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ABSTRACT Physical therapy plays a crucial role in the motor recovery. Rehabilitation robots have emerged
as significant advancement, enabling repetitive therapeutic interventions in both clinical and home settings.
In this context, the development of a highly functional, reliable, portable, and cost-effective mechatronic
systems for wrist and hand rehabilitation represents a significant step in the field. This article focused
on the design and implementation of the M3Rob device, a 3-DoF wrist exoskeleton equipped with a
force sensor, allowing for the execution of active therapies, recognized for their effectiveness in motor
recovery. Hence, a close-loop admittance control utilizing a joint-space target trajectory as input is presented
and experimentally evaluated across three distinct levels of assistance. Moreover, to address the need for
rehabilitation targeting activities of daily living, the device enables the incorporation of a hand exoskeleton
for simultaneously performing hand and wrist rehabilitation. Featuring a range of motion of 180◦ for
pronation/supination, 120◦ for flexion/extension, and 75◦ for ulnar/radial deviation, in combination with
joint torques spanning from 7.85 to 43.86 Nm, the device covers the required motions and forces essential
for daily activities. The presented device offers a comprehensive solution for wrist and hand rehabilitation,
effectively addressing critical challenges in motor recovery.

INDEX TERMS Admittance control, assistive robots, dynamics, kinematics, mechanical design, mecha-
tronics, wrist rehabilitation exoskeleton.

I. INTRODUCTION
The hand, characterized by its intricate kinematic capa-
bilities, enables interaction with the environment through
grasping and touching actions, and the wrist, a complex
articulation facilitating hand positioning and manipulation in
space. Wrist and hand are collectively indispensable for exe-
cuting activities of daily living (ADLs), work-related tasks,
and recreational activities. However, individuals affected by
central nervous system (CNS) injuries, including stroke,
and traumatic brain injury [1], or musculoskeletal disorders
(MSDs), such as fractures, or arthritis [2], [3], may experience
motor impairments in the hand and/or wrist, resulting in
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weakened movements, pain, limited range of motion, and
diminished functionality [4].

In such cases, the rehabilitation of the wrist and hand is cru-
cial for restoring motor function, preventing complications,
and alleviating pain, ensuring individuals regain functional
independence and proficiency in daily tasks reliant on these
essential joints, like grasping objects, typing, and various
fine motor skills [5]. Various modalities, including manual
therapy, exercises, orthoses, physical agents, education, and
counseling, can be incorporated into rehabilitation strategies.
In the realm of physical therapies, mechatronic devices have
been developed to assist patients in performing repetitive
wrist and hand movements, thus facilitating the rehabilitation
process for healthcare personnel [6]. One of the major chal-
lenges is the development of a device capable of assisting a
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comprehensive range of motion (ROM), including all three
wrist rotations, as well as independent finger flexion and
extension.

Wrist rehabilitation exoskeletons are typically composed
of complex mechanical structures and multiple actuators to
assist wrist movements. Over the past few decades, numerous
proposals have emerged. Despite the diversity of proposed
configurations, the current trend is towards compact and
portable devices. Rice University (Houston, TX, USA) has
developed wrist rehabilitation robots such as MAHI [7],
RiceWrist [8], MAHI EXO II [9], RiceWrist-S [10], and
OpenWrist [11]. The MAHI, RiceWrist, and MAHI EXO
II devices consist of a parallel mechanism system to assist
in the rotational movements of the wrist, and both MAHI
and MAHI EXO II also support elbow rehabilitation. Later,
RiceWrist-S andOpenWrist robots were developed, featuring
a more compact and rigid design that can incorporate a hand
exoskeleton using the Readapt module [12].
Lincong Luo et al. [13] developed a wrist rehabilitation

module with an adjustable plate to move the device han-
dle according to the patient’s arm size. Capello et al. [14]
employed linear actuators instead of rotational motors to
assist the three wrist DoFs. IIT wrist robot [15] is char-
acterized by a compact design along with the RiceWrist-S
and inspired the development of the Wrist Gimbal [16],
a portable rehabilitation robot that assists in the 3 DoFs
of the wrist. POWROBOT [17] has recently developed a
portable device for 3-DoF wrist rehabilitation that incorpo-
rates a force sensor. Likewise, the robot presented by Gopura
and Kiguchi [18] also used a force sensor. Nu-Wrist [19]
is a 3-DoF rehabilitation robot that uses servo motors and
3D-printed parts.

The integration of combined wrist and hand rehabili-
tation in therapy sessions offers significant benefits [20]
by closely emulating the movements required for activities
of daily living. However, the development of mechatronic
devices capable of supporting both functionalities remains
limited due to the inherent mechanical design complexi-
ties. Among the few available solutions, the OpenWrist [11]
device, in combination with the Readapt module [12], stands
out as an integrated system capable of addressing this
challenge. Another noteworthy device is the WRES [21],
which offers a comprehensive upper limb rehabilitation
capability.

On the other hand, extensive evidence has demonstrated
the substantial enhancement of rehabilitation outcomes
through the implementation of active therapeutic approaches.
This is primarily attributed to the active participation of
the patient, which promotes neural plasticity and motor
learning [22]. In active therapies, the patient interacts with
the rehabilitation device, hence intentionality detection is
required [23]. Although various methods exist for detect-
ing patient intentionality, one commonly employed involves
the integration of a force sensor for measuring the exerted
forces. However, the inclusion of a force sensor within the
device introduces increased complexity. As a result, only a

limited number of robotic systems described in the literature
incorporate a force sensor, such as POWROBOT [17] and the
one developed by Gopura and Kiguchi [18].
This article presents the M3Rob wrist device, a 3-DoF

wrist rehabilitation robot, characterized by a wide range of
motion (ROM) and portable design. It offers simultaneous
rehabilitation of both hand and wrist through the integration
of a hand rehabilitation exoskeleton. Moreover, the device
is equipped with a force/torque (F/T) sensor to facilitate
active therapy intervention. The article initially describes
the mechanical design and hardware configuration. Subse-
quently, the kinematic and dynamic models of the robot
are detailed, and a close-loop admittance control paradigm
is implemented and evaluated. Finally, a comparative anal-
ysis of the features of the M3Rob wrist device and other
related works is conducted to highlight the advantages of the
proposed design.

II. DESIGN OF THE REHABILITATION ROBOT
A. SYSTEM REQUIREMENTS
The rehabilitation robot must be applicable to adults with
upper limb impairments on either right or left side. The
device should be 3-DoFs so it can assist on the rehabil-
itation of the pronation/supination (P/S) movement of the
forearm and flexion/extension (F/E), and radial flexion/ulnar
flexion (R/U) of the wrist. Additionally, the device must
support the simultaneous rehabilitation not only the afore-
mentioned 3 DoFs (P/S, F/E, and R/U), but also the mobility
of the hand fingers.

The ROM should encompass the complete range observed
in a healthy wrist or, at the very least, offer the essential
ROM for executing ADLs. Table 1 presents the ROM for the
three wrist rotation axes in healthy individuals determined
by various sources, revealing some differences between the
reported values. Table 1 also shows the ROM required to
perform ADLs [24].

TABLE 1. Comparative evaluation of the ROM for wrist rotation axis in
healthy individuals and ROM essential for ADLs.

Additionally, to ensure proper cortical activation, it is
essential that the robot supports performing slow repeti-
tive movements within the physiological speed of a healthy
wrist [30]. The average angular velocity values of the wrist
during ADLs lie within the range of 20 to 40◦/s, which is
dependent on the type of the movement [31].

VOLUME 12, 2024 30473



G. Alonso-Linaje et al.: Design and Analysis of the M3Rob: A Robotic Platform

For the exoskeleton design, consideration must also be
given to the torques required for each joint. Wrist stiff-
ness was investigated in ten young and healthy individuals,
revealing average values of 0.25/0.20 Nm for P/S move-
ments, 0.66/0.16 Nm for F/E, and 2.01/1.21 Nm for R/U [7].
Additionally, during ADLs, a torque of 0.35 Nm is neces-
sary for flexion/extension (F/E) and radial/ulnar deviation
(R/U) movements, while slow pronation/supination (P/S)
movements demand up to 0.06 Nm [21].

The robotic platform should be portable, and ergonomic to
ensure its suitability in both home and clinical settings. Addi-
tionally, studies have revealed that active-assistive robotic
systems may induce anxiety in certain patients [32], leading
to the pursuit of a compact design that minimizes patient
enclosure and facilitates the easy removal of the upper limb.
The device must prioritize user safety by limiting the ROM
and maximum speed to healthy wrist limits.

The effective execution of active rehabilitation therapies
necessitates not only accurate position feedback but also
precise measurements of force and torque. Consequently, the
integration of a F/T sensor into the device is imperative. The
optimal placement for the F/T sensor is the handle, as it serves
as the primary application point for forces and torques exerted
by the user. The F/T sensor must be compact to align with the
geometrical characteristics of the robotic platform, ensuring
an ergonomic, and optimal design.

B. SYSTEM OVERVIEW
The device features three serial revolute active joints
(3-DoF RRR) to assist the pronation/supination (P/S), flex-
ion/extension (F/E), and (radial flexion/ulnar flexion) R/U
movements independently, and their axes are located at the
center of the wrist. This design choice is based on the assump-
tion that the metacarpals-carpal joint is rigid, thus justifying
the use of a Cartesian coordinate system centered at the wrist
midpoint for enhanced device performance.

The P/S movement involves the rotation of the carpus
and radius around the ulna, whereas F/E, and R/U refer to
rotations of the carpus around the radius. Due to its small
size, the metacarpophalangeal joint can be considered rigid,
simplifying the wrist modeling. This assertion was tested by
Patterson et al. [33], who measured the difference between
the angle formed by the third metacarpal and the radius, and
that formed between the capitate and the radius during F/E
movements. The average difference between these angles was
1.1±1.6◦, with a maximum of 4◦. Consequently, the joint
formed between the metacarpals and carpal bones can be
considered as rigid [29].
In addition to the 3 active DoFs, the device has one passive

prismatic DoF consisting of a forearm support guide to enable
the adjustment of the device to the individual needs of each
patient. The mechanical structure comprises a base (depicted
in blue, Fig. 1) and three distinct rigid bodies: the green,
red, and white bodies in Fig. 1 correspond to the P/S, F/E,
and U/R movements, respectively. Notably, the white body

incorporates a handle that serves as the interface between the
device and the user.

FIGURE 1. CAD model of the M3Rob wrist robot, indicating the four rigid
bodies.

C. DEVICE SPECIFICATIONS
1) RANGE OF MOTION
Utilizing a compact design rooted in a 3-DoF RRR configura-
tion, the M3Rob device covers the entire ROM characteristic
of a healthy wrist (Table 1). It offers a P/S movement within
limits of [90, −90] ◦ and a ROM of 180◦. For F/E movement,
the device allows motion within limits of [75, −45] ◦ and a
ROMof 120◦. Additionally, U/Rmovement is facilitated with
limits of [35, −40] ◦ and a ROM of 75◦.

Since the device must be applicable to individuals with
upper limb impairments on either right or left side, attention
must be paid to the fact that the ROM required for the
F/E movements are different (75◦ for flexion and 45◦ for
extension, as depicted in Table 1). Consequently, a mobile
handle mechanism with a circular guide was designed to
shift the TCP of the wrist platform by an angle of 30 ◦

(Fig. 2), thus enabling complete rehabilitation of both rota-
tional movements independently of the limb undergoing
rehabilitation.

FIGURE 2. Circular guide for handle displacement. (a) Position for the
right hand. (b) Position for the left hand.

The passive prismatic DoF enables amovement range of up
to 28 mm, which is sufficient to accommodate the variation
in size of the combined hand and forearm of the adult popu-
lation, ensuring a comfortable fit in the forearm support. The
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safety of the subject is ensured by several mechanical stops
to limit the movement of each rigid body attached to the shaft
of the motors (Fig. 3).

FIGURE 3. ROM limited by the mechanical stops for (a) P/S, (b) F/E, and
(c) U/R movements.

2) ACTUATION SUB-SYSTEM
Three Maxon RE-series DC brushless motors, each equipped
with a gear and encoder, and controlled by an ESCON Mod-
ule 50/5 (Maxon Motor, Switzerland), are responsible for the
actuation in the system (Table 2).

TABLE 2. Motor, gear and encoder specifications for the M3Rob platform.

The motors are located so as to minimize gravitational
and inertial loading, hence facilitating the corresponding
independent axis movement and also to protect them from
external agents. The remote placement of the actuators has
led to the employment of a cable routing/guidance system
to transmit the actuation to the joints, which is a reliable
solution if the cable tensioning is correct. Therefore, worm
gear sets are incorporated to facilitate the pretensioning of the
transmission system, which utilizes a 1.5mm thick braided
stainless-steel cable with a breaking tension of 1570 N/mm2.
Since the P/S axis supports the entire weight of the struc-

ture, a R25255360 capstan ring (Hepcomotion, Netherlands)
together with the FCC25255LBNS bearing carriage (Hepco-
motion, Netherlands) is incorporated to facilitate the cable
guidance of this axis. Conversely, the FE and RUmovements,
which experience fewer loads, are supported by axial bear-
ings. The cable routing mechanism serves as dual purpose of
allowing for the remote placement of the motor as well as
achieving a transmission ratio (TR), which results in higher
torque output and increased encoder resolution at the expense
of a reduced speed (Table 3).

TABLE 3. Transmission ratio, maximum continuous joint torque output,
maximum speed, and sensor resolution for the M3Rob platform.

The output parameters of the M3Rob robot, encompassing
both speed and torque, surpass the parameters found in the
literature. Although the M3Rob wrist device features config-
urable speed, for safety reasons, an upper limit of 40◦/s is set
through software.

3) FORCE/TORQUE SENSOR
The selection of the K6D27 50N/1Nm F/T sensor
(Me&Systeme, Germany) with a GSV-8DS amplifier
(Me&Systeme, Germany) for integration into the device
stems from its capabilities and small size. The 6-axes F/T
sensor, with size Ø27 mm × 25 mm, is strategically posi-
tioned under the handle to measure force for F/E and U/R
deviation movements, as well as torque for P/S movement.
The F/T sensor has a maximum capacity of 50 N in the X and
Y axes, 200 N in the Z axis, and a maximum torque of 1 Nm
in all three axes.

4) INTEGRATION OF A HAND EXOSKELETON
One of the most noteworthy features of the M3Rob wrist
device design is its capability to offer individual wrist reha-
bilitation or simultaneous rehabilitation of both the hand
and wrist. The M3Rob wrist device enables the integration
of the RobHand (Fig. 4.a), a robotic exoskeleton for hand
neuromotor rehabilitation [34], [35]. It allows hyperextension
and flexion angles of up to 2◦ and 78◦, respectively, for the
metacarpophalangeal (MCP) joints [36].

FIGURE 4. The RobHand exoskeleton for hand rehabilitation (a) CAD
model (b) Assembly onto the M3Rob device.

A mechanism for retail assembly with a spring-loaded
positioning anchor enables coupling RobHand to the wrist
platform (Fig. 4.b). The support-plate of the RobHand
exoskeleton has an L-shaped male component that restricts
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movement in the transverse plane when coupled with the
female rail of the wrist rehabilitation platform. Finally, the
spring-loaded positioning anchor fully secured the coupling.

D. 3D-PRINTED PROTOTYPE
Manufactured using 3D printing techniques and PLA and
ABS materials (Fig. 5), the device weighs less than 6 kg.
The upper limb receives support from a specifically shaped
element designed for the forearm, providing ergonomic and
comfortable support. The exoskeleton is user-friendly, allow-
ing easy use and removal. Users can simply grasp the handle
and position their forearm in the support for wrist rehabil-
itation (Fig. 5a). In the context of combined hand and wrist
rehabilitation, individuals need to wear the hand exoskeleton,
subsequently position their forearm in the support, and secure
the hand exoskeleton onto the wrist module (Fig. 5b). The
forearm support includes two Velcro straps for adjustment if
required based on the patient’s condition. Additionally, the
6 kg exoskeleton is portable, offering stability without the
need for fixation to a specific location. Installation is straight-
forward, requiring placement on a table or any horizontal
surface.

FIGURE 5. 3D-printed M3Rob rehabilitation platform. (a) Only wrist
rehabilitation. (b) Simultaneous wrist and hand rehabilitation.

III. MOVEMENT ANALYSIS
In this section, the kinematic and dynamic models of the
M3Rob wrist device rehabilitation are presented.

A. KINEMATIC MODEL
The kinematic model of the robot is necessary for trajectory
planning in the cartesian space. Therefore, a kinematic model
is determined to compute the position and orientation of the
Tool Center Point (TCP), which corresponds to the handle,
relative to the base frame, given a set of motor joint angles.
The robot uses three motors to individually assist one wrist
rotation. According to 1, each motor angle (ϕi) is related to
one individual wrist rotation (ϕi) through the corresponding
transmission ratio (TRi), previously specified in Table 2.

ϕi = θiTRi (1)

The kinematic model of the robot is established by apply-
ing the matrix method introduced by Jacques Denavit and
Richard Hartenberg (DH). The assignment of the coordinate
frames of the links according to the DH convention and the
joint-link parameters are illustrated in Fig. 6 along with the

DH parameters of the model. The link length L1 represents
the distance between the patient ’s elbow and the wrist, which
is 220±14 mm. Meanwhile, the link length L2 corresponds
to the distance between the wrist center and the handle,
measuring 65 mm.

FIGURE 6. The coordinate frames associate to the links, geometrical and
DH parameters.

The resulting DHmatrix (T TCP0 ), which correlates the wrist
angles (θi) with the rotation and translation of the TCP rela-
tive to the base frame, is provided in 2, as shown at the bottom
of the next page, where Si and Ci are the sine and cosine of
the i-th degree of freedom.

B. DYNAMIC MODEL
The dynamic model establishes the relationship between
the robot motion (position and its derivatives, velocity, and
acceleration) and the applied forces and torques, based on
dimensional parameters, such as link length, mass, and
inertia. The Langrange-Euler method is used to determine
the dynamic model of the M3Rob wrist device, which is
expressed in 3 as a set of differential equations, where
Li represents the Lagrangian function, θ i denotes the joint
angle, θ̇i is the time derivative of θi, and τi denotes the
non-conservative (external or dissipative) generalized forces
performing work on the joint i.

d
dt

(
∂Li
∂θ̇i

)
−

∂Li
∂θi

= τi (3)

The Lagrangian function (Li), which is dependent on the
kinetic energy (Ki) and the potential energy (Ui), is expressed
in 4.

L
(
θi, θ̇i

)
= K

(
θi, θ̇i

)
− Ui(θi) (4)

The computation of the kinetic energy (Ki) of a rigid body i
is performed by 5, wheremi is the mass, vi is the translational
velocity of the center of mass, and Ii is the inertia. The
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TABLE 4. Dynamic model parameters for the wrist robot with and without the hand exoskeleton.

potential energy, defined by 6, depends on the mass (mi),
gravity (g), and height (hi).

Ki
(
θi, θ̇i

)
=

1
2
miv2i +

1
2
Iiθ̇i

2 (5)

Ui (θi) = mighi (6)

The presence of attached bodies with varying positions
introduces complexity to the determination of the dynamic
model. Hence, an analysis of independent movements has
been conducted, which simplifies the problem and provides
a highly accurate approximation of the actual dynamic equa-
tions of motion. Consequently, for the model analysis of each
body, the other solids are positioned at their initial positions,
where all wrist angles are set to 0◦, as this choice minimizes
error due to weight and element position. Additionally, a sim-
plified link model with concentrated mass is employed to
calculate the inertias of rotating solids. Hence, by applying 3,
the simplified dynamic model can be derived:

τi (θi) = mil2i θ̈i + migli cosαi sen θi (7)

where αi represents the inclination of the body i relative to the
horizontal plane. Additionally, τi can be expressed as 8, which
represents the summation of the motor torque (τm), external
force exerted by the user on the exoskeleton (τext), dynamic
friction (τdf), and static friction (τsf).

τi = τm,i − τext,i − τdf ,i − τsf ,i (8)

By combining 7 and 8, the motor torque can be determined
as shown in 9.

τm,i (θi) = mil2i θ̈i + migli cosαi senθi − FeiJT (θi) + Ff (θi)

(9)

where Fei is the force exerted by the user at the TCP, JT is
the transpose of the Jacobin matrix of the system, and Ff is
the summation of the dynamic friction (Fdf) and static friction
(Fsf).

To assess the static friction characteristics of each joint,
a series of position ramps were executed throughout their
respective ranges of motion (ROMs). To mitigate distur-
bances and isolate nonrigid body effects, the device was

carefully oriented to align the axis of the targeted joint parallel
to the gravitational direction. The other two joints were fixed
using a high proportional gain PD controller, and the passive
prismatic joint was securely immobilized. The ramp method-
ology employed in this study follows the same approach as
described in [10], where the input ramps smoothly increase
or decrease by 5◦ over a 2-second interval, followed by a
2-second pause, and continue in this pattern across the entire
ROM (Fig. 7.a). Static friction values were deduced from
the commanded current at the onset of movement, utilizing
a soft proportional controller (Kp = 0.2). Fig. 7.b illustrates
the static friction profile as a function of the joint angle.
The mean and standard deviation of the static friction were
found to be 0.16±0.05, 0.49±0.09, and 0.20±0.05 for the
P/S, F/E, and R/U joints, respectively. Dynamic friction was
quantified considering that the system behavior is that of
an underdamped system, and achieved by analyzing the step
response exhibited by each individual joint. The parameters
required for calculating the dynamic model of each joint are
provided in Table 4. It should be noted that two distinct
dynamic models can be derived based on whether the hand
exoskeleton is integrated into the device or not.

IV. ADMITTANCE CONTROL
Considering the characteristics of the mechatronic device,
a closed-loop admittance control is designed using the infor-
mation provided by the F/T sensor located at the human-robot
contact point [37]. The proposed closed-loop admittance con-
trol (Fig. 8) utilizes the joint-space target trajectory (qti) as
input. It comprises an outer loop responsible for computing
the position setpoint of each joint (qri) through the admit-
tance model (Y), and an inner position loop based on a PID
controller. In the outer loop, the transpose of the Jacobian
matrix (JgT ) is employed to transform the forces (fx , fy, fz)
and torques (τx , τy, τz) applied by the patient at the TCP,
measured by the F/T sensor, into resulting torques applied at
each robot joint (τi). Once these torques are determined, the
position increment of each joint (1qi) is determined using the
mechanical admittance (Y ). The internal control loop, featur-
ing a PID controller with a conditional integrator to prevent

T TCP0 =


S1S2C3 − C1S3 S1S2S3 + C1C3 −S1C2 L2(S1S2C3 − C1S3)

−C1S2C3 − S1S3 −C1S2S3 + S1C2 C1C2 L2(−C1S2C3 − S1S3)

C2C3 C2S3 C1C2 L1 + L2C2C3

0 0 0 1

 (2)
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FIGURE 7. Determination of the static friction through the ramp tests.
(a) Reference and measured position (up), measured velocity (middle),
and reference and measured current (down) of the P/S joint during the
test. (b) Static friction of the P/S, F/E, and R/U joints within their
respective ROMs.

the windup phenomenon, calculates the torque required for
the motors (τui) given the position reference (qri) and the
current position (qi).

FIGURE 8. Close-loop admittance control using the joint-space target
trajectory of the robot as reference.

The mechanical admittance variables (k , b, m) govern the
amount of assistance of the wrist robot. Three distinct levels
of mechanical admittance, representing high, medium, and
low assistance, were experimentally determined to ensure
stable control. Tests were conducted at each assistance level
with a reference trajectory outlining a square with sides cor-
responding to 60◦ of F/E (q2) and R/U (q3) rotations (Fig. 9).
Given six waypoints, the reference trajectory was computed
using a trapezoidal velocity profile, with a maximum speed
set at 20◦/s. The participant deliberately refrained from exert-
ing effort to adhere to the reference trajectory. As mechanical
admittance varied, the actual trajectory exhibited notice-
able patterns. While a reduction in admittance resulted in a
more pronounced alignment of the actual trajectory with the

FIGURE 9. Evaluation of the closed-loop admittance control at three
assistance levels: high, medium, and low. A healthy subject made no
effort to follow the reference trajectory, which forms a square with sides
corresponding to F/E (q2) and R/U (q3) rotations.

FIGURE 10. Overview of PRISMA flow diagram. (a) Keywords used in the
search. (b) Research questions posed. (c) Overview of the selection
process.

reference trajectory, an increase in admittance led to a greater
discrepancy.

V. DISCUSSION
A literature review using PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) was con-
ducted on 22 July 2022 to obtain a comprehensive overview
of the mechanical design of wrist rehabilitation robots
(Fig. 10). The review was conducted using three databases,
namely IEEE Xplorer, Pubmed and Web of Science (WoS),
with a predetermined search string consisting of the key-
words ‘‘wrist’’ in the document title and ‘‘∗rehabilitation’’
in the title or abstract (Fig. 10.a). The aim of the systematic
review is to gather information about the number of DoFs and
ROM offered by rehabilitation wrist robots, the possibility
of supporting the rehabilitation of other limbs and other
supplementary specifications, such as maximum torque and
the inclusion of F/T sensors (Fig. 10.b). The review focused
only on journal articles published from 2000 and written
in English, excluding commentaries, editorials, or review
articles. Additionally, the article must detail the mechanical
design of the robot.

An overview of the PRISMA flowchart of the selection
process is presented in Fig. 10.c. A total of 689 records
were identified through database searches, with 35 from
IEEE Xplorer, 317 from WoS, and 337 from PubMed. After
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TABLE 5. Comparative analysis of wrist rehabilitation robots: ROM, maximum continuous torque, hand module integration, and f/t sensor capabilities.

FIGURE 11. Schematic diagram of the mechanical configuration of wrist
rehabilitation robots considering active DoFs.

a thorough screening process, 572 articles were excluded,
either due to duplication or being off-topic (e.g., meta-
analysis, systematic reviews, clinical settings, and clinical
trials). Subsequently, 117 articles were screened based on
title and abstract, and 42 were discarded. Finally, 75 articles
were fully read, and 33 were excluded for being out of scope
or lacking mechanical specifications. The systematic review
ended up with a total of 41 articles, providing a rigorous
and valuable resource to compare from a mechanical design
point of view the proposed wrist rehabilitation robot with
those already presented in existing research studies. One
interesting article published after 22 July [21] was identified
and included it in the analysis, resulting in a total number
of 42.

It was identified that certain articles covered the same
device, leading to reducing the total number of wrist reha-
bilitation robots to 37. Of those, only 16 (43.2%) considered
all three DoFs of the wrist. 10 (27.0 %) included only one
DoF and 11 (29.7 %) included two DoFs. Additionally, 10
(27 %) of wrist rehabilitation robots also assist the hand
movements. Two 3-DoF robots (5.4 %) provide rehabilitation
for the elbow, and one of them also assists hand and elbow
movements [21]. Fig. 11 shows a schematic diagram of the
mechanical configuration of wrist rehabilitation robots only
considering the active DoFs.

Regarding passive DoFs, there is a 1-DoF wrist rehabil-
itation robot that incorporates other limbs (hand, forearm,
elbow, and shoulder) by using six different passive com-
ponents [38]. Other robot offers passive assistance in the
MCP movements of the fingers and active assistance in F/E
rotations [39]. Another one provides rehabilitation to the hand

by assisting reaching movements or to the wrist by assisting
in F/E and P/S or R/U rotations [40].

Among the 16 3-DoF wrist rehabilitation robots reviewed,
seven are selected based on their wider range of motion
in this subset. Table 5 presents an analysis of their ROM,
maximum continuous torque, capacity for integrating a hand
rehabilitation module, and the availability of F/T sensor.

The M3Rob wrist device stands out as one of the few wrist
devices that allow the incorporation of a hand device, while
incorporating a 6-axis F/T sensor in the handle and providing
a wide ROM. However, for the F/E movement, the provided
ROM is slightly smaller. Nevertheless, the device still offers
a sufficient range for performing ADLs (see Table 1).

Additionally, the M3Rob wrist device exhibits notably
higher torques levels compared to the torque requirements
for ADLs, ensuring that the final device does not suffer
from insufficient torque production. These torque values sur-
pass the torque capabilities observed in the surveyed robots.
Specifically, the provided force ranges between 3.5 and
16.9 times greater than the average torque output of the
analyzed robots, with a mean of 5.32±3.07 Nm for P/S,
2.59±1.60 Nm for F/E, and 7.85 Nm R/U, depending on the
specific axis of motion. This notable difference is attributed
to the exclusion of motor with gearboxes by several authors,
resulting in a significant reduction in torque applied to the
TCP.

Designing a compact and portable wrist exoskeleton that
covers the entire ROM of a healthy wrist, along with the
inclusion of a F/T sensor in the handle and allowing for the
integration of a hand exoskeleton introduces inherent com-
plexities, as highlighted in the previous literature review. One
challenge was to embed a F/T sensor in a removable handle,
which can be replaced by a hand exoskeleton for simultane-
ous hand and wrist rehabilitation. Overcoming this challenge
adds complexity to achieving the desired compactness, porta-
bility, and necessary ROM, requiring meticulous analysis
of upper-limb dimensions [41] to ensure proper device fit
and functionality. However, a significant limitation arises in
restricting its application to adults, making it unsuitable for
pediatric purposes due to the considerably smaller size of
children’s upper limbs.

VI. CONCLUSION
The development of a highly functional and reliable mecha-
tronic device for wrist and hand rehabilitation is of paramount
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importance in the field of robotic assisted physical therapy.
The M3Rob wrist device offers a comprehensive solution to
address this need. It is a 3-DoF wrist exoskeleton coupled
with a force sensor, allowing for the implementation of active
therapies that have shown increasing effectiveness in motor
recovery.

With a range of motion (ROM) essential for executing
activities of daily living (ADLs), the M3Rob boasts P/S
capability from −90◦ to 90◦, F/E covering a range from 75 to
−45◦, and R/U extending from 35◦ to −40◦. Remarkably,
the device achieves maximum speeds ranging from 352◦/s
to 575◦/s, surpassing the mandated healthy wrist range of
20-40◦/s. Its prismatic joint, with a 28 mm adjustment capa-
bility, allows optimal fitting for varying upper-limb sizes in
the adult population.

Furthermore, the device’s versatility extends with the
capacity to integrate the RobHand exoskeleton, enabling
simultaneous rehabilitation of both the hand andwrist, further
enhancing its practicality and utility. The device’s compact
and portable design makes it applicable in diverse settings,
including hospitals and homes.

A kinematic model of the device has been developed to
determine the position and orientation of the terminal con-
trol point (TCP), as well as a dynamic model. Experimental
assessments were conducted to ascertain static and dynamic
friction, yielding values ranging from 0.13-0.49 Nm and
0.13-0.52 Nm, respectively. Comparative analysis with other
relevant works highlights the advantages of the proposed
design, positioning it as a promising tool in the field of
wrist and hand rehabilitation. None of the existing published
works offers simultaneous rehabilitation of the 3 DOFs of
the wrist, coupled with the ability to concurrently rehabilitate
the hand and incorporate a force sensor, all while ensur-
ing achievement of the entire ROM of a healthy wrist. All
these attributes are achieved while maintaining a compact
and portable design capable of accommodating different arm
lengths.

Overall, the M3Rob wrist device represents a significant
step forward in the quest for solutions for upper-limb motor
recovery. By addressing the challenges associated with wrist
and hand rehabilitation, it holds great promise for improving
the quality of life for patients who have experienced cere-
brovascular accidents. Future research and clinical studies
will further validate its efficacy and pave the way for its
widespread adoption in rehabilitation practice.
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