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Abstract:

Elephant trunks can rapidly vary their stiffness over a broad range, seamlessly switching between
soft states for dexterous operation and rigid states for load-bearing tasks. Despite extensive efforts
to mimic this stiffness variability using various approaches, such as jamming structures and phase-
change materials, existing bionic robots are limited to narrow tunable stiffness ranges and/or slow
switching frequencies. In this work, we present a bionic robotic trunk with a cable-driven
tensegrity skeleton, leveraging synergistic and antagonistic muscle-mimicking mechanisms to
achieve dynamic stiffness regulation. Through coordinated contraction of motor-actuated cables
(i.e., antagonistic action), the robotic trunk achieves a stiffness range of 23.94 to 542.47 N/m and
a switching frequency of 1.06 Hz, matching the adaptability of elephant trunks. This rapid and
large-scale stiffness variation enables dexterous navigation in unstructured environments and
powerful manipulation of heavy objects. Incorporated into an electric wheelchair with the human-
machine interface, the robotic trunk assists a post-stroke individual with daily activities, such as
opening cabinet doors, retrieving milk from refrigerators, and watering flowers. This work
advances bio-inspired robotics and highlights the potential of stiffness-tunable robotic trunks in

assistive applications.
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1. Introduction

Elephant trunks, with their nearly infinite number of degrees of freedom (DoFs), exemplity
an extraordinary balance of dexterity and strength!. Their soft and compliant nature enables
delicate tasks such as peeling a banana, while still allowing them to lift loads up to 270 kg*>.
Despite their complex muscular structure, elephant trunks perform rapid, precise movements
across diverse tasks, largely thanks to their ability to rapidly modulate stiffness through synergistic
and antagonistic muscle actions®*.

Inspired by this biological marvel, decades of research have focused on developing soft robots

mimicking elephant trunks®>?. Currently, three primary approaches are commonly used to realize
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unique stiffness variability: mechanical locking structures' ', pneumatic jamming systems >,
and phase-change materials'®!®. Mechanical locking structures utilize body friction or geometric
constraint to lock specific configurations, adjusting stiffness for diverse tasks'®?°. Pneumatic
jamming systems modulate the stiffness by varying the pressure to alter friction between particles,
fibers, or layers within fluidic channels?'-?}. Phase-change materials, such as shape memory alloys
(SMAs) and low melting point alloys (LMPAs), exploit temperature-induced phase transition to
reversibly change material stiffness>**. However, each approach has notable limitations*®. For
example, mechanical locking structures provide only discrete stiffness states, lacking continuous
modulation observed in elephant trunks®’. Pneumatic jamming systems usually involve bulky
external pumps or vacuum sources to adjust the pressure’®2°. Phase-change materials, while
capable of continuous stiffness changes, suffer from their prolonged actuation cycles, e.g., the
notoriously slow cooling process of SMAs>*3!,

An alternative strategy, directly inspired by the elephant’s biology, leverages synergistic and
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antagonistic mechanisms to modulate stiffness Synergistic mechanisms involve the



coordinated contraction/extension of multiple actuators working together to reduce overall
stiffness, allowing for soft and compliant motion®’. Conversely, antagonistic mechanisms rely on
opposing actuator actions that generate counterbalancing forces, rapidly increasing stiffness for
loading-bearing tasks?’. Although this approach provides a simple and effective means of stiffness
modulation without additional complex structures or materials, existing implementations-
particularly in cable-driven systems-fail to match the stiffness modulation performance of
biological trunks. The primary limitation of existing designs is that their antagonistic actions
depend solely on the elastic deformation of actuators-such as cables-while the main structure
remains nearly undeformed, resulting in only slight variations in elastic energy and thus a limited
stiffness range. For instance, soft continuum robots proposed by Kim et al. exhibited tunable
stiffness through synergistic and antagonistic actions of the cables, enhancing adaptive capability
for robotic single-port surgery>®. However, buckling in the main structure introduces structural
instability during antagonistic actions. This instability restricts the large-scale increase in elastic
energy, thereby resulting in stiffness that can only be tuned within a narrow range®>*.

In this study, we present a bionic robotic trunk (BRT) that leverages synergistic and
antagonistic mechanisms to implement rapid and wide-range stiffness modulation (Fig. 1A).
Inspired by the biomechanics of elephant trunks, which modulate internal stiffness through active
tensioning of antagonistic muscles to redistribute elastic energy °, our BRT adopts a cable-driven
tensegrity skeleton—a lightweight and compliant architecture that can redistribute elastic energy
via cable-induced deformation of struts and springs*!**>. Within this skeleton, synergistic actuator
contractions enable soft and compliant movements, while antagonistic actions increase stiffness
significantly, as showcased in Fig. 1B. Enabled by reconfigurable tensegrity, stored elastic energy

is increased by 10 times at antagonistic configuration, yielding stiffness ranging from 23.94 to



542.47 N/m at switching frequency of 1.06 Hz, comparable to that of the elephant trunk (Fig. 1C,
Table S1)20-28:37:3943-53 ~ Qubsequently, positional finite element analysis further elucidates the
underlying stiffness modulation mechanism. The BRT’s rapid response and broad stiffness range
enable it to dynamically adapt to diverse demands and external stimuli. To demonstrate its practical
utility, we integrate the BRT into an electric wheelchair with a human-machine interface,
showcasing its effectiveness in assisting individuals with daily activities, such as opening cabinet
doors, retrieving items from refrigerators, and watering flowers (Fig. 1D). By combing flexibility,
strength, and efficiency, the BRT establishes a new benchmark for robotic trunk design, providing

a versatile solution for navigating complex environments and assistive robotics.

2. Results
2.1 Tensegrity-based Design of BRT

We proposed a tensegrity-based BRT (length: 920 mm and weight: 1.05 kg) that achieves
both dexterous morphing and powerful load-bearing capabilities through controlled cable
interactions. As shown in Fig. 2A, the BRT consists of three main sections: the basal, middle, and
distal portions. The basal portion is a rigid disk with six prefabricated holes, through which six
actuation cables (No. 1-6) are threaded. Notably, to avoid potential stress hysteresis issues during
cable stretching, we pre-stretched these cables 500 times before integrating them into the robotic
system (Supplementary Fig. 1). The middle and distal portions each contain nine identical rigid
frames (denoted as F;, i = 1,...,9), which are actuated by cables No. 1-3 and cables No. 4-6,
respectively. Additionally, to prevent physical interference between these two sets of cables, cables
No. 4-6 are enclosed in stiff sheaths, and pass through the pre-fabricated hole in the distal portion,
bypassing the middle portion (Supplementary Fig. 2 and Movie 1).

Each rigid frame in the middle and distal portions consists of three struts denoted as F;'F?,



FRFE and FPFP that converge at the central node F?, where the superscript 0-6 denotes nodes
on the frame. Two types of springs-connecting springs and reinforcing springs-are used to link

frames F; and F;,,. Three connecting springs (labeled as Scj, j = 2,4, 6) ensure structural
continuity and flexible assembly by linking the central node F? on the frame F; to the nodes
Ffi1. Fiy,and Ffyy on frame Fpyq. Another three connecting springs (S¢;, j = 1,3,5) attach
the central node F7, to the nodes F}, F?,and F; of the frame F;, reinforcing the alignment

and stability. To further enhance structural integrity, two reinforcing springs (S, j =1,2)

connectnode F; of frame F; tonodes FA, and F, ofthe frame F;,,. The effectiveness of
these reinforcing springs is showcased in Fig. 2B, which compares the centerline alignment of the
BRT with and without reinforcing springs. The Z-coordinate of the centerline quantifies structural
sagging due to gravity: in the reinforced BRT, the last frame maintains a Z-coordinate of -0.15 cm,
whereas in the non-reinforced BRT, the last frame sags significantly to -6.63 cm. This result
confirms that reinforcing springs help maintain a centralized alignment against gravitational forces,
thereby reducing unwanted deformation. The arrangement of reinforcing springs is also equally
effective in minimizing the influence of gravity when placed in vertical directions (Supplementary
Fig. 3).

In addition to minimizing structural sagging, reinforcing springs also improve twisting
stiffness, enhancing torsional resistance during movement. As shown in Supplementary Fig. 4, the
twisting angle is measured for both configurations, revealing that the non-reinforced structure
exhibits nearly twice the twisting deformation compared to the reinforced version. Fig. 2C further
quantifies twisting stiffness, showing that the reinforced BRT has significantly greater resistance

to torsional forces.

2.2 Tensegrity-enabled large-scale stiffness modulation of BRT



The core functionality of the BRT is to continuously and rapidly modulate stiffness over a
broad range, enabling transitions between soft, compliant deformation and rapid, load-bearing
behavior. This functionality is intrinsically enabled by the tensegrity structure and the controlled
coordination of cable actuation, inspired by synergistic and antagonistic muscular mechanisms.

As shown in Fig. 3A, a low-stiffness state is achieved through synergistic actuation, in which
cables 2, 3, 5, and 6 are pulled while cables 1 and 4 are released. This asymmetric configuration
induces simultaneous downward and upward bending in the middle and distal portions, forming
an S-shaped morphology. This allows the BRT to perform diverse bending configurations
(Supplementary Fig. 5) that gives rise to a large workspace (Supplementary Fig. 6). Conversely,
antagonistic actuation, in which all six cables are pulled simultaneously, causes the entire trunk to
contract from a relaxed length L; to a shorter, tensioned state L,, resulting in a length variation
AL = L; — L,. This contraction leads to a significant increase in stiffness, enabling the BRT to
resist external forces and support payloads.

To quantify stiffness modulation, we conducted a quasi-static bending test using the setup in
Fig. 3C. Amass M is suspended at the distal end of the BRT, and the resulting vertical deflection
Ah is measured. The equivalent bending stiffness is calculated as K = Mg/Ah, providing a direct
metric to evaluate stiffness under different levels of antagonistic contraction. The mechanical
origins of this stiffness modulation are revealed in Fig. 3D, which depicts the deformation of
connecting and reinforcing springs between two adjacent frames F; and F;,; . The
corresponding spring elongations are denoted as Al;,,, (m =1,...,6)and Al,;, (n =1and2).

Among them, reinforcing springs exhibit the largest elongation, increasing up to ~18 mm—
approximately 4.5 times their pre-stretch length—as shown in Supplementary Fig. 7 and quantified

in Table S2. The elastic energy stored in each spring is calculated as



We_cim = | FeimQleim and W rin = [ Frindlrin.

where Fg;,, and F;, are the nonlinear force responses of the springs, respectively. The elastic
energy stored in the connecting and reinforcing springs between frames F; and F;, is Wg ¢ =
b -1 Wk cim and Wg ; = Y2_1 Wi i, respectively. The total elastic energy accumulated in the
structure is written as Wg = E(WE_Ci + WE_n-), which approximately increases exponentially with
AL as shown by both experimental and theoretical curves in Fig. 3E. Specifically, when AL=0.3
m, the total energy increases by a factor of 7.23 compared to the uncontracted state. This energy
buildup directly leads to increased stiffness. As shown in Fig. 3F, the bending stiffness K can be
modulated from 23.94 N/m to 542.47 N/m, representing an order-of-magnitude range. These
results align closely with model predictions from our nonlinear mechanical framework, detailed in
Supplementary Notes (Supplementary Figs. 8-11)**. The model incorporates the nonlinear
constitutive behavior of the springs (Supplementary Fig. 10) and accurately captures the
relationship between contraction, deformation, and stiffness modulation (Supplementary Fig. 11),
validating both the physical design and the analytical framework. This performance exceeds the
typical range of conventional antagonistic systems, such as those using Ni-Ti alloys or silicone
elastomers, which often suffer from low energy storage efficiency, poor deformation control, and
instability issues like buckling®. In contrast, our BRT leverages distributed tension among many
springs, ensuring rapid and scalable energy accumulation even with limited individual deformation.
This design also improves durability and reusability, as the springs operate well below failure strain.
The functionality benefits of stiffness modulation are demonstrated in Fig. 3G. In a confined
navigation task, the BRT bends around obstacles (Obstacle 1 and 2) while preserving overall
morphology, as shown in the snapshots and Supplementary Fig. 12. At 20 seconds, the tip aligns

above a balloon; with precise actuation, the needle-equipped distal end punctures the target at 24



seconds (Supplementary Movie 2), showing the robot’s capability for fine motor execution under
controlled stiffness. To further demonstrate load adaptability, we equipped the BRT with a 155.80
g robotic gripper and tested its ability to support objects of varying mass, from 0.07 to 2.17 kg. As
shown in Fig. 3H, the BRT maintains a stable horizontal orientation while lifting diverse items
including an egg, an apple, a tape roll, an electric drill, and a pack of coke. These results validate
the robot’s ability to dynamically adjust its stiffness for tasks ranging from fragile object

manipulation to heavy payload support.

2.3 High-frequency stiffness modulation over a broader range

Beyond large-range tunability, the ability to modulate stiffness at high frequency is crucial
for enabling robots to respond in real time to external stimuli, impact events, or task demands. The
BRT achieves this capability through a high-speed actuation system composed of six
independently driven cables, each controlled by a dedicated servo driver (Fig. 4A). This
configuration allows rapid and coordinated cable contraction to dynamically alter the robot’s
structural stiffness within sub-second timescales. To experimentally validate this feature, we
programmed the BRT to perform ten continuous stiffness switching cycles under three different
modulation frequencies (Fig. 4B and Supplementary Fig. 13). The stiffness transitions, visualized
as green, yellow, and orange trances, demonstrate that the robot can reliably and repeatedly cycle
between soft and rigid states over a broad range—from 23.94 to 542.47 N/m—while maintaining
structural integrity. This result highlights the robot’s ability to adaptively tune its stiffness at a
switching frequency of 1.06 Hz, comparable to that of biological systems such as elephant trunks.

The functional benefit of rapid stiffness modulation is demonstrated in an impact protection
scenario. In the soft state, the BRT remains in a compliant state, and a 0.20 kg water bottle is

dropped at 3.5 m/s onto an egg held by the distal gripper (Fig. 4C). Although the robot undergoes



passive deformation and absorbs part of the impact, the low stiffness is insufficient to prevent the
egg from cracking, as shown in the inset in Fig. 4C. This highlights a critical limitation of soft
robots: while compliant, they often lack the mechanical resilience to protect delicate payloads
under impact. In contrast, when the BRT is pre-programmed to a high-stiffness state within 1
second, it exhibits enhanced impact resistance, absorbing the same collision without transferring
damaging force to the egg (Fig. 4D). As a result, the egg remains intact without damage
(Supplementary Movie 3). This rapid, reversible stiffness tuning capability allows the BRT to
function not only as a compliant manipulator, but also as a protective structure capable of
dynamically responding to unpredictable mechanical events. This capability is particularly
relevant for applications in human-robot interaction and physical assistance, where both safety and
responsiveness are essential.

Further, we evaluated the BRT’s real-time adaptability to gradual loading conditions using a
simulated infusion task. As shown in Fig. 4E and Supplementary Movie 4, a water bottle is
incrementally filled from 0.06 kg to 0.65 kg over a 20-second period. The BRT continuously
monitors the load and adjusts its cable tension in real time, increasing its internal contraction from
AL=0.10 m to AL=0.24 m to maintain a stable horizontal posture. This experiment highlights the
robot’s ability to autonomously regulate its stiffness in response to slowly varying payloads
without requiring manual intervention or recalibration. Moreover, the BRT can maintain an
optimal balance between manipulation while achieving the necessary stiffness for stability and
control'®. For example, in Supplementary Fig. 14, the robot carries out manipulative tasks
involving the transport of a filled bottle, adjusting its posture and stiffness accordingly. This
capability is vital for tasks requiring simultaneous dexterity and strength, such as safe human

interaction, mobile manipulation, and adaptable grasping.



2.4 BRT-assisted wheelchair with human-machine interface (HMI)

To demonstrate the practical utility and assistive potential of our BRT, we integrated it into
an electric wheelchair equipped with a control module via human-machine interface (HMI).
Embedding the variable-stiffness robotic arm into the wheelchair system substantially expands its
functional capabilities beyond mobility support. The ability to tune stiffness not only improves
task versatility, including delicate manipulations and stable load-bearing actions, but also ensures
safer interactions in human-centered environments compared to the integration of rigid robotic
arms (Table S3). Moreover, the wheelchair’s mobility naturally complements the BRT’s structural
behavior: it compensates for the modest geometric shortening accompanying high-stiftness
actuation, thereby preserving workspace and ensuring that the end-effector remains within reach
of target objects.

As showcased in Fig. 5A and Supplementary Movie 5, the BRT is mounted to the side of the
wheelchair and includes a cable-driven actuation and regulation unit, a soft robotic gripper, and an
onboard camera attached to the end effector. The introduction of the robotic gripper has a decrease
in the natural frequency of the BRT, as illustrated in Supplementary Fig. 15. This camera provides
real-time visual feedback to the user via the HMI panel, allowing intuitive monitoring and
alignment during manipulation tasks. The movement of the wheelchair is controlled by a joystick,
enabling intuitive locomotion. Meanwhile, the HMI panel allows users to input commands for
real-time stiffness modulation and access live video feed from a mounted camera (Fig. 5B). For
ease of operation, users can also activate pre-programmed trajectories with a single click, such as
folding and unfolding the robotic trunk or performing delivery actions. To accommodate non-
programmed or flexible manipulation tasks, a secondary joystick is employed to manually guide

the BRT. Upon joystick movement, the system first calculates length variations across the six



cables based on an inverse solution of mechanical models, then translates these into actuation
commands for the servo systems (Supplementary Fig. 16). This control scheme enables both fine-
grained customization and simplified user interaction, empowering users to perform complex
manipulation tasks with minimal effort. The operational workflow is detailed in Fig. 5C. The user
operates two joysticks simultaneously, one to control wheelchair motion and the other to
manipulate the BRT. Once the gripper reaches the target object, the user can initiate a grasping
action by simply rotating a rotary knob. This modular control logic separates locomotion from
manipulation, offering a clear and accessible control scheme for users with diverse motor abilities.

To validate the precision and robustness of this control interface, we conducted a trajectory-
tracking experiment in which the BRT was commanded to trace the English letters D, L, U, T using
the joystick (Supplementary Movie 6). As shown in Fig. 5D, the robot successfully and accurately
reproduces the letter contours, under both low-stiffness (AL=0.10 m, m = 0 kg) and high-stiffness
(AL=0.20 m, m = 0.50 kg) conditions. These results demonstrate the stability, repeatability, and
control precision of the BRT, even under varying mechanical configurations and payloads.
Subsequently, vision-based control strategies are integrated. When an object enters the camera’s
field of view, the robotic arm can automatically align with the center of the object, thereby
enhancing grasping accuracy (Supplementary Fig. 17, Supplementary Movie 7).

Moreover, to evaluate interaction safety, we measured contact forces during BRT sliding
under different stiffness states using a thin-film sensor (Supplementary Fig. 18). Results show that
even at high stiffness (366.63 N/m), the initial contact force remains low (5.45 N), and although
peak force increasing during sliding due to geometric constraints, it remains within a controllable
and safe range, showing that contact force can be effectively regulated via stiffness tuning. The

combination of adaptive stiffness and user-friendly control ensures that individuals can manipulate



a variety of objects and perform diverse tasks with confidence and ease’’.

2.5 Validation of BRT-assisted wheelchair in real-world scenarios

To evaluate the practical utility of our BRT-assisted wheelchair in real environments, we
conducted trails involving both a healthy individual and a post-stroke user, performing a variety
of activities spanning indoor, outdoor, and social contexts. As shown in Supplementary Fig. 19, a
healthy user is able to control the BRT-assisted wheelchair to complete tasks involving drug
retrieval, safe delivery, and human-environment interaction. The robot’s stiffness is adapted
continuously to meet each task’s physical requirements, confirming the system’s versatility and
operational reliability across realistic conditions.

As demonstrated in Fig. 6A, a post-stroke individual uses the system to complete essential
activities of daily living in various real-world locations, such as retrieving meals in a restaurant,
disposing of waste at a park, and grabbing drinks at a seaside. These trails show that the BRT can
support individuals effectively in both public and private domains. In home environments, BRT
with tunable stiffness allows users to perform diverse tasks with tailored compliance. For instance,
in a soft state, the robot gently delivers lightweight objects like a remote control within reach,
enabling the user to interact with household appliances (e.g., air conditioners), as shown in Fig.
6B and Supplementary Movie S8. For heavier tasks such as repositioning books, the user increases
stiffness to ensure secure handling and accurate placement (Fig. 6C, Supplementary Movie 9).

Beyond tasks with a fixed stiffness requirement, many daily activities demand dynamic,
multi-stage stiffness modulation. This includes placing objects in confined spaces or handling
deformable items under load. As illustrated in Figs. 6D and 6E, the system adapts its stiffness in
real time while placing a box in a cabinet or loading dirty clothes into a washing machine. The

latter task (Fig. 6E, Supplementary Movie 10) involves a sequence of actions—opening the washer



door, repositioning a basket, transferring clothes, and closing the door—each requiring alternating

between high stiffness for load-bearing and low stiffness for dexterous morphing. Using the
joystick HMI and stiffness slider, the post-stroke individual successful completes this multi-step
procedure within 371 seconds, demonstrating that the BRT’s fast and broad-range stiffness

modulation significantly reduces cognitive and physical burdens during self-care routines.

3. Discussion

Synergistic and antagonistic mechanisms have long served as a biologically inspired strategy
for stiffness modulation in soft and continuum robots, yet existing designs often suffer from limited
tunability and slow response’®. Here, we developed a bionic robotic trunk (BRT) based on a cable-
driven tensegrity skeleton, achieving dynamic stiffness modulation from 23.94 to 542.47 N/m with
a switching frequency of 1.06 Hz, comparable to that of elephant trunks. One structural trade-off
of our stiffness modulation strategy is the coupling between stiffness and manipulator length:
antagonistic cable actuation shortens the trunk while increasing its stiffness. This trade-off is
intrinsic to many tendon-driven designs, yet crucial—without structural shortening, the elastic
energy that can be modulated remains limited, resulting in a narrow stiffness range. In our design,
we utilize this shortening behavior to achieve high stiffness ratios, enabled by the geometric
reconfiguration of the tensegrity skeleton. To address workspace concerns, we integrate the BRT

into a mobile electric wheelchair platform. The wheelchair's mobility compensates for any length

loss at high stiffness states, allowing the user to reposition the robot as needed and maintain full
access to their environment.
While our system demonstrates promising results, it is important to acknowledge several

limitations that must be addressed before widespread real-world deployment. First, both cable



creep and friction may affect long-term reliability and model accuracy. Future studies may address
these issues by utilizing adaptive tensioning mechanisms and data-driven compensation methods.
Second, the integration of additional sensors supports the advancement of robotic intelligence. For
instance, incorporating force sensors in future configurations may prevent cable breakage by
detecting overload conditions. Lastly, promoting active user engagement is essential for improving
long-term outcomes. Future developments will focus on systematic evaluation across diverse user
populations and real-world conditions. In addition, future systems will explore intent recognition,

shared autonomy, and personalized control interfaces to increase accessibility.

4. Methods
4.1 Fabrication of a bionic robotic trunk

Three-dimensional (3D) computer-aided design models of frames were first built, and the
number of frames in both middle and distal portions could be customized. Then, connecting and
reinforcing springs were utilized to connect the frames, forming a tensegrity skeleton after putting
on the tensioned cables with a diameter of 0.50 mm. In this BRT, the frames are 3D-printed using
aluminum alloy, while the rest components are commercially available. To mitigate the effect of
the morphing of the distal portion on the middle segment, the cables responsible for actuating the
distal portion were connected to the actuation system by traversing through cable sheaths instead
of the middle portion. Here, the sheaths are Teflon tubes with an outer diameter of 5.0 mm and an
inner diameter of 2.0 mm. Then, black nylon fabric was applied to cover the surface of the skeleton.
For the actuation system, six servo motors (ST10N40P10V2-AT1716, TECHSERVO, China) with

reel installed were employed to selectively actuate the cables, enabling our BRT to deform.



4.2 Image-based measurement system

Our BRT was placed on a vibration isolator, and six marking points were evenly arranged at
both the two ends of each portion. Then, a motion capture system (Prime 13, OptiTrack, USA)
with 12 cameras was used to capture the movements of the marking points with a frame rate of
100 Hz. Utilizing experimental results obtained by this system, the robotic profile was
reconstructed. The displacement of the points could be evaluated by comparing the position before
and after morphing. According to the position of these points, the structural deformation was

quantified, including length variation and bending angle.

4.3 Assembly of BRT-assisted electric wheelchair

The BRT-assisted electric wheelchair was composed of an electric wheelchair (DGN5001,
YVEELT, China), a human-machine interface (HMI) panel (TD116, TouchWo, China), and our
BRT equipped with a robotic gripper (M1520, YIZHUA ROBOT, China). The BRT was mounted
on the right side of the wheelchair, while the HMI panel was positioned on the left side. To
streamline user control, the joystick for operating the BRT and the rotary knob for controlling the
gripper were integrated into a unified control box, symmetrically aligned with the wheelchair’s
original joystick to ensure intuitive operation. Additionally, both motor drivers (ADM-15D80-
EALT, TECHSERVO, China) and a 24V lithium battery (24V50AH, AETLD BATTERY, China)
were installed beneath the seat for optimal space utilization. The battery, with dimensions of 320
mm-240 mm-110 mm delivers continuous power for up to 10 hours, ensuring extended operational

availability.

4.4 Human research participants



The recruited individual after brain stem bleeding is a 48-year-old Chinese male who
consented to all the experiments and identifiable videos and images in this study with reasonable
compensation. The authors affirm that human research participants provided informed consent for
publication of the images in Figure 6. Rehabilitation exercises on the individual were conducted
by protocols approved by Ethical Committee of Central Hospital of Dalian University of

Technology (No. YN2024-133-20).

4.5 Statistical analysis

Experimental values were determined through a series of measurements conducted N times,
followed by a statistical analysis carried out using specialized data analysis software. In cases
where the experiment involved a single measurement (N = 1), only the raw data obtained from that
measurement were reported. For experiments conducted multiple times (N > 1), the results were
statistically processed, and the outcomes were presented in the figures as mean values
accompanied by their corresponding standard deviations, i.e., means £ SD. This ensures a
comprehensive representation of the data, providing insight into the central tendency of the

experimental results.

Data availability
The authors declare that the main data supporting the findings of this study are available
within the article and Supplementary Information files. All the relevant data is available at

https://github.com/DUT-Jay/Data-Scource BRT.git.
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Fig. 1. A tensegrity-based bionic robotic trunk (BRT) with the stiffness modulation
mechanism inspired by an elephant trunk. (A) The elephant trunk consists of a complex
muscular system that enables synergistic and antagonistic muscle actions for stiffness modulation
Synergistic activation contracts/elongates opposing muscles, allowing for soft and dexterous
movements, whereas antagonistic contraction generates internal tension, increasing rigidity and
load-bearing capacity. (B) The BRT is constructed with a cable-driven tensegrity skeleton, where
tensioned cables mimic the muscular structure. Synergistic activation releases cable tension for
low stiffness, while antagonistic contraction increases elastic potential energy, achieving high
stiffness at a fast-switching frequency. (C) Comparison of the stiffness variability and switching
frequency between BRT and existing robotic trunks?0-28:36:37:3943-53 (D)) Integration of the BRT into
a mobile robotic system for assistive applications, including opening cabinet doors, retrieving
items form a refrigerator, and watering flowers.
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Fig. 2. Tensegrity-based design of the BRT. (A) The trunk consists of basal, middle, and distal
portions, each composed of multiple tensegrity frames F; connected via cables, connecting
springs, and reinforcing springs. The cable sheath encases the internal cables to avoid physical
interference between cables. A detailed schematic illustrates the connection between adjacent
frames, where connecting springs (blue) and reinforcing springs (purple) enhance structural
integrity. (B) Comparison between the BRT with and without reinforcing springs shows that the
reinforced structure maintains a more centralized alignment, while the non-reinforced version
exhibits greater deformation due to gravity. The Z-coordinate of the centerline plot quantifies the
structural sagging, demonstrating improved stability with reinforcing springs. (C) The reinforcing
springs enhance twisting stiffness for improved structural integrity.
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Fig. 3. Tensegrity-enabled large-scale stiffness modulation. (A) In the synergistic mode,
opposing cable actions (e.g., pulling cables 2, 3, 5, 6 and releasing cables 1, 4) induce S-shaped
bending, enabling a low-stiffness configuration with structural length Li. (B) In the antagonistic
mode, all cables are pulled to generate internal contraction, shortening the structure to length L2
and increasing stiffness. The length variation is defined as AL = Li-L2. (C) Stiffness evaluation
method, where a vertical displacement A/ of the distal end is caused by a suspended mass M,
yielding equivalent bending stiffness K = Mg/Ah. (D) Internal mechanics of a frame-to-frame
assembly, showing deformation of connecting and reinforcing springs during contraction. Their
respective elastic energies are denoted as We_cim and WE rin. (E) Measured and simulated total
elastic energy We as a function of AL. (F) Bending stiffness K versus length variation AL, showing
a large tunability from 23.94 to 542.47 N/m. (G) Demonstration of the BRT navigating through
confined obstacles and puncturing a target, enabled by real-time stiffness adaptation. (H) The two-
segment BRT adapts its stiffness to stably support objects of varying mass (0-2.50 kg) while



maintaining a constant horizontal orientation, illustrating robust load-bearing control through
stiffness modulation.
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Fig. 4. High-frequency stiffness modulation over a broader range. (A) Experimental setup of
the BRT with six independently actuated cables driven by servo motors. (B) Real-time
demonstration of dynamic stiffness modulation across three frequencies, marked by green, yellow,
and orange lines. For each case, BRT undergoes ten stiffness switching cycles, showcasing rapid
and repeatable transitions. (C) In the soft state, the BRT remains compliant under external impact
(v=3.50 m/s, m = 0.20 kg), but the gripped egg is damaged due to insufficient impact mitigation.
(D) When the robot is programmed to a rigid state within 1 second, its increased stiffness absorbs
the impact and prevents egg breakage, demonstrating protective behavior through rapid stiffness
adjustment. Scale bar: 10 cm. (E) During a simulated infusion process, the BRT dynamically tunes
its stiffness in response to a gradually increasing payload from 0.06 to 0.65 kg. The structure
remains stable across a corresponding contraction (AL) range from 0.10 m to 0.24 m, effectively
supporting the varying load without sagging.



A BRT-assisted electric wheelchair B HMI panel

Joystick .
o © | Initialization | “°" [ i | High
Close  Open Stiffness regulation

HMI panel

Camerain hand

BRT
Programmable

trajectory

[Delivery 1 ] [Delivery 2]

Electric wheelchair

Actuation/regulation

system | 1 A ——— ! 2
G e
]
Impaired individual 1 Movement Rotary knob
by || Wheelchair
joystick Grasping

Manipulation

Hand Robotic arm
|

Jaystick Control system

Camera

Fig. 5. BRT-assisted electric wheelchair with human-machine interface (HMI). (A) Schematic
illustration of the BRT-assisted electric wheelchair system, which integrates an electric wheelchair,
BRT, and HMI panel. A camera is mounted on the robotic gripper to provide real-time visual
feedback. (B) HMI panel for user interaction, enabling control of stiffness regulation, gripper
operation, and predefined manipulation functions. (C) Operational workflow of the assistive
system. During manipulation, users operate two joysticks to control the wheelchair and the robotic
trunk independently. Once the gripper is aligned with the target, the task is executed via a rotary
knob. (D) Demonstration of joystick-based control for trajectory tracking, where the BRT traces
the English letters D, L, U, and T.
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Fig. 6. Validation of the BRT-assisted wheelchair in real-world scenarios by a post-stroke
individual. (A) The BRT-assisted electric wheelchair supports daily activities across diverse real-
life environments, including a restaurant, supermarket, park, and seaside. (B) Task: Pick up the
remote control. The BRT operates in a low-stiffness mode to enable compliant reaching and gentle
grasping of lightweight objects. (C) Task: Put the book on the shelf. The robot maintains a high-
stiffness state to support the weight of the book and ensure precise placement on an elevated shelf.
(D) Task: Put the box in the cabinet. The BRT dynamically modulates between high and low
stiffness to navigate confined space and execute stable placement. (E) Task: Put dirty clothes into
the washing machine. The system adjusts stiffness in real time to facilitate both flexible positioning
and robust object transfer, adapting to changes in posture and load.



Editorial Summary

Authors present a bionic robotic trunk with a cable-driven tensegrity skeleton, leveraging synergistic and
antagonistic muscle-mimicking mechanisms to achieve rapid and large-range stiffness modulation
comparable to that of an elephant trunk.
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