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Abstract. Robot-aided rehabilitation is increasingly important to meet
the challenges posed by an ageing population and a global shortage of
healthcare workers. This paper presents a 3RS (3 Revolute Joints - 1
Spherical Joint) end-effector robot for wrist joint rehabilitation and daily
activity assistance. It assists flexion/extension and radial/ulnar deviation
avoiding the problem of joint misalignment typical of exoskeletons and
covering the workspace of the hand. The design parameters are tuned to
ensure high dexterity and safe user interaction, laying a solid foundation
for the development of a functional prototype.

Keywords: robot-assisted rehabilitation, assistive technology, end-effector
robot.

1 Introduction

Robot-aided rehabilitation and assistive technologies are becoming essential as
the global population ages, the incidence of disabilities increases, and the lack of
medical personnel worsens. According to the World Health Organization (WHO)
[1], 1.3 billion people worldwide experience significant disability. The global pop-
ulation of 60 years and older is projected to reach 2.1 billion by 2050 [2], fur-
ther increasing the prevalence of age-related conditions requiring rehabilitation.
These trends and the global shortage of medical professionals highlight the need
for effective rehabilitation solutions to enhance recovery and improve daily ac-
tivities.

Albanese et al. reported on the effectiveness of robot-aided orthopedic reha-
bilitation and how it is comparable to traditional treatments, potentially reduc-
ing human therapists’ effort and increasing subject engagement and voluntary
participation [3]. This demonstrates robotics solutions play a critical role in pro-
viding therapy and enabling telemedicine options that are particularly beneficial
in regions with limited access to healthcare and welfare.

Hussain et al. classified rehabilitation robots into two types: exoskeletons and
end-effectors [4].
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– Exoskeleton-type robots mimic the user’s kinematic chain and are ideal for
wearable devices that control multiple joints. However, they require precise
alignment to avoid unintended forces and potential joint damage.

– End-effector robots connect to the user at a single point. This eliminates
alignment issues but complicates the accurate application of forces and torques
due to the lack of correspondence between the robot’s and human’s joints.

The literature presents examples of both exoskeleton and end-effector robots,
with some devices blending the two classifications. Gonçalves et al. created a
desk-based end-effector robot with a single degree of freedom (DOF) that per-
forms two wrist motions through setup adjustments [5]. Shi et al. developed a
cable-driven 3-DOF robot, though it is non-portable due to its bulky actuation
system [6]. In contrast, the authors developed a cable-driven solution for ac-
tive or passive rehabilitation, portable and lightweight [7, 8]. Buongiorno et al.
designed a 3-DOF exoskeleton that integrates with a 7-DOF arm and hand ex-
oskeleton [9]. Higuma et al. presented a lightweight, portable 2-DOF exoskeleton
that uses compliance to address joint misalignment issues [10]. Table 1 collects
some selected wrist rehabilitation devices and compares their main features.

Table 1: Features of a selection wrist rehabilitation devices
Device Type Portable DOF Note

[5] End-effector Fixed 1 - FE or RUD Change setup to change de-
sired motion

[6] End-effector Fixed 3 - FE, RUD, PS Cable-driven
[7, 8] End-effector Portable 3 - FE, RUD, PS Cable-driven
[9] Exoskeleton Portable 3 - FE, RUD, PS Integrated in an upper arm ex-

oskeleton
[10] Exoskeleton Portable 2 - FE, RUD Adds compliance to avoid

joint misalignment
[11] Exoskeleton Fixed 3 - FE, RUD, PS
[12] Exoskeleton Fixed 3 - FE, RUD, PS
[13] Exoskeleton Fixed 3 - FE, RUD, PS Adds compliance to avoid

joint misalignment
[14] Exoskeleton Fixed 3 - FE, RUD, PS
[15] Exoskeleton Fixed 3 - FE, RUD, PS
[16, 17] Exoskeleton Portable 3 - FE, RUD, PS
[18] End-effector Portable 3 - FE, RUD, PS Pneumatic muscles
3RS End-effector Portable 2 - FE, RUD Bowden cables

FE - Flexion/Extension, RUD - Radial/Ulnar Deviation,
PS - Pronation/Supination (forearm rotation), 3RS - 3
Revolute Joints 1 Spherical Joint

The literature highlights a lack of lightweight, wearable, and portable wrist
rehabilitation robots. Moreover, most of the portable solutions are exoskeletons,
requiring additional compensation mechanisms to overcome joint misalignments.
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To address this issue, we introduce a new 3RS (3 Revolute Joints - 1 Spherical
Joint) end-effector-type robot designed for wrist joint rehabilitation and assis-
tance. This robot can either guide the user’s hand through pre-recorded mo-
tions (active mode) or provide controlled resistance to the user’s movements
(passive mode). The robot should be able to assist the two wrist motions: the
flexion/extension (FE, α) and the radial/ulnar deviation (RUD, β). To simplify
its design, forearm pronation/supination is neglected by fixing the robot frame
close enough to the wrist joint.

2 Proposed Design

The wrist joint is quite complex, and the two aforementioned motions are far
from simple rotations about fixed axes. Therefore, using an end-effector solution
that contains the hand’s workspace is simpler than developing an exoskeleton
that mimics the human wrist joint and includes mechanisms to prevent joint
misalignment that could harm the user.

The robot is intended to be worn around the distal end of the forearm close
to the wrist to ensure its frame is consistent with the pronation and supina-
tion motions of the entire forearm. To enhance wearability and portability for
extended use, while also optimizing weight distribution, the robot’s joints are
actuated remotely via Bowden cables arranged in a tendon-like configuration
and driven from the user’s back or upper arm [19]. Additionally, most of the
electronic power and control subsystems should be placed near the actuators to
minimize weight on the forearm.

Figure 1 displays the proposed 3RS kinematic chain to aid the user’s hand
movements. As the name suggests, the first three joints, namely J1, J2, and J3,
are revolute joints. The joint J1 is fixed to the distal end of the forearm just
behind the ideal wrist centre {0} by means of a wristband. The last one, J4, is
a spherical joint that links the robot to the hand. In practice, J4 is fixed to the
back of the hand. However, for simplicity in solving robot inverse kinematics,
this joint is placed on the coronal plane of the hand.

The first two joints J1 and J2 are designed to be driven by tendon-like pulleys
to enable remote control of the two Degrees of Freedom (DOF). Joints J3 and
J4 are instead passive. In particular, it can be shown that J1 and its rotation
q1 are directly related to the hand FE motion α, as shown by the side view in
Fig. 1b. Similarly, Fig. 1c illustrates from a top view how the rotation q2 of joint
J2 controls the RUD angle β.

The proposed solution has to be sensorized to properly control the robot
while always guaranteeing the safety of its user. FE α and RUD β can be ob-
tained by computing the relative orientation between the hand and the forearm
(the frame of the mechanism). This could be achieved by employing two IMUs
(Inertial Measurement Units), one fixed to the robot frame and the other in-
tegral to the hand interface. Moreover, joints J1, J2, and J3 will be sensorized
to measure their respective angles. By using all this data, it should be possible
to continuously monitor the hand and robot kinematics to avoid the occurrence
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(a) (b) (c)

Fig. 1: Different view of the functional diagram of the proposed 3RS robot. (a) 3D
view with complete nomenclature. (b) Side-view with focus on flexion/extension.
(c) Top-view with focus on radial/ulnar deviation.

of unsafe configurations. The same setup could also be handy to calibrate the
device to each individual based on his/her preferences and mobility limit. For
example, the user may define the desired range of motion while wearing the de-
vice for the first time by moving his/her hand freely while being tracked by the
device sensors. The robot will be controlled to avoid going beyond such limits.
At last, mechanical stops could be added to prevent undesired motions.

In parallel to the purely kinematic control, it’s also critical to guarantee
that forces and torques applied by the device are controlled. To this end, the
actuation of joints J1 and J2 should implement a torque feedback together with
the position one. On this topic, the solution proposed in [19], i.e., using Series
Elastic Actuators (SEA), seems very promising. Although the introduction of an
elastic element in the transmission affects the high-frequency dynamics of the
actuator, it should be possible to design more precise torque controllers with the
added benefit of compliance and low mechanical impedance.

3 Robot Kinematics

The robot’s direct kinematics can be easily derived using the composition of
transformation resulting from the Denavit–Hartenberg (DH) parameters, such
as

i−1Ti = Rotx̂i−1
(αi−1) · Transx̂i−1

(ai−1) · Rotẑi
(θi) · Transx̂i

(di); (1)

where

– i−1Ti is the homogeneous transformation from Ji−1 to Ji
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– αi−1: offset angle measured from ẑi−1 to ẑi about x̂i−1;
– ai−1: link length measured from ẑi−1 to ẑi about x̂i−1;
– di: link offset measured from x̂i−1 to x̂i about ẑi;
– θi: joint angle measured from x̂i−1 to x̂i about ẑi;

In particular, the modified DH parameters are used because they are more
straightforward to apply to this case. Table 2 collects all parameters.

Table 2: List of modified DH parameters
Joint i αi−1 ai−1 di θi Note

J1 π/2 −a0 d1 q1 from 0 to J1

J11 0 0 −d1 0 Virtual joint below J2 along ẑ2
J2 −π/2 0 d2 q2 from J11 to J2

J3 0 a2 0 q3 from J2 to J3

J4 0 a3 −d4 = −d2 0 from J3 to J4

Regarding the inverse kinematics, given a desired hand orientation defined
by the angles α and β and the fixed distance r = |r| it is possible to define the
corresponding Cartesian coordinates of J4 as

x = r cos(α) cos(β), y = r cos(α) sin(β), z = r sin(α). (2)

Referring to Fig. 2, it can be shown that the rotation q1 of joint J1 is only
directly related to the flexion-extension angle α, that is

q1 = arctan

(
z

x+ a0

)
. (3)

Fig. 2: Different views of the robot to define quantities useful to solve the inverse
kinematics. On the left side view showing a FE motion, on the right a top view
with a RUD motion.
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Before solving for q2 and q3, it is useful defining some auxiliary geometric
quantities, such as

s =
√
(x+ a0)2 + z2, l =

√
s2 + y2,

ϕ1 = arccos

(
a22 + l2 − a23

2a2l

)
, ϕ2 = arctan

(y
s

)
, ϕ3 = arccos

(
a22 + a23 − l2

2a2a3

)
;

so that
q2 = ϕ2 − ϕ1; (4)

q3 = π − ϕ3. (5)

One key feature of end-effector rehabilitation devices is that they don’t need
to mimic the kinematic chain of the articulation. On the contrary, it is sufficient
that the robot’s workspace include the hand’s workspace to behave properly.
Then, a controller based on the inverse kinematics and the human wrist range
of motion guarantees that the robot performs only movements that are feasible
for the wrist joint.

Table 3 collects an average of motion range data, based on a comprehensive
review of relevant literature sources [20, 21], encompassing both the maximum
feasible range of motion and the range necessary for activities of daily living
(ADLs). While a healthy joint could achieve the full range of motion, rehabili-
tation practices aim to recover the joint in order to achieve at least the mobility
required for daily tasks. Using the simplest model considering the wrist a univer-
sal joint, the hand workspace is a sphere cap with radius r and angular extension
equal to the maximum range of motion. The literature indicates that the aver-
age palm length, measured from the ideal wrist centre to the base of the fingers
for both male and female populations, is 99.7 ± 8.1mm [22]. Thus, a radius
|r| = 75mm is considered to connect the robot close to the back of the hand
centre using a glove or something equivalent.

Table 3: Wrist joint maximum and ADLs ranges of motions
Motion Max Range ADL Range

α, FE extension (−) flexion (+) [−71◦, 73◦] [−54◦, 60◦]
β, RUD ulnar (−) radial (+) [−33◦, 19◦] [−33◦, 19◦]

The proposed robot’s workspace is a portion of a spherical shell with an
inner radius equal to |a2 − a3| and an outer radius of a2 + a3 and centred in
J11 = [−a0, 0, 0]

T. With the correct sizing of the robot, if the robot’s workspace
encloses the hand’s workspace, it is possible to safely assist the hand motion
without causing any harm due to joint misalignment. Figure 3 compares the two
workspaces for both wrist motions.

Furthermore, Fig. 3b illustrates the normalized manipulability index µ =√
JtJT

t , where Jt represents the linear component of the robot’s Jacobian matrix.
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(a) (b)

Fig. 3: 3RS robot’s workspace and hand workspace (purple). (a) Flex-
ion/extension motion. (b) Radial/ulnar deviation motion with manipulability
index

A higher value of µ indicates greater dexterity of the robot at a given point.
Notably, the figure shows that µ approaches zero near the edges of the workspace
due to the robot reaching singular configurations. Conversely, the maximum
value of µ occurs at k ≈ 80 ÷ 85% of the external radius a2 + a3. Therefore,
to ensure good dexterity near the hand path, the following condition must be
satisfied:

k(a2 + a3) ≈ r + a0 (6)

The relationship is not an exact constraint, as the actual motion of the hand
does not follow a perfect arc centred in {O}. Instead, it follows a more complex
trajectory with no single, fixed centre of rotation. Thus, in the following, k will
be equal to 82% as an average between the threshold values.

It can also be demonstrated that for both motions, as J1 approaches O, i.e. as
a0 decreases to 0, the instantaneous transmission ratio tends toward 1. Addition-
ally, larger value of r further reduce the transmission ratio. However, achieving a
transmission ratio lower than 1 requires placing the joint J1 of O. Unfortunately,
this configuration is undesirable as it may cause frequent interference with the
hand movements or the surrounding environment. Considering these factors, a
value of a0 = 20mm has been selected as practical trade-off to still be very close
to 0 but leaving enough room for the physical joint and its actuation.

The dimensions a2 and a3 do not influence the transmission ratio but can be
optimized to improve the transmission angle of the mechanism by ensuring that
link a3 is as perpendicular as possible to both r and a2. This configuration is
achieved using the following relationship

a22 = a23 + (r + a0)
2 (7)
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this ensures that a3 is perpendicular to r when β = 0◦ and remains nearly
perpendicular during motion. The equation assumes that a2 > r + a0 > 0.

Using Eqs.(6) and (7) and the previously chosen values r = 75mm, a0 =
20mm, and k = 82% the calculated parameters are a2 = 97mm and a3 = 19mm.
The parameters d1, d2, and d4 are not significant for the transmission ratio and
depend only on the dimensions of the forearm and hand. They have been set to
65mm, 60mm, and 60mm, respectively.

The proposed dimensions results in the kinematic characteristics illustrated
in Fig. 4. For flexion/extension motion, there is an approximately linear relation
between q1 and α with an instantaneous transmission ratio τFE = ∂α/∂q1 =
1.123± 0.037. A similar behaviour is observed for radial/ulnar deviation, where
β(q2) is nearly linear with minimal oscillations, yielding an istantaneous trans-
mission ratio τRUD = ∂β/∂q2 = 1.26± 0.003. For this motion, the angle q3 and
γ = q2 + q3 + β, which is angle between a3 and r are also shown. The angle
q3 remains nearly constant and close to 90◦ providing good force transmission,
while γ approaches 90◦ primarily around the resting position β = 0◦.

(a) (b)

Fig. 4: 3RS robot’s kinematic behaviour showing both the relation between joint
angles and wrist angles and the respective instantaneous transmission ratios. (a)
Flexion/extension. (b) Radial/ulnar deviation.

It’s worth noting that the device workspace abundantly includes the hand
one. This means that not only this device can compensate for the natural de-
viation from the simplified assumption of the wrist acting as an ideal universal
joint, but it can also compensate for different user and their anatomy. Obviously,
this possibility would be sub-optimal in terms of performance and generally not
suggested. The intended approach would be to design custom-made devices for
each user, that is, sizing the device links based on the user anatomy following
the guidelines presented in this work. An alternative approach would be making
adjustable link lengths to adapt the device to its user.
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4 Conclusions

This paper introduces a design and analysis of a 3RS end effector robot, for wrist
rehabilitation purposes. The mechanism aims to provide an optimized work area
and constant transmission ratio to assist wrist movements effectively and en-
hance dexterity, in flexion/extension as in radial/ulnar deviation motions of the
wrist. The proposed design shows potential, in improving rehabilitation methods
and facilitating the incorporation of robotic technology into assistive healthcare
devices. This positive outcome will lead to the development of a prototype where
the first two robot joints are remotely driven by a tendon-actuated configuration
to reduce the device weight close to the wrist.
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