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ABSTRACT
This paper presents a novel robotic exoskeleton glove system

for patients who suffer from brachial plexus injuries. The robotic
exoskeleton glove systems takes advantage of our previously de-
signed rigid coupling hybrid mechanism (RCHM) concept that
was used for the index finger mechanism design of the exoskele-
ton glove. The finger mechanism utilizes the single degree of free-
dom case of the RCHM that combines a rack-and-pinion mech-
anism and offset-slider-crank mechanism as the rigid coupling
mechanism. The serial and special arrangement enables the de-
sign of each finger mechanism of the glove with reduced degrees
of freedom while more closely imitating the human hand mo-
tion. The exoskeleton glove is designed to assist patients with
hand disabilities in daily activities, and as such, it is optimized
to be compact, lightweight, and portable, and includes modu-
lated electronics for everyday use. The control system contains
low-level motor control and high-level human-machine interface
components, which enable safe and intuitive control of the ex-
oskeleton glove, thereby enhancing the user’s ability to perform
various daily activities. A high-level user interface voice activa-
tion is also integrated into the system. The paper also describes a
simulation environment that was developed using MATLAB Sim-
scape and was designed to test out and optimize different control
algorithms.

∗Corresponding author − bentzvi@vt.edu

1 INTRODUCTION
The brachial plexus [1] is a critical nerve network that trans-

mits motor and sensory signals to the shoulder, arm, hand, and
fingers. Damage to this area can result in loss of muscle con-
trol and sensation in the affected limb. Previous research has
identified young males as the most common group affected,
with causes including traffic accidents, sports injuries, incised
wounds, gunshot wounds, carrying heavy backpacks, and inap-
propriate operative positioning [2]. While surgical interventions
can restore shoulder and arm function, restoring mobility and
sensation to the wrist and hand is challenging due to the long
distance between the injury site and the target nerves [3].

Wearable devices, such as hand exoskeletons, have emerged
as a promising tool for improving hand functionality and restor-
ing patients’ activities of daily living (ADL). Over the past few
decades, numerous robotic rehabilitation hand exoskeletons have
been developed, with about half classified as daily assistive tools
[4]. Wearable devices offer advantages over stationary devices,
as they can be worn for longer periods of time and help patients
perform simple ADLs. Previous research has identified several
general design requirements for wearable devices [5]. Firstly, the
hand mechanism should be compact to avoid collisions with the
environment during ADLs. Secondly, the mechanism should be
simple for good wearability and the wearer’s safety. Thirdly, the
ergonomics of the hand exoskeleton, including the remote center
of motion (RCM), self-aligning joints, and realizing the natural
closing motion of the human finger, are also important for ensur-
ing comfortable operation.

Several wearable hand exoskeleton designs have been pro-
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Figure 1. Popular exoskeleton gloves: (A) Cyberglove, (B)
Tenoexo, (C) Hope4Care, (D) Bravo, (E) Soft Robotic Glove,
(F) Safer. (E) belongs to the soft robotics glove. (C) and (D)
belong to the linkage driven glove. (A), (B) and (F) belong to
the cable driven / bowden-driven glove.

posed to take advantage of such attributes by employing different
approaches as shown in Figure 1. One of the recent and notable
approaches that have drawn the attention of researchers is the soft
robotic glove [6–9], due to the use of compliant materials, good
wearability, low cost, and reduced degrees of freedom. However,
these gloves have some limitations, including the use of thick in-
flatable segments over the fingers to achieve bending motion and
the requirement for air compressors and air tanks, which reduces
their portability and user mobility.

Similar limitations exist in other robotic gloves driven by
hydraulic or pneumatic actuators. Cable-driven and Bowden-
driven gloves, such as SAFER [10], CyberGrasp [11], and RAS
system [12], utilize a soft glove mechanism without rigid frames
to restore hand functionality. However, this design introduces
additional issues for the robotic glove, such as uncomfortable
pre-tensioning, unexpected shear forces caused by broken ca-
bles/tendons, and bulky actuation units mounted on the back of
the hand, thereby significantly decreasing the wearability of the
glove.

The Bravo [13], and Hope4Care [14] gloves use linkages
to transmit motion from the actuators to the hand joints. This
design has the advantages of simplicity and compactness but also
drawbacks, such as bulkiness and limited range of motion.

To address the limitations of current wearable robotic glove
devices, we present a novel exoskeleton glove system with a

compact form factor, safe operational functionality, low cost, and
user-friendly design. This system integrates an ergonomic finger
linkage design, precise force control, and voice activation. We
have also developed a simulation environment for future intelli-
gent control training and testing.

The rest of the paper is organized as follows. Section 2 de-
scribes the mechanical design of the finger exoskeleton mecha-
nism. Section 3 presents the electronics design of the exoskele-
ton. Section 4 introduces the control policy of the exoskeleton
glove. Section 5 presents the simulation environment and exper-
iments. Section 6 concludes the paper.

2 MECHANISM DESIGN
The exoskeleton glove system is comprised of four finger

exoskeletons and a thumb exoskeleton that collectively cover the
entire hand. Each finger exoskeleton consists of three links:
the distal link, middle link, and proximal link, which corre-
spond to the corresponding phalanges, as well as three relative
joints, including the distal interphalangeal (DIP), proximal inter-
phalangeal (PIP), and metacarpophalangeal (MCP) joints. Typ-
ically, each joint has one degree of freedom (DOF) for flexion-
extension; but the MCP joint possesses an additional DOF for
abduction-adduction, which is passively actuated by the thenar
eminence. The thumb exoskeleton comprises two distinct links,
the distal and proximal links, along with two relative joints,
including the interphalangeal (IP) and MCP joints. The car-
pometacarpal (CMC) joint is designed to emulate human thumb
motion.

The motion of different joints on the same exoskeleton link-
age are coupled to achieve a compact and lightweight design.
Previous research has demonstrated that most grasping motions
can be achieved with reduced degrees of freedom in the fin-
ger exoskeleton [15–17]. The rigid coupling hybrid mechanism
(RCHM) [18] is utilized to couple the motion of different joints.

The main idea of the RCHM is to continuously transfer mo-
tion between adjacent links around a joint using a rigid coupling
mechanism. The previous research [19] has proved that the rack-
pinion and offset-slider-crank mechanisms can be selected as the
coupling mechanism for the coupling motion to reduce the size
and weight of the exoskeleton glove significantly.

The exoskeleton finger is constructed using offset slider-
crank and rack-pinion mechanisms. A linear actuator pushes
the output shaft straight forward to create motion. The first off-
set slider-crank mechanism is composed of the output shaft, the
connector, the base, the virtual MCP joint, and the Proximal link.
The motion of the output shaft acts as the input, and the reaction
of the virtual MCP joint serves as the output. The second offset
slider-crank mechanism comprises the base, the connector, the
Proximal link, the virtual MCP joint, and the rack. The motion
of the virtual MCP joint acts as the input, while the rack serves
as the output.
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Mimicking the rotation of the MCP joint requires two cou-
pled mechanisms. Through the coupling motion of the pinion-
rack mechanism and offset slider-crank mechanism, the linear
motion from the linear actuator is transmitted to the linear mo-
tion of the first rack in the opposite direction. Furthermore, the
remote center of motion mechanism (RCM) avoids interference
between the exoskeleton and human fingers. The rotation axis of
the RCM is aligned with the MCP joint.

This motion sequence is repeated for the PIP joint, where
the other rack on the proximal link drives the joint through the
pinion-rack mechanism. The direction of the rack’s linear mo-
tion changes due to the pinion-rack mechanism. Finally, the
motion transmission continues until it reaches the end effector
(Distal link).

The forward-motion parts are called the ”Driving” chain, as
they transmit motion to force the joint to bend. The parts with
backward motion are referred to as the ”Measuring” chain as
they measure the motion of the ”Driving” chain and continue to
transmit it to the following ”Driving” chain. With the alternate
motion of the ”Driving” and ”Measuring” chains, the motion is
transmitted to the end of the finger.

In the case of the thumb mechanism design, a similar mecha-
nism is employed to couple the motion of the IP and MCP joints.
The CMC joint on the human hand has two DOFs; thus, it is par-
titioned into two distinct revolute joints on the thumb exoskele-
ton. One of these joints serves as the active joint that initiates
thumb movement, while the other functions as the passive joint
designed to track the motion of the thenar eminence in an opti-
mized manner [19].

The entire exoskeleton glove is designed based on the mech-
anism mentioned above. The overview of the exoskeleton glove
is shown in Figure 2. The total weight of each exoskeleton finger
is 50 grams.

3 ELECTRONICS DESIGN
The electronics design of the proposed exoskeleton glove is

portable and modulated, and all the electronics are embedded in
the exoskeleton glove. Since the electronics design is modulated,
each part can be easily replaced. No external electrical wiring is
required to control the exoskeleton glove. The electronics block
diagram is shown in Fig.3. The electronics contain three parts
mounted on the forearm of the user.

The first part consists of a battery box that contains three
parallel connected 3.7V 1050mAh batteries and a power conver-
sion unit to provide 3V, 5V, and 12V voltage.

The second part consists of a two-piece control unit that con-
tains a Teensy 4.0 microcontroller, an HC-05 Bluetooth unit, and
a DVR8801 motor driver. The onboard Teensy 4.0 microcon-
troller is responsible for sensor reading and performing low-level
control, including motor impedance control, motor PID speed
control, and motor PID position control. A real-time system is

Figure 2. The overview of the exoskeleton glove design. The
motion of PIP, DIP, and MCP joints are coupled by the rack-
pinion mechanism and offset slider-crank mechanism. The RCM
is utilized to substitute the MCP joint for the thenar eminence
avoidance.

used to minimize the latency of sensor reading and provide the
ability for parallel computing. The onboard microcontroller will
receive commands from a computer through a Bluetooth connec-
tion.

Third, the exoskeleton glove uses seven dual-shaft 12v
1:1000 Pololu metal gear motors to produce sufficient power and
torque to generate motion in the proposed exoskeleton glove (one
for each finger, one for the thumb thenar, and one for the wrist).
Each motor is paired with a DVR-8801 motor driver and 12-CPR
magnetic encoders. The motor’s electrical current consumption
can be measured using the DVR-8801 motor driver. The maxi-
mum force that can be generated on each fingertip is 3N.

4 CONTROL SYSTEM DESIGN
The control system of the proposed exoskeleton glove de-

sign consists of a low-level motor controller that controls the
movement of the electric motors, and a high-level human-
machine interface that controls the exoskeleton glove’s overall
grasp motion.

4.1 Low-Level Motor Control
The proposed exoskeleton glove does not feature any force

sensor; thus, it is challenging to control the force. Instead of
controlling the force output by the motor or fingertip of the ex-
oskeleton linkages, we control the mechanical impedance of the
motor.

The motor’s mechanical impedance is measured from the
motor’s electrical current consumption. When grasping a target
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Figure 3. Electronics block diagram.

object at a constant speed, the object will exert force in the oppo-
site direction to the motor. The motor will consume more elec-
trical current than performing an unloaded (empty) grasp mo-
tion to maintain a constant grasp speed. Thus, the mechanical
impedance of the motor can be measured by monitoring the mo-
tor’s electrical current consumption difference between a loaded
and unloaded grasp. As an example, the electrical current con-
sumption difference of the middle finger mechanism is shown in
Fig.4.

The motor’s electrical current consumption difference
(𝐼𝑑𝑖 𝑓 𝑓 ) is controlled using Eq.1.

𝐼𝑑𝑖 𝑓 𝑓 = 𝐼 − 𝐼𝑝𝑟𝑒𝑑 (1)

where 𝐼 is the measured current, and 𝐼𝑝𝑟𝑒𝑑 is the current con-
sumption during unloaded (empty) grasp. The electrical cur-
rent consumption for constant grasp speed using the same fin-
ger mechanism is repeatable, as shown in Fig.4 (C). Thus, an
unloaded (empty) grasp motor current prediction model was de-
signed based on the motor’s speed and position to predict 𝐼𝑝𝑟𝑒𝑑 .
The middle finger mechanism was used to measure the motor’s
current consumption at seven different speeds in the full position
range (motor position starts at 0mm and stops until reaching the
mechanical limit) with a sampling rate of 100Hz. Over 8,000
data samples were collected, and over 6,000 data samples were

Figure 4. Middle finger mechanism motor’s electrical current
consumption comparison between unloaded (empty) and loaded
grasp.

Figure 5. Middle finger mechanism unloaded (empty) grasp
motor current prediction model.

used to build a model using 5𝑡ℎ degree linear regression on both
the speed and position axes. The model is shown in Fig. 5. The
𝑅2 of the model is 98.8%. 2,000 data samples were reserved for
validation; the Mean Absolute Error (MAE) is 1.25mA, and the
Mean Absolute Percentage Error (MAPE) is 9.6%.

Therefore, the motor was controlled by monitoring the
electric current consumption difference. Although this control
method cannot measure the exact motor output force, it can be
used to detect contact and the current consumption difference can
be used as control feedback to assist grasping. Fig. 7(B) shows
the low-level control logic. The motor PID speed controller will
move the finger mechanism at a constant speed. The motor cur-
rent consumption is measured and compared with the no-load
motor current consumption. If the motor current consumption
difference exceeds a threshold, a motor PID position control is
used to lock the motor at the position where current consumption
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Figure 6. Exoskeleton glove low-level control real-time sys-
tem structure.

exceeds the threshold value.
The low-level control is implemented on a real-time sys-

tem following the structure shown in Fig. 6. Threads 2-5 are
running in parallel to perform the current consumption control
logic. Thread 1 is dedicated for communication with the high-
level controller using Bluetooth communication.

4.2 High-Level Human Machine Interface
The high-level controller features a voice-based Human Ma-

chine Interface (HMI) called the configurable voice activation
and speaker verification system (CVASV) [20, 21]. The key fea-
ture of the CVASV system is to provide text-dependent speaker
verification for the exoskeleton. Such HMI allowes the user to
configure customized activation keywords and provide speaker
verification for each input command.

The HMI can convert voice input into grasp type and de-
sired current consumption difference. The exoskeleton can per-
form six types of grasp, including cylinder grasp, sphere grasp,
tip grasp, tripod grasp, lateral grasp, and release. The desired
current consumption difference has three levels, including small,
medium, and large. Thus, the commands are constructed as
[force-level + grasp-type], for example, medium cylinder grasp.
Based on experiments, a proper desired current difference was
selected for each level and grasp type.

Fig.7(A) shows the high-level controller structure. Voice
commands are captured by a wireless microphone and detected
by the CVASV system. Desired current difference was set for
each motor based on the grasp type and desired current consump-
tion difference level. The expected current difference for each
motor is sent to the low-level controller as control input through
Bluetooth.

Figure 7. Exoskeleton glove control structure. (A) The
CVASV high-level human-machine interface runs on a personal
computer or server. CVASV: Configurable voice activation and
speaker verification system [20, 21]. (B) Low-level control run-
ning on a Teensy 4.0 micro-controller.

5 SIMULATION
Matlab Simscape R2022b was used to simulate the proposed

exoskeleton glove. Simulation is a crucial step to ensure hard-
ware and control system proper functioning and is also helpful
in accelerating the process of designing complicated control al-
gorithms. The simulation is introduced in the following three
parts: (1) simulation parameter selection, (2) control system in
the simulation environment, and (3) simulation results.

5.1 Simulation Parameter Selection
Three sets of parameters are essential for a simulation to

function correctly.
The first set of parameters is the physical parameters of the

simulated object, such as the mass, center of mass, and momen-
tum of inertia. In our simulation, the material property was set
in SolidWorks and automatically generated the above parame-
ters. Fig. 8(A) shows the simulated index finger with assigned
materials.

The second set of parameters is the internal mechanism of
the simulated actuators. In the real world, the proposed exoskele-
ton contains seven actuators: one for each finger, one for the
thumb thenar, and one for the wrist. Passive revolute joints were
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used between the finger mechanism and exoskeleton glove base
to adapt a human finger’s abduction and abduction motion. The
passive joints are shown in Fig. 8(B) labeled as revolute joint
A. However, in simulation, these revolute joints are treated as
actuators in order to reduce the computational cost of the simu-
lation. In this way, the simulation does not need to calculate the
contact force between the finger mechanisms and fingers. Thus,
each finger consists of two actuators, one prismatic joint to con-
trol the linear motion of the finger mechanism and one revolute
joint to simulate a human finger’s abduction and adduction mo-
tions. In addition to the ten actuators, which control the finger
mechanism, there is the revolute joint B for the thumb thenar’s
rotary motion. Two more actuators control the wrist motion to
simulate a human wearing the exoskeleton glove. These actua-
tors are labeled in Fig. 8(B). For the simulated actuators that do
not match an actual hardware actuator, we control the position
of the actuator. Aspring-damper system was set up as the actua-
tor’s internal mechanism for the simulated actuators representing
a motor in the actual hardware. The spring-damper system for
the prismatic joints has a spring stiffness of 300 N·m, a damping
ratio of 100 N·m/s, and the revolute joint B has a spring stiffness
of 300 N·deg and a damping ratio of 100 N·deg/s. These values
were selected based on a trial and error process in order to match
with the hardware.

The third set of parameters is the contact force calculation
parameters. In this case, the contact between the finger and the
target object was of concern in order to achieve faster simulation
speed. The contact force parameters include stiffness, damping
ratio, and static and dynamic friction. These parameters were
acquired from previous research [22].

5.2 Control System
The control logic for the simulated actuators is discussed in

this section. For the simulated actuators that do not match an
actual hardware actuator, the position of the actuator was con-
trolled using the built-in position controller.

The control logic shown in Fig. 9(A) was used for the sim-
ulated actuators that correspond to an actual hardware actuator.
The logic is similar to what we used to control the actuator de-
scribed in Fig. 7(B). The control input is the desired force, and
PID speed control is performed when the measured force does
not exceed the desired force. If the measured force exceedsthe
desired force, a PID position control is used to lock the actuator
in place. Fig. 9(B) shows a simulated actuator’s measured force
and position while grasping a target object. The desired force is
20 N, and the actuator is locked at around 9.5 mm.

5.3 Simulation Results
A simulation was performed with the previously discussed

simulation parameters and control algorithm, and the result is
shown in Fig. 10. The target object is a simulated 500 ml plastic

Figure 8. Simulated exoskeleton glove. (A) Simulated index
finger with labeled material. (B) Simulated two-finger exoskele-
ton glove with labeled actuators.

Figure 9. (A) Simulated finger mechanism actuator control
structure. (B) Simulated finger mechanism actuator’s measured
force and position during grasping a target object.
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Figure 10. Simulation result of the purposed exoskeleton
glove grasp grasping a 500 ml plastic water bottle. (A) Side view
of the exoskeleton glove. (B) 45-degree angled view of the ex-
oskeleton glove. (C) Top view of the exoskeleton glove.

water bottle full of water. The exoskeleton successfully grasps
and lifts the target object, which proves the appropriateness and
accuracy of the design, control algorithm, and simulation envi-
ronment.

6 CONCLUSION
In this paper, an exoskeleton glove system was presented for

individuals with hand disabilities to assist with their activities of
daily living and for rehabilitation. The mechanical design and

electronics design of the exoskeleton glove were presented first.
The mechanical design focused on creating a lightweight, com-
fortable glove that provides assistance and support to the user’s
hand. The electronics design focused on portability and mod-
ularity for daily use. The control system design was also pre-
sented, which consisted of a low-level motor control and high-
level human machine interface. In addition, a simulation en-
vironment setup was designed and introduced for basic experi-
ments with the purpose of demonstrating that our proposed sys-
tem can grasp, and also to serve as a tool for testing other intelli-
gent control methods in the future.

The control system design was an essential component of
the project, as it allowed for the efficient and effective operation
of the exoskeleton glove. The low-level motor control system
ensured that the motors operated correctly and safely. At the
same time, the high-level human-machine interface allowed the
user to easily control the glove and customize its behavior to their
individual needs.

To evaluate the performance of the exoskeleton glove sys-
tem and to be able to develop intelligent control methods in the
future, a simulation environment was designed, and basic exper-
iments were conducted. The results demonstrated that the pro-
posed system has the ability to grasp objects and perform intel-
ligent control, paving the way for further development and im-
provements. Overall, this exoskeleton glove system has the po-
tential to significantly improve the quality of life for individuals
with hand disabilities, providing them with increased indepen-
dence and autonomy in their daily activities.

In order to further enhance the effectiveness and precision
of the low-level control method proposed, future work should
focus on addressing two key aspects. First, it is crucial to inves-
tigate and establish a clear relationship between the motor’s out-
put force and its current consumption through extensive exper-
iments. This empirical data will provide valuable insights into
effectively controlling and regulating the motor’s output force.
Second, the grasp force utilized in the simulation experiments
was determined through trial and error. To overcome the limi-
tations of this approach and ensure robust control, future efforts
should be directed towards designing a more sophisticated con-
trol policy. This can be achieved by leveraging the advantages of
a simulation environment, which offers a controlled and flexible
platform for iterative testing and optimization. By systematically
exploring different control strategies within the simulation, a ro-
bust and efficient control policy can be developed, enabling more
accurate and reliable grasp force manipulation.
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