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Abstract: Hand dysfunction is a common symptom in stroke patients. This paper presents a robotic
device which assists the rehabilitation process in order to reduce the need of physical therapy, i.e., a
3UPS/S parallel robotic device is employed for repetitive robot-assisted rehabilitation. Euler angle
representation was used to solve the robot’s inverse kinematics. The robot’s joint space and rotational
workspace were determined for two scenarios. In the first scenario, the workspace was obtained
considering the actuator’s stroke limitations, while in the second scenario, the workspace was
determined by adding a second condition, i.e., the range of motion of the spherical joints. Singularity
analysis was performed using the geometric algebra approach. The robot was manufactured using
additive manufacturing technology. The solution of the inverse kinematic problem was employed
to control the robot. The robot can perform a full range of motion during wrist ulnar deviation and
radial deviation motions, with the exception of limited wrist flexion and extension motions. The
robot has singular configurations within its workspace. Although the spherical joints have roles in
reducing the workspace, the primary causes are actuator selection, radii of the base and moving
platforms, and the length of the central leg. These factors can be considered to improve the workspace.
Singularity can be avoided by carefully selecting the rotation of the moving platform about the Z-axis
and avoiding same leg lengths.

Keywords: parallel manipulator; workspace; singularity; parallel wrist; rehabilitation assistive device;
stroke; geometric algebra

1. Introduction

According to the World Stroke Organization (WSO): Global Stroke Fact Sheet 2022,
stroke continues to be the world’s second greatest cause of death and the third leading
cause of combined death plus disability worldwide. People under the age of 70 account
for more than 62% of all stroke cases each year. Thus, stroke is no longer only an illness
of older people. One of the most prevalent symptoms of stroke is the hand dysfunction,
which affects approximately 80% of the stroke patients [1].

One of the primary goals of stroke rehabilitation is the hand function rehabilitation
since hand dysfunction has a detrimental effect on a patient’s psychological well-being and
severely impairs the quality of life for patients and their relatives. Fortunately, with rigorous
and consistent rehabilitation activities, the human motor system can recover from an injury
and resume its function. Because the central nervous system is plastic, stroke patients can
benefit from repetitive rehabilitation, which will help their limbs to form new connections
with the central nervous system. A successful rehabilitation program is essential for treating
stroke patients. Currently, repetitive rehabilitation is employed in rehabilitation activities
to assist, rebuild, and restore tissues and nerves. Robot-assisted rehabilitation has been
developed in response to the need for a more logical and scientific approach to satisfy
patients rehabilitation demands in addition to traditional approaches [2].

The application of robots has been extensively utilized in major fields of science and
innovative industry. In particular, the field of medical applications has seen numerous

Appl. Sci. 2024, 14, 4457. https://doi.org/10.3390/app14114457 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app14114457
https://doi.org/10.3390/app14114457
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-3280-2131
https://doi.org/10.3390/app14114457
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14114457?type=check_update&version=1


Appl. Sci. 2024, 14, 4457 2 of 30

innovations in providing solutions to bridge the gap between human intervention and the
availability of resources. This has spurred research interests in segments such as treatments
and therapy.

Rehabilitation therapy is one of the major treatment techniques for stroke patients.
The survivors of stroke experience paralysis or loss of physical strength on one side of
the body, making it difficult to perform their day-to-day activities. Rehabilitation is that
process which allows them to relearn the best possible use of their limbs and regain
independence. Rehabilitation therapies are carried out at specific health centres or hospitals
with highly skilled/qualified physiotherapists. The therapy is effective only when it is
administered soon after stroke. This is not always possible due to its labour-intensive nature.
Rehabilitation is repetitive and routine physical exercise which is performed with the help
of a physiotherapist. Considering the alarming increase in the number of patients affected
by strokes and the deficiency of qualified physiotherapists, the current state-of-the-art
technology used in rehabilitating these patients and the need for robots which can substitute
the human intervention during the training process are found to be skyrocketing. The
current research around the globe in this discipline is developing exoskeleton manipulators
that are reprogrammable and multifunctional, having an autonomous intelligent system
that requires minimal intervention from therapists. The exoskeleton robots can be used as
a solution for such conventional manual therapies.

The exoskeleton robots provide intensive rehabilitation consistently for a longer dura-
tion irrespective of the skills and fatigue level of the therapist. This exoskeleton robot has a
similar kinematic structure to a human upper limb and is designed to operate alongside
the limb. The exoskeleton robots are mechanical manipulators designed to be worn by
humans. The current research around the globe in this discipline focuses on the develop-
ment of exoskeleton manipulators that are reprogrammable and multifunctional, having
an autonomous intelligent system that requires minimal therapist intervention. This pow-
ered exoskeleton is used to improve the muscle strength of paralyzed patients. Low-cost,
efficient, and automated rehabilitation equipment can provide opportunities to establish
micro or mini rehabilitation centres at both primary and secondary health centres, whereby
the patients would not have the need to travel to district hospitals, state headquarters, or
other specialized training centres for their treatment. The treatment can reach a larger pool
of patients through these primary and secondary health centres. A training system with
minimal or zero therapist intervention that is user-friendly can help to improve a patient’s
recovery in good time and thereby increase their will for living a normal life again.

According to the structural topologies of robots, they can be classified as a serial
manipulator (SM), parallel manipulator (PM), and hybrid manipulator. The precision, stiff-
ness, payload capacity, and inertia of PMs are better in comparison to SMs [3]. Because of
these inherent benefits, PMs have found widespread use in precision manufacturing, flight
simulators, medical applications, pointing devices, and, more recently, video games [4].
The medical field has greatly benefited from the use of parallel robots, which have found
use in humanoids, assistance, and rehabilitation. Future prospects show that parallel robots
may become a market mainstay due to ongoing technical advancements and cooperation
between the scientific community, business, and healthcare experts [5].

The number of degrees of freedom (DOFs) and the number of legs of the PM are
typically equal. Occasionally, a six DOF PM is referred to as a hexapod rather than a
Gough–Stewart platform. In the same way, a tripod refers to a PM with three legs. Pure
translational motions are of interest for industrial applications and are a replacement of the
serial manipulators. Numerous new designs of parallel robots with limited DOF have been
found recently. Among these is the Delta robot, which has drawn particular interest from
researchers because many technical applications only require three DOFs [6].

2. Related Work

PMs known as parallel wrists (PWs) only move spherically around a fixed point when
there is a relative motion between the base and moving platforms [7]. Three-DOF spherical
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parallel manipulators (SPMs) have received a careful examination in the literature cited
in this paper. For a considerable amount of time, only two manipulator architectures
have been employed to obtain PWs. These are known as not-over-constrained and over-
constrained PWs. The base and moving platforms of the over-constrained PWs are joined
by three legs of type RRR (R stands for revolute pair), each of which has its axes intersecting
at a fixed point. Geometric errors cause mechanism jams or excessive internal loads in the
links of an over-constrained architecture [8].

Two categories of manipulators exist in PWs that are not over-constrained. The first
group consists of 3UPU PMs (U and P stand for universal joint and prismatic pair), and the
second set contains 3-SPS-1-S PMs, where S stands for spherical pair. Three legs of type
SPS control the moving platform in 3-SPS-1-S PWs. To carry out the necessary orientation,
the prismatic pairs are active ones. Only rotational motion is ensured by the fixed central
leg with the spherical pair connecting the base platform and moving platform, which also
makes the robot more rigid. This PW has three DOFs and a smaller workspace because of
the passive spherical pair [9]. Systems for defence and surveillance employ the 3SPS-1S PM.
A test scenario showcasing the robot’s use as a sentry gun was presented in [9]. The robot
works well in the test scenario; however, to put this robot into use, a system that recognizes
the intruder and plans the trajectory is required.

Karouia et al. [6] demonstrated that it is possible to achieve infinitesimal spherical
motions using 3-UPU translational manipulators under specific manufacturing and mount-
ing scenarios. It was therefore referred to as a 3-UPU wrist. Because the 3-UPU wrists
overcome the limitations of two PWs (3-SPS-1-S and RRR) and do not require a passive
spherical pair, they are of particular interest to researchers. While it is desirable to be able
to perform an infinitesimal spherical motion, this requirement alone does not guarantee
that the platform performs a finite spherical motion, i.e., a PW manipulator. Their research
was therefore only useful in identifying potential PW architecture. The latter decade of the
20th century saw the discovery of these robots. Although these architectures are not used
in commercial robots, researchers find them to be quite interesting. These designs could be
reconfigured as PWs, translational PMs, or metamorphic PMs.

A 3UPU PW was created to follow the path of the sun. The fact that the fixed point
on the heliostat is not precisely at the correct distance from the base, suggesting that the
manufactured 3-UPU is not a perfect PW, is one of the main problems with sun tracking
experiments. The ideal 3-UPU wrist has only three rotational DOFs. However, because of
manufacturing flaws that cause the fixed point to become misaligned, the 3UPU moves
in both position and orientation, making control more challenging with its existing con-
troller. A greater manufacturing tolerance level needs to be maintained in order to remove
pointing errors [4]. Commercial robots do not exist because, as the literature shows, all PW
manipulators are unable to achieve the appropriate platform orientations.

Researchers have also used a combination of 3UPU PW and 3SPS/1S PW like the
3UPS/S, 3-UPS/RPU, and 3-PUS/S PMs in specific applications. For better design and
control of a robot, solving kinematics is the foremost task [3]. Staicu [10] established a
recursive relation between dynamics and kinematics for a 3-UPS/S manipulator. Inverse
kinematics was solved using the recursive matrix method, and then using the principle
of virtual work, inverse dynamics was solved. Wang et al. [11] solved the inverse kine-
matics using the matrix variation method. Then, forward kinematics was solved using the
numerical analysis method.

Li et al. [12] built the virtual prototype for a 3-UPS/S parallel mechanism in ADAMS.
It was used as an assistive exoskeleton for a human hip joint. It performed human hip
movements (flexion/extension, adduction/abduction, and external/internal rotation). The
forward kinematic analysis was solved and verified by building a parametric model in
MATLAB. Han et al. [13] designed and fabricated a prototype of 3-UPS/S robot as a parallel
airborne stabilized platform. Their research findings made it possible to conclude that
for successive forward kinematic analysis, the Finite-Step-Integration method has good
arithmetic accuracy and speed. Using this method, it was demonstrated that the aerial
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stabilized platform workspace is sufficient and the method was also quick and accurate in
motion tracking.

Navarro et al. [14] designed a 3UPS1S for laparoscopic applications. The prototype was
designed to cover the necessary workspace needed for this type of surgical technique. The
device permits the positioning of a MIRS (Robotized Minimal Invasive Surgery) surgical
instrument. Screw theory was used for kinematic analysis. Araujo-Gómez et al. [15] used
a 3-UPS/RPU architecture for knee diagnosis and rehabilitation. Applying the inverse
kinematic model, the leg motion of the robot was studied, and then using the leg motion
through the simulation of the workspace of the robot, it was shown that the robot end-
effector was able to follow a prescribed task. Tian et al. [16] used 3-UPS/S as a shipborne
stable platform to compensate ship orientation fluctuation and isolated the influence of
wind and waves on shipborne equipment. Hence, an efficient and accurate control strategy
was developed for this purpose in their study.

Khoshnoodi et al. [17] proposed a 3-PUS/S SPM with three rotational motions. Fur-
thermore, the application-specific study of its kinematic equations, singularity, and design
optimization was conducted. The three legs of the proposed parallel robot, each with three
prismatic joints, allow for an infinite rotation around the Z-axis. Because of this, the robot
has huge workspace and good versatility. Using the Jacobian matrix, the singularity of the
robot was found. Then, the optimum dimensions of the manipulator were studied by the
Genetic Algorithm (GA), and the Global Condition Index (GCI) was maximized.

When encountering parallel singularities, PMs may sustain significant damage because the
actuator forces needed to maintain the platform’s trajectory may approach infinity. It is crucial
to determine whether a singularity-free path may lead to a desirable pose of the platform in
the workspace and, if so, which path should be taken in the first instance. It is therefore very
important to avoid singularity in PMs [18]. A numerical method developed by Paganelli [18]
was able to find a path connecting any two points in the workspace that is devoid of singular-
ities. This method can be applied to all 3UPS and 3UPU manipulators which do not possess
degenerate non-singular critical points of the Jacobian determinant. Enferadi [19] determined
the assembly modes of the 3UPS-S manipulator by modelling the forward displacement analysis
using Rodrigues’ formula. By choosing one of the assembly modes as a home posture, the
suggested strategy made it simple to prevent singularity configuration.

Li et al. [20] demonstrated that, with regard to singularity, the velocity analysis and me-
chanical analysis were consistent for the 3UPS/S parallel machine. They also demonstrated
that, as the manipulator approaches singularity, the accuracy and actuator force attributes
declined. Bonev et al. [21] showed that the Tilt-and-Torsion angles were a powerful geomet-
ric tool for the analysis of Type 2 singularities in 3-UPS/S manipulators. They also derived
the workspace boundaries (Type 1 singularity loci) using this method [22]. The geometric
relationship between the singular configuration of the 3UPS-S parallel mechanism and
its single kinematic screw was explained and made clearer in a study by Han et al. [23].
The singular kinematic screw was derived by using the reciprocal product notion in screw
theory when the manipulator is in singularity. The singular configurations are determined
to be a part of the singular linear complexes.

There are several other parallel manipulators (PMs) and serial manipulators (SMs)
employed for performing rehabilitation therapy. Some of them are discussed in Table 1.
In these devices, the power is transmitted by a linkage mechanism (LM), gear drive
(GD), or cable drive (CD). These devices use an electric motor (EM), pneumatic actua-
tor (PA), or hydraulic actuator (HA) as actuators and perform basic movements such as
flexion/extension (F/E), adduction/abduction (AD/AB), internal/external rotation (I/E),
pronation/supination (P/S), and ulnar deviation/radial deviation (UD/RD) motions for
shoulder (SR), elbow (EW), and wrist (WT) joints. These devices can also perform addi-
tional movements other than the above-mentioned basic movements and therefore have
additional DOFs.
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Table 1. Robots used in rehabilitation.

Name of the Robot Active DOF Kinematic Structure Power Transmission Actuator Type Applied Joints and Supported
Movements

L-Exo [24] 4 SM LM, GD EM EW (F/E), SR (AB/AD, F/E, I/E).

IntelliArm [25] 8 SM LM, CD EM
SR (AB/AD, F/E, I/E), EW (P/S, F/E),

WT (F/E), SR (+1 DOF), Hand
(+1 DOF).

Hand motion assist robot [26] 18 SM LM EM EW (P/S), WT (F/E), Hand (+16 DOF).

Soft actuated
exoskeleton [27] 7 SM LM, CD PA SR (AB/AD, F/E, I/E), EW (P/S, F/E),

WT (F/E, U/R).

T-WREX [28] 5 PM LM EM SR (AB/AD, F/E, I/E), EW (P/S, F/E).

Dampace [29] 5 SM LM, CD HA SR (AB/AD, F/E, I/E), EW (P/S, F/E).

Smart portable device [30] 2 PM LM EM EW (F/E, P/S).

Physiotherapeutic
exoskeleton [31] 5 SM LM EM EW (F/E), SR (AB/AD, F/E, I/E), WT

(+1 DOF).

iPAM [32] 6 SM LM PA SR (AB/AD, F/E, I/E), EW(F/E), SR
(+2 DOF).

HEXORR [33] 3 SM LM EM EW (F), WT (F), WT (+1 DOF).

RUPERT [34] 4 SM LM PA SR (F), EW (E, S), WT (E).

MEDARM [35] 6 SM LM, CD EM SR (AB/AD, F/E, I/E), EW (F/E), SR
(+2 DOF).

In recent years, many exoskeleton robots have been developed for upper limb re-
habilitation and researchers have reviewed all of them, but focus has not been given to
the mechanical design of active exoskeleton robots performing passive therapy. Active
robots are those robots which are powered using an external source such as an electric
motor. They can be used for performing passive therapy, a therapy where human effort
is not needed. Hence, in Table 1, the proposed robot is compared with existing active
robots which perform passive therapy in stroke patients. The comparison is based on the
active degree of freedom (DOF), kinematic structure, power transmission method, type of
actuator used, and rehabilitation applied on selected joints and supported movements.

From Table 1, the following can be concluded: The contemporary mechanical designs,
especially the kinematic structure of upper limb exoskeleton robots, have unique features
and are manifested in the fact that almost all of them are based on serial manipulators
(SMs), and only a few others use parallel manipulators (PMs). Almost all exoskeleton
robots employ electric motors or pneumatic actuators. The majority of the robots have less
than seven DOFs.

Comparing the proposed exoskeleton robot with the existing devices in Table 1, it can
be seen that the proposed system has only three DOFs. It can be used only for rehabilitating
the wrist joint. Other devices perform additional movements for elbow and shoulder joints.
The proposed exoskeleton robot has a parallel kinematic structure. Parallel manipulators
are rarely used for wrist joint rehabilitation, whereas serial manipulators are mostly used.
In this device, the power is transmitted using a linkage mechanism. The mechanical linkage
is more reliable, very long-lived, and inexpensive compared to gear drives and chain
drives. The proposed exoskeleton robot device uses an electric motor to perform basic
wrist movements such as flexion/extension and ulnar deviation/radial deviation. The
electric motors have advantages over the pneumatic and hydraulic actuators such as low
maintenance cost, low operating cost, and high efficiency.

In 2022, Liu et al. conducted a thorough review [2] with an emphasis on mobile hand
rehabilitation robots, encompassing both end-effector and exoskeleton models. Exoskeleton-
style devices are ones whose joints match the patient’s anatomical joints. This allows for
direct control over specific joints, lowering the possibility of unnatural postures. An
end-effector-style device applies force to the farthest portion of the finger, enabling a
straightforward initial setup at the expense of restricted control over the proximal finger
joint. Twelve exoskeleton hand rehabilitation robots have been identified. Almost all
of them use motor drives as driving modes except one device which uses series-elastic
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actuators. The device with series-elastic actuators employs force control as a control
strategy. One of the devices uses EMG and all others use a preset control strategy. The
robot–patient interaction control approach can be broadly classified into two types based
on the signal utilized to determine the active movement intention: (i) control methods
based on biomedical signals and (ii) control methods based on force signals. Seven of
these devices use the link for force transmission mode, while two devices use a cable and
link combination, and remaining use either cable and chain, spring and link, or rope and
connecting rod combinations.

Then, in 2023, Abraca et al. [5] presented a systematic review on parallel robots used
in the fields of assistive technologies, humanoids, and rehabilitation robots. Robots for
rehabilitation are applied to help people who have been injured or ill to regain their
strength, functionality, and motor skills. The purpose of assistive robots is to assist people
in carrying out daily tasks. Robots called “humanoid” are a remarkable technological
development. They resemble and reproduce human anatomy and behaviour. An updated
summary of the field’s developments from 2012 to 2023 was provided by this systematic
review. Thirteen publications in this cohort dealt with the neck joint, nine with the hip
joint, twenty-two with the wrist joint, nine with the shoulder joint, and thirty with the
ankle joint. Eight devices have been designed and developed for wrist rehabilitation in
Australia, China, USA, and Japan. Five devices are at level TRL 3 and three devices are
at TRL 4. Technology maturity is measured as a technology moves through the phases
of research, development, and deployment using technology readiness levels, or TRLs.
TRLs are rated from 1 to 9, where the most advanced technology is denoted by level 9. The
technical maturity is estimated from conceptual models in their early stages (TRL 1) to
fully functional systems (TRL 9). With the highest percentage of robots, TRL 3 suggests
that a substantial amount of research has advanced to the proof-of-concept and prototype-
building phases. TRL 4 indicates continued improvements in parallel robot systems, which
could lead to a more practical application of these systems in rehabilitation environments.
The devices use 3-RPS, 2-URR/RRS, 3-RRR, 6-SPS/PS, 3-RPR, cable-driven, and two
4-BMA (four biomimetic actuators) mechanisms. The 3-RPS mechanism has two DOFs
and all remaining mechanisms have three DOFs. The 3-RPS and 2-URR/RRS mechanisms
perform flexion/extension and adduction/abduction motions only, whereas all other
mechanisms perform pronation/supination motions additionally. These devices use either
linear electric actuators or pneumatic linear actuators. Five of these devices are modelled
using inverse kinematics and the remaining three are modelled using both forward and
inverse kinematics.

Challenges in the existing devices are the following:

• All existing devices can be used for only one of the upper limbs (right or left limb).
• All devices are attached to the limb. The user is not free from wearing it.
• The weight of the device acts on the limb.
• The devices do not perform any prescribed exercises suggested by clinicians.
• The devices do not perform rehabilitation for all the fingers simultaneously.
• The cost of the device is very high.
• The users (stroke patients) cannot set up the device by themselves.
• The existing devices cannot be used for all age groups (including children).
• Additive manufacturing technology is not adopted. It saves time for manufacturing.
• There is no single device which performs rehabilitation for the fingers, wrist, elbow,

and shoulder joints together.
• The majority of the devices are serial manipulators.
• Most devices use linkage mechanisms, which are rigid links, and do not use complaint

mechanisms.
• Most devices use electric motors for actuation and do not use flexible actuators.
• Existing devices do not perform wrist joint motions and finger motions together.

In this context, a 3UPS/S robot which can be set up to function as an SPM for wrist
rehabilitation by executing three rotational DOFs is introduced. The exoskeleton and its
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parts are depicted in Figure 1. The 3UPS/S mechanism is suitable for executing the required
movements in the rehabilitation process. The 3UPS/S exoskeleton robot has three rotational
DOFs according to Grubler–Kutzbach criterion. The human wrist joint has two rotational
DOFs. Therefore, the 3UPS/S exoskeleton robot can be used to rotate the wrist joint about
two axes (roll and pitch), thereby performing wrist motions such as flexion/extension
and ulnar deviation/radial deviation. Using the 3UPS/S parallel mechanism leads to the
lightweight design of the exoskeleton robot with high stiffness.
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The exoskeleton robot, presented in this paper, has many features/uniqueness when
compared to other existing systems. Some of them are discussed below.

• This exoskeleton robot is unique since it is one of the first to use a parallel wrist
manipulator for upper limb rehabilitation. Given that the wrist joint has two rotational
degrees of freedom, the proposed device can be used to rehabilitate the wrist after
a stroke.

• The 3UPS/S manipulator has good stiffness because it has a central leg connecting the
base and top platforms.

• This exoskeleton has a stand which is attached to a table. This stand reduces the
weight of the exoskeleton acting on the patient.

• The exoskeleton could be utilized to accommodate patients with the same average
body size.

• This exoskeleton can be used on both the hands.
• This exoskeleton technology operates without the use of real-time computers or soft-

ware.
• It is an inexpensive rehabilitation system that may be used at home.
• If one of the upper limbs is functional, the patients can set up the device on their own.
• The only attachment point is at the hand. Some devices use multiple attachment loca-

tions.

This exoskeleton robot has few disadvantages when compared to other existing systems.
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• The robot does not perform a complete range of motion during wrist flexion and
extension motions.

• The top platform does not stay parallel to the base platform at the home position
when the exoskeleton is idle. In this case, the central leg is an imaginary one and it is
substituted by the human arm and wrist in the rehabilitation process.

• This robot has singular configurations within its workspace.
• This robot has more degrees of freedom than required to perform wrist motions.
• This robot cannot be used for all age groups. It needs to be customized for

different groups.

Among the disadvantages proposed for the exoskeleton robot, three of them are a
little concerning but are not very dangerous for the patients. These are related to the
singular configuration of the robot, redundant DOFs of the robot, and the top platform
collision at home position. Section 4.4 provides a detailed analysis on singularity of the
exoskeleton robot. If the moving platform is rotated around the Z-axis in both directions,
the mechanism will cross the singularity. Hence, rotating the moving platform about the
Z-axis can be avoided. Also, when all three UPS legs have equal lengths, the mechanism is
in a singular configuration. For this reason, the selection of the starting position (or home
position) having slightly different leg lengths is preferable.

Regarding the redundant DOFs of the exoskeleton robot, the top platform is only ro-
tated about the X- and Y-axis, so that the additional DOF is not considered when employed
for wrist joint rehabilitation. These two DOFs are enough to produce the two basic wrist
movements such as flexion/extension and ulnar deviation/radial deviation.

Lastly, when the robot is attached to the human forearm, the collapsing of the top
platform under its own weight will not happen. Thus, the top platform will remain parallel
to the base platform at home position. In this case, the human forearm acts as the central
leg of the robot (1S additional link).

It was identified that the proposed exoskeleton robot does not perform a full range
of motion during flexion and extension motions. Thus, increasing the actuators’ stroke
length, changing the radii of the moving and base platforms, and increasing the range of
motion of spherical joints can improve the range of motion of the robot while performing
flexion/extension motions.

Another limitation of the proposed exoskeleton robot is the fact that it cannot be used
for all age groups. The exoskeleton robot needs to be customized, i.e., some parts need to
be designed and manufactured according to the particular dimensions of the patient.

The main benefit of using a PM as a PW over serial mechanisms is its inherent capacity
to more precisely position the end-effector (in this study, it is the human hand), which
improves the trajectory. A PM is also known for being stiffer, which handles heavier loads
or requires fewer structural support elements to prevent deformation from self-weight.
Lastly, simpler and less expensive linear actuators can take the role of rotary actuators and
costly speed reducers [7]. Also, it is demonstrated how a PM with three extensible legs,
each with six DOFs, can be utilized as a PW to provide rotational motion. At each leg, there
is an active prismatic pair that is situated between a spherical joint and a universal joint.
One end of a central leg that connects the base and moving platform features a virtual
spherical joint, making it a particular case of this mechanism. For the purpose of employing
this robot for rehabilitation, the central leg and spherical joint are substituted with the
human forearm and wrist joint.

A spherical joint is also known as ball-and-socket joint. It is modelled as two different
parts, a socket (bottom part) and a ball (upper part). The bottom part is connected directly
to the linear actuator using a nut and bolt and the upper part is connected directly to the
top platform using a nut and bolt. The ball is modelled inside the socket with a clearance
between them. The spherical joint has three DOFs. This allows the top platform to rotate
about three axes. It can be seen in Figure 1.

A universal joint has two shaft yokes. The first yoke is connected directly to the bottom
platform using a nut and bolt. The second yoke is connected via a coupling specifically
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designed to connect the universal joint yoke to the linear actuator. The universal joint has
two DOFs and it allows for the holding and positioning of the linear actuator.

The 3UPS/S robot has a central virtual leg. One end of the leg is firmly attached to the
bottom platform and the other end is connected to the top platform via a spherical joint. It
is called a virtual leg because in reality it actually represents the forearm and the spherical
joint represents the wrist joint. The robot functions as a 3UPS/S manipulator only when it
is connected to the forearm and wrist joint, or it can be said that the 3UPS/S architecture
is complete when it is attached to the user where the forearm with a wrist joint is the real
central leg.

3. Exoskeleton Manipulator Structure for Wrist Rehabilitation

The design of the exoskeleton is primarily focused on real-world rehabilitation. Con-
sequently, the exoskeleton device must be able to perform normal human arm movements.
Since the device is meant to be worn, additional safety measures must be implemented to
ensure the wearer’s wellbeing. Furthermore, being mobile is usually not a need for such a
system. The device is therefore grounded to support large loads. Furthermore, because
human movements include low accelerations and velocities, the device’s inertia has no
effect on how it operates. As a result, the exoskeleton’s design has mostly focused on the
robot’s kinematic design [36].

3.1. Manipulator Design

The exoskeleton is based on the architecture of a 3UPS/S PW manipulator. Three
UPS actuated legs control the moving platform. Figure 2 shows the exoskeleton’s basic
kinematic structure. To carry out the required orientation, the prismatic pairs are active
ones. Additionally, it features a central leg that connects the base and moving platforms
with a spherical joint (WS) at one of its ends. The robot was made more rigid by its fixed
central leg to ensure only rotational motion.
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When comparing Figures 1a and 2, leg 1 denotes a leg with joints U1P1S1, leg 2 denotes
a leg with joints U2P2S2, and leg 3 denotes a leg with joints U3P3S3. The central leg denotes
the forearm of the user when the robot in Figure 1a is attached to the user’s forearm during
rehabilitation therapy. Similarly, WS joint denotes the wrist joint of the user. In Figure 2,
top platform and base platform of the robot denote the moving platform and base platform
in Figure 1b.
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The palm splint, which is attached to the operator during operation, is housed in the
moving platform. Spherical joints are spaced 120◦ apart around the top platform. The top
moving platform and the three extensible links are connected via these spherical joints.
Similarly spaced 120◦ around the base platforms are the universal joints and these are
connected at the opposite end of the extensible links. To move the top platform, the leg
length is varied using linear actuators positioned along the leg. Note that in reality, the
spherical joint symbolizes the human wrist joint and the fixed central leg connecting the
base and moving platforms represents the forearm of a human. When operating, the robot
is worn so that the operator’s wrist joint is lined up with the centre of the spherical joints.
Natural arm movements are preserved because of this arrangement, which matches the
kinematic structure of the robot with that of the human arm. An ergonomic palm splint and
Velcro straps aid to maintain this position. Mapping the robot’s configuration to the arm
position is made even more efficient by using the 3UPS/S kinematic structure of the robot.

The operator’s forearm dimensions were used to figure out the exoskeleton dimensions.
At first, the leg lengths were determined. This involves adding the lengths of the spherical
joint, universal joint, and fully extended actuator in addition to the base and moving
platforms thickness. As a result, the distance between the moving and base platforms was
obtained. This allows for the designation of the location where the top and base platforms
should be placed on the forearm. Next, measurements were taken of the forearm size,
which is where the base and movable platforms are supposed to be mounted. Keep in mind
that because the exoskeleton is an SPM, the platform’s height is kept constant as it operates.
The moving and base platforms diameters are constrained by the dimensions of the human
arm. The base platform is actually attached to the forearm.

3.2. Inverse Kinematics

The 3UPS/S parallel manipulator is composed of three expandable links, l1, l2, and l3,
as shown in Figure 3. The coordinate axes are affixed to the platforms of the exoskeleton
for analytical purposes. Joints B1, B2, and B3 are kept 120◦ apart, as well as A1, A2, and A3,
therefore, these joints appear at the vertices of an equilateral triangle. The frames {b} and
{m} are fixed to the base and moving platforms.
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To calculate the rotational motion of the 3UPS/S robot, the Euler angle representations
were used. The designed parallel robot has three rotational DOFs. This robot is expected
to rotate about the centre of the top platform. Thus, the centre of the top platform is at a
fixed distance from the base platform or the length of the central leg of the robot is fixed.
Thus, the 4 × 4 homogeneous transformation matrix in Equation (1), which includes the
orientation and position, can be used to show this transformation [3].

m
b [T] =


cϕcθ cϕsθsΨ − sϕcΨ cϕsθcΨ + sϕsΨ 0
sϕcθ sϕsθsΨ + cϕcΨ sϕsθcΨ − cϕsΨ 0
−sθ cθsΨ cθcΨ l
0 0 0 1

 (1)

During flexion and extension motions, the top platform of the robot is rotated only
by the Ψ angle about the X-axis. Then, during ulnar and radial deviation motions, the top
platform of the robot is rotated only by the θ angle about the Y-axis. Since this robot is
used only to perform said motions, there is no need of rotation about the Z-axis; hence, the
angle ϕ about the Z-axis is always zero. The fixed length of the central leg of the robot is
denoted by “l” (l = 171.43 mm). The radius of base and top platforms is r1 = 82 mm and
r2 = 45.5 mm, respectively.

The coordinate frame {b} (Figure 3) is fixed to the base platform’s centre, with the Xb
and Yb axes located on its plane. The frame {m} is attached to the moving platform, where
the Xm and Ym axes rest on the moving platform plane. Z-axes of both frames are normal
to the platform planes. The mechanism has three DOFs. As a result, the moving platform
has three rotational DOFs. The symbol “li” indicates leg length. Equation (2) provides the
coordinates of the universal joints with respect to the frame {b}.

−−−→
ObA1 = (−r1, 0, 0)T

−−−→
ObA2 = (r1 cos 60, r1 sin 60, 0)T

−−−→
ObA3 = (r1 cos 60,−r1 sin 60, 0)T (2)

The coordinates of the centres of spherical joints with respect to frame {m} are given in
Equation (3):

−−−→
OmB1 = (−r2, 0, 0)T

−−−→
OmB2 = (r2 cos 60, r2 sin 60, 0)T

−−−→
OmB3 = (r2 cos 60,−r2 sin 60, 0)T (3)

The spherical joint’s position vector with respect to base frame {b} was obtained using
Equation (4): [−−−→

ObBi
1

]
= m

b [T]

[−−−→
OmBi

1

]
(4)

The leg lengths or the actuation needed to rotate the moving platform was found out
using Equation (5):

li =
∥∥∥∥−−−→ObAi −

−−−→
ObBi

∥∥∥∥ i = 1, 2, 3 (5)

For a serial link robot, solving the forward kinematics is easy and the analytical form
exists. However, for a parallel link robot, solving the forward kinematics is very complex
and the analytical form may not exist. For a serial link robot, the inverse kinematics is
typically complex and the analytical form may not exist; however, for a parallel robot,
the inverse kinematics is easy to determine and the analytical form exists. Thus, using
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Equations (1)–(5), the inverse kinematics of the proposed parallel exoskeleton robot can be
obtained easily.

3.3. Workspace

The capability of a robot can be evaluated in terms of its workspace. The robot
workspace depends on the dimensions of the robot and various other factors. It is usually
defined in a cartesian coordinate system. The workspace of the joint motions is called the
joint workspace. It is possible to calculate the joint workspace from the inverse kinematic
model [37]. The rotational workspace and joint workspace of the proposed robot are
presented in Section 4.3.

The specific factors that affect the workspace of any parallel robots are the actuated
joint variables, the range of joint’s motion, the mechanical interferences between the
links, degree of freedom, configuration constraint of various joints, mechanical collision of
different components, actuator’s stroke, sliding pair limitation, rotation angle limitation of
the Hooke joint, and singular configurations [38–40].

Selecting the right structure size of a parallel robot for the task at hand can be chal-
lenging because there are numerous performance criteria that need to be taken into consid-
eration. Furthermore, because these criteria depend on the position of the moving platform
and must be assessed across the robot’s whole workspace, they are challenging to analyse.
It is obvious that the orientation workspace is crucial to the design process. All points
on a moving platform that can be reached for any orientation within a set defined by the
orientation angles are collectively referred to as the total orientation workspace. It explains
an essential feature of a parallel robot by providing the useful workspace [41].

3.4. Custom-Made Spherical Joint

The custom-made spherical joint has three DOFs. It was found that the commercially
available spherical joints could not properly satisfy the workspace requirements. Conse-
quently, the conventional spherical joint was replaced with a three-DOF spherical joint that
was particularly 3D printed using additive manufacturing technology.

As can be seen in Figure 4, the ROM of the joint was determined from the 3D model
and found to be 40.02◦ in one direction. The spherical joint ROM is crucial for the com-
putation of the robot’s workspace. The spherical joint’s ball and socket were modelled
as a single component with some clearance between them (0.73 mm). Using the Solid-
Works 2022 software, the moving platform, base platform, spherical joints, palm splint, and
coupling that joins the universal joint and actuator were designed. Then, using additive
manufacturing technology, these parts were manufactured and then assembled.
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4. Kinematics, Workspace, Singularity, and Simulation
4.1. Exoskeleton Range of Motion and Human Wrist Joint Motions

The patient’s upper limb is subject to kinematic constraints when using a wrist ex-
oskeleton. If the wrist exoskeleton does not obstruct the operator’s normal wrist motions
or workspace, that is advantageous. Additionally, exoskeleton technology needs to be able
to equal or surpass human capabilities. The human hand includes five fingers and a wrist
joint. Two DOFs exist in the human wrist. Flexion, extension, radial deviation, and ulnar
deviation are the four basic wrist movements. The normal range of motion (ROM) of the
wrist is given in Table 2.

Table 2. ROM of human wrist joint and exoskeleton device capability.

Normal Wrist ROM Achieved ROM Device Capability

Flexion: 0–80◦ Flexion: 0–31◦ Flexion: 0–31◦

Extension: 0–70◦ Extension: 0–31◦ Extension: 0–31◦

Ulnar deviation: 0–30◦ Ulnar deviation: 0–30◦ Ulnar deviation: 0–38◦

Radial deviation: 0–20◦ Radial deviation: 0–20◦ Radial deviation: 0–26◦

Table 2 displays the maximum ROM limits for a human wrist joint as determined by
the American Academy of Orthopaedic Surgeons (AAOS) for various wrist motions, as
well as the achieved ROM and overall capability of the exoskeleton robot.

The exoskeleton depicted in Figure 5 performs various wrist movements (Supplementary
Video S1). The exoskeleton has a stand which rests on the table. The one end of the forearm
(near to the elbow joint) rests inside the base platform. From the centre of the base platform,
there is a circular extension to support or rest the forearm. This support can be further
extended to the centre of the manipulator to hold the forearm from dropping down for
paralyzed limbs. Also, a larger-sized stand can carry the maximum weight. Using a Velcro
strap, the hand is attached to the palm splint. There are many openings in the palm splint
to place the Velcro strap to adjust to different hand sizes. A user with the robot can be seen
in Figure 5f.
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Table 2 displays the capabilities of the exoskeleton, the exoskeleton’s achieved ROM,
and its desired range. It is evident that for some wrist joint motions, the exoskeleton design
satisfies the required workspace requirements. The device can only move the wrists 31◦ in
the flexion and extension directions, that is, 49◦ and 39◦ less than what a human wrist joint
can perform. As can be observed, the exoskeleton achieves 100% ROM while performing
wrist ulnar deviation and radial deviation motions.

4.2. Inverse Kinematics Solution

The moving platform orientation was used to calculate the final homogeneous trans-
formation matrix. The maximum stroke length for each linear actuator on the robot is
50 mm.

Figure 6 illustrates the change in the leg length during flexion and extension motions.
During the extension motion, the moving platform is rotated about the Xm-axis in a
clockwise direction (+ve direction), and it is rotated in an anticlockwise direction for flexion
motion. The three actuators are initially positioned (the home position) at the halfway
point of the stroke (25 mm). The actuator has a 25 mm maximum extension and retraction
from the home position. Leg l2 extends, leg l3 retracts, and leg l1 remains in the same
mid position during the extension motion. Leg l2 retracts, leg l3 extends, and leg l1 is not
activated during the flexion motion. As a result, the moving platform can be oriented in
the desired direction. Note that the movable platform only permits rotational motion.
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Figure 6. Change in the leg length during flexion/extension.

Figure 7 depicts how leg lengths vary during wrist ulnar deviation and radial deviation
motions. During ulnar deviation motion, the moving platform is rotated about the Ym-axis
in an anticlockwise direction (−ve direction), and it is rotated clockwise for radial deviation
motion. When the robot performs the ulnar deviation motion, leg l1 retracts while leg l2 and
leg l3 simultaneously extend. Leg l1 extends and legs l2 and l3 retract in the same manner
during radial deviation motion. The inverse kinematics solutions shown in Figures 6 and 7
were used to control the leg lengths of the robot.
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It is understood from Figures 6 and 7 that, when the top platform of the 3UPS/S
exoskeleton robot was rotated smoothly, all the legs of the exoskeleton robot moved
smoothly in tandem.

4.3. Rotational and Joint Workspaces

Using Equation (1), the rotational workspace and joint workspace when the moving
platform is rotated from −π/2 to +π/2 about three axes parallel to Xb, Yb, and Zb, which
intersect at point Om, are found. The distance between the base and moving platform
along the Z-axis was considered fixed, where l = 171.43 mm (this length is measured
from base platform to the centre of the spherical joint). Then, the rotational workspace
and joint workspace for the full stroke length of the actuator are plotted. As it is known,
the total stroke of the actuator is 50 mm, and the leg length of the robot varies in the
range of 146.43 mm ≤ li ≤ 196.43 mm. Figure 8 shows the rotational and joint workspace
of the 3UPU/S robot plotted within the limits of the leg length using MATLAB R2022a
(MathWorks, Natick, MA, USA). The rotational workspace in two dimensions by setting
ϕ = 0.52 radian is shown in Figure 8b.

Next, considering the ROM of the spherical joint, the rotational and joint workspaces

of the robot are found. This is conducted by finding the angle between the vectors
→
li and

→
n. Here,

→
li represents the vector associated with the legs of the robot and

→
n represents

the normal vector of the moving platform. The vector
→
li has already been found while

solving the inverse kinematics using Equation (5). The vector
→
n is normal to the plane

formed by the centres of the three spherical joints at the moving platform. To find the plane,
the position vector of all the three spherical joints connecting the moving platform with
respect to the frame {b} is found. This has also been found out while solving the inverse

kinematics problem using Equation (4). The vectors
→
a and

→
b (Figure 3) are obtained using

Equation (6).
→
a =

→
B2 −

→
B1

→
b =

→
B3 −

→
B1
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→
n =

→
b ×→

a (6)

The angle (α) between the vectors
→
li and

→
n is obtained using Equation (7).

sinα =

∣∣∣∣→li ×→
n
∣∣∣∣∣∣∣∣→li ∣∣∣∣∣∣∣→n ∣∣∣

cosα =

→
li ·

→
n∣∣∣∣→li ∣∣∣∣∣∣∣→n ∣∣∣

tanα = sinα/cosα (7)

The angle (α) varies in the range of −0.698 rad ≤ α ≤ 0.698 rad which represents the
ROM of the spherical joint. The rotational and joint workspaces within the limits of leg
length and within the limits of the ROM of spherical joints were plotted using MATLAB and
are shown in Figure 9. This represents the actual rotational workspace and joint workspace
of the robot. The rotational workspace and joint workspace in two dimensions are shown
in Figure 9b by setting ϕ = 0.52 radian.

The rotational workspaces together for both cases are shown in Figure 10. The blue
colour workspace in Figure 10 is for the case of considering only the limits of the legs
and the red colour workspace considers both the leg limits and limits of the ROM of the
spherical joints. The reduced workspace results from the influence of the limitation of the
ROM of the spherical joints.

The slices of the rotational workspace when the moving platform is rotated in clock-
wise and anticlockwise directions about the Zm-axis for various angles of rotation (ϕ) are
shown in Figure 11.

In Figure 11, the red colour slice is obtained for the angle ϕ = 0 rad. The blue slices
are obtained when ϕ = ±0.523 rad, the cyan colour slices are obtained for the angle
ϕ = ±1.047 rad, and the yellow colour slice is obtained for ϕ = 1.57 rad.
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Figure 9. Rotational and joint workspace considering the ROM of spherical joint: (a) rotational
workspace, (b) rotational workspace in 2D for ϕ = 0.52 rad, (c) joint workspace.

The results of rotational workspaces shown in Figures 8–11 conclude the limitations
in the orientation of 3SPS/S spherical wrist robots. It was observed that the workspace
reduced because of the limited ROM of the spherical joints. It was also observed that the
workspace of the robot reduced when the moving platform rotated about the Z-axis. At 90◦

rotations about the Zm-axis, the workspace is very limited. The workspace is symmetrical
when the moving platform rotates about the Zm-axis in both directions.
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The total ROM of the custom-made spherical joint is found to be 40.02◦. The rotational
workspace and joint workspace of the robot were plotted using MATLAB. The rotational
and joint workspaces were obtained considering initially only the limits of the leg lengths
and then later including the ROM of the spherical joints. It is found that the spherical joint’s
limited ROM causes a reduction in the workspace. Additionally, it is noted that, as the yaw
angle (ϕ) increases, the robot’s workspace decreases. The workspace is quite limited at
ϕ = 1.57 rad. When the moving platform is rotated about the Z-axis in both directions, the
workspace is symmetrical. Therefore, in order to achieve the full ROM of wrist flexion and
extension motions, the spherical joints need to be redesigned.

By observation, the spherical joints have no influence on the results presented in
Table 2. Even though the spherical joint highly contributes to a reduced workspace, the
other reasons will be the limitation in the stroke of the actuator, radii of the base and moving
platforms, and the distance of the moving platform with respect to the base platform. If
more ROM is required for wrist flexion and extension motions, then the spherical joints
need to be replaced.

4.4. Singularity Analysis Using Geometric Algebra

In this section, the singularity analysis of the 3UPS/S spherical wrist (Figure 2) is
presented. The singularity analysis is performed using the apparatus of geometric algebra
and it is based on the approach introduced in [42,43]. Firstly, a brief introduction to
geometric algebra is presented.

Geometric algebra could be considered a further development of Clifford algebra.
Clifford algebra was created in the 19th century, and in the second half of the 20th century,
this algebra has been further developed into a unified language named geometric algebra.
A single basic kind of multiplication called the geometric product between two vectors is
defined in geometric algebra. The geometric product (ab) is composed of the inner product
(a·b) and outer product (a ∧ b) of two vectors, i.e.,

ab = a·b + a ∧ b
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The inner product a·b is scalar-valued (grade 0). The geometric algebra Gn is a
2n-dimensional algebra, i.e., it generates exactly 2n linearly independent elements. The
elements of geometric algebra are as follows: scalar (grade 0); vector (grade 1); bivector
(grade 2) is the result of the other product of two vectors; and k blade (a1 ∧ a2 ∧ . . . ∧ ak) is
the result of the outer product of k vectors. The integer k is named grade. The geometric
algebra contains nonzero blades of maximum grade which are called pseudoscalars. For
example, the unit pseudoscalar of G3 of a 3D Euclidean metric space with the standard
orthonormal basis {e1, e2, e3} could be written as

I3 = e1 ∧ e2∧e3 = e1e2e3,

and the inverse of this pseudoscalar is

I−1
3 = e3 ∧ e2∧e1

In this paper, the basis vectors obey the following rules:

ei·ej = δij; δij = 1 (i = j); δij = 0 (i ̸= j); ei ∧ ei = 0

A generic element of geometric algebra is called a multivector, which can be written as

M = ∑n
k=0⟨M⟩k,

where ⟨M⟩k denotes the k-vector part of the multivector M.
For the purpose of the singularity analysis, the screws are represented in terms of

geometric algebra.
In geometric algebra G3, a general screw can be written as a multivector [42], i.e.,

s = u + r ∧ u + hI3u = v1e1 + v2e2 + v3e3 + b1e2 ∧ e3 + b2e3 ∧ e1 + b3e1 ∧ e2, (8)

where ‘u’ is the direction of the screw axis; ‘r’ is the position vector of a point of the
screw axis; ‘h’ is the pitch of the screw; vi and bi are scalar coefficients; and I3 is the unit
pseudoscalar I3 = e1e2e3 of the geometric algebra G3.

The same screw can be written as a six-dimensional vector in G6 [42]:

S = v1e1 + v2e2 + v3e3 + b1e4 + b2e5 + b3e6 (9)

The 3UPS/S parallel mechanism has four legs, and each of the UPS legs has full
mobility while the fourth leg (1S) does not possess full mobility. To characterize this leg as
a full mobility one, it was supposed that the remaining degrees of freedom are represented
by dummy joints, which are considered driven but locked joints. In other words, three
dummy-driven joints were introduced. The notations of screws in this paper are as follows:
small letter ‘s’ indicates a screw written in the geometric algebra G3, while a screw given in
G6 is denoted with capital letter ‘S’.

The screws associated with the joints of each UPS leg can be noted as j S1 (revolute joint),
j S2 (revolute joint), j S3 (prismatic joint—driven), j S4(revolute joint), j S5(revolute joint),
j S6(revolute joint), and j = 1, 2, 3—leg number (Figure 12). The screws associated with
the fourth leg (1S) are 4S1 (revolute joint), 4S2 (revolute joint), and 4S3 (revolute joint).
Here, each spherical joint is represented by three revolute joints. The screw axis of the
revolute joint is along the joint axis and the derestriction of the screw associated with
the prismatic joint is along the direction of translation. These screws are calculated using
Equations (8) and (9) while the components ‘u’ and ‘r’ can be obtained from the equations
given in Section 3.2. The screws associated with the revolute joints are lines, i.e., screws
with zero pitch, while the screws associated with the prismatic joints have infinite pitch
(Sprismatic = b1e4 + b2e5 + b3e6).
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Now, one can form the outer product of five screws for each leg:

j A= j S1 ∧ j S2 ∧ j S4 ∧ j S5 ∧ j S6, j = 1, 2, 3. (10)

Here, j A is a five-blade and it is clear that j S3 is not included in Equation (10), i.e., the
screws associated with the active joint (the prismatic joint in this case) are not included in
the blade. Then, the duality operation can be applied to obtain the dual of the five-blade, i.e.,

j D = j AI−1
6 , j = 1, 2, 3 (11)

where I−1
6 is the inverse of the unit pseudoscalar I6 = e1e2e3e4e5e6 of the geometric

algebra G6.
The dual of a blade represents the orthogonal complement of the subspace represented

by the blade in a non-degenerate space. This implies that the inner product of each vector
of the blade j A with the dual j D is equal to zero, i.e.,

j Si·j D = 0, i = 1, 2, 4, 5, 6 (12)

Since j A is a five-blade, the dual j D is a vector (one-blade) in this case. In the
case of the UPS leg and keeping in mind Equation (12), the reciprocal screw theory can
be used in order to simplify the finding of the dual of the five-blade j A. It is known
that a line intersecting all five screws (having zero pitch) is reciprocal to them. Let
j R = m1e1 + m2e2 + m3e3 + n1e4 + n2e5 + n3e6 be the reciprocal screw to the five screws
j Si, i = 1, 2, 4, 5, 6. Then, it can be deduced from the reciprocity properties and Equation (12)
that the dual can be written as

j D = n1e1 + n2e2 + n3e3 + m1e4 + m2e5 + m3e6 (13)

The reciprocal screws for each UPS leg in the geometric algebra G3 are obtained using
Equation (8), i.e.,

j r = uAjBj + ObAj ∧ uAjBj , j = 1, 2, 3 (14)

Expanding Equation (14) for the first leg, one can obtain the reciprocal screw and dual
vector in the geometric algebra G6:

1R =
1
N

(
1m1 e1 +

1m2 e2 +
1m3 e3 +

1n1 e4 +
1n2 e2 +

1n3 e3

)
, (15)
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1D =
1
N

(
1n1 e1 +

1n2 e2 +
1n3 e3 +

1m1 e4 +
1m2 e2 +

1m3 e3

)
, (16)

where 1m1 = r1 − r2cosϕcosθ; 1m2 = −r2sinϕcosθ; 1m3 = r2sinθ+ l; 1n1 = 0; 1n2 =
r1(r2sinθ+ l); and 1n3 = r1r2sinϕcosθ.

N =
√

2lr2sinθ− r1r2cos(ϕ+ θ)− r1r2cos(ϕ− θ) + r2
1 + r2

2 + l2

Similarly, the reciprocal and dual vectors for the other two legs can be obtained. Their
components are lengthier and that is why they are not listed here.

Each UPS leg has full mobility with one driven joint and the duals associated with any
such leg are vectors. The fourth leg (1S) has limited mobility and does not have active joints.
Assuming that there are three dummy active joints, which are represented by the screws
4Sd1, 4Sd2, and 4Sd3, then the duals associated with these dummy joints can be written as

4Dd1 =
(

4S
1
∧ 4S2 ∧ 4S3 ∧ 4Sd2 ∧ 4Sd3

)
I−1
6 , (17)

4Dd2 =
(

4S
1
∧ 4S2 ∧ 4S3 ∧ 4Sd1 ∧ 4Sd3

)
I−1
6 , (18)

4Dd3 =
(

4S
1
∧ 4S2 ∧ 4S3 ∧ 4Sd1 ∧ 4Sd2

)
I−1
6 , (19)

The duals from Equations (17)–(19) are vectors (one-blade). Then, the dual blade for
the 1S leg is

4D = 4Dd1 ∧ 4Dd2 ∧ 4Dd3 (20)

All duals needed for the singularity condition are obtained and this condition is
written as

1D ∧ 2D ∧ 3D ∧ 4Dd1 ∧ 4Dd2 ∧ 4Dd3 = 0 (21)

The manipulator is in a singular configuration when these vectors are linearly dependent.
It is shown in [42,43] that the dummy vector could be eliminated. Then, after the

elimination, the dual associated with a leg with limited mobility involves only the passive
joints, i.e., Equation (20) becomes

4D = λ

(
4S1 ∧4S2 ∧ 4S3

)
I
−1

6
, (22)

where 4D is a three-blade in this case; and λ is a scalar.
Then, the condition for singularity can be written as

1D ∧ 2D ∧ 3D ∧ 4D = 0 (23)

This condition of singularity forms a six-blade. The three-blade 4D can be factorized
into three vectors which will mean that they are the three duals associated with the three
dummy joints of the fourth leg. This implies that the singular condition is constituted by
the outer product of six vectors. Therefore, the manipulator is in a singular configuration
when these vectors are linearly dependent.

The algebraic expression of the singular condition can be obtained by Equation (23), i.e.,

B =
(

1D ∧ 2D ∧ 3D ∧ 4D
)

I6 = 0 (24)

The expression B is a scalar-valued function of design and input parameters. It is
parametrized by the rotation angles Ψ, θ, and ϕ in this case. The singular surface obtained
from Equation (24) is illustrated in Figure 13a. The figure shows the singular surface for the
three rotation angles within the range [−π

2 , π2 ]. In our analysis, the singular surface within
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the workspace of the mechanism is of greater interest and Figure 13b shows the singular
surface with the dimensions of the workspace (see Figure 11).

Appl. Sci. 2024, 14, x FOR PEER REVIEW 23 of 32 
 

within the workspace of the mechanism is of greater interest and Figure 13b shows the 
singular surface with the dimensions of the workspace (see Figure 11). 

  
(a)  (b) 

Figure 13. Singular surface for the 3UPS/S manipulator. (a) Singular surface within the range [− ஠ ଶ ,஠ଶ]; (b) singular surface within the workspace range. 

Further, some slices of the singular surface can be produced for the sake of simplicity 
and illustration. In this case, singular curves are obtained. 

Two slices of the singular surface are shown in Figure 14 together with a particular 
singular point. The singular curve is illustrated in red colour in Figure 14. 

  
(a) (b) 

Figure 14. Slices of singular surface. (a) A slice for ϕ = 0 (b) A slice for ψ = 0.2 rad. 

Two singular configurations of the mechanism are also shown in Figure 14, which 
are illustrated as points (blue points). The singular configurations of the mechanism cor-
responding to these points are shown in Figure 15.  

Figure 13. Singular surface for the 3UPS/S manipulator. (a) Singular surface within the range
[−π

2 , π
2 ], (b) singular surface within the workspace range.

Further, some slices of the singular surface can be produced for the sake of simplicity
and illustration. In this case, singular curves are obtained.

Two slices of the singular surface are shown in Figure 14 together with a particular
singular point. The singular curve is illustrated in red colour in Figure 14.
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Figure 14. Slices of singular surface. (a) A slice for ϕ = 0, (b) A slice for ψ = 0.2 rad.

Two singular configurations of the mechanism are also shown in Figure 14, which
are illustrated as points (blue points). The singular configurations of the mechanism
corresponding to these points are shown in Figure 15.

Since the six dual vectors from Equation (21) or Equation (23) are linearly dependent
in a singular configuration, the uncontrollable instantaneous twist can be obtained from
the outer product of any five vectors, i.e., the dual of the five-blade, e.g.,

U = (2D ∧ 3D ∧ 4Dd1 ∧ 4Dd2 ∧ 4Dd3) I−1
6 = (2D ∧ 3D ∧ 4D)I−1

6

Here, the uncontrollable instantaneous motion is a vector (one-blade) and it is shown
as red arrow in the figures.
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Figure 15. Singular configurations of the mechanism and the uncontrollable motion. (a) All three legs
are equal (corresponding to singular point from Figure 14a). (b) Singular configuration corresponding
to singular point from Figure 14b.

In the singular configuration shown in Figure 15a, all three legs have equal lengths
and all three rotation angles are zero. In this case, four of the dual vectors (out of six) are
linearly dependent. This situation can be illustrated by the reciprocal screws, i.e., the four
lines along the legs meet in a single point, which means that they are linearly dependent.
Here, the uncontrollable motion in this singular configuration is a rotation (a screw with
zero pitch) around the line along the 1S leg and the instantaneous rotation axis is illustrated
as red arrow in the figure. In the second singular configuration (Figure 15b), the six dual
vectors are linearly dependent. In this case, the uncontrollable motion is also rotation and
the instantaneous rotation axis slightly differs from the 1S leg line. The screw axis of the
uncontrollable motion intersects all reciprocal screws, i.e., the three lines along the UPS legs.
Also, it passes through the centre of the central spherical joint of the 1S leg. The geometrical
explanation of this fact is that the reciprocal screws of the three revolute joints, which
substitute the central spherical joint, could be arbitrary lines crossing the three joint axes.
These three arbitrary lines represent the dummy joints. Thus, the axis of the uncontrollable
rotation passes through the centre of the central spherical joint and, therefore, intersects the
three axes of the dummy joints. To illustrate this, an example for a singular configuration
of the UPS/1S mechanism is shown in Figure 16.
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Although the singular configuration (ψ = 0.5, θ = −0.9525498668, ϕ = 0.2) in
Figure 16 is outside the workspace boundaries, it better illustrates the crossing of the lines.
The crossing of any two lines is demonstrated with a black circle in the figure.

It is clear from the analysis that singularities exist within the obtained workspace
of the mechanism. Therefore, the manipulator can incur singularities during movement.
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For example, if the moving platform rotates around the Z-axis in both directions, the
mechanism will cross the singularity. Also, when all three UPS legs have equal lengths,
the mechanism is in a singular configuration. For this reason, the selection of the starting
position (or home position) having slightly different leg lengths is preferable. As a rule, try
to avoid the singularity during the movement of the mechanism when this is possible.

4.5. Actuators, Control, and Safety

Electrical actuators were selected for the exoskeleton application. Compared to pneu-
matic actuators, electrical actuators have a substantially larger bandwidth but an inferior
power-to-weight ratio. A single actuator that provides a large bandwidth and a high
power-to-weight ratio does not exist. An actuator’s dynamic response is determined by its
bandwidth. A limited-bandwidth actuator reduces system transparency by not being able
to deliver the operator high-frequency forces [36]. The Actuonix Motion Devices (Actuonix
Motion Devices Inc., Saanichton, BC, Canada) L12-50-210-6-I actuator is the one which
was chosen for actuation. Because it is equipped with an internal position controller, the
actuator will move to the desired location. It has a 210:1 gear ratio with a total stroke length
of 50 mm. Its top speed at no load is 6.5 mm/s, and it can handle up to 80 N of force. It
weighs 40 g. The device has a stall current of 460 mA and a maximum input voltage of
7.5 V.

All three actuators are controlled simultaneously by an Arduino board. The motors
are powered by an external battery. The controller is then given inverse kinematic-based
trajectory directives. The workspace of the exoskeleton is greater than that of the human
arm for specific joint actions (see Table 2). To protect users from these circumstances,
hardware stops and software controls are used. Additionally, emergency stop switches are
offered. The total cost of setting up the system is less than EUR 390, including the universal
joints, actuators, Arduino board, battery, and charger.

The control of the proposed exoskeleton is achieved by programming an Arduino
board with the inverse kinematic solutions, which moves the human hand using linear
electric actuators. In order to follow the desired path, an actuator command must be
produced by a control system. The actuator’s speed can be adjusted with these commands.
No sensors are required to provide feedback regarding the orientation and position of the
actuator. For this application, simple position control is sufficient and advanced dynamic
control is not required.

Finding a control for a dynamical system in the event of an initial disturbance and
bringing it to equilibrium as quickly as possible are the goals of optimal control. Since
there was no disturbance, optimum control was not applied in this project. Furthermore,
our system lacks sensors for feedback, which is a disadvantage of optimal control because
some feedback is necessary for optimal control. Additionally, our system is free from
uncertainties such as real-time perturbations, therefore a robust control is neither required
nor utilized [44].

Since the patients set up and operate the device themselves, the suggested exoskeleton
robot uses an open-loop position control to reduce complexity in the design and control
strategy. The desired path planning and linear joint movements are controlled by an
Arduino control board. The exoskeleton is powered by three linear actuators. The driving
link motion has been calculated and interpolated for all points found during the inverse
kinematics. After that, an Arduino controller receives the acquired actuator movements and
powers the exoskeleton. The motor is moved in each necessary position by the controller
using an interpolated step motion. There is a delay before going to the next desired position
in order to ensure user safety. The user can immediately stop the device using an emergency
switch if it becomes uncomfortable. The electric motor’s range is restricted by the Arduino
IDE 2.1.1 software, and it is evident that this falls inside the intended stroke length which
is at a safe operating range for the given purpose.

Furthermore, the modest accelerations and velocities corresponding to human motions
guarantee that the device’s inertia has a minimal effect on how it functions. The robot’s
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kinematic design was therefore taken into careful account when designing the exoskeleton.
The robot kinematics and compactness of the design were prioritized during the design
phase. In order to prevent transmission nonlinearities and backlash, a direct drive mecha-
nism was employed. The exoskeleton weighs approximately 0.4 kg as a result. To lessen
the user’s discomfort, the device was grounded as a result. Software limitations have been
applied to guarantee safety for users. There is also an emergency stop switch available.
Future plans include the use of software stops in addition to mechanical stops at workspace
boundaries to guarantee operator safety. Each actuator will have torque restrictions in
software, as well as mechanical hard stops and adjustable position soft stops. A force sensor
will be implemented in the exoskeleton robot which can measure the interaction force with
the user [36].

5. Discussion and Future Work

In 1993, Innocenti and Parenti-Castelli [45] studied a spherical wrist parallel manipula-
tor which could perform pure orientation in three-dimensional space. They identified that
the rotational freedom of each leg of the 3SPS/S parallel wrist having two spherical pairs at
its extremities did not affect the location of the moving platform. However, they performed
a case study using a 3UPS/S manipulator which was obtained by replacing one spherical
pair with a universal joint which eliminated the aforementioned rotational freedom.

A 3UPS/S manipulator is used for the first time in an exoskeleton system as a wrist
rehabilitation robot in this research, i.e., the 3UPS manipulator combined with the human
wrist and arm constitute the 3UPS/S architecture of the robot. This is a new approach
adopted in this work. The prismatic joints are the active ones of this robot. The top platform
of the robot has to be rotated about a fixed centre. In order to achieve the desired motion,
the prismatic joints are actuated all together at the same time but in different directions.
This approach to rotate the top platform without shifting its centre needs some accurate
inverse kinematics solutions.

The mechanical architecture of the proposed exoskeleton for wrist mobility rehabil-
itation is shown in Figure 2. The proposed robot enables a compact robot design that
revolves around the human arm. Furthermore, the 3UPS/S platform’s compact design,
which revolves around the human arm, enhances wearability and increases the exoskele-
ton’s useful workspace. In addition to the previously mentioned advantages, the device
possesses a high structural stiffness. Because this exoskeleton is grounded using a stand,
it can accommodate various arm sizes and weights. It can also be used by operators who
share the same mean arm dimensions or belong to the same age group.

The control of the proposed exoskeleton is achieved by programming an Arduino
board with the inverse kinematic solutions, which moves the human hand using linear
electric actuators. For our application, simple position control is sufficient and advanced
dynamic control is not required. During the working of the system, the top platform
performs the desired motion and it means that the system’s controller is stable. Thus, in
future work, a method for designing the output-feedback optimum control (OFOC) will be
developed [46].

Future work will include attaching myoelectric sensors to capture wrist movements.
This will improve the robustness and accuracy of the exoskeleton system and will open
new applications such as controlling the robot using the active limb. Robots have improved
their ability to analyse sensory data, make smart decisions, and carry out tasks precisely
and effectively by utilizing machine learning and adaptive learning in sensor fusion. The
machine-to-cloud (M2C) layer makes use of cloud computing and storage resources to
offer extra capabilities. This makes it possible for robots to access sophisticated machine
learning models, large-scale data storage, and data processing algorithms to increase their
intelligence and capabilities. In recent years, deep learning has demonstrated outstanding
performance. Reinforcement Learning (RL) has demonstrated amazing results in numerous
scenarios and superhuman performance in certain difficult robotics tasks by utilizing deep
learning [47].
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This study of the 3UPS/S manipulator, which serves as a PW exoskeleton, considers
several design factors that impact the robot workspace. These characteristics include the
distance of the moving platform in relation to the base, the radii of the moving and base
platforms, the ROM of the spherical joints, and the actuator’s stroke length. The optimal
dimensional design of PM is a fundamental problem in the design of PMs. The main diffi-
culties encountered in the dimensional design of PMs are related to modelling, workspace,
kinematics, and control [48]. The dimensional design of the proposed exoskeleton robot
will be the subject of the intended future work.

Furthermore, the operator’s upper arm measurements have been considered in de-
signing the base and moving platforms. In order to expedite and reduce the cost of device
construction, additive manufacturing technology has been employed. To meet the required
workspace, spherical joints have been modelled in SolidWorks 2022 software and then man-
ufactured using a 3D printer. All components have been 3D modelled using SolidWorks
2022 software. Compact design and robot kinematics have been given top priority during
the design stage. As a result, the device is grounded to reduce the user’s discomfort and
the exoskeleton weighs just 0.43 kg.

The singular surface of the 3UPS/S manipulator and the screw axis of uncontrollable
motion is plotted. When the moving platform is rotated around the Z-axis, it is found that
there exists a singularity within the workspace of the robot. Also, a singularity occurs when
all the leg lengths are equal. Hence, singularity is to be avoided by a suitable design and by
judicious use of the workspace.

Robot-assisted rehabilitation therapies are meant to accurately mimic manual therapies.
The 3-UPS/S parallel wrist robot rotates the human hand about the wrist joint in a smooth
manner. The speed of this motion can also be adjusted. This robot is connected to a user’s
forearm and produces a smooth motion. Thus, this robot can replace manual treatment by
a physiotherapist. The smoothness of the movement and trajectory error of the impaired
limb define the quality of robotic rehabilitation therapy. Along with it, the range of motion
can be measured and compared with existing devices.

The system was tested for performing different wrist motions on a user. Throughout
the rehabilitation therapy, the system performed as desired. Also, an emergency switch is
mounted in case any undesirable motion occurs. Since this system is grounded and only has
an attachment to one part of the body, the system is actually suitable for humans from a safety
perspective. In the next version of the robot, more safety features will be incorporated.

Thus, the refinement will be the primary emphasis in future when developing the
next version of the exoskeleton. Also, the device should feature more mechanical safety
components to ensure the user’s safety throughout the rehabilitation.

6. Conclusions

A parallel wrist exoskeleton robot has been designed and developed for the rehabili-
tation of the human wrist joint. The arm-centred design of the robot produces a compact
interface that does not restrict natural human arm motions. Challenges in designing ex-
oskeleton robots are discussed in this research, and the advantages and disadvantages
of the proposed robot are mentioned. Kinematic analysis, workspace analysis, and sin-
gularity analysis of the 3UPS/S robot has been carried out. Simple position control is
only required for controlling the robot. An Arduino board is used for controlling the
robot actuators by applying the inverse kinematics solution written in Arduino IDE 2.1.1
software. The moving platform of the robot rotates smoothly, and the legs of the robot are
actuated smoothly in tandem. This indicates that the kinematics of the robot was solved
efficiently. The spherical joints of the robot were designed in SolidWorks 2022 software
and manufactured using additive manufacturing technology. The rotational workspace
and joint workspace of the robot were identified initially only considering the limits of the
leg lengths. Then, by including the range of motion of the spherical joints along with the
limits of the leg lengths, the rotational workspace and joint workspace were obtained. By
finding the rotational workspace and joint workspace of the robot, it was analysed that
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the custom-made spherical joints need to be redesigned to avoid collision between the
socket and ball arrangement and also to increase the range of motion. That is, the rotational
workspace of the robot is reduced due to the limitations in the spherical joint range of
motion. Singularity analysis was performed using the geometric algebra approach, it was
found that singularities exist within the workspace of the robot, and the conditions to avoid
singular configurations were discussed. The singularity can be avoided by restricting the
rotation of the top platform about the Z-axis. Also, a singularity occurs when the robot is at
the home position, when all three leg lengths are same. The robot performs a full range
of motion during wrist ulnar deviation and radial deviation motions. The robot has only
limited range of motion during wrist flexion and extension motions. Thus, the range of
motion can be improved by using alternative actuators, modifying the radii of the base and
moving platforms, increasing the platform height, and selecting new spherical joints with a
better range of motion.

Supplementary Materials: The following supporting information can be downloaded at:
https://zenodo.org/records/11161639. Video S1: A 3UPS/S Spherical Parallel Manipulator Designed
for Robot Assisted Hand Rehabilitation after Stroke.
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Nomenclature

PM, SM Parallel Manipulator, Serial Manipulator
DOFs Degrees of Freedom
PW Parallel Wrist
SPM Spherical Parallel Manipulator
LM, CD, GD Linkage Mechanism, Cable Drive, Gear Drive
PA, HA, EM Pneumatic Actuator, Hydraulic Actuator, Electric Motor
ROM Range of Motion
F/E, AD/AB, I/E,
P/S, UD/RD

Flexion/Extension, Adduction/Abduction, Internal/External Rotation,
Pronation/Supination, Ulnar Deviation/Radial Deviation Motions

SR, EW, WT Shoulder Joint, Elbow Joint, Wrist Joint
TRL Technology Readiness Level
BMA Biomimetic actuators
R Revolute joint
Ui Universal joints
Pi Prismatic joints
Si Spherical joints

https://zenodo.org/records/11161639
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WS Wrist joint of the user
li Link length
Ai Universal joints at vertices of equilateral triangle
Bi Spherical joints at vertices of equilateral triangle
r1 Radius of base platform
r2 Radius of top platform
OmXmYm Coordinate system attached to top platform
ObXbYb Coordinate system attached to base platform
a, b Length of the sides B1B2 and B1B3
Ψ, θ, ϕ Roll, pitch, yaw angles
→
n Normal vector

α Angle between the vectors
→
li and

→
n

G3 Geometric algebra of 3D vector space
G6 Geometric algebra of 6D vector space
s General screw written in G3
S General screw written in G6
I3 Unit pseudoscalar of the geometric algebra G3
I6 Unit pseudoscalar of the geometric algebra G6
I−1
6 Iverse of the unit pseudoscalar I6

ei Basis vectors
j Si Screw representing the i-th joint of the j leg
vi, bi, mi, ni Scalar coefficients for a screw description
j A Blade associated with the j leg
j D Dual associated with the j leg
j R Reciprocal screw associated with the j leg
U Uncontrollable instantaneous twist
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