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Abstract—This study introduces a novel kinematic synergy-
based exoskeleton designed for gait rehabilitation studies in rats.
The exoskeleton assists all three hindlimb joints of the rat (hip, knee
and ankle) while ensuring proper interjoint coordination and the
natural quadrupedal posture. This assistance is realized through a
2-DOF bar mechanism that emulates the biomechanics of rats. En-
gineered to be compact, lightweight, backdrivable, and sufficiently
powerful, the proposed system minimizes physical stress on the
animal while allowing a wide range of assistive forces to be applied.
These features are achieved through a combination of a cable power
transmission system and direct-drive motors positioned outside the
exoskeletal structure. The desktop experiments demonstrated that
the exoskeleton could precisely replicate the rat’s kinematic gait
patterns and remain backdrivable whether powered or unpow-
ered. The feasibility of gait assistance was further confirmed in
an anesthetized rat, where synergistic gait patterns were observed
between the joints. Hence, the system holds the potential to enable
controlled comparative neurorehabilitation studies in rats. These
studies can help unveil neural recovery mechanisms and design
optimal exoskeleton control strategies for rehabilitation in humans.

Index Terms—Rehabilitation robotics, prosthetics and
exoskeletons, actuation and joint mechanism, tendon/wire
mechanism.

I. INTRODUCTION

LOWER-LIMB robotic exoskeletons with various control
strategies have been incorporated into recent physical ther-

apy as a new gait training modality for patients with neurological
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Fig. 1. Proposed exoskeleton having an anesthetized rat walk on the treadmill.

conditions such as spinal cord injury (SCI), stroke and others [1],
[2], [3]. Over the years, numerous studies have investigated the
efficacy and efficiency of robot-assisted rehabilitation. Several
randomized controlled trials have shown that robotic interven-
tion provides superior motor recovery in patients with paraple-
gia [4], [5] and stroke patients with upper limb paralysis [6].
In contrast, other studies on lower and upper limb training re-
ported little to no difference in functional improvement between
robot-assisted and conventional protocols [7], [8]. Within this
limited amount of studies in the field, the concrete advantages
of robot-assisted rehabilitation have yet to be unveiled [9], [10],
let alone the comparative effectiveness of control strategies [11].
Further, the evaluation methods of these studies are limited to
non-invasive measurements as the subjects are human patients,
leading to another hindrance to obtaining deeper insights into
neural recovery mechanisms.

A promising approach to better investigate the impact of
robotic intervention is to conduct studies on animals instead
of humans. Researchers attempted to develop rehabilitation sys-
tems for rats that assist the hindlimbs. There are approaches of
assistance: nerve stimulation and physical assistance. In the first
approach, researchers reported a drastic improvement in motor
functions in rats with SCI and stroke using epidural electro-
chemical stimulation [12], [13]. Others utilized the peripheral
electrical stimulation method and achieved muscle control in
anesthetized rats [14]. While these methods focus on cellu-
lar/molecular level functionality, this approach leaves room for
more precise limb movement control. In the second approach,
researchers proposed gait-assistive robotic systems via physical
interaction similar to most human rehabilitation devices. Nessler
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et al. developed a backdrivable robotic platform consisting of
robotic arms and a sliding platform with embedded direct-drive
(DD) motors [15], [16]. Florez et al. developed soft rehabilitative
exoskeletons for rats using pneumatic actuators [17]. Simi-
larly, Chang et al. developed a wearable device with pneumatic
pouch motors [18]. These systems allow safe interaction with
the animal’s tissues utilizing backdrivable/compliant actuation.
However, one common issue is the posture imposed on the
animal, which lifts it to an upright posture instead of the innate
quadrupedal posture. Such assistance might create ill-trained
gait patterns, making the post-training evaluation of the loco-
motor ability inaccurate. To address this problem, researchers
introduced robotic systems that enable quadrupedal locomo-
tion for rats. Song et al. reported the interactive exoskeleton,
which allows free overground locomotion with a compact and
lightweight configuration and admittance-controlled backdriv-
ability [19]. With similar motivation, Anopas et al. introduced
a robotic arm device to enable quadrupedal locomotion [20].
However, they have not considered the backdrivability to the
best of our knowledge. While all the robotic systems above
enabled gait assistance with dexterous features, none provided
physical ankle assistance. Unlike humans, the rat’s ankle flex-
ion/extension occurs in a much larger range of motion and
plays a more crucial role when generating gait propulsion force
against the ground [21]. Hence, ankle assistance is a signif-
icant factor in restoring locomotor ability for rats. Although
Xi et al. achieved joint control including ankles with electrical
stimulation, physical assistance can provide better-coordinated
kinematics and may broaden the variety of experiments through
different sensory inputs to the bio-system [14].

In this letter, we propose a lightweight and backdrivable
exoskeleton for rats, which can exert natural gait movements to
all three joints in the quadrupedal posture. Fig. 1 shows an anes-
thetized rat being made to walk on the treadmill by the developed
exoskeleton. We utilized the kinematic synergy-based exoskele-
tal mechanism developed in our previous work [22]. Further-
more, we configured the exoskeleton system with DD motors
and flexible Bowden cables, to keep it compact, lightweight,
and backdrivable while allowing sufficient area for free walking
on the treadmill. This study aims to introduce a versatile robotic
exoskeleton as a new platform for neurorehabilitation research
using animal testing. More specifically, the proposed system
aims to enable exploratory comparative studies in rats to unveil
neural recovery mechanisms and design optimal exoskeleton
control strategies for rehabilitation in humans.

II. SYSTEM CONCEPT

Summary of the Earlier Prototype

In our previous work, we presented a prototype consisting of
two actuators that deliver assistive torques to the three hindlimb
joints (hip, knee, ankle) through an underactuated mechanism
with two Degrees of Freedom (2-DOF) [22]. The exoskeleton
was able to replicate different gait patterns observed in nine
rats [23] by exploiting the interjoint kinematic synergy of the rat
during locomotion resulting in planar covariation [24].

Another design feature was the use of DD motors to facilitate
safe interaction with the animal’s tissues. However, the early
system was heavy and large, with a weight of 282 g and dimen-
sions of 80 mm axial thickness for one lateral unit. Such weight

Fig. 2. (a): The developed bar mechanism emulates the rat’s gait patterns by
following the planar covariation in elevation angles. (b): Endeffector workspace
and the mean toe joint trajectory of the reference rat sample data.

and size can pose significant physical stress and inertial effects
on the animal.

Design Criteria

In this work, we address the shortcomings of the previous
prototype by relocating the actuation mechanism outside the
exoskeleton and allowing the animal to relearn proper gait move-
ments in the quadrupedal posture. We outlined the functional
requirements of this exoskeleton as a research platform for gait
rehabilitation:
� Gait assistance in a quadrupedal posture.
� Gait assistance for all three hindlimb joints crucial for

locomotion (hip, knee, and ankle) while maintaining proper
synergistic gait patterns.

� Backdrivablity to protect the animal’s tissues.
� A lightweight design to minimize physical stress on the

animal (1/4 body weight, based on the general device-to-
user weight ratio of human exoskeletons).

� Freedom of movement for treadmill locomotion.
� A wide range of assistive forces (up to 4 N), approxi-

mately 80% of the average maximal hind-leg force of male
rats [25].

III. SYSTEM OVERVIEW

A. Kinematic Synergy-Based Exoskeleton

Fig. 2(a) shows the designed exoskeletal mechanism. Using
kinematic synthesis, we developed a combined four-bar and
five-bar mechanism with 2-DOF. The mechanism’s movement
is constrained to the covariance plane of limb elevation angles,
replicating the innate coordinated gait patterns of rats while
minimizing the number of actuators required to assist all three
joints. This covariance is called kinematic synergy, seen in all
intact mammals during locomotion [24]. The link parameters
and geometry are the same as the previous version [22], while
the mechanical design was refined, making it lighter and more
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compact by replacing two link components with one slider.
With this configuration, the weight of one lateral unit of the
active exoskeleton became 20 g, where mechanical frames
were 3D-printed with carbon-infused nylon filament (black).
The initial prototype was fabricated from white polycarbonate
filament shown in Figs. 4(c)–(d), 6 and 7. Fig. 2(b) shows the
workspace of the end-effector. The workspace was measured
on a 3D CAD system using the active contact solver. The
mechanism was designed to emulate the gait patterns of several
rat samples [23]. The resulting workspace overlaps the average
trajectory observed in rat samples, including some deviations
(20 gait cycles collected from 10 rats).

In this mechanism, there are two input cranks with angles φ1

and φ2, and the output joint angles θθθ (hip, knee, ankle) and end-
effector (toe joint) position pppT which are dependent functions
of φ1 and φ2 (1). The detailed forward kinematics model is
described in our previous work [22].

qqq =

[
φ1

φ2

]
, θθθ(φ1, φ2) =

⎡
⎣θHθK
θA

⎤
⎦ , pppT (φ1, φ2) =

[
xT

yT

]
(1)

The relationship between the end-effector contact force and the
motor torque can be derived as a static model as shown in (2),
using the Jacobian matrix ( (3)).[

FxT

FyT

]
= (JJJT )−1

[
τ1
τ2

]
(2)

JJJ =

[
∂xT (φ1, φ2)/∂φ1 ∂xT (φ1, φ2)/∂φ2

∂yT (φ1, φ2)/∂φ1 ∂yT (φ1, φ2)/∂φ2

]
(3)

Torque estimation based on motor current changes is feasible
since the proposed system employs DD motors with a high
torque coefficient. The generated torque is proportional to the
motor current, described as equation (4) in a static/quasi-static
condition, where Kτ is the torque coefficient, I1 and I2 are the
currents running through the motors and τcog is the cogging
torque; respectively.{

τ1 = KτI1, τ2 = KτI2 (When powered)
τ1,2 = τcog (When unpowered) (4)

B. Custom Attachment Suit

A custom suit was designed to attach the exoskeleton, en-
suring assistive force delivery while maintaining the animal’s
quadrupedal posture. Fig. 3(a) shows the suit consisting of three
components: forebody suit, harness, and exo-attachment areas.
The forebody suit was made of neoprene, a fabric commonly
used in skin-adherent products like diving suits and sportswear.
The harness was 3D printed 1.5 mm thin from carbon-infused
nylon filament to afford a certain degree of compliance while
being stiff enough to deliver assistive forces to the target limbs.
The exoskeleton is attached to areas of the extended compo-
nent from the harness allowing free position alignment on the
parasagittal plane. Fig. 3(b), (d) shows the limb attachment cuffs
extended from the exoskeleton, which comprises elastic silicon
rubber and adjustment buckles.

Although the link parameters of the exoskeleton are fixed,
the attachment suit can deliver assistance to the animal’s limbs
without large misalignment for the following reasons. First, the
exo-attachment area allows free relocation of the exoskeleton on

Fig. 3. Developed attachment suit for donning the exoskeleton to the animal.

the parasagittal plane. Second, the limb cuffs are made of elastic
silicon and do not rigidly fixate the limbs to the exoskeleton.
Finally, selecting rats of similar age and sex minimizes skeletal
length variation.

C. Cable-Driven System

The developed system, shown in Fig. 4(b), consists of an
actuator unit and an exoskeleton unit. The schematic of one
lateral side is shown in Fig. 4(a). The two units are linked
via a Bowden cable power transmission system to locate the
actuators outside the exoskeleton. The actuator unit comprises
four DD motors (MDS-3012-19B, Microtech Laboratory Inc.),
their drivers (MC-200-7220, Microtech Laboratory Inc.), and a
microcontroller (Arduino micro). The DD motors can generate
up to 4 N at the end-effector (max. nominal), 80% of the maximal
hind-leg force of male rats [25]. The actuation power can be in-
creased by replacing the actuators with larger models if needed.
While the larger motors increase the moment of inertia around
the rotors, this impact is negligible. When a torque increases by
a factor of 1.5, the motor’s inertia contributes only a 2% increase
to the combined inertia of the rat’s hindlimb and the exoskeleton.

Since the transmission target has 2-DOF rotating in two
directions (CW & CCW), there are four cables equipped in each
lateral unit (Fig. 4(a)). We designed the cables to form curves
relative to the animal’s location to allow a certain degree of
freedom for the animal to move back and forth and sideways.
Here, we defined the inner cable’s curve as an arc with constant
curvature and the outer cable’s curve as a combination of an arc
and two symmetric straight lines, which also helps minimize
friction. Fig. 4(c)–(d) shows the designed Bowden cable mech-
anism. We defined the working operation range as 300 mm in the
anterior-posterior direction to provide half the lane distance of a
rodent treadmill, and 100 mm in the mediolateral direction. The
Bowden cables were fabricated from stainless steel wires for
the pulling cables and PTFE tubes for the housing to minimize
friction. Hollow bolts were attached to the tube ends to allow
precise tension adjustment. Attaching the exoskeleton to the
cables added 5–10 g of downforce due to the cable housing,
depending on curvature. When the exoskeleton was assembled
with the cables and the suit, the total weight of the exoskeleton
unit became approximately 80 g. Since the weight of the subject
animal (adult female Sprague Dawley rat) is 300–350 g, the de-
veloped exoskeleton should be lightweight enough as a wearable
gait assistive robot. Table I provides a comparison between the
developed system and existing systems in the field, based on
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Fig. 4. Developed cable-driven system transmitting the DD motor’s backdrivable actuation from the actuator unit to the exoskeleton unit through the Bowden
cables. (a): a mechanical design schematic. (b): a system overview. (c): the developed Bowden cable. (d): three different locations of the exoskeleton relative to
the actuator unit and the corresponding cable deformation.

TABLE I
SPECIFICATION COMPARISON

the criteria outlined in this study; considering the weight of the
active exoskeleton worn by the animal.

D. Trajectory Tracking Control System

We implemented a feedforward trajectory tracking control
system that utilizes the rotary encoders embedded within the
motors. Since no sensors are attached directly to the exoskeleton,
this work does not account for potential effects of clearance or
elasticity in the mechanism, including the cable power transmis-
sion. By neglecting these mechanical errors, the actuator unit
focuses on controlling the motors to follow the target positions,
while the cable transmission system transfers the motor actua-
tion to the exoskeleton.

The control system operates as follows: A microcontroller
generates a predefined trajectory based on the desired gait speed
and sends target position commands to the motor drivers at a
frequency of 100 Hz. The motor drivers then use PID control
at 50 kHz to closely track the target positions. The PID gains
were empirically tuned under conditions where the only load was
the exoskeletal mechanism. For data logging, the motor drivers

relay the angular positions and the applied currents back to the
microcontroller.

IV. EXPERIMENTAL EVALUATION

The experimental evaluation focused on verifying four
key aspects of the exoskeleton: kinematic performance,
backdrivability, cable transmission efficiency, and feasibility
of gait assistance under in vivo conditions. The experiments
are described below as: trajectory tracking evaluation (no-
load), backdrivability evaluation, load sensitivity evaluation,
and gait assistance test in vivo. The in vivo experiment was
performed under the guidelines for the proper conduct of animal
experiments and was approved by the Animal Research Com-
mittee of the University of Tsukuba (approval number 24-412).

A. Trajectory Tracking Evaluation (No-Load)

The kinematic performance of the developed exoskeleton was
evaluated by comparing its trajectories to the reference sample
trajectories of an intact rat [23]. The evaluation is based on the
joint angles, elevation angle planar covariation, and the toe joint
(end-effector) position.

During the trials, the exoskeleton was driven to generate a
gait pattern via PID position control (III-D). The joint angles
were extracted from video data recorded at 120 Hz for 10
cycles. The collected data was then averaged and the toe joint
positions were calculated from the averaged joint angles. The
reference trajectories in Fig. III-D(a)–(b) were calculated by
forward kinematics using the control commands to visualize the
mechanical errors.

As shown in Fig. 5(a)–(b), the system effectively replicated
the rat’s trajectory with minimal deviation, demonstrating com-
patibility with the new cable transmission system. The error in
the ankle angle observed around 40% of the gait cycle highlights
a limitation of the mechanism, which arises from the need to
accommodate a variety of gait patterns. Principal component

IEEE Robotics and Automation Letters (RA-L) paper, presented at ICRA 2026, Vienna, Austria. Cite as RA-L paper.



3624 IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 10, NO. 4, APRIL 2025

Fig. 5. Experimental results from the trajectory tracking evaluation comparing
to an intact rat sample data [23]. (a): Joint angles were extracted from the
recorded video data, being compared to the rat sample data and the reference
trajectories generated by the exoskeleton’s forward kinematcs. The deviation is
not shown as it is significantly small. (b): Toe joint trajectories are calculated
with forward kinematics. (c): Limb elevation angle covariance planes (interjoint
coordination) were generated based on principal component vectors of limb
angle data.

analysis (PCA) was performed on the resulting limb elevation
angles to quantify interjoint coordination (Fig. 5(c)). The differ-
ence in the inclination of the covariance planes between the rat
sample and the mechanism was minimal, with the inner product
of the two PC3 vectors being 0.98 (1 max.). This result indicates
that the synergistic gait pattern was accurately replicated.

B. Backdrivability Evaluation

The backdrivability of the developed exoskeleton was evalu-
ated by applying external forces exceeding the actuators’ output.
This experiment aims to evaluate the feasibility of implementing
an assist-as-needed condition, ensuring that the robot provides
gait assistance without fully restricting the animal’s movement.
The top figure in Fig. 6 shows the experimental setup, where
the end-effector is connected to a force gauge through a flexible
stainless steel cable.

The experiment was performed in two conditions: powered
and unpowered. For each condition, the trial was conducted only
once for clarity since there was no significant difference during
repetitions. In the powered condition, a current limit of 1.5 A
was applied to the driver circuit, which can generate approxi-
mately 2 N at the end-effector, being 40% of the maximal force
generated by the hind extremities of intact male rats [25]. During
the powered trial, the exoskeleton was commanded to stay at one
position with PID control while manually being pulled back by
the force gauge. In the unpowered trial, the exoskeleton was only
recording the joint angles. The generated force was calculated
using the static model (Section III-A), and the motor current
was recorded from the motor driver. The backdriving force was
applied consistently over a 3-second duration because the static
model does not account for dynamic properties.

Fig. 6. Top image: the experimental setup for backdrivability evaluation. The
end effector is pulled horizontally using a force gauge while the motors are
unpowered, and while being commanded to maintain a forward position of
the leg. Graphs: Backdrivability evaluation results for unpowered (0 A) and
powered condition (1.5 A current limit). (a1-2): The limb movement calculated
from motor angles at 0 A and 1.5 A. (b1-2): The backdriving force measured
by the force gauge and the generated force estimated by the motor currents and
angular positions using the static model at 0 A and 1.5 A. (c1-2): The angular
displacement of the motors from the initial position at 0 A and 1.5 A.

The results in Fig. 6 confirm high backdrivability under
both powered and unpowered conditions. The exoskeleton was
pulled backward (a1-a2) with measured forces aligning with the
expected static model predictions (b1-b2), and both the motors
were successfully backdriven (c1-c2). The end-effector moved
diagonally despite the horizontally applied force. This error
could be due to the slack of the pulling wire and the friction from
the mechanical components. Regarding the generated force,
there was a 0.4-0.44 N difference observed when comparing the
measured and generated force as shown in Fig. 6(c1)–(c2). The
deviation towards the vertical axis is also seen in the force profile.
For the powered condition, the maximum horizontal backdriving
force required was 2.6 N, whereas the force generated by the
motors was approximately 2.2 N. As for the unpowered condi-
tion, the maximum horizontal backdriving force required was
0.45 N, whereas the force generated by the motors’ cogging
was approximately 0.1 N. When considering the rat’s maximal
hind-leg force, 5 N [25], this exoskeleton should be backdrivable
for the animal. The observed 0.4–0.44 N deviation highlights
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Fig. 7. Photo: Experimental setup for load sensitivity evaluation: the robot
actuates a constant spring-loaded sliding mechanism, where the spring is con-
strained to only exert a horizontal force. Graph: Result of load sensitivity
evaluation. The dotted and sold lines represent the resultant currents of motor 1
at different load conditions (0, 0.49 and 0.98 N). The loaded phase in the cycle
is shaded in gray.

minor frictional effects but remains within acceptable limits for
assist-as-needed protocols.

C. Load Sensitivity Evaluation

This experiment was conducted to observe motor current
behavior under varying load conditions. Given the system’s
complexity, it is unclear how effectively external forces are
transmitted to the actuators and reflected in the motor’s electric
current.

The experiment involved applying a constant horizontal cyclic
force to the end-effector, replicating the scenario where the
exoskeleton generates propulsion force on a treadmill. The left
image in Fig. 7 illustrates the experimental setup. During the
experiment, the exoskeleton operated in a gait cycle while a
constant spring force (0.49 N and 0.98 N) was applied in the
opposing direction at the end-effector. The exoskeleton’s gait
pattern was driven by PID position control (III-D), and motor
current data was collected at a sampling rate of 200 Hz over
10 gait cycles. These measurements were then averaged. Motor
1 was selected for current measurement due to its dominant
geometric role in exerting horizontal forces.

Initially, the exoskeleton was tested at different positions
within the Bowden cable’s operational range, and the results
showed no significant differences. Consequently, the experiment
was performed at a fixed position. We also tested it with different
PID gains and the current profiles seemed sensitive to the pro-
portional gain, which could be due to the differences in response
time, modifying the dynamic variables. The results, presented in
Fig. 7, indicate that the system successfully transmits external
forces to the motor, producing significant changes in current.

D. Gait Assistance Test in vivo

A preliminary driving test on an anesthetized rat was per-
formed to confirm the feasibility of the proposed gait assistance
method with the exoskeleton. The subject animal was a female
rat with a body weight of 340 g.

Fig. 8 shows the experimental setup consisting of the ex-
oskeleton system, a passive body weight support (BWS) arm,
a rodent treadmill, an anesthetic vaporizer system for inhaled
anesthesia (face mask shown only), and a camera device (not
shown in the picture). The animal was supported by a passive
BWS arm connected through a wire and a tension spring. The
supported weight was manually adjusted to maintain adequate
contact between the toes and the treadmill belt. The animal was

Fig. 8. Experimental setup for the in vivo feasibility test. Right: An anes-
thetized rat wearing the developed exoskeleton while being suspended by the
passive body weight support arm on a rodent treadmill. Left: A camera device
recorded the exoskeleton’s movement.

subjected to anesthetic gas (2–3% isoflurane) to keep the limbs
flaccid throughout the experiment including attaching/detaching
the exoskeleton. The motor drivers were configured with a
current limit of 1.5 A to ensure safety and prevent potential
tissue damage to the animal. A video was recorded from the
side of the treadmill and tracked the motions of the essential
points on the exoskeleton as shown in Fig. 8. It was not viable to
track the actual joints of the animal due to the optical occlusion
from the exoskeleton. During the experiment, the flaccid animal
was moved by the exoskeleton to walk on the treadmill with
its hindlimbs at 1.3 Hz which is equivalent to 115 mm/s of
locomotion.

Fig. 9 shows a time-series picture of the anesthetized rat’s gait
cycle over the treadmill while using the exoskeleton. As shown
in the photos, the exoskeleton successfully imposed rhythmic
gait patterns on the flaccid limbs of the anesthetized rat. Fig. 10
shows the kinematics extracted from the recorded video data.
The visualized limb segment movement was estimated using
the measured exoskeleton angles, demonstrating successful limb
motion to produce stepping (Fig. 10(c)). In Fig. 10(a), sig-
nificant amplitude errors in the joint angles, compared to the
no-load trajectories, were observed due to the current limit and
the mechanical impedance of the rat’s musculoskeletal system.
Despite these errors, the resulting limb motion exhibited strong
interjoint coordination. This is evidenced by 99% of variance
being explained by two principal components in the covariance
plane (Fig. 10(b)).

V. DISCUSSION

A. Limb Coordination and Posture

The proposed exoskeleton was designed to maintain appro-
priate interjoint coordination and the natural quadrupedal gait
posture. The experimental results validated both objectives. The
trajectory tracking evaluation experiment (IV-A) showed the
robot to retain the limb coordination of the bar mechanism [22]
despite the added cable transmission system. Further, the in
vivo test with the anesthetized rat (IV-D) confirmed that the
exoskeleton could achieve the intended limb coordination and
gait posture. Preliminary tests without ankle joint assistance
(not shown) revealed that the flaccid foot was dragged by the
treadmill belt, underscoring the importance of ankle assistance in
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Fig. 9. Time series photos of the anesthetized rat being made to walk by the proposed exoskeleton.

Fig. 10. Experimental result of the in vivo feasibility test. (a): Joint angles
were extracted from the tracked positions of the exoskeleton. (b): Elevation
angle covariance plane (interjoint coordination) was generated based on the
principal component vectors. (c): Limb segment movements are visualized by
forward kinematics using the joint angles.

quadrupedal posture. Other existing systems tested quadrupedal
gait assistance only on fully intact animals [19] or with locked
ankles [20]. To our knowledge, this is the first system to actively
assist all three hindlimb joints in a quadrupedal posture.

While this study focuses on rats, their locomotor system
shares key neural mechanisms with humans. Adaptive locomo-
tion in mammals involves conserved neural strategies integrat-
ing nervous system inputs, body dynamics, and environmental
feedback [26]. Humans also retain elements of quadrupedal
control, such as inter-limb coordination and reflex pathways,
reflecting the evolutionary continuity of locomotor control
across species [27]. These shared mechanisms make rats a
valuable model for studying neural principles relevant to human
rehabilitation.

B. Mobility Restrictions

Increasing the assist power usually incurs an increase in
the exoskeleton’s weight. The proposed cable-driven solution
enables the lightest yet most powerful exoskeleton among the
existing systems (Table I), minimizing the inertial effect on the
animal while delivering substantial assistive force.

The cable transmission limits the locomotion freedom to a
treadmill. While untethered robotic exoskeletons are available

for humans, current rehabilitation systems for rats typically
confine movement to fixed positions on the treadmill [16], [17],
[20]. Few studies have explored overground locomotion [19], but
even these systems require tethering for BWS and electric power
transmission. In comparison, the robot proposed here allows
a degree of freedom on a treadmill stretching 300 mm in the
anterior-posterior direction and 100 mm in the mediolateral di-
rection. While a fully untethered solution is not viable given the
current actuator technology, the authors consider the proposed
design to be a suitable compromise between assistive force and
mobility restrictions.

C. Backdrivability

The proposed exoskeleton showed intrinsic backdrivability
without feedback control when the motors were powered and
not powered, presenting approximately 0.44 N added by friction
(IV-B). This frictional force is one-tenth of the rat’s maximal
hind-leg force, 5 N [25], allowing various experimental pro-
tocols by actively assisting/resisting the animal’s movements
while only exerting the required force without large static fric-
tion. Notably, during the feasibility test, the animal pushed back
against the assistive force exerted by the exoskeleton when
we awakened it to observe the behavior. The reduced friction
in the system was further evidenced by motor current profiles
during the load sensitivity evaluation (IV-C). This experiment
highlighted the potential of the DD motors to function as internal
sensors within this system. By accounting for the mechanical
system’s dynamics, it may be possible to implement a force
feedback control system using motor current data in combination
with other state variables.

Limitations

The limitations of this work include the tested control strate-
gies and the tested physiological condition and size variation of
the subject animal.

This work did not implement a closed-loop feedback control
strategy. Therefore, the animals’ body properties such as body
weight and the mechanical impedance of their joints were not
considered. In future studies, we will explore more sophisticated
sensing and control strategies, the effective range of assistive
forces, and the range of kinematics achievable with the sys-
tem. In addition, we observed that the motor’s driving currents
are significantly influenced by the PID gains under dynamic
conditions. Therefore, when utilizing DD motors as torque
sensors, it is essential to determine the optimal PID gains for
that usage.

In this work, we only tested the exoskeleton’s feasibility on
an anesthetized rat. When using rats paralyzed by neurological
injuries, musculoskeletal conditions may differ depending on the
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type of paralysis. In particular, the ankle manipulation achieved
by the sets of two couplings might trigger the foot withdrawal
reflex in non-anesthetized animals, which can disturb the desired
gait assistance. Thus, we need to investigate the feasibility
and appropriate use of the exoskeleton on paralysis-induced
rats in the future. Furthermore, the device’s adaptability across
different animal sizes was not assessed. Although laboratory rats
have minimal size variation, the device’s versatility should be
investigated.

VI. CONCLUSION

In this letter, we presented a robotic exoskeleton with me-
chanically implemented kinematic synergy designed for reha-
bilitation studies in rats. The system provides assistance to all
three hindlimb joints (hip, knee and ankle), which are critical for
natural quadrupedal locomotion, while maintaining proper inter-
joint coordination through the proposed 2-DOF synergy-based
exoskeletal mechanism. By relocating the actuation source out-
side the exoskeletal structure, the design achieved a compact
and lightweight configuration, preserving the backdrivable prop-
erties of the DD motors via the proposed power transmission
system.

Future investigations will focus on implementing advanced
control strategies (e.g., assist-as-needed control) to study recov-
ery differences under carefully controlled experimental envi-
ronments in vivo. The ultimate goal of this study is to estab-
lish a versatile experimental platform for rats, contributing to
foundational studies in neurorehabilitation.
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