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A Reconfigurable Soft Linkage Robot via Internal
‘‘Virtual’’ Joints

Mingsong Jiang,* Jiansong Wang,{ and Nicholas Gravish

Abstract

Traditional robots derive their capabilities of movement through rigid structural ‘‘links’’ and discrete actuated
‘‘joints.’’ Alternatively, soft robots are composed of flexible materials that permit movement across a con-
tinuous range of their body and appendages and thus are not restricted in where they can bend. While trade-offs
between material choices may restrain robot functionalities within a narrow spectrum, we argue that bridging
the functional gaps between soft and hard robots can be achieved from a hybrid design approach that utilizes
both the reconfigurability and the controllability of traditional soft and hard robot paradigms. In this study, we
present a hybrid robot with soft inflated ‘‘linkages,’’ and rigid internal joints that can be spatially reconfigured.
Our method is based on the geometric pinching of an inflatable beam to form mechanical pinch-joints con-
necting the inflated robot linkages. Such joints are activated and controlled via internal motorized modules that
can be relocated for on-demand joint–linkage configurations. We demonstrate two applications that utilize joint
reconfigurations: a deployable robot manipulator and a terrestrial crawling robot with tunable gaits.

Keywords: reconfigurable soft robots, inflatable robots, pinch-joint mechanism, untethered actuation

Introduction

Traditional hard robots are constructed of rigid links
and distinct joints, facilitating direct control and simpli-

fying system actuation.1,2They are made of stiff materials and
actuated by powerful mechanisms, allowing them to support
large forces while adhering to theoretical kinematics.3,4

However, this leads to high inertia and potential environ-
mental impacts.5,6 In contrast, the field of soft robotics has
emerged where elastomeric materials7–9 and flexible yet field-
responsive sensors10–12 and actuators13,14 have been largely
explored to build a myriad of soft machines.7,15–19 These

robots leverage highly compliant and adaptable materials to
demonstrate simplified yet programmable biomorphic kine-
matics,20–22 surface sensing,23,24 tunable stiffness,19,25 and
varied morphologies,17,26 among other features.27,28 Design
approaches in soft robotics excel in scenarios requiring safe
human–robot interactions,29,30 lightweight and deployable
robots,31,32 and adaptability to varied environments.33,34

While traditional soft robots offer flexibility, they encounter
challenges such as unregulated degrees of freedom,35,36 lim-
ited structural strength and force production,13,37 and sus-
tainable energy source issues,38,39 all potentially affecting
their performance.40,41 Much research focuses on enhancing
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soft components such as reinforced actuators42–44 and high-
energy-density materials.45,46 Yet, the potential of integrating
heterogeneous robot components can be exploited to augment
soft robot applications. Examples include a large-scale un-
tethered robot with a reconfigurable frame,47 incorporation of
both rigid and soft components to form hybrid robotic sys-
tems,48,49 wearable human exosuits driven by push–pull ten-
don actuators,50,51 and hybrid designs for robot locomotion
under challenging and transition zones between water, land,
and air.17,20 This suggests that the term ‘‘soft’’ robots should
not be restrictive. Rather, the incorporation of many ‘‘hard’’

design features can unlock new potentials, leading to a new
generation of hybrid soft robots that offer greater versatility
and multifunctionality.

In this work, we seek to combine principled designs from
both traditional hard and soft robot paradigms to achieve a
new class of soft robots with simplified but reconfigurable
robot kinematics. As shown in Figure 1a, our specific design
approach is motivated by a broader class of robot mecha-
nisms, called ‘‘Soft Curved Reconfigurable Anisotropic
Mechanisms’’,52–55 where discretized joint elements can be
freely formed and separately controlled within a continuum

FIG. 1. A hybrid design approach of a reconfigurable soft linkage robot. (a) Design principles from traditional hard and
soft robot archetypes, which are combined for a soft continuum robot with locally activated revolute joints (or ‘‘pinch-
joints’’) for reconfigurable robot kinematics. (b) Specific rigid and soft robot components used in this work to build our
proposed reconfigurable inflatable soft linkage robot. (c) Potential applications for the reconfigurable soft linkage robot.
SCRAMs, Soft Curved Reconfigurable Anisotropic Mechanisms.
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soft robot body. The core of this approach is to achieve active
shape control of locally induced curvatures, or ‘‘pinches’’ on
planar materials, that exhibit anisotropic stiffness profiles and
thus can be treated as effective revolute joints over different
bending axes.53,54

This study presents a reconfigurable soft linkage robot,
using a hybrid designmethod that combines both rigid and soft
components, capable of on-demand joint creation and actua-
tion (Fig. 1). Our robot is built from easily sealable and in-
flatable fabric beams with high strength-to-weight ratios,
adjustable stiffnesses and shapes, as well as resistance to
collisions.32,56 For our proposed SCRAMs robot, instead of
using permanently sealed joints,57,58 we utilize temporary,
adjustable ‘‘pinch-joints’’ that can be established and reset on-
demand. These pinch-joints aremade possible due to the easily
pinchable and reconfigurable robot linkage housing internal
motorized joint modules enabling on-demand robot joint–
linkage kinematics as required (Fig. 1b). With a low body
weight, a highly scalable form factor, and versatile configu-
rations, our proposed robot is suitable for applications that
involve transitioning between terrestrial and aquatic locomo-
tion, assistance in daily human activities, and operation in
challenging environments, such as low-gravity space (Fig. 1c).

In the following sections, we first discuss the design, fab-
rication, and reconfiguration process of our proposed re-
configurable soft linkage robot. We then characterize the
pinch-joint mechanism by measuring the pinch force and
variable stiffness based on different pinch geometries. The
feasibility of our proposed internalmotor-based joint actuation
is analyzed considering the passive collapse strength of in-
flatable structures. With a single joint module and integrated
pressure regulation, we highlight the three-dimensional (3D)
reconfigurable robot workspacewith relatively low error based
on precalibrated open-loop signals. Finally, we demonstrate
the robot as a terrestrial crawling robot with sequenced joint
motions using different pinch-joint parameters (joint locations
and axes).

Materials and Methods

System design of the reconfigurable soft linkage robot

Our proposed reconfigurable soft linkage robot was made
of three main elements: a fabric-skinned inflatable body
frame, preinserted joint modules featuring onboard control
and power units, and a pressure regulation unit on one end of
the robot (Fig. 2a; Supplementary Video S1). The robot body
was created as an inflatable cylindrical beam using heat-
sealable fabrics (200D and 420D TPU-coated nylon fabrics;
Seattle Fabrics). Our robot’s linkage body is customizable in
various lengths and diameters to fit different deployable robot
shapes. Both ends of the beam were sealed with rigid end
caps: one end housed the pressure regulation unit, while the
other had a removable cap to allow for the insertion of in-
ternal joint modules.

Each joint module was constructed within a cylinder of
35 cm (H)· 8 cm (D), enclosing all electromechanical com-
ponents (including wires, boards, wireless modulus, motors,
and batteries) inside a 3D-printed chassis (using polylactic
acid). Due to the compact design space for the pinch-joint, we
deliberately designed a tapered shape for the joint actuation
part, and a slim structure (with only joint pinching mecha-
nisms) for the joint formation part to fit inside the pinched

robot joint region. These modules serve two functions:
formation and actuation of pinch-joints (Fig. 2b). To form
joints, a chain-climb mechanism was adopted for driving
each module to the desired robot location, by meshing mo-
torized 3D printed wheels (driven by Pololu geared DC
motors, 1000:1, 6V) with a ball chain. The ball chain was
positioned along the central axis to avoid creating additional
resistance when the joint is actuated.

We incorporated an assistive linear actuator (20D, 6V with
leadscrew transmission; Pololu) in the joint formation part to
expand or retract the pinching mechanism to create fully de-
ployed pinch joints with a 118mm span (S) with a 40mm
width (W). Although variable pinch spans can be achieved via
the continuous linear actuator, we tend to fully expand and
retract the joint each time so that the pinch axis can be aligned
with the joint axis for a minimized passive bending resistance.
An assistive geared DCmotor (1000:1, 6V) was embedded to
rotate the pinching mechanism to the desired joint axis. For
pinch-joint actuation, two actuators (455:1 geared motors,
12V; ServoCity) were mounted in the lengthwise direction of
the beam on the opposite side of the joint module. A set of
bevel gears (2:1 gear ratio; ServoCity) were connected to the
motor shafts to convert torque into the right plane.

Figure 2c illustrates the robot’s primary electronics and
pressure controls, divided into three functional areas: joint
formation, joint actuation, and pressure regulation. For joint
formation, the assistive motors are powered by low-power
drivers (MAX14870; Pololu), a Teensy-LC microcontroller,
and a 7.4V LiPo battery. In contrast, the more powerful joint
actuators relied on high-power motor drivers (G2 18v17;
Pololu), another Teensy-LC microcontroller, and an 11.1V
battery. Both microcontrollers drew power from its individ-
ual 3.7V LiPo battery. Wireless modules (nRF24L01+) were
used to enable remote motor control for both joint functions.
These modules received commands based on feedback from
encoders on each motor, processed via Proportional-Integral-
Derivative (PID) controls. On one end of the robot, a pressure
regulation unit was equipped with an air pump, a solenoid
valve, and a pressure sensor (maximum 103 kPa; Honey-
well), maintaining the robot’s internal pressure using a PID
algorithm. To prevent leakage during module insertion, a
removable cap with an O-ring ensured a temporary seal.

Deployment and reconfiguration process of the robot

Our proposed robot can be deployed from a compact size
with the robot’s fabric body prestored in a chassis. A full
robot deployment and reconfiguration process is showcased
in Figure 3, where a single joint module was used to form
pinch-joints at various locations and axes (Supplementary
Video S2). In this setup, the module was prestored in a clear
module chassis alongside the prefolded robot body. The robot
was first inflated to 30 kPa using its onboard pressure regu-
lation unit to allow the joint to self-enter into the soft linkage.
As will be mentioned in the following section, creating a
pinch-joint at a higher pressure state (e.g., greater 20 kPa)
requires a significant amount of expansional force from the
onboard motors. In this case, we briefly deflated to 5 kPa to
enable the expansion of the pinching mechanism and then
reinflated the robot to 30 kPa for joint actuation.

Our pinch-joints were capable of a full rotational move-
ment approximately between -90� and +90�when pressurized
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(20–50 kPa). Precalibrated joint input signals, derived from
both the motors’ encoder readings and the actual pinch-joints’
angular positions, were sent to the motors to guide the joint
movements. Measurements (Supplementary Data) show that,
after joint calibration, the joint was capable of reaching a
desired location (mean error within 0.5�) repeatedly (1 stan-
dard deviation [SD] within 1�) under a 30 kPa internal pres-
sure within a –90� joint range. During operations, the actuated
pinch-joint achieved rotations of about 0.9 rad/s at 30 kPa
without bearing external loads. This sequence could be iter-
atively performed to achieve a myriad of joint configurations,
thus enabling a versatile workspace.

Our current robot design faces challenges in lifting heavy
loads due to potential collapsing of inflated cylindrical beams
(explained in detail in later sections). When external loads
exceed a certain threshold (e.g., due to internal joints moving or
extra payloads), this may cause one joint module to buckle due
to the offset moment generated by its adjacent joint modules or
weights. In such instances, we can remodel the robot with an
additional joint at the buckling point. The angular deflection at
this new joint can be calculated based on the external moment

and the beam’s metrics (internal pressure and diameter), pro-
viding amore accurate approximation of the robot’s kinematics
under varying load conditions. However, for most use cases, we
can deliberately space out our joints within a range of distances
or simply apply the robot in a well-supported environment
(e.g., ground or water) where the induced buckling torques (due
to offset gravity) are externally countered.

Results

Passive mechanics of the pinch-joint mechanism

Understanding the passive mechanics of pinch-joints in an
inflatable structure is critical for making informed design
choices for this robot. For testing, we created a thin-
membrane fabric beam (200-denier, heat sealable nylon, 0.3–
0.4mm in thickness; Seattle Fabrics) with a rounded
cross-sectional area when inflated. As shown in Figure 4a,
placing a rigid rod laterally inside the inflatable beam results
in a pinched and ovalized cross section (due to the in-
extensible fabric wall). The rod must be longer in length than
the circular cross-sectional diameter. We show that the

FIG. 2. Conceptual design of the entire reconfigurable robot, the internal joint module, and the electronics diagram.
A mechanical design of the internal joint module. (a) A reconfigurable soft linkage robot system composition. (b) Internal
joint module design with two parts: (1) joint formation, for relocating the module to the position (via chain/cable climbing),
turning to the right pinch axis and expanding the linkage mechanism for pinch joint formation, and (2) joint actuation, for
internally actuating the pinch-joints. (c) A diagram showing the main electronics (and fluidic control) used for both a single
joint module and the pressure regulation of the entire robot.
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bending stiffness due to the separation of the continuous
robot beam (Supplementary Data) can be significantly re-
duced based on certain pinch rod geometry.

To start, we measured the force required for creating and
maintaining such a pinch using a materials testing apparatus
(Fig. 4b; Supplementary Data). We noted that considerable
extensional forces were required to create a pinch by moving
two opposing sides of the circular cross section, even at low
internal pressure levels (e.g., 100N to form a 124mm pinch
span at 10 kPa). In general, the force necessary to establish a
pinch in an inflated beam escalates with the increase of pinch
spans and internal pressures. Considering the relatively high
force requirement to create a pinch, we decide to modulate
internal pressure for joint formation (robot deflation) and
actuation (reinflation) as previously mentioned.

Next, we characterized the bending behaviors of the pinch-
joints under different internal pressures. As illustrated in
Figure 4c, we crafted different pinch spans by utilizing an
internal pinch rod, and corresponding bending torques were
recorded at varied levels of pressurization (Supplementary
Data). Our results show that initial joint motion required a
substantial torque, which can be attributed to a buckling in-
stability common in inflated beams (Fig. 4d). As the bending
angle increased (e.g., from 40� to 100�), the torque plateaued,
and the two separated sections of the beam interfered deeper
with each other, causing another increase in reactive torque at
large joint angular deflections (e.g., over 100�). We also ob-
served a diminished joint stiffness during the initial stages of
joint motion when the pinch span was broadened to 106mm.

In addition, extending the pinch span to 118mm resulted in
a significant torque decrease during the formation of the
pinch-joint and across a large angular range. This drop in
initial high stiffness is primarily due to the more ovalized

pinch geometry of the cross section, which facilitates the
beam to form wrinkles and bend more readily, lowering the
reaction torques. As previously mentioned, our deployed
robot pinch-joint replicates the geometry of the pinch rod that
yields the lowest bending resistance [118mm (S) · 40mm
(W)]. Each data point in this section represents the mean from
five independent measurements, with the error bars standing
for 1 SD. These experiments demonstrate the feasibility of
developing mechanical revolute pinch-joints through the use
of our proposed internal pinching mechanism.

Inflatable beam collapse strength versus internal

joint torque

One of the considerations in using inflatable structures is the
risk of ‘‘collapse,’’ a type of structural failure where a slight
increase in load can lead to a significant increase in deflection.
This is evident from the plateaued curve in previous joint
stiffness tests and is caused by the inability of the composing
membrane shell to resist compressive loads. As the external
stress becomes zero on the concave side of the tube, the linkage
starts to wrinkle, and with increasing external stress, the
linkage is considered collapsed when the resultant zero stress
propagates to either half59,60 or all61,62 of the structure’s cross-
sectional circumference. In this work, we choose the former
case and the collapse moment can be described as follows:

Mc ¼
p
2pr3

4
(1)

with Mc the critical collapse moment, p the beam’s internal
pressure, and r the radius of the inflated cylindrical cross-
sectional area. Note that this model does not account for the

FIG. 3. Deployment and reconfiguring process of a compact soft linkage manipulator. The length of the retracted
robot/module chassis was 0.5m, with a fully deployed length of 1.8m.
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thickness (t) change from overpressurization of the elastic
thin wall structure and thus the stored strain energy.

The collapse model was validated through measurements
of the bend angle of an inflated beam under increasing
bending moments at the collapse point (Fig. 5a; Supple-
mentary Data). As shown in Figure 5b, the measured collapse
moments were found to align with the model in Eq. (1),
although with a slight underestimation of the collapse mo-
ment for the highest pressure case (30.3 kPa), possibly due to
the ignorance of the elastic energy stored in the fabric wall
(error bars representing 1 SD over five independent trials).

Next, we briefly studied the torque requirement for driving
these inflatables using internal motorized joint modules. As
mentioned above, we installed our joint modules along the
lengthwise direction of the inflatable beam, thus utilizing the
compact design space for long high gear ratio DC motors
(Fig. 5d). The relationship between the required torque from

the internal joint modules and the beam collapse strength can
be roughly confined between one and two folds of the beam’s
collapse moment (Fig. 5c), that is

Mc � Tj � 2Mc (2)

Here, Tj represents the joint torque output from the internal
joint modules. For the lower cap, the motor torque must
surpass the inflatable beam’s collapse moment to effectively
drive the formed pinch-joint. In contrast, for the upper cap,
additional joint torques are useful only up to the additional
beam’s collapse moment; beyond this, the beam risks col-
lapsing at its other most vulnerable points (Fig. 3b).

Figure 5e displays a heat map of inflatables’ collapse
moments under different beam diameters and internal pres-
sures. We selected a series of high torque density (Maxon
GPX series; Supplementary Data) motors and plotted their

FIG. 4. Passive mechanics of the proposed pinch joint mechanism. (a) Real-world pictures showing the pinch-joint
geometry. Top images show a pinch-joint from the side and top view. Bottom images compare a pinch-joint with (upper
image) and without (lower image) an internal pinch rod. (b) Force requirement to form pinches under different pinch spans.
(c) Experimental setup for testing the pinch-joint passive bending stiffness. (d) Torque–displacement relationships of a
pinch-joint with different pinch geometries at different pressures.
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specs on the heat map to indicate the internal operational beam
pressure, theminimum beamdiameter, and the associated joint
torque output when capped by Tj= 2Mc (Fig. 5c). A fitting
curve is plotted assuming Tg= kdg

3 (Tg - maximum continu-
ous torque, and dg - gearhead diameter) while considering the
geometric gap distance between the joint module’s diameter
and the robot’s beam diameter (Supplementary Data). For our
robot, we chose a set of geared DC motors (12V, 26 RPM,
455:1; ServoCity) capable of a 4 Nm stall torque. We em-
ployed a set of 2:1 gear ratio bevel gears (32-pitch; ServoCity)
to further increase the torque output. Our testing showed that
our robot’s collapse moment is *5 Nm at 30 kPa. It is im-
portant to note that the gap distance dmin (18mm in this study)
significantly impacts the allowable operating pressure and
effective robot torque output, as unused design space could be
utilized for electromagnetic (or other types of) actuation.

Demonstration of the reconfigurable robot kinematics

In this section, we aim to characterize our robot’s re-
configurable workspace via a single pinch-joint setting under
its different locations and joint axes. As displayed in
Figure 6a, the robot was set up with its unactuated body
vertically aligned, extending to a length of 1.3m (with an
internal pressure of 30 kPa). By sending commands to a
single joint module within the robot’s body to various posi-
tions (L1 starting from the robot’s base), we recorded the
robot’s kinematics by measuring the joint’s positions and the
robot’s end tip in 3D. For each position of L1, the joint’s
angles and axes were randomly altered. We tracked the robot
using three infrared cameras (Prime 13 W; OptiTrack). The
results, displayed in Figure 6b, show the robot’s theoretical
range of motion (dotted hemispheres) and real positions with
black dots marking the joint locations and red dots indicating
the robot’s end tip. It was evident that for each L1 position,
the robot’s movement forms a hemisphere. Moreover, as L1

increases, this hemisphere narrows. Here, the joints are still
commanded via precalibrated motor signals executed based
on their own encoder readings.

Next, we measured the error of distance between the the-
oretical workspace and the real robot end tip position for
different joint parameters. The average error of distance was
about two orders of magnitude smaller than the robot’s total
length (Fig. 6c), which shows potentials for improved motion
accuracy and repeatability of large-scale inflatable robots.

Finally, we measured the averaged energy consumption of
the internal joint module for each different functionality
(Fig. 6d). With the joint formed at relatively low internal
pressures (e.g., 10 kPa), it required the least amount of energy
to expand the internal pinching mechanism and to tune the
joint axis. Similarly, the energy cost increased with increas-
ing external load conditions exerted for functionalities, such
as joint relocation and joint actuation. The values are reported
in Figure 6d for different working conditions (each result was
averaged over six individual measurements with the error
bars for 1 SD).

A mobile reconfigurable terrestrial robot

Our robot demonstration showcases an untethered, dual-
joint terrestrial robot with reconfigurable locomotion cap-
abilities, allowing for a wide range of movements and
adaptability. As shown in Figure 7a and b, a reconfigurable
soft linkage robot [body length (L)· body width (BW),
1.3m· 0.08m] was inflated based on a 420 D, 0.4mm fabric
sheet with onboard pressure regulation units installed by one
external end (Fig. 7a). The body was divided into three link-
ages via two embedded joint modules ( J1 and J2) whose axes
(u1 and u2) were perpendicular to each other. This was to
create out-of-plane joint motions, which were translated into
robot terrestrial locomotion (Fig. 7c, d). Here, we propose
Gait 1 (‘‘Shoulder-twist’’) based on the shift of the center of
mass (CoM) of either joint and Gait 2 (‘‘Arm-paddling’’)
based on the shift of the CoM of the robot’s outer linkages.

To further explore the robot gait performance, we con-
ducted experiments by tracking the robot’s two-dimensional
(x–y) position and change of orientation (Da) by varying the
linkage distributions of the robot and with different gaits

FIG. 5. Inflated robot linkage collapse strength and the practicability for internal joint actuation. (a) A schematic of the
test rig for measuring the collapse states of an inflated beam. (b) Measured beam angular deflection with increasing loads
with predicted collapse moments under different internal pressures. (c) A sketch showing an inflated robot linkage gen-
erating forces to the environment via internal joint torque inputs. (d) A schematic of the proposed solution for internal pinch
joint actuation based on geared transmissions and motors installed in the longitudinal axis. (e) A design guidance for the
internal joint actuation considering the upper bound scenario of the active joint output (Tj = 2Mc). The color map shows the
collapse moments for inflated robot linkages with variable beam diameters and operational pressures. The line and dots are
for design guidance indicating that the effective joint torque output after overcoming the beam collapse moment equals to
one beam collapse moment (Tj = 2Mc).
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(Supplementary Videos S4 and S5). As shown in Figure 7c,
and Supplementary Video S3, the two joints (perpendicularly
aligned) were driven by signals with the same amplitude (–45�,
out-of-phased, with a cycle of 13.4 s and a 4.2 s phase shift) at
two different joint locations as Configuration 1 (0.36:0.33:0.31)
and Configuration 2 (0.28:0.51:0.21). For Gait 1, a series of
time-lapsed robot positions and orientations were plotted (each
separated by a constant time interval) with the green bar re-
presenting the robot’s central linkage and the dots as joint
markers (circles for J1 and solid dots for J2, with the orange
dots as indicating the middle of the two). It can be seen that
changing the robot’s side arm length distribution reduced the
robot’s linear traveling speed only by a slight amount (from
0.26 to 0.24 BL/step, 5 to 4.6 cm/s). The robot’s orientation
maintained relatively constant for Configuration 2 but tended to
drift toward the short arm side for Configuration 1 (4�/step).

To compare the linear traveling speeds between the two
gaits, we did an experiment where the robot switched its gait
in the middle of a successive rolling motion (Supplementary

Video S4). As shown in Figure 7d, with the same joint input
signals for both gaits (unchanged from the previous test),
Gait 1 was faster than Gait 2 (0.24 BL/step vs. 0.18 BL/step,
4.5 cm/s vs. 3.4 cm/s) and the body orientation seemed more
steady in Gait 1. This may be due to the fact as Gait 2 (‘‘arm-
paddling’’) can be simplified as pure rolling of the center
linkage, Gait 1 involved lifting its central linkage off the
ground, and for each step, it resulted in a linear body trans-
lation, which was amplified by the length of the side arms.
Note that in this experiment, the robot’s gait transition from
Gait 2 to Gait 1 happened due to emerging environmental
conditions where Gait 2 was incapable of rolling the robot
forward.

These were all done without deliberately changing the
joint input signals, indicating a sign of self-adaptive robot
locomotion for the given robot joint–linkage configuration.
Finally, we performed an experiment demonstrating the ro-
bot’s turning capability based on differential joint inputs and
linkage distributions (Supplementary Video S5). Here, we set

FIG. 6. Reconfigurable ‘‘rigid’’ kinematics of the proposed soft linkage robot. (a) Experimental setup for tracking the
reconfigurable robot kinematics. Image overlay shows four different configurations of link length, joint axis orientation, and
joint bend angle. (b) Reconfigurable workspace and measured geometric states for the robot with different joint locations
(L1). (c) Error of distance between the theoretical workspace and the measured end tip position. (d) Energy consumptions
for each individual functionality of the internal joint module.
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J1 with a –50� motion amplitude and –25� for J2 under
Configuration 3, with an even shifted length distribution
(0.4:0.37:0.23). As shown in Figure 7e, the robot turned at a
rate of 12� per step, with each step representing half of the
complete robot rolling cycle. The estimated turning radius
was about 0.8 robot body length, which was a sharp im-
provement from changing only the distributed arm lengths
(with similar joint signals for both joints).

In this study, we noticed that different joint locations (and
their mass shifts) may affect the robot’s dynamic behaviors

during locomotion. For the shoulder-twist gait (Gait 1),
maintaining evenly distributed linkages results in optimal
travel speed. When the side arms are disproportionately
short, the speed decreases. For the arm-paddling gait
(Gait 2), the length distribution of the linkages is less critical
as this gait relies on rolling motion, with the robot’s mass
center always on the ground. Finally, for both cases, having a
longer arm length on either side makes the robot veer away
from that side (e.g., a longer left side arm will make the robot
turn right).

FIG. 7. A mobile reconfigurable terrestrial robot with two pinch joints. (a) A picture of the robot with onboard electronics,
a pump, and embedded joint modules. (b) The joints were poised with their axes perpendicular to each other. (c) Robot
locomotion and time-lapsed recording of the robot traveling on land (artificial turf) based on Gait 1, where the joints acted
as shoulders twisting for robot rolling motion. (d) Robot locomotion based on Gait 2, using the shifted center of mass of the
side arms to generate rolling torque. A transition from Gait 2 to Gait 1 was recorded, and the joints were actuated based on
the same amplitudes and phase shift as in c. (e) Robot turning with differential link distributions and joint signals between J1
and J2 using Gait 1.
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To conclude, this section serves as an initial proof of
concept of a potential terrestrial robot application for our
proposed reconfigurable soft linkage robot. The proposed gait
cycles can be utilized for traveling on normal terrains, and a
robot reorientation strategy was explored based on different
joint–linkage configurations. In the future, we will explore
more joint–linkage configurations (joint axes and locations)
and their potential gait strategies for adapting to multi-
environment working conditions. Robot transition over dif-
ferent environments (e.g., land to water and vice versa) will
also be our main focus for suitable reconfigurable robot lo-
comotion strategies.

Conclusions

This study presents a hybrid design of an inflatable soft
linkage robot with adaptable joint–linkage kinematics. Our
robot features a deployable inflatable body actuated by in-
ternal motorized pinch-joint modules. We delve into its de-
sign, reconfiguration, pinch force requirements, variable joint
stiffness, actuation feasibility within an inflatable structure,
reconfigurable kinematics, and demonstrations of its loco-
motion with various joint configurations.

Our approach fits in the broader concept of soft curved re-
configurable anisotropicmechanisms (SCRAMs),52,53,55which
use geometric pinching in compliant structures to produce an-
isotropic joint stiffness. This innovation is driven by the desire
to advance beyond the constraints of fixed robot joint–linkage
designs. Our technique allows adaptable robot workspaces,
kinematics, and dynamics63 without the typical redundancy
seen in self-reconfigurable modular robotics.64 The SCRAMs
concept is versatile, unrestricted by choices of material, actu-
ation, or sensing. For instance, SCRAM robot embodiments
have been crafted using 3D-printed materials,53 integrated op-
tical and flex sensors,65 diverse joint actuation methods,55,66

and theoretical frameworks to predict ‘‘virtual’’ joint behaviors
through simulations and geometric techniques.67

One design challenge for this robot is the overall coordi-
nation between a connected robot body chamber and the
control of independently created pinch-joints. The connec-
tivity of the inner robot body indicates a global pressure that
may affect the formation and retraction of multiple joints
(e.g., joint forming sequences). Meanwhile, for future robot
multi-joint collaboration, we assume each motorized joint
module has distance sensors (e.g., optical sensors) measuring
its relative positions inside the robot’s body. An absolute
encoder measures each joint’s axis angle as well as Inertial
Measurement Units on the two ends of the robot measuring
its orientation with regard to the global coordinate. A sim-
plified kinematic model can be established via these sensor
inputs and a centralized robot operating platform (e.g., Robot
Operating System 2). For additional shape sensing of small
beam curvatures, we tend to embed local flexible sensors with
predefined patterns.68 However, addressing the trade-off
between sensing resolution and mechanical complexity re-
mains essential in future research.69

In summary, this work presents a novel hybrid design
approach for creating reconfigurable robots with inflatable
body frames and simplified joint–linkage kinematics enabled
by internal joint actuation. This approach offers numerous
potential applications in challenging and unstructured envi-
ronments such as low-gravity space and extraterrestrial ter-

rains, where adaptability, weight, and deployability are
crucial. The proposed hybrid design can serve as a foundation
for future functional robots requiring easily deployable,
adaptive, and controllable behaviors for diverse environ-
ments and multifunctional tasks.
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