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Nonmotorized Hand Exoskeleton for Rescue and
Beyond: Substantially Elevating Grip
Endurance and Strength
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Abstract—Robotic hand exoskeletons hold immense potential
for enhancing human hand functionality, addressing the hand’s
strength limitations and fatigue during physically-demanding
tasks. However, most existing hand exoskeletons are motorized,
being weak in generating high supporting force for gripping aug-
mentation. We present a nonmotorized hand exoskeleton based
on magnetorheological (MR) actuators to provide high gripping
support and elevate grip endurance. Meanwhile, it ingeniously har-
nesses human energy for actuation and energy storage, enhancing
grip strength without external power. The MR actuator demon-
strates a peak holding force of 1046 N with merely 5 W power in-
put, boasting a force-to-power ratio one-order-of-magnitude higher
than conventional approaches, and 97.7% energy reduction for
same holding force compared to other approaches. Participants
wearing the hand exoskeletons experience a 41.8% enhancement
in grip strength without external power and reduced hand muscle
fatigue during prolonged physical labor. In rescuing scenarios such
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as postearthquake rescue, debris clearance, and casualty evacua-
tion, our exoskeleton effectively supports gripping and improves
working efficiency.

Index Terms—Grip assistance, grip strength and endurance
enhancement, hand exoskeleton, magnetorheological technology,
wearable robot.

1. INTRODUCTION

HE hand, a pivotal organ in human evolution, facilitates
T intricate tasks essential to daily life. From heavy activities
like gripping, lifting, and carrying to delicate operations such
as needle threading and writing, hands serve as indispensable
end effectors, enabling interaction with the world. To execute
those tasks, gripping is indispensable as the most fundamental
function of the hand [1]. However, individuals lacking special-
ized training often experience hand fatigue due to limitations in
forearm muscle size and strength, rendering them inadequate for
prolonged or heavy-load gripping. This challenge even extends
to trained professionals like rescue workers and firefighters.
Therefore, enhancing gripping endurance and strength has been
a long-standing goal for researchers, crucial for relieving stress
on hands and arms, improving working efficiency, and reducing
injury risks. Current solutions to this limitation mainly rely on
hand exoskeletons.

As promising solutions to address this challenge, hand ex-
oskeletons have been studied for rehabilitation, assistance in
activities of daily living (ADL), and task-specific training over
the past two decades [2], [3], [4], [5]. However, these hand
exoskeletons are weak in providing high supporting force for
gripping ability augmentation, which is constrained by tradi-
tional actuation technology. Existing hand exoskeletons com-
monly employ four actuation types [6]: DC-motor-based design
[7], [8], servo-motor-based design [9], pneumatic-based design
[10], and shape-memory-alloy-based (SMA-based) design [11].
While SMA-based exoskeletons offer a high power-to-volume
ratio and compactness, they can only provide low response force
with low response speed [12] and poor energy efficiency [13].
Pneumatically actuated exoskeletons demonstrate a high power-
to-weight ratio and mechanical compliance [14], [15]. However,
they require external air compression systems, typically bulky
and noisy, with limited operational duration [ 16]. Electric motors
usually include linear [17], [18], [19] and rotational [20], [21],
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[22], [23], [24] motors, and are highly available and easily
controllable. However, electric motors for hand exoskeletons
are size-limited, and therefore, struggle to provide high output
force. Electrostatic clutches offer a simple and cost-effective
solution for providing highly controllable locking forces [25],
[26], [27]. However, their operational principle often results in
relatively high energy consumption. Additionally, they require
a large contact area to generate sufficient friction force, making
them challenging to integrate into hand exoskeleton designs.
Each actuation type has its advantages and disadvantages, but
all face the challenge of providing high gripping force to improve
grip strength and endurance for hand exoskeletons. For instance,
a cord-driven unpowered exoskeleton in [28] aimed to alleviate
finger fatigue but showed limited effect on grip endurance. Many
hand exoskeletons failed to provide sufficient holding force due
to the constraint of actuators’ sizes. For example, the series
elastic actuators in [29] generate only 20 N of assistive force
per finger, and the linear actuators reported in [30] achieve
a maximum of approximately 10 N per finger. The sizes of
actuators in current hand exoskeletons are constrained by the
available space on the exoskeletons, restricting their output
forces and ability to provide higher supporting forces. Therefore,
most existing hand exoskeletons mainly facilitate ADL and
rehabilitation but struggle to lift heavy objects or support human
weight. Thus, developing an actuation mechanism and hand
exoskeletons that not only provide substantial supporting force
and effectively improve grip strength and endurance, but are also
energy-efficient, is critical for the progress of hand exoskeletons,
particularly for applications in rescue operations.

Recently, magnetorheological (MR) materials show increas-
ing advantages in developing high force-to-power ratio semiac-
tive exoskeletons [31], [32], [33]. These MR-based exoskeletons
showed advantages of highly adjustable supporting force, com-
pact structure, and lower energy consumption. MR materials are
created by comprising micron-sized ferromagnetic particles into
a nonmagnetic medium [34], [35], and have highly adjustable
modulus under magnetic field. Widely employed in exoskele-
tons, prostheses, automobiles, high-speed trains, and aseismic
applications, MR technology offers advantages including high
adjustability of output force or torque, lightweight construction,
fast response, energy efficiency, and noiselessness [36], [37],
[38], [39], [40], [41], [42], [43]. Particularly, MR grease (MRG)
offers long-term stability against sedimentation and self-sealing
properties compared to the more commonly used MR fluid [44],
[45]. These advantages stem from the high-viscosity carrier,
grease, which effectively disperses magnetic particles and coun-
teracts gravity. As a result, MRG stands out as a promising
material for robotic exoskeleton design.

We present a nonmotorized and semiactive MR hand ex-
oskeleton (MRHE) system (see Fig. 1) that can not only enhance
user’s grip strength solely by harnessing human energy, but also
provide extremely high supporting force and significantly extend
grip endurance with low energy consumption. The proposed MR
actuator effectively leverages the damping characteristics of MR
materials through an innovative and compact structural design,
offering potential inspiration for further research on wearable
robotic devices. Moreover, the experiments conducted provide

Fig. 1.

System overview.

new data on MR materials’ performance in dynamic robotic
systems, contributing to a deeper understanding of their behavior
in real-world applications. Compared to previous studies [31],
[32], [33], this work introduces new designs and highlights new
potential applications of MR materials in exoskeleton systems.
The MRHE’s primary application is in rescue situations or other
scenarios that demand a strong gripping force and prolonged
endurance. Previous studies have explored full-body wearable
robots for enhancing human performance [46], [47], [48], which
could potentially be used in rescue situations. However, to
the best of our knowledge, no wearable hand exoskeleton has
been specifically reported for rescue applications. The proposed
MR hand exoskeleton system is fully wearable, portable, and
automatically controllable with long battery life. The MR actua-
tor shows superior force-to-power ratio one-order-of-magnitude
higher than conventional actuators. The following content first
illustrates the design and prototype of the MR hand exoskeleton
system. Then, the design and comprehensive characterizations
of MR actuator are analyzed, followed by functionality evalua-
tion of the MR hand exoskeletons in enhancing grip strength and
endurance. Finally, the article conducted experiments simulating
real-world applications to characterize the hand exoskeletons’
practical performance in rescue scenarios.

II. MECHANICAL DESIGN, WORKING PRINCIPLES, AND
KINETIC MODEL OF THE MRHE

A. Mechanical Design of the Hand Exoskeleton

The proposed hand exoskeleton comprises six primary physi-
cal components [see Fig. 2(a)]: 1) MR actuators for enhancement
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1) MR actuators

2) Power and sensor
control board

3) Linkages

4) Exoskele-
tons

5) Velcro
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Fig.2. Mechanical design. (a) Three-dimensional model of the hand exoskele-

ton prototype. The hand exoskeleton consists of six parts: 1) MR actuators; 2)
power and sensor control board; 3) linkages; 4) exoskeletons; 5) Velcro strips; 6)
pressure sensors. (b) Cross-sectional view of the MR actuator. (c) Three working
states of the MRG bearing under different magnetic field intensities.

of grip strength and endurance; 2) a power and pressure sensor
control board managing power and sensor data conversion and
transmission; 3) linkages for force transmission between MR ac-
tuators and exoskeletons; 4) exoskeletons enveloping the hand;
5) Velcro strips connecting the hand to the exoskeleton; 6) two
pressure sensors for grip intention detection. The hand exoskele-
ton works by covering back of hand and providing supporting
force for the fingers. Linkages transmit forces between MR
actuators and fingers. The exoskeletons are made of sintering
of aluminium powder (three-dimensional printing), while the

linkages are made of 7075 aluminium alloy (machining) consid-
ering structure strength for high force transmission. To ensure
synchronous movement and avoid misalignment with fingers,
each finger exoskeleton’s adjacent parts in the design are linked
via hinges that precisely aligned with respective finger joint
rotational centers. Velcro strips secure fingers to the exoskeleton,
ensuring synchronous movement, and accommodating various
hand sizes.

B. Mechanical Design of the MR Actuator

As a key component of the hand exoskeleton, the design ob-
jectives of MR actuator are to improve grip strength, extend grip
endurance, and minimize energy consumption. We introduce an
innovative actuator structure [see Fig. 2(b)] comprising a ball
screw, inner and outer sleeves, plain bearing, coil, MRG bearing,
connector, and flywheel. Ball screws are commonly used to
efficiently and precisely convert rotational motion into linear
motion; however, their efficiency decreases when converting
linear motion back into rotation due to ball friction. To enhance
efficiency in this reverse motion, ball screws with large lead
lengths (6 mm in this work) were selected, as a larger thread pitch
results in a greater thread angle, reducing rotational friction in
the balls. Additionally, the nut and shaft diameters were designed
at 14 mm and 6 mm, respectively, to accommodate the limited
space on the dorsal side of the hand. Both the inner and outer
sleeves are made of low carbon steel (ASTM 1020) for higher
magnetic permeability. The inner sleeve is press-fitted onto the
outer surface of the nut, facilitating synchronous rotation with it.
Plain and MRG bearings are positioned between the sleeves and
provide radial guidance. The MRG bearing controls the rotation
of inner sleeve and nut under magnetic field, thereby controlling
load-bearing capacity of the MR actuator. The MRG bearing is
fabricated by injecting MRG into a plain bearing (see detailed
fabrication in Fig. S1). The steel balls inside the bearing are
fully surrounded by MRG, as illustrated in Fig. 2(c). When the
MRG bearing is exposed to a strong magnetic field, the magnetic
particles in the grease form dense and robust chains, increasing
the grease’s shear stress and effectively locking the bearing. As
the magnetic field weakens, the torque required to break the lock
decreases. To achieve free rotation of the MRG bearing with
minimal torque, a demagnetization method should be applied to
eliminate the OFF-state effect [37]. Details of this method are
provided in Fig. S2 of the Supplementary Materials.

C. Working Principles of the MRHE

Grip Strength Enhancement: In Fig. 2(b), the integration of a
ball screw and flywheel on the MR actuator creates an inverter
system, which accumulates human energy during gripping and
generates inertial force when gripping firmly, thereby augment-
ing grip strength. The mechanism functions as follows: the
ball screw converts the linear motion of the screw shaft into
rotational motion of the nut. When the rotational damping in
the MR bearing is low, the linear motion of the screw shaft
is efficiently converted into rotational energy of the nut and
flywheel, as shown in Fig. 3. This rotational energy can then
be reconverted due to the ball screw’s structure, significantly
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Fig. 4. Schematic illustration of grip endurance enhancement with assistance
of the MRHE.

increasing the screw shaft’s potential energy without requiring
external actuation. This stored potential energy is subsequently
used to generate a substantial inertia force on the screw shaft,
thereby enhancing grip strength.

Grip Endurance Enhancement: When the rotational damping
in the MR bearing is pretty high, the ball screw is locked, and
the MR actuator has high load-bearing capacity. In this case, the
weight on hand is supported by the MR actuator (see Fig. 4),

Oy

Bare-handed
grip strength

Gripping firmly

Exoskeleton-assisted
grip strength

Grip strength
enhanced :

F o 141.8%
F = . 0

Schematic illustration of grip strength enhancement solely by harnessing human energy.

which largely reduces the wearer’s hand fatigue and enhances
grip endurance.

D. Kinetic Model and Analysis of the MRHE

As is mentioned above, the ball screw converts the screw
shaft’s linear motion into the nut’s rotation. With low resistive
torque in the MRG bearing at zero magnetic level, energy
of screw shaft’s linear motion can be effectively harnessed
as the flywheel’s rotary energy. This energy transformation is
reversible through the ball screw, which means the rotary energy
could be converted back into the potential of screw shaft’s linear
motion and generation of inertia force. The rotation speeds of
the sleeve and the flywheel are the same as that of the nut.
According to the characteristics of the ball screw, the following
relation involving the rotation speed of the nut, the lead length
and velocity of the screw shaft satisfies:

Rotation speed of the nut x Lead of the screw shaft
= Velocity of the screw shaft.

In this article, the lead length of the screw shaft is 6 mm.
And based on the typing investigation in [49], keystroke rates
have been reported at 98-383 keys per minute for people. In
this case, the average typing speed for ordinary people can be
240 keystrokes per minute. According to the research in [50],
each keystroke involves the finger moving 3.3 cm back and
forth on average. Then, the average finger motion speed can be
calculated as 132 mm/s. Considering the resistance introduced
by the exoskeleton and MR actuator, the velocity of the screw
shaft in a fast grip can be 80 mm/s. Based on the above relation,
it is obtained

v
n = -

= 133 (7Y (1)

where n is the rotation speed of the nut. v and p stand for the
velocity and the lead length of the screw shaft, respectively.
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According to the law of rotation, it is obtained

M= Jxp ()

where M is the resultant moment applied on the nut. J is the
total rotary inertia from the nut, inner sleeve and flywheel. And
[ stands for the angular acceleration of the nut. Based on the
experimental measurement in the Supplementary Method of
Supplementary Materials, we set the motion stop time of the
ball screw to be At = 15 ms, and the following equation can
be obtained:

w 2mn 2xmx13.3 rad
= =" =" """ ~557T1.1 (— ). @3
b At At 0.015 g (s ) )

From the equation of rotary inertia of cylinders

1

where the m;, R;1, and R;o are the mass, inner diameter, and
outer diameter of cylinder /, respectively, the total rotary inertia
of the nut, inner sleeve and flywheel is calculated as follows:

J = 164 x107* (kg-m). (5)

Based on (1), the applied resultant moment M/ on the nut is
calculated as follows:

M = J-8 = 164x10*x5571.1 ~ 0.9137 (N -m).
(6)
Relationship between the resultant moment applied on the
nut and the axis force generated on the screw shaft is describe
as follows:

FN Xp (7)

:2><7r><77

where Fly is the axial force on the screw shaft and 7 is the
transmission efficiency of the ball screw. The unit of M in (7)
is kgf - mm. The value of n usually varies from 0.9 to 0.98. Set
n = 0.94, the axial force Fy on the screw shaft is calculated
as follows:

(8)

Fig. 5(a) and (b) build the kinetic model of the MR hand
exoskeleton. The kinetic model is simplified as the rigid body
model, which takes the exoskeletons, linkages, and output of
the actuator as two-force members and each two members are
connected with hinges. There are a total of 14 groups of two-
force members and they are indicated using Arabic numerals
from 1 to 14, as shown in Fig. 5(a). The aim of establishing
this model is to analyze and calculate the force F, which
is generated on the end of the screw shaft when a force F is
applied on the middle of finger, as shown in Fig. 5(b). The
applied force, F, is perpendicular to the member number 4.
To establish the relationships among all the forces including
F‘7 T17 T3,T4, T5, T7, Tg, T‘]_()7 T‘]_Q7 and FN, four sets of
Cartesian coordinates were built in blue and named x;01¥1,
X092, X303Y3, and x404y4, respectively. As shown in Fig. 5(b),
all of the forces are in red. Axis x; is parallel to the member
number 4. Axes y2, y3, and y4 are along the member number
1, 5, and 8, respectively. And the rest axes yj, X2, X3, and

1
Fy=2xmxnxMx-=~917(N).
p

Fig. 5. Kinetic model of the MR hand exoskeleton. (a) Number of the two-
force members in the kinetic model. (b) Definition of Cartesian coordinates,
forces and angles related to the kinetic model. (c) Linkage angles in an actual
grip.

x4 are perpendicular to x1, s, y3, and y4, respectively. The
origins of the four coordinates are fixed at the hinges, which
join members number 3 and 4, members number 1, 3, and 35,
members number 5, 7, and 8, and members number 8, 10, and
12. All the coordinates are right-handed systems. The axis forces
of the members are marked as 7} and 7;’. The index number i
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stands for its corresponding member’s number. T; and T}’ are
equal in size and opposite in direction. The angular relations
are also marked in black in Fig. 5(b), where 61, 03, 05, 07, Os,
010, 012, a, [ are the angles between Tsand x1, T3 and zo, T5
and o, T7 and xr3, Tg and xrs3, T10 and Ty, T12 and T4, T12 and
member number 13, Fy and member number 14, respectively.
In the coordinate x;01%;, the governing equations according to
equilibrium of forces can be obtained

T; x sin91 = F (9)
T3 x cos 01 = Ty. (10)
From (9), we have
F
T3 = ——. (11)
sinf;

Similarly, in coordinate x502y2, we have the following equa-
tions according to equilibrium of forces:

T5 X Sill(95 + T3 X sin 93 = T1 (12)
Ts x cos 05 = T35 X cosfs. (13)
By substituting (11) and (12) into (13), we have
F 0-
Ty = 9% (14)

sinf; x cosfs

In the same way, by using force equilibrium method in co-
ordinates x303y3 and x404%4, respectively, we finally have the
relationship between the fingertip force F and the force Fiy

cosfscosbrcosbyg
' sin fycosfs sin (fs — 07) sin (f12 — O10)
(15)
where /13 and [;4 are the lengths of the two levers of the V-
shaped connection. The angles 61, 6o, ..., 019, @, and (3 defined
in Fig. 5(b) have been measured in the grip test and shown in
Fig. 5(c). From the measurement, we have

sino - l13
sinf - l14

N=

01 ~ 05 = 34.0°
03 ~ 0°

07 = 25.2°

010 = 6.9°

o = 49.4°

g = 110.7°

0s — 67 = 50.0°

912 — 6‘10 = 43.1°

In the design of the V-shaped connection, the lengths of the
two levers are

113 = 35 mm

l14 = 30 mm.

By substituting the above angles and lengths into (15), we
have

N Sil’lﬂ . l14 sin (91 COS 05 sin (08 — (97) sin (912 — (910)

- -y
sina - [q3

cosfszcosfrcosbg

~ 0.285 x 91.7 ~ 26.1 (N). (16)

Therefore, in theory, the grip strength increases altogether by

Frieor = F; x4 = 104.4 (N).

III. ANALYSIS OF THE MR ACTUATOR

The mass fraction of ferromagnetic particles in MRG deter-
mines MRG bearing’s locking torque at settled magnetic fields.
Higher particle fraction results in stronger particle chains and
higher locking torque under magnetic fields. However, increased
particle fraction can cause higher rotational resistance when
no magnetic field is applied, leading to higher resistive force
of the MR actuator. To identify the optimal particle content,
torque, and force tests were performed on MR bearings and MR
actuators with varying particle mass fractions of MRG. In the
tests, magnetic field intensity was set to either zero (0 T) or ahigh
level (0.5 T). Results [see Fig. 6(a)] indicated that the average
resistive torques of MRG bearings and average resistive forces
of MR actuator at both magnetic levels rose with increasing
particle mass fractions. The MRG bearings with 50% and 40%
particle mass fractions, respectively, exhibited the largest and
second largest average torque differences. However, the MRG
bearing with 50% particle mass fraction showed a rapid increase
in resistive torque at zero magnetic level compared to those with
40% or less. At the same time, the resistive force (12 N) of MR
actuator with 50% particle mass fraction is 44% higher than
that of 40% particle mass fraction, which seriously hinders the
movement of the finger exoskeleton. Conversely, MRG bearing
with 40% particle mass fraction showed an optimal balance, with
high locking torque at high magnetic levels and sufficiently low
resistive torque at zero magnetic level. Accordingly, MR actuator
with MRG of 40% particle mass fraction also showed acceptable
resistive force at zero magnetic level.

To maximize magnetic field utilization, the coil is sleeved
over the inner sleeve and positioned between the two bearings.
This arrangement could concentrate the magnetic flux and forms
circuits within the inner sleeve, MRG bearing, outer sleeve,
and plain bearing. To verify this hypothesis, we simulated the
magnetic flux density in the MR actuator under an applied coil
current of 0.5 A using COMSOL Multiphysics, as shown in
Fig. 6(b(i)). The simulation results demonstrate the concentra-
tion of magnetic flux and circuits within the sleeves and bearings.
The circuits go straight across the MRG bearing, enabling effec-
tive utilization of the magnetic field. In this simulation, MRG
with a 40% particle mass fraction was used. To enhance the
reliability of the results, the B-H (magnetic flux density versus
magnetic field strength) curve of the used MRG was measured
using an MPMS3 magnetometer (Quantum Design Inc.) and is
presented in Fig. S3. Additionally, four probes were utilized in
the simulation to measure magnetic flux intensities at different
locations and current intensities, as shown in Fig. 6(b(ii)). The
magnetic field intensity at probe 2 is much higher than other 3
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Fig. 6.

Performance validation and electrical properties of the MR actuator. (a) Resistive torque and force of the MRG bearing and MR actuator, respectively,

under varying particle mass fractions at zero (0 T) and high (0.5 T) magnetic field intensities. (b(i)) Magnetic field simulation of the MR actuator. (b(ii)) Oretical
magnetic flux densities measured by the four probes shown in (b(i)) under varying current intensities. (b(iii)) Actual magnetic flux densities (average values, n = 8)
measured by the Gauss meter at the locations of probes 1 and 4. (c) Peak holding force of the MR actuator at different coil current. (d) Electrical properties (current,
voltage, and power consumption) of the MR actuator, exhibiting minimal variation during prolonged continuous operation. (¢) Comparative analysis between the
MR actuator and other actuators in some of the current researches regarding maximum holding force and energy consumption.

probes, showing a high concentration of magnetic flux within
the MR bearing. To further examine the theoretical data, the
actual magnetic flux intensities on the locations of probes 1
and 4 were measured using Gauss Meter with a coil current of
0.5 A. Each location was measured eight times, and the average
values are shown in Fig. 6(b(iii)). The results demonstrate good
agreement between the simulated and measured values at probe
1. However, a discrepancy was observed at probe 4, where the
actual magnetic flux density was higher than the simulated value,
indicating a limitation of the simulation model.

With the MRG bearing of optimal particle mass fraction of
40%, the performance of the MR actuator at different magnetic
levels was then evaluated (Movie S1). Peak holding force of MR
actuator is the most important for the MRHE, since it determines
the MRHE’s maximum grip support. The MR actuator was
installed on a material test system (MTS, detailed illustration can
be found in Fig. S4) for a linear tensile test and to obtain relation-
ship between its holding force and coil’s current, as shown in Fig.
S5. In Fig. 6(c), the peak holding force has a positive correlation
with coil current, with a wide adjustable range from several

Newtons to over a thousand Newtons. At 0.5 A, the holding force
peaks to 1046 N. The MR actuator’s wide and easily controllable
output force range provides advantages for its applications in
MRHE and other robotic or intelligent mechanism designs.

Electrical characterization of the MR actuator powered by
the control backpack was further tested. During a 10-min test,
the current slightly decreased due to increased coil resistance
caused by temperature rise, while the voltage remained almost
stable [see Fig. 6(d)]. The current decrease is acceptable in
rescue scenarios, as rescuers are unlikely to maintain a grip for
as long as 10 minutes due to fatigue in other parts, such as arms,
shoulders, and back. Breaks between tasks allow the coils to cool
down, keeping the current drop minimal in practice. During the
whole test, power consumption (current multiplied by voltage)
remained between 3.2 W and 2.5 W.

A comparative analysis with conventional actuators used on
hand exoskeletons [see Fig. 6(e)] revealed that the holding force
of MR actuator is 4.55 times higher than the best (found in
[52]) in the listed actuators (see detailed comparison in Table
S1). Additionally, our work exhibited the highest force-to-power
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ratio (209.2 N/W), outperforming the actuator in [52] by 7.95
times. Besides, the MR actuator reduces energy consumption
by 97.7% compared to the actuator in [52], while producing
the same holding force. The results demonstrate that the MR
actuator surpasses the state-of-art in terms of holding force and
power consumption, positioning it as a promising alternative for
hand exoskeletons.

IV. ELECTRICAL DESIGN AND CONTROL

For grip status analysis and control, fingertip pressure is
measured using two piezoresistive pressure sensors located on
the dorsal (sensor 1) and ventral (sensor 2) surfaces of the index
fingertip, respectively, as shown in Fig. 2(a). The sensors’ signals
are processed by a sensor printed circuit board (PCB) and sent
to the control backpack by a Bluetooth module, as depicted in
Fig. 7(a). The PCBs are independently powered by a lithium
battery. The control backpack in Fig. 7(b) consists of two sets
of electrical components that work for left and right hand ex-
oskeletons, respectively: STM32 microcontroller and Bluetooth
module, lithium battery, digital-to-analog (DAC) converter and
power amplifier. The micro controller and Bluetooth module
receive sensor signals run the control algorithm. The batteries
power the electrical components in the control backpack and
the MRHE. The DAC converter converts digital signals from
microcontroller into analog signals for the power amplifier,
which enlarges the battery voltage for powering MR actuators.

The control methodology can be switched between grip
strength enhancement and grip endurance enhancement based
on user’s intent [see Fig. 7(c)]. For grip strength enhancement,
the MRHE is not powered, relying solely on harnessing hu-
man energy. For grip endurance enhancement, both sensors
experience pressure during gripping, whereas only sensor 1 is
under pressure during release. By evaluating sensor values, grip
status can be classified, enabling automatic control of the hand
exoskeleton based on user’s intent.

To validate this method, the sensor values and output of con-
trol backpack were recorded during a grip-and-release period, as
depicted in Fig. 7(d). Sensors 1 and 2 value rise synchronously
above the setting threshold during gripping, while the control
backpack powers the MRHE. Upon release, sensor 2 value
decreases below the threshold first, followed by the power-down
and demagnetization of the MRHE. In summary, this method
enables simple yet effective control for the MRHE.

V. EXPERIMENTAL RESULTS

All experiments were carried out in accordance with the dec-
laration of Helsinki on research involving human subjects, and
were approved by The First Affiliated Hospital of USTC (NO.
2023KY239). All subjects provided explicit written consent to
participate in the study. Table I provides information about the
subjects, including their gender, age, height, weight, and their
professionalismin rescue. Additional details, such as the number
of subjects and hand usage, are included in the descriptions of the
subsequent experiments. For certain experiments, such as heavy
lifting and casualty evacuation, multiple volunteers participated
to show statistical differences between different subjects. While
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Fig. 7. Electronic design and overall control stratagem. (a) Overview of the
pressure sensing hardware. (b) Overview of the control backpack’s electronics
hardware. (c) Control methodology regarding grip strength enhancement and
grip endurance enhancement. (d) Correlation between pressure sensor value
and control backpack output in a grip-and-release period.

TABLE I
SUBJECT INFORMATION FOR THE EXPERIMENTS
Age Height Weight
Gender

[years] [cm] [ke]
Subjectl Male 25 176 83
Subject2 Male 23 170 76
Subject3 Male 19 183 66
Subjectd Male 21 185 80
Subject5 Male 24 185 88
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Fig. 8. Investigations on grip strength enhancement with MRHE. (a) Exper-
imental setup and results of MR actuator in rapid tensile testing. Theoretical
calculation is based on (8). (b) Grip strength testing with MRHE. Bars represent
means. Error bars represent =1 SD about the mean, and asterisks indicate
statistical significance (multiple comparisons, *P < 0.05, xxP < 0.01, s*xP
< 0.001, n = 6). (c) Average gripping times under three conditions: MRHE
with flywheels (off-state), MRHE without flywheels (OFF-state), and without
MRHE. Error bars represent =1 SD about the mean (n = 5).

for the dead hang challenge and postearthquake rescue, only
Subject 1 demonstrated the experiments to focus on performance
differences of the MRHE.

A. Grip Strength Enhancement

To validate the theoretical model, actual inertia force on the
screw shaft was tested by using the MTS. The upper right portion
of Fig. 8(a) illustrates the average peak inertia forces and their
corresponding velocities (see detailed data in Table S2). The
results show that as the speed increased, the generated peak

inertia force increased simultaneously. This is because the ball
screw first stored the driving energy in the rotating flywheel, and
then converted the energy back to generate an inertia force on the
screw shaft. This observation aligns with the design objectives
that by harnessing human hand driving energy, it is effective to
enhance grip strength without any external actuation. As shown
in the table in Fig. 8(a), the actual peak inertia forces closely
align with the theoretical values calculated using (8). The ratios
of actual forces to theoretical forces are 107%, 89.5%, 92.9%,
87%, and 89%, respectively, with an average ratio of 93.08%.
These results show the general accuracy of the model. However,
due to the omission of rotational damping and energy dissipation
of the MRG bearing, there will inevitably be deviations between
the actual values and theoretical values.

In most hand exoskeleton designs, gripping motion is actively
actuated to provide adequate grip strength for individuals with
hand disabilities to perform daily activities. However, for ordi-
nary people with intact hand functionality, the energy generated
during gripping is sufficient to be harnessed to enhance grip
strength. This is achievable by wearing the proposed MRHE
according to the above performance validation of the MR
actuator.

The impact of the proposed MR hand exoskeleton on grip
strength enhancement was assessed with experiments (Movie
S2). Only subject 1 participated in this experiment, using his
right hand (handedness). The subject was instructed to complete
six fast gripping actions without the MRHE, followed by six fast
gripping actions with the MRHE. This is because the proposed
design enhances grip strength only in fast gripping scenarios.
To minimize the impact of the MRHE’s range of motion on
grip force, the gripping range under both conditions was kept as
consistent as possible. Additionally, 20 s of rest were provided
between each gripping action to allow for adjustments and
recovery. Results in Fig. 8(b) show an increase of 85.8 N in
mean grip strength with the MRHE, which is 41.8% higher than
the condition without it. Considering the previous kinetic model
of the MRHE, the experimental result is about 82.2% of the
theoretical value Frpeo-. This deviation may result from the
frictions and efficiency in force transmission. Importantly, this
augmentation in grip strength was achieved solely through the
actuation and energy from the human hand, without any external
energy consumption.

To evaluate the impact of the MRHE on finger movement
in the OFF-state, the gripping process was recorded using a
high-speed camera at 240 frames per second. The experiment
involved two subjects (Subject 1 and 2) under three conditions:
1) MRHE with flywheels, 2) MRHE without flywheels, and 3)
without MRHE. In each trial, subjects tried to apply consistent
effort while gripping. As shown in Fig. 8(c), the average grip-
ping time with the MRHE and flywheels significantly increased
compared to the condition without MRHE. This is expected
due to the increased total moment of inertia introduced by the
flywheels, which poses a negative effect that should be addressed
in future studies. However, when the goal is to enhance grip
endurance, wearing the MRHE without the flywheels effectively
reduces finger movement resistance. This is feasible since the
flywheels are modular and can be easily detached from the MR
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Experiments on grip endurance enhancement with MRHE. (a) Experimental demonstration, SEMG values of flexor digitorum profundus, median

frequencies of the sSEMG data and grip strength loss data of the lifting experiment. Error bars represent 1 SD about the mean. (b) Dead hang challenge to
show the capacity to enhance human self-weight support of MRHE. (c¢) Experiment on assistance solely provided by the MRHE. The left figure illustrates the
experimental setup on the MTS. The right figure depicts the relationship between holding force and the moving end’s displacement under no-support (0 A overall
supply current) and maximum-grip-support (2.5 A overall supply current) conditions, respectively.

actuators. In this scenario, the average gripping time for the two
subjects decreased by 53.8% and 35.8%, respectively, as shown
in Fig. 8(c).

B. Grip Endurance Enhancement

The MRHE'’s ability to enhance grip endurance and improve
gripping capability was systematically investigated. Its perfor-
mance in lifting heavy objects with wearing the MRHE system
[see Fig. 9(a(i))] was first evaluated. During prolonged lifting
of heavy loads, the hand exoskeletons bear most of the weight,
reducing hand fatigue and enhancing grip endurance. To quan-
tify this effect, surface electromyographic (SEMG) signals from
the participant’s forearm muscle (flexor digitorum profundus)
were collected throughout the lifting experiments. The sSEMG
acquisition system and sensor placement can be found in Fig.
S6 in Supplementary Materials. All SEMG data were processed
in three steps: 1) selecting valid data segments, 2) applying
a band-pass filter (100400 Hz) to extract the relevant EMG
frequency components, and 3) computing the absolute value

of the filtered signal. The absolute SEMG value is one of the
indicators of muscle contraction force. All five subjects listed
in Table I participated using both hands. The sEMG data for
Subject 2 are shown in Fig. 9(a(ii)) and Fig. 9(a(iii)) to illustrate
the overall trend. Data for all subjects are provided in Fig. S7 in
the Supplementary Materials. In Fig. 9(a(ii)), the sSEMG value
showed a significant reduction (red line) when the MR hand
exoskeletons were worn by subject 2, indicating a noteworthy
reduction in the participant’s muscle contraction force. The
SEMG signals of other four participants also showed the same
trend, as detailed in Fig. S7.

From a longer-term perspective, the median frequency of
SEMG signals illustrates participant’s hand muscle fatigue. Mus-
cle fatigue changes series of muscle biochemical reactions such
as slowing down muscle fiber conduction and altering fiber
recruitment, causing a decrease in SEMG median frequency.
The experimental results [see Fig. 9(a(iii))] indicate that without
hand exoskeletons, there is a consistent decrease in the median
frequency of SEMG signals (blue curve), indicating a rapid onset
of hand fatigue. In contrast, with the use of hand exoskeletons,
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the median frequency of sSEMG signals maintains relative stabil-
ity (red curve), suggesting a notable reduction in hand fatigue.

In addition, hand fatigue can lead to a decrease in maximum
grip strength. In the lifting experiments, the participants’ max-
imum grip strengths were recorded both before and after the
experiments to assess how the hand exoskeleton can mitigate
their difference — the grip strength loss. Five participants were
required to lift a load of 20 kg by each hand for 100 s both
with and without wearing the MRHE system. Each partici-
pant first lifted the loads without the MRHE. After that, they
relaxed for 30 min before lifting the loads with the MRHE.
Each participant finished the test in a single day. Four of five
participants experienced over 60% reduction in grip strength
loss with wearing the MRHE system compared to not wearing it
[see Fig. 9(a(iv))]. On average, the subjects experienced 71.7%
reduction in grip strength loss. These results showed that hand
fatigue was reduced by wearing the MRHE.

Having verified its ability in heavy lifting enhancement, the
hand exoskeleton’s capacity to enhance human self-weight sup-
port was further explored. There was one subject (subject 1)
participated in the dead hang challenge (hanging from a bar with
both hands for as long as possible) with and without the MRHE
(Movie S3). There was a two-day rest period between the two
experiments to allow the subject’s hand muscles to recover from
fatigue. Similarly, the SEMG signals of participant’s forearm
muscle and maximum endurance times were recorded. By com-
paring SEMG values during the experiments, it shows that less
muscle contraction occurred when wearing the MRHE. For dead
hang duration, typically, individuals without specialized training
endure no more than 1 min [59], placing them at the “Beginner”
or “Intermediate” level. Durations of 1 to 2 min and 2 to 3 min
represent the “Advanced” and “Elite” levels, respectively. In the
experiment, the participant endured only 1 minand 19 s with bare
hands, being marked as “Advanced” level [see Fig. 9(b)]. While
with the assistance of MRHE for his best effort, the maximum
endurance time jumped to 2 min and 38 s, achieving the “Elite”
level. Such improvement shows that MRHE can enhance the
human self-weight support ability.

Following the human-centered experiments, the independent
grip support assessment of the MRHE was conducted. As illus-
trated in Fig. 9(c), the MTS was used to apply an increasing
force on the MRHE until it failed to sustain. One end of the
MRHE was secured to a static tensile force sensor (DYLF-102,
0-100 kg, DAYSENSOR Co., Ltd.) using a strap, while the
other end was pulled by the moving end of the MTS at a
speed of 1 mm/s, also using a strap. Without powering the MR
actuator for grip support, the MRHE’s holding force remained
below 34 N (blue line). When the MR actuators were powered,
the measured force increased significantly (red line), peaking
at 788 N before the hand exoskeleton failed to sustain. For
comparison, the RoboGlove in [60] can generate a peak grasp
force of approximately 222 N and a continuous grasp force
ranging from 67 N to 89 N. The Space Suit RoboGlove in [61]
can augment the test subjects’ grasping force by about 45 N.
The hand exoskeleton in [62] produces an average force of 30 N
at each fingertip, but it only actuates two fingers to provide grip

support. These comparisons demonstrate the substantial grip
support capabilities of the MRHE.

C. Applications of the MR Hand Exoskeletons

Despite advancements in large-scale tools designed to replace
human labor, human-led operations remain more effective and
practical, especially in postearthquake scenarios where human
rescuers are pivotal. The following experiments were conducted
only on subject 1 with both hands over several days in separate
sessions. In Fig. 10(a), the simulation depicts an artificial man
trapped under a large stone slab. Without the exoskeleton, the
subject lacked sufficient grip strength to move the stone and res-
cue the survivor (Movie S4). Conversely, with the exoskeleton,
lifting became manageable, and the SEMG signal amplitudes
revealed a notable reduction in hand muscle exertion compared
to efforts without the exoskeleton.

The hand exoskeletons also demonstrated their performance
in continuous rescue operations and debris clearance [see
Fig. 10(b)]. The participant continuously turned up five stone
slabs of the same weight (Movie S5). The forearm sEMG
signals shown that muscle exertion time decreased during
such continuous use by wearing MRHE. Then, the integrated
EMG (i(EMG) data for the contrast experiments was calcu-
lated. The iIEMG with MRHE decreased by 52%, indicat-
ing a much lower muscle contraction in this condition. How-
ever, in these two rescue experiments, the effort from bigger
muscle groups cannot be ignored, such as those in the up-
per and lower body. This represents the limitations of these
assessments.

Additionally, casualty evacuation scenario was simulated by
carrying a 60 kg artificial man with a stretcher on a treadmill
at the speed of 3 km/h [see Fig. 10(c)]. This experiment was
conducted by all five subjects for repeated evaluation. And
subject 1 was asked to do repeated tests to gather data on heart
rate, respiration rate, and maximum endurable distance in a
single day, with a 30-min rest between each test. Similarly,
SEMG graph showed less muscle contraction when wearing
the MRHE. The participant’s heart rate and respiratory rate
during the tests were also measured using a heart rate belt for
further evaluation. When wearing the MRHE, the participant’s
average heartrate was slightly lower than not wearing the MRHE
(decreased by 1.2%). The respiratory rates showed notable dif-
ference. The participant’s average respiratory rate with MRHE
decreased by 20% compared to not wearing it, indicating less
oxygen consumption and a lower metabolic rate (same depth of
respiratory was controlled at any experimental conditions). In
addition, the participant with MRHE carried the stretcher much
longer (110% longer time) than with bare hands. It should be
noted that it was aches from the shoulder and back muscles that
limited the participant from carrying longer with MRHE, rather
than muscles of hand and arm.

Additionally, applications such as horizontal ladder climbing,
vertical ladder climbing, and rock climbing were tested (Movies
S6 to S8) and showed the MRHE’s potential in finishing these
works.
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Application scenarios and effects of the MRHE. (a) Postearthquake rescue simulation. An artificial man was trapped under a large stone of about 200 kg.

The participant tried to remove the stone away with and without the help of MRHE. (b) Continuous stone flipping to simulate continuous postearthquake rescue
and clearance operations. (c) Casualty evacuation simulation with stretcher on a treadmill. Heart rate, respiratory rate and maximum distance during the tests are
recorded and compared. Bars represent means. Error bars represent =1 SD about the mean, and asterisks indicate statistical significance (multiple comparisons,

*P < 0.05, x%P < 0.01, #xxP < 0.001, n = 5).

VI. CONCLUSION

This work presents a nonmotorized MR hand exoskeleton that
substantially elevates user’s grip strength and endurance. These
functions can prominently help rescuers release hand fatigue
and improve working efficiency. To achieve these functions,
we developed an MR actuator capable of harnessing human
energy for grip strength enhancement, while also offering a high
supporting force for gripping augmentation and grip endurance
enhancement. Contrary to actively driven hand exoskeletons
designed for disabled individuals, the semiactive MRHE offers
a high force-to-power ratio for healthy users. Such performance
stems from the novel energy-harvesting architecture and utiliza-
tion of MR technology features—high force, fast response, and
energy-efficient.

The MR actuator and other hand exoskeleton actuators were
compared in terms of holding force and power consumption,
where the MR actuator outperforms others in both aspects.
Previous hand exoskeletons were mainly designed for the elderly
or disabled, achieving actively-controlled finger motion range

and sufficient force for daily activities [51], [53], [54], [551, [571,
[58]. However, for healthy individuals in high-load-capacity
scenarios, such active actuation is unnecessary and inadequate
to provide high supporting force. In contrast, the MR actuator
demonstrates a power-to-volume ratio one-order-of-magnitude
higher than conventional approaches.

Series of experiments were conducted to assess the enhance-
ment of grip strength and endurance by MR actuators and hand
exoskeletons. The MTS was first employed to independently
simulate the rapid activation of the MR actuator by a finger. Ex-
perimental results showed a trend of positive correlation between
the driving speed and the generated inertia force. Then, grip
strengths with and without wearing the hand exoskeleton were
measured using a dynamometer, showing an average increase
of 41.8% when the MRHE was worn. These results validate the
efficacy of the MR hand exoskeleton in significantly enhancing
grip strength.

Although the optimal magnetic particle ratio has been identi-
fied, we acknowledge that the proposed mechanism inherently
introduces some resistance to finger movement compared to
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barehanded operation. This resistance has slight negative impact
on finger dexterity and speed. However, such effect is not a
problem for hand manipulation considering the powerful assis-
tance the MRHE system provides. And this tradeoff is a common
challenge faced by most assistive exoskeleton systems.

The MR actuator’s holding force was also systematically
evaluated using the MTS. The MR actuator had a wide span
of peak holding force, ranging from several Newtons to over a
thousand Newtons. According to the results, the MR actuator
can generate a peak holding force of 1046 N with coil current
of 0.5 A, surpassing traditional actuators of the same size. We
then investigated how the MR hand exoskeletons enhance grip
endurance. In the lifting test, wearing the MRHE significantly re-
duced hand muscle activity and fatigue. Four of five participants
experienced over 60% reduction in grip strength loss compared
to not wearing the exoskeletons. In the dead hang challenge,
the participant doubled their endurance time and jumped from
“Advanced” level to “Elite” level with the assistance of MRHE.
Additionally, without being wore by human hand, the MRHE can
provide holding force up to 788 N independently. These results
underscore the MR hand exoskeleton’s capacity to enhance grip
endurance.

Furthermore, various real-world scenarios to test the MR
hand exoskeletons’ practical use were simulated. Whether in
post-earthquake survivor rescue, debris clearance, or casualty
evacuation, the exoskeletons showed competent in reducing
wearers’ hand fatigue, lowering metabolic rate, and concurrently
enhancing operational efficiency.

In practical implementation, the proposed design does have
some limitations. First, the MR hand exoskeletons are slightly
heavy for prolonged usage. Specifically, one hand exoskeleton
weighs 1.7 kg, with approximately 1.2 kg attributed to five
MR actuators, primarily from the flywheel. The necessity of
ferromagnetic materials, like low carbon steel, for constructing
magnetic paths for MR bearings also contributes to this weight.
Second, the optimization in structural design is imperative to
enhance the exoskeleton’s motion range and force transmission
efficiency. Current motion range constraints may hinder genuine
augmentation of user grip strength. Additionally, more precise
kinematic modeling is necessary to align the exoskeleton with
natural hand movement, minimizing force dissipation for better
performance. Addressing these limitations through future refine-
ment will optimize the practicality of the MR hand exoskeleton
design.
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