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Abstract— Soft, underactuated, and wearable robotic exogloves have received an increased interest over the last years.
These devices can be used to improve the capabilities of healthy
individuals or to assist people that suffer from neurological
and musculoskeletal diseases. Despite the significant progress in
the field, most existing solutions are still heavy and expensive,
they require an external power source to operate, and they
are not wearable. In this paper, we focus on the development
of an affordable, underactuated, tendon-driven, wearable exoglove equipped with a novel four-output differential mechanism
that provides grasping capabilities enhancement to the user.
The device and the differential mechanism are experimentally
tested and assessed using three different types of experiments:
i) grasping tests that involve different everyday objects, ii)
force exertion capability tests that assess the fingertip forces
for different types of grasps, and iii) tendon tension tests that
estimate the maximum tendon tension that can be obtained by
employing the proposed differential. The device considerably
improves the grasping capabilities of the user with a weight of
690 g and an operation autonomy of a whole day.

I. I NTRODUCTION
Hands allow humans to execute the majority of tasks of
daily living with ease. Thus, diseases that can compromise
the capabilities of the human hand have a tremendous impact
on the lives of patients. Reduced hand dexterity is frequently
noticed in people that have suffered from neurological and
musculoskeletal diseases such as arthritis, Cerebral Palsy,
Parkinsons Disease, and stroke [1]. According to the World
Stroke Organization, stroke is the leading cause of death and
disability worldwide [2]. One in six people will suffer a
stroke in their lifetime. Some of the effects of stroke are
weakness in arms and legs, problems with speaking, vision
problems, pain, headaches, among others. Weakness of arms
and hands is one of the most popular effects, reaching
more than three quarters of stroke survivors. Furthermore,
40% of stroke survivors will experience moderate to severe
impairments requiring special care [3].
The execution of active repetitive movements is part of
the rehabilitation process of impaired people since these
movements have a profound effect on the recovery from
various brain injuries [4]. For this reason, many devices
have been developed that provide assistance in grasping
and manipulating objects. These devices facilitate and speed
up the rehabilitation process, assisting the execution of a
plethora of activities of daily living (ADLs) and increasing
the quality of life of their users.
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Fig. 1. The underactuated, tendon-driven, assistive exo-glove is composed
of a control box, a glove, and an EMG sensor. The control box contains the
motor that is connected to the proposed four-output differential mechanism.
The differential is connected to four artificial tendons which are routed
through tubes to reach the soft exo-glove. The tendons are connected to
tendon termination structures stitched onto the fingertips of the exo-glove.
The system is controlled by an EMG sensor located at the forearm.

Although many devices found in the literature can significantly assist people with impaired hands, they have
several limitations, being heavy, expensive, rigid, with short
autonomy, or requiring complicated control schemes and
sophisticated sensors in order to operate. In [1] and [5],
the authors present an overview of the current solutions for
hand rehabilitation and assistance. These wearable devices
can operate using different types of actuation systems (e.g.,
pneumatic, hydraulic, linkage-based, and cable-driven) and
different number of actuators, ranging from one actuator for
the entire hand to multiple actuators per finger. In [6], the
authors present a tendon-driven, soft, robotic exo-glove that
can exert a wrap grasp force of 40 N and a pinch force of
20 N using a battery powered actuation unit that weighs
more than 1.5 kg. In [7], the authors propose a tendondriven, assistive glove that employs four motors that can
generate a pinch force of 16 N. The device weighs 340 g and
can run continuously for 4 h. In [8], the authors describe a
five-fingered linkage-based exoskeleton for rehabilitation that
weighs 275 g and can exert a contact force of 10 N per finger.
In [9], the authors present an assistive glove that employs a
hydraulic system. The device weighs 3.3 kg, can operate
continuously for two hours and can increase by 8 N the
distal tip force. In [10], the authors propose a soft, assistive
glove that can exert a fingertip force of 9.12 N, employing a
pneumatic system and having a weight of 1.26 kg. In [11],
the authors propose a pneumatic, lobster-inspired robotic
glove for hand rehabilitation that weighs 150 g (excluding the
typically heavy pneumatic system) and can exert a fingertip
force of 3.5 N under a pressure of 180 kPa.
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Many robotic hands and assistive gloves use a single
actuator to move multiple fingers, and some of them apply
specific differential mechanisms to distribute the forces from
the single actuator to the fingers. In [12] and [13], the authors
propose robot hands that employ differentials based on the
whiffletree mechanism to operate multiple fingers using a
single motor. Although these differentials evenly distribute
the load among the fingers, the whiffletree mechanism requires a lot of space to operate and a careful calibration.
In [14], the authors describe the design of a robot hand
that uses one actuator to activate an adaptive synergy that
controls five fingers simultaneously. Multiple objects can
be grasped using the synergy concept, however, only one
grasp position can be performed, restricting the applicability
of the device. In [15], the authors propose a soft robotic
glove that uses a single motor that drives an array of spools
dimensioned according to the first postural synergy. The
mechanism actuates all three fingers. Using this device, only
one closure pattern can be employed, thus the forces are
not evenly distributed among the participating fingers while
grasping irregular objects. Finally, in one of our previous
works [16], we presented a soft robotic glove that uses a
single motor to actuate three fingers distributing the forces
through a two-output differential mechanism (one output
for the thumb and one for the index and middle fingers).
Although the force is distributed to the thumb and the rest
of the fingers, the distribution is not even due to the small
number of differential outputs.
In this paper, we propose an underactuated, tendon-driven,
lightweight, wearable exo-glove that augments the grasping
capabilities of the user. The device uses a novel fouroutput differential that evenly distributes the forces from one
actuator to the four artificial tendons that are used to actuate
the thumb, index, middle, and ring fingers. The device is
experimentally tested, and its efficiency is validated using
three different types of tests: i) grasping tests that involve
different everyday objects, ii) force exertion capability tests
that assess the fingertip forces for different types of grasps,
and iii) tendon tension tests that estimate the maximum
tension of the tendons that can be obtained by employing
the proposed differential mechanism.
The rest of the paper is organized as follows: Section
II presents the soft, underactuated, tendon-driven, wearable
exo-glove and the proposed four-output differential mechanism, Section III details the experimental setup used for the
tests and presents the experimental results, while Section IV
concludes the paper.
II. E XO - GLOVE AND D IFFERENTIAL
In this section, we present the design of the proposed fouroutput differential mechanism, and we discuss the operation
of the developed exo-glove.

Fig. 2. The four-output differential evenly distributes the torque from the
central barrel, τd , to the four shafts. The Dynamixel XM430 smart motor
provides a torque, τm , to the system. Artificial tendons are connected to
these shafts and the tendon tension that can be achieved on each output is
F1 , F2 , F3 , and F4 , respectively.

torque equally between them but also permitting them to
move to different lengths. Typically, a differential mechanism
has two outputs and its most popular application is in the
automobile industry, where the differential allows the wheels
to rotate at different speeds. In this paper, we propose a
four-output differential, distributing the torque provided by
one motor to the four cables connected to the glove. Such a
mechanism allows the fingers to passively adapt to the shape
of objects during the grasp, maximizing the contact points.
Maximization of the contact areas during grasping, leads to
the maximization of the grasp stability, as discussed in [17].
The four-output differential mechanism is composed of
three main parts, a central barrel and two different lateral assemblies, as shown in Fig. 2. The central barrel is composed
of a plastic cylinder, two needle bearings, and a combination
of four spur gears that operate as a spur gear differential [18].
The outside geared ring is used to provide the torque input.
Each lateral assembly is composed of six gears, two steel
shafts, and a plastic case with a geared tip that is connected
to the central barrel. A spur gear is connected to the end
of the inner and outer shaft. Each lateral assembly has two
shafts directed to the same side, an inner and an outer shaft.
The outer shaft has a hollowed center where the inner shaft in
placed, allowing both shafts to rotate with minimal friction.
The bearings in the central barrel allow for the free rotation
of the lateral assemblies. Such a design choice guarantees
that all four shafts are placed on the same axis that facilitates
the operation of a four-output differential. Fig. 3 shows the
position of each component of the four-output differential.
In order to determine the most suitable motor and the
gear ratio required between the motor and the differential
mechanism, the maximum applicable forces of each output
were calculated by employing Eq. 1 - 5. Fig. 2 illustrates how
the forces and the torques are distributed in the differential
mechanism. More precisely, τd is defined as the torque
applied to the differential that is divided into four outputs, τi ,
i = 1, 2, 3, 4 (Eq. 1). The torque is equally distributed among
the outputs, as shown in Eq. 2.

A. Differential Design
A differential mechanism is a mechanical device that
permits power from a primary power source (e.g., engine
or motor) to be transmitted to multiple outputs, dividing the
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τd = τ1 + τ2 + τ3 + τ4

(1)

τd
4

(2)

τ1 = τ2 = τ3 = τ4 =

Fig. 3. The four-output differential is composed of three main parts: a central barrel and two lateral assemblies. The central barrel is composed of a plastic
case, two needle bearings, and a combination of four central gears, shafts and spacers. The outside geared ring of the plastic case is used to provide the
torque input. A Dynamixel XM430-W350-R is used to provide the torque input. Each lateral assembly is composed of six gears, two steel shafts, and a
plastic case with a geared tip that is connected to the central barrel. A spur gear is connected to the end of the inner and outer shaft. Each lateral assembly
has two shafts directed to the same side, an inner and an outer shaft. The outer shaft has a hollowed center where the inner shaft in placed, allowing both
shafts to rotate with minimal friction. The bearings in the central barrel allow for the free rotation of the lateral assemblies. This design choice (of having
one shaft inside another) guarantees that all four shafts are placed on the same axis and enables the efficient operation of the four-output differential.

The output torque can be written in terms of the tendon
tension (tangential force) and the radius of the pulley (Eq.
3). The radius of all pulleys are the same, so the tension of
all tendons will also be the same.
τi = Fi ri

(3)

The torque of the differential is proportional to the torque
applied by the motor, τm , being multiplied by the gear ratio,
ig , between the motor gear and the differential.
τd = ig τm

(4)

The force transmitted to each tendon can be written as
shown in Eq. 5. In the differential proposed, the motor can
apply a torque up to 3 N m, the pulley channel has a diameter
of 14 mm, and the gear ratio is 1.26. Thus, a maximum force
of about 135 N can be achieved by each tendon.
ig τm
(5)
4ri
In the exo-glove proposed in [19], the cable tension
reached 50 N to obtain a sum of contact forces of 20 N using
two fingers. In the assistive exo-glove presented in [20], the
authors report experimental results for cables tensioned with
less than 40 N. In [15], the authors successfully used tendons
that could withstand 100 N in their exo-glove, meaning that
the maximum tension is smaller than 100 N. These studies
demonstrate that the output force in each tendon provided by
the differential is enough to execute the necessary grasping
tasks. The artificial tendons used in this exo-glove are made
out of low friction braided fiber of high-performance UltraHigh Molecular Weight Polyethylene (UHMWPE) that can
withstand forces up to 350 N.

B. Exo-glove
The operation of the proposed exo-glove is simple and
straightforward. After wearing the device, an EMG sensor
is placed on the skin of the patient’s forearm where the
myoelectric activations of the forearm muscles can be sensed
(Flexor Digitorum Superficialis area). A microcontroller
receives the filtered signal from the EMG sensor board,
processes it, and controls the smart motor through simple
thresholding. The microcontroller, the sensor board, and the
Dynamixel XM430-W350-R motor are powered by a Li-Po
battery (see Fig. 4). All these components are accommodated
inside a plastic “control unit” box.

Fi =

Fig. 4. The proposed exo-glove is composed of an assistive glove, an
EMG sensor, and a control box that contains a Dynamixel XM430 smart
motor, a battery, a microcontroller, and a four-output differential mechanism.
The assistive glove has seven anchor points to reroute the tendons and four
termination structures at the fingertips for the artificial tendons. The tendons
run at the inside of the glove and through appropriately selected routing
tubes connecting the ”control unit” box and the glove.
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Four pulleys are connected to the differential, one for
each output. The artificial tendons connect the pulleys to
tendon termination structures located at the fingertips of the
glove, as shown in Fig. 4. The tendons used are routed at
the inside of the glove in order to not contact the objects
during grasping. Four polyurethane tubes are used for tendon
routing connecting the “control unit” box to the glove. The
glove has five anchor points that reroute the tendons. The
anchor positions were optimized according to [16]. When
the motor is activated, the tendons are tensioned and the
fingers are bent. The four-output differential allows for an
even distribution of the load, facilitating the execution of
stable and robust grasps. When grasping an object, all fingers
are bending simultaneously until the first finger touches the
object. Then the first finger stops moving and the force is
evenly distributed to all the fingers, thus the rest of the
fingers move faster towards the object surface. Finally, all
the participating fingers touch the object and apply the same
contact force until a maximum force is reached.
The whole device weighs 690 g, while the glove weighs
only 49 g. The device costs less than 400 USD in materials
cost, and has an operation autonomy of a whole day, based
on the number of grasps performed daily [21].

Fig. 5. The force exertion experiment measured the fingertip forces exerted
by the proposed exo-glove for five popular grasp postures: lateral (a),
spherical (b), pinch (c), tridigital (d), and cylindrical grasp (e). For this
experiment we used force sensors (SingleTact S8-100N) mounted on the
fingertips. The maximum contact forces that could be exerted were recorded.
TABLE I
O BJECTS USED DURING THE GRASPING EXPERIMENT.
Object
Hammer
Banana
Apple
Baseball Ball
Soft Ball
Dice
Credit Card
Marble
Mustard Bottle
Chips Can
Wood Block

III. E XPERIMENTS AND R ESULTS
Three different experiments were conducted to assess
the performance of the exo-glove and the proposed fouroutput differential mechanism. The first experiment consisted
of grasping multiple objects performing different types of
grasps. The second experiment focused on measuring the
finger forces for the most common grasps required to execute
ADLs. The third experiment focused on testing the limits
of the four-output differential by measuring the maximum
tension that could be obtained for each tendon.

Mass (g)
665
66
68
148
191
5.2
5.2
4.5
603
205
10.8

Dimension (mm)
24x32x135
36x190
75
75
96
16.2
54x85x1
10
58x95x190
75x250
26

Success
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes

TABLE II
M AXIMUM FORCES OBTAINED FOR FIVE DIFFERENT GRASP TYPES .
Grasp Type
Cylindrical
Spherical
Tridigital
Pinch
Lateral

Force (N)
11.9
7.5
8.7
8.9
2.6

A. Object Grasping Experiment
The first experiment focused on assessing the grasping
performance of the exo-glove while grasping different commonly used objects. All objects used for this experiment
were selected from the YCB object set [22], an object set
designed for facilitating benchmarking in robotic grasping
and manipulation. A total of 11 objects were tested (see
Table I). The objects ranged from a tiny dice to a heavy
hammer. The healthy individual was instructed to not exert
any forces with his fingers during the tests in order to not
affect the results. 10 out of 11 objects were successfully
grasped, while the credit card could not be grasped. Flat and
thin objects like the credit card require a combination of fine
motions and the provision of fingernails to be successfully
grasped from a table surface. Such objects can be slided to
the edge of the table surface and be successfully grasped
there with a simple pinch / fingertip grasp.

spherical, tridigital, pinch, and lateral grasp) it is possible to
perform most of ADLs. Five objects were selected for the
execution of all grasp types (a cylinder, a baseball ball, a
small ball, a cube, and a credit card). In order to measure
the contact forces exerted by the fingers in each situation, a
SingleTact S8-100N force sensor was placed at the fingertip
of each finger. The user was instructed to not exert any
forces with his fingers during the tests. The summary of
maximum forces obtained for each object is shown in Table
II. According to [24], the forces required to execute ADLs
do not exceed 10 N to 15 N. Also, according to [25] the
pinch forces required to execute most of the daily tasks are
lower than 10.5 N. Based on the forces obtained during the
experiments, it is evident that the exo-glove can be used for
the successful execution of a plethora of ADLs.

B. Force Exertion Experiment

C. Tendon Tensions Experiment

The second experiment focused on measuring the forces
exerted by the exo-glove for different grasp types. According to [23], with five different types of grasp (cylindrical,

The third experiment focused on testing the mechanical
limits of the designed four-output differential. The experiment measured the tendon tensions until either a tendon, the
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differential or the motor failed. Although the maximum theoretical tendon tension calculated in section II-A can be more
than 100 N, the calculation does not consider efficiency loss
due to friction between components, the operating conditions
of the motor, or the mechanical resistance of the components
used in the differential. To perform the experiment, equal
weights of 500 g were incrementally added at the end of the
tendon in all four outputs while the differential was running,
until the system could not withstand the load. The maximum
tendon tension obtained during the experiments was 39 N,
which is enough to grasp the objects examined and similar
to the values reported in [15], [19], and [20].
D. Video Demonstration
A video presenting the assistive, underactuated, tendondriven, wearable exo-glove and the proposed differential
mechanism, can be found at the following URL:
https://www.newdexterity.org/exogloves
IV. C ONCLUSIONS
In this paper, we presented an assistive, underactuated,
tendon-driven exo-glove that employs a four-output differential mechanism to increase the grasping capabilities of
its users. Different experiments were performed to evaluate
the performance of the assistive exo-glove and the results
demonstrate that the proposed device is very efficient. The
application of a four-output differential mechanism drastically reduces the cost and the weight of the device when
compared to solutions with multiple motors, allowing for the
execution of stable and robust grasps. The proposed fouroutput differential mechanism could also be used for the
development of lightweight prosthetic devices and underactuated robot hands.
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