each wheel was actuated by 
using two motors: a motor (Maxon 488607 BLDC Motor) to rotate 
the wheel and a motor (Maxon 647692 BLDC Motor) to vary the 
hub-gap distance. The detailed configuration is shown in fig. S25. In 
the case of the two-wheeled wheelchair system, each wheel was ac-
tuated by using a motor (Komotek KAND-15DF3N2 AC Servo Mo-
tor) to rotate the wheel and a motor (Komotek KAFZ-06D) to change 
the hub-gap distance. A balancing algorithm was implemented with 
a controller. The detailed configuration and balancing algorithm are 
described in Supplementary Methods and figs. S29 to S32.

Statistical analysis
We used mean values (± SD) for Fig. 2E and figs. S16 and S27 (n = 5 
for each experimental condition) and for Figs. 2 (F and G) and 4 (E 
and H) and figs. S3, S14, and S15 (n = 3 for each experimental con-
dition). Linear fitting equations and plots in Fig. 4 (C and D) were 
calculated and drawn using Origin 2023b.

Supplementary Materials
The PDF file includes:
Methods
Figs. S1 to S35
Table S1
References (42, 43)

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S11
MDAR Reproducibility Checklist
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Editor’s summary
With their speed and low cost of transport, wheels are a favorable choice of locomotion for robots. However, wheels
cannot easily navigate over large obstacles, restricting their use in certain environments. Here, Lee et al. developed a
wheel with adjustable stiffness that can be changed in real time, taking on a rigid, circular shape on flat ground and a
soft, deformable shape for rolling over large obstacles. A smart chain structure along the outside of the wheel connects
to a center hub via a spoke structure. The tension in the spokes can be adjusted to adapt the wheel stiffness, allowing
the wheels to move across a variable terrain. The wheel capabilities are demonstrated in a four-wheeled vehicle and a
two-wheeled wheelchair system. —Melisa Yashinski
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