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Abstract

Neuroplasticity allows the human nervous system to adapt and relearn motor control following stroke. Rehabilitation
therapy, which enhances neuroplasticity, can be made more effective if assisted by robotic tools. In this paper, a novel 4-SPS
parallel robot has been developed to provide recovery of wrist movements post-stroke. The novel mechanism presented
here was inspired by the forearm anatomy and can provide the rotational degrees of freedom required for all wrist
movements. The robot design has been discussed in detail along with the necessary constructional, kinematic, and static
analyses. The spatial workspace of the robot is estimated considering various dimensional and application-specific
constraints besides checking for singular configurations. The wrist robot has been further evaluated using important
performance indices such as condition number, actuator forces, and stiffness. The pneumatic artificial muscles exhibit
varying stiffness, and therefore, workspace points are reached with different overall stiffness of the robot. It is essential to
assess robot workspace points that can be reached with positive forces in actuators while maintaining a positive definite
overall stiffness matrix. After the above analysis, design optimization has been carried out using an evolutionary algorithm
whereby three critical criteria are optimized simultaneously for optimal wrist robot design.
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1. Introduction robotic devices an economical choice. These robots can pro-
vide repetitive, task-specific, and prolonged training sessions as
well as objective measurements as compared to manual physi-
cal therapy.

Several robotic devices have been developed and reported
in the literature for wrist joint rehabilitation. A detailed re-
view on the design and control aspects of wrist rehabilitation
robots has recently been published by Hussain et al. (2020).
These robotic devices have been categorized into end-effector-
based and orthoses (i.e. exoskeleton)-based devices. The

Robot-aided physical rehabilitation is an active trend for sub-
jects suffering from stroke and incomplete spinal cord injuries
(Ben-Tzvi et al., 2016; Hunt et al., 2016; Manna & Dubey, 2019;
Li et al,, 2020; Wang et al., 2020). The wrist is an important
and anatomically complicated joint in the upper limb, and ap-
proximately 90% of stroke survivors require wrist rehabilitation
(Mozaffarian et al., 2016; Wang et al., 2018). The large population
of stroke survivors requiring rehabilitation of wrist joint makes
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end-effector-based rehabilitation robots are modified versions
of industrial robotic manipulators where the patient holds the
end effector with hand and the end effector provides mo-
tions in multiple degrees of freedom (dof) of the wrist joint.
The natural movements required at the wrist joint are abduc-
tion/adduction, flexion/extension, and pronation/supination. A
servo motor-powered end-effector-based wrist rehabilitation
robot developed at MIT (Krebs et al., 2007) provides three pow-
ered dof for abduction/adduction, flexion/extension, and prona-
tion/supination of the wrist joint. Similarly, a DC motor-powered
end-effector-based wrist rehabilitation robot has been devel-
oped at IIT Genova to provide three active dof (Squeri et
al., 2014). Several other end-effector-based wrist rehabilitation
robots powered by electromagnetic actuators are reported in the
literature, which can provide one (Lum et al., 1993; Hesse et al.,
2003; Xu et al., 2019), two (Lambercy et al., 2007, 2011; Akdogan et
al., 2018), or three (Oblak et al., 2010; Khor et al., 2017) dof wrist
motions. However, the end-effector-based wrist rehabilitation
robots have limitations, as it is difficult to ascertain whether the
robot forces are applied accurately over the wrist joint or not.
To overcome these limitations, several orthoses-based wrist re-
habilitation robots have been designed. These robotic orthoses
provide better alignment of robotic orthosis joints with anatom-
ical wrist position. They can therefore apply forces at more ap-
propriate locations to the anatomical wrist as compared with
their end-effector-based counterparts. The most notable among
robotic wrist orthoses is the DC motor-powered Ricewrist that
can assess motor functions of subjects suffering from SCI be-
sides providing three dof to the wrist joint (Gupta et al., 2008;
Pehlivan et al., 2015; Rose et al., 2018). Various other wrist rehabil-
itation orthoses worth mentioning here can provide one (Burgar
et al., 2000; Ren et al., 2013; Amirabdollahian et al., 2014; Beom et
al., 2016; Nam et al., 2017) and two (Rahman et al., 2015; Higuma
et al., 2018) dof.

The above-mentioned electromagnetic actuated robotic or-
thoses have a high end-point impedance, which presents limi-
tations for safe human-robot interactions and the implementa-
tion of control algorithms for providing Assist-as-Needed robotic
rehabilitation. Compliant actuation of robots is an emerging re-
search field (Vallery et al., 2008; Kim et al., 2016; de Souza &
Silva, 2020), and several robotic orthoses powered by compli-
ant actuators have been developed for upper (Cui et al., 2017)
and lower limb rehabilitation (Jamwal et al., 2014; Hussain et al.,
2017). However, very few attempts have been reported in the
literature regarding compliant actuation of wrist rehabilitation
robotic orthoses. An end-effector type of wrist rehabilitation or-
thosis powered by Series Elastic Actuators (SEAs; Veneman et
al., 2006) called WRES has recently been developed (Buongiorno
et al.,, 2018). However, there are certain limitations associated
with the use of SEA for powering the robotic orthoses, such as
higher stiffness, achievable passivity, and extensive instrumen-
tation requirements (Hussain et al., 2013). Recently, pneumatic
artificial muscles (PAMs) are being utilized to actuate rehabilita-
tion robots as an alternative to SEA (Jamwal et al., 2015). Bartlett
et al. at Harvard University proposed a soft orthosis for wrist re-
habilitation employing PAMs (Bartlett et al., 2015). The prototype
developed at Harvard could achieve the required wrist motions
and has also been tested on healthy subjects. However, technical
details such as how motions are realized and how actuators are
controlled have not been included in the manuscript. The pri-
mary design flaw of this design is the direct contact of actuators
with the skin, which may be inconvenient and hazardous in the
event of actuator rupture.

Hassanin et al. have proposed a wrist rehabilitation exoskele-
ton that is a soft robot. However, it can only provide two dof and
cannot generate supination/pronation motions (Al-Fahaam et
al., 2016). Another wrist robot (EXOWRIST) actuated using pneu-
matic air muscles, proposed by Andrikopoulos et al., suffers a
similar limitation (Andrikopoulos et al., 2015). It can only provide
two dof, namely extension-flexion and ulnar-radial deviation.
While PAMs have apparent advantages of being lightweight,
powerful, and inherently compliant, they are challenging to
model, and control and pose many challenges due to their tran-
sient and non-linear behaviour (Hassan et al., 2019; Peng et al.,
2019; Yuan et al., 2019). PAMs work with compressed air and
therefore, their stiffness also changes non-linearly with change
in air pressure (Antonelli et al., 2019; Li et al., 2019; Sun et al.,
2019). Further, PAMs can only operate under tension (cannot ex-
ert compressive forces), and in such a scenario, it is essential to
ascertain that the robot workspace points can be reached with
positive forces in actuators while maintaining a positive definite
overall stiffness matrix (Zhao & Zi, 2014; Sadati et al., 2017).

From the above discussion, it can be established that a robot-
assisted rehabilitation for the wrist joint will be both economi-
cal and a time-efficient option for the healthcare providers. Fur-
ther, out of the two options, namely, a robotic orthosis and an
end-effector robot, robotic orthosis should be preferred over the
end-effector robot. An orthosis applies forces at the wrist joint
quite similar to the forearm muscles and hence better accura-
cies of force transmission are expected. Furthermore, a robotic
orthosis actuated by PAMs should be preferred over those actu-
ated by electrical motors due to the safety concerns and need for
a complaint actuation during the rehabilitation process. There
are at least three instances of wrist robotic orthoses, proposed
in the literature, that are actuated using PMAs (Andrikopoulos
et al., 2015; Bartlett et al., 2015; Al-Fahaam et al., 2016). However,
they suffer from two critical shortcomings, while some of the
designs are unsafe owing to the direct contact of their actuators
with the skin of the human forearm, the other designs cannot
provide supination/pronation motions.

After carefully studying the wrist and forearm anatomy and
the existing orthoses, a novel mechanism for wrist rehabilitation
orthosis is conceptualized and developed during the proposed
research that can also provide the supination/pronation wrist
motions. The proposed mechanism is essentially a parallel robot
and is inherently compliant owing to using PAMs as actuators.
Parallel robots are preferred over serial robots due to their com-
pact designs and higher stiffness (Li et al., 2009); however, a poor
design of parallel robots can also lead to a reduced workspace,
dof, and higher force requirements (Brinker et al., 2018; Raoofian
et al., 2018; Anvari et al., 2019). Normally, the parallel robot de-
signs are evaluated for their feasibility using kinematic and geo-
metrical analyses. Important performance indices, such as con-
dition number, manipulability, tensionability, etc., are also used
to determine the quality of the robot workspace (Brinker et al.,
2018; Glorieux et al., 2018; Hu et al., 2020). In this paper, the de-
sign of the wrist orthosis has been discussed in detail along
with the necessary constructional, kinematic, and static anal-
yses. The spatial workspace of the robot is estimated consid-
ering various dimensional and application-specific constraints
to avoid the singular configurations. The wrist robot is actu-
ated using PAMs that exhibit varying stiffness, and therefore,
the workspace points are reached with different overall stiffness
of the robot. It is essential to obtain a set of robot workspace
points that can be reached with positive forces in the actua-
tors while the overall stiffness matrix also remains positively
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Table 1: Ranges of motion for the human wrist (Neese et al., 1989).

Wrist and forearm

motions Range Mean Standard deviation Moments Nm
Supination/pronation 90°-60°/76%-60° 74.5°/68.8° 119/6.2° 26.01/23.99
Flexion/extension 13401540 106° 18° 8.92/7.15
Radial/ulnar 800-710/830-74° 75.8%/79.5° 3.89/3.9° 29.73/16.22

definite. Robot design optimization has been carried out later,
implementing an evolutionary algorithm (EA) to obtain an opti-
mal wrist robot design.

The robot design is discussed in detail along with necessary
constructional niceties in Section 2. Kinematic design analysis
is described in Section 3, where Robot Jacobian analysis and
kinematics are discussed. Later in Section 4, robot design per-
formance indices are discussed and enumerated besides a thor-
ough analysis of spatial workspace. Kinematic design optimiza-
tion of the proposed wrist robot is described in Section 5, fol-
lowed by a final overall discussion and suggestions for future
work. According to the authors’ best knowledge, an intrinsically
compliant parallel robotic orthosis for wrist rehabilitation is pro-
posed for the first time.

At the onset, biomechanics of the wrist joint is discussed to de-
rive various specifications for the wrist robot in terms of its types
of trajectories and ranges of motions. Followed by the specifica-
tions, details on the wrist robot’s construction are being laid out
here with niceties of various parts about their functions and im-
portance.

The wrist joint is a complex biaxial joint operating with remark-
able stability between forearm and hand to provide a wide range
of three rotational degrees of motions (Talwalkar et al., 2005).
Wrist motions can be independent as well as combined with the
forearm motions. Independently, the wrist acts as an ellipsoidal-
type synovial joint and allows motions along two axes, such as
flexion-extension and adduction-abduction (ulnar-radial devi-
ation). Rotation of the hand, which is also termed as pronation
and supination, however, is a combined motion of the wrist with
the forearm. All the motions occurring at the wrist are carried
out by muscle groups of the forearm.

Yet another significant parameter that influences the design
of the wrist rehabilitation robot is the interaction torque expe-
rienced during rehabilitation therapy at the wrist-forearm junc-
tion. Maximum flexion torque at the wrist can be 11.9 &+ 2.9 Nm,
while the maximum extension torque is measured as 6.5 + 1.5
Nm (Yoshii et al., 2015). However, torque requirements about
other axes are much lower compared to flexion-extension at the
wrist joint (Bandy et al., 2001; Hamilton et al., 2012; Nichols et al.,
2013).

The wrist robot should be able to provide three degrees of ro-
tational freedom in a compact workspace. The ranges of these
required motions or trajectories along with respective moments
are given in Table 1. However, it is important to delineate be-
tween the anatomical and functional motion ranges. Zhao et al.
(2019) have elaborately discussed this issue and have recom-
mended the functional ranges of motions for the wrist joint,
which are relatively less than the anatomical ones. Accord-

ing to Zhao et al. (2019), functional wrist motions are those
that are required during personal care/hygiene activities such
as combing hair, fastening shirt buttons, dental care, etc. Ex-
periments involving 40 human subjects and subsequent anal-
ysis of the data revealed that all of these tasks could be per-
formed with 60 degrees of extension and 54 degrees of flex-
ion. Further, a 20 degree ulnar deviation together with 17 de-
grees of radial deviation and a similar range for supination-
pronation was sufficient for activities of daily living (Zhao et al.,
2019). Apart from the ranges of motion, the wrist robot should
also be able to traverse through various prescribed rehabilita-
tion trajectories during training sessions. Important robotic re-
habilitation training must include passive training (robot ac-
tive and user passive), active-assist training (robot cooperates
with user), and active range of motion (ROM) training (user ac-
tive and robot passive), as well as muscle-strengthening train-
ing (robot provides a constant resistance or varies the resistance
according to the extent of displacement, i.e. acts as an elastic
element).

The new wrist robot, proposed in the present research,
was designed aiming at the functional motion requirement of
the wrist joint. A parallel robot design for the proposed wrist
robot was preferred to include the supination/pronation wrist
motions, which previous wrist robots (actuated using PAMs)
could not provide. However, there are issues with the parallel
mechanism-based design and the use of PAM actuators. Paral-
lel mechanisms are good in providing accurate motion within a
compact workspace but are subjected to singularity-related is-
sues. A parallel robot design with a condition number close to
unity (explained later in Section 4.1) can help in eliminating the
singularity issues. Further, since the PMAs are flexible actuators,
we need to constantly maintain some nominal pressure inside
them, else the robot will collapse. In other words, we need to
check the minimum robot stiffness and find ways to maximize
it by means of the robot geometrical design. It is possible to alter
the robot geometry, which is mainly governed by the placement
of the actuators and maximize the minimum overall stiffness.
The norm of actuator forces, which is required to achieve tar-
get wrist torques, is another important objective. It is desired to
achieve the target torques with reduced actuator forces, which is
possible by placing the actuators away from the axis of rotation.
Therefore, in the present research, first, a wrist robot design is
conceptualized, and later through design optimization, the over-
all minimum stiffness is maximized while the norm of actuator
forces is minimized. In the following section, the conceptual de-
sign of the new wrist robot is discussed before its kinematic syn-
thesis, which is elaborated in Section 3.

Most of the skeletal joints in the human body are actuated by
the parallel action of muscle groups. Therefore, a bio-inspired
design for wrist robot should be a parallel mechanism. In paral-
lel mechanisms, a movable end effector is linked to a fixed base
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Figure 1: Conceptual design of the robotic orthosis for wrist rehabilitation
(ROWR).

through multiple actuators, and the end effector is manoeuvred
by simultaneous motions of parallel configuration of actuators.
Owing to this arrangement, the parallel robots do not suffer from
accumulated errors that are common in their serial counter-
parts. Moreover, since the end effector is linked with multiple
actuators, its loading capacity, as well as stiffness, is also higher
compared to serial robots. In the light of the above discussion,
it is evident that a parallel mechanism-based design shall be a
more suitable one for the intended wrist robot.

However, parallel robots suffer from the issues of reduced
workspace and increased kinematic singularities (Tsai, 1999;
Merlet, 2006). The kinematic workspace, here, is defined in terms
of the Euler angles (along three axes). A combination of these
angles gives an orientation of the robot end effector with re-
spect to the coordinate system, which is assumed to be placed
at the anatomical wrist joint shown as ‘W in Fig. 5a and b. Op-
portunely, since the ROM of the wrist joint is relatively small, the
reduced workspace of parallel manipulators may not pose a se-
vere problem provided suitable kinematic variables are selected.
On the other hand, singularities offer a much more significant
challenge and must be carefully considered while designing the
robot. This research therefore places particular attention on the
workspace and singularity analyses during the development of
the wrist rehabilitation platform.

The distinguishing features of the proposed design are its
wearability, expandability, and less intimidating appearance
(Fig. 1). While the use of ball and socket joints at both ends of
the longitudinal links facilitates rotation of the hand, the ex-
pandable longitudinal sections can accommodate a wide range
of forearm lengths. The elbow part, at the rear end of this de-
vice, is detachable to facilitate the user to don/doff. This simple
design, which is compact and straight, appears to be less intim-
idating compared to previous wrist robots.

In the proposed wrist robot design (Fig. 1), four parallel col-
lapsible longitudinal links with ball-socket joints at both ends
(between anchor and wrist outer connector part) are employed.
Four PAMs (6 mm diameter and 150 mm long) are attached be-
tween the end effector and the anchor part of the robot to pro-
vide three dof; one of these is the required supination and prona-
tion motion (Fig. 2a) that is the rotation between the fixed anchor
(to be fixed on the forearm, Fig. 4) and the moving end effector
(comprising wrist inner and outer connectors, Fig. 3). Flexion-
extension wrist motions together with radial-ulnar deviations
(Fig. 2b) are provided by the end-effector part of the wrist
robot.

Figure 2: (a) Anchor part (bottom view of Fig. 1) facilitating supination and prona-
tion rotation. (b) Ulnar rotation with the help of four ball-socket joints.

Pivot joint with a slot on
grooved wheel

Figure 3: End-effector part of the robot shown with inner and outer parts pivoted
together with a slot that allows both parts to slide together.

A wristinner connector (subject can grip this part rolling over
fingers) is joined through two passive revolute joints with the
wrist outer part for ease of gripping (Fig. 3). The anchor part
(Fig. 4), which helps in wrist rotation about the forearm, is con-
structed as the initial robot attachment point to the human body
using straps at the elbow. Four sockets are also shown in Fig. 4,
which are built to house the ball end of four longitudinal links.
The sockets are provided with slits for easy fitting and assembly
of the ball joints. The wrist robot parts are all fabricated using
appropriate tolerances for their required fits.

3. Kinematic Design Analysis

Since the human wrist and forearm will be an integral part of
the wrist parallel robot, its kinematic description must be es-
tablished before further analyses on its workspace, singularities,
and moment capabilities.

While anatomically, the wrist joint should be considered
as a biaxial joint, in the present research, it is being consid-
ered as a spherical joint for convenience without the loss of
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Figure 4: Anchor part of the wrist robot to be fitted on the forearm near elbow.

generality. Previous research suggests that orientations of the
revolute joints in the wrist biaxial model can vary between sub-
jects (Talwalkar et al.,, 2005), which may adversely affect the
inferences drawn for the workspace and singularity analysis.
Moreover, the amount of translation is trivial enough to be dis-
carded, and hence the spherical model for the wrist joint is being
assumed here.

For a spherical joint and consequent three rotational dof,
three actuators should be sufficient for complete mechanism
controllability. However, since the PAMs are flexible actuators
and cannot provide a ‘push’ force, redundant actuation is in-
dispensable. The kinematic configuration considered in this re-
search is shown in Fig. 5a, together with details of the vari-
ables used to define actuator connection points and two end
platforms (anchor and the end effector) of the proposed parallel
robot (Fig. 5b).

While the anchor is to be strapped to the forearm, the wrist
connectors need to be adjusted (by altering lengths of longitudi-
nallinks) to fit with the hand of the user. The actuator (PAM) con-
nection points at the anchor are all shown by a; while on the end
effector (wrist connector), these are given by b;. Both a; and b;
are coincident with the centres of the ball-socket joints at the
two ends of longitudinal links. The centre of anchor part O, is
coplanar with g; points, and since it does not move relatively, it
is termed as the origin of the global reference frame. Similarly,
Oe, which is the centre of the end effector, is also coplanar with
b; points and is termed as the origin of the end-effector frame.
The wrist joint, considering it a ball and socket joint, is assumed
to be placed at ‘W'.

The robot design parameters mainly consist of the geometri-
cal parameters and the actuator connection points. It is known
that the parallel robot’s kinematic performance largely depends
on its geometrical parameters (Merlet, 2010). By altering these
parameters, it is possible to obtain a robot design that provides
accurate motions with less force requirements. Radii of actuator
connection points at anchor (which is analogous to the base of

the parallel robot) and at the end effector are shown as g, and gs,
respectively. To begin with, the angular placements of actuators
on both the platforms (Fig. 5a, ¢: and g3 on anchor and g4 and g
on the end effector) are chosen using our previous knowledge
about parallel platforms (Jamwal et al., 2015).

For further discussion on kinematic analysis, the end effec-
tor is assumed to be pivoted about the centre of the anatomical
wrist joint (W). Subsequently, when the forearm is fixed with the
anchor platform, and the wrist is placed on the robot end effec-
tor, the wrist joint would be completely isolated. Therefore, mo-
tion and torques of the end effector about the wrist centre will
provide precise values of the relative orientation and torques be-
tween the user’s hand and forearm.

Mapping of the end-effector orientations to its corresponding
actuator linear displacements is termed as the inverse kine-
matics (IK) of a parallel robot. While IK for serial robots pro-
vides redundant solutions, a singular solution can be obtained
for parallel robots (Keemink et al., 2018). This relationship can
be devised using the kinematic variables discussed in the pre-
vious section. The relaxed length of the actuator can be defined
as the one when the end-effector frame is identically aligned
with the robot global frame or the anchor frame (home config-
uration). The length vector of the ith actuated longitudinal link
can be written as (1), while the magnitude of its length is given

by (2).

Li = 0,W - 0oa + R (Whio) M

I; =‘/L?Li 2

Here, subscript ‘0’ represents quantities relating to the home
configuration, and R is the rotational transformation ma-
trix of end effector for a stationary axis rotation sequence of
¥, 6, and ¢.

Robot’s Jacobian matrix, in general, describes the relationship
between the velocities of joint space (longitudinal links) and task
space (end effector). With regard to parallel robots, there exists a
unique set of link displacement (dl) for a given end-effector ori-
entation (dp), as shown in (3). Alternatively, the robot Jacobian J
can be defined as a gradient matrix that maps the end-effector
velocity ‘o’ to the link velocity ‘v’ (3). It is interesting to note that
the transpose of the Jacobian matrix also maps the link forces
to end-effector forces (4). Therefore, robot’s Jacobian matrix can
provide information on the kinetics and kinematics for a given
robot pose/configuration. Since the Jacobian is the gradient ma-
trix, it can be obtained by differentiating (1), and the ith row of
robot Jacobian can be given by (5).

dl=Jdporv=Jo (3)
t=J"F e

1 e[ OR, R, IR,
JI_ELI [awbn,o agbw a(pbl,o:l (5)

Robot Jacobian plays an important role in identifying possi-
ble singular configurations in the robot workspace. Singular con-
figurations in the robot workspace are orientations of the robot
where the robot Jacobian becomes rank deficient. In other words,
the singular configurations are normally related to a very high
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Figure 5: (a) Schematic of the wrist robot. (b) Line sketch of the wrist robot and actuators.

condition number value (or infinite) or zero matrix determinant
of the Jacobian matrix (if the manipulator Jacobian is a square
matrix). Consequent to the rank deficiency in the Jacobian ma-
trix, the robot shall lose controllability, and regardless of the
joint space forces, end-effector forces may not be realized along
certain directions. Singular configurations can also be defined as
poses where the robot gains additional dof during motion. The
presence of null space in the robot Jacobian will result in cer-
tain end-effector velocities even if all the actuators are locked
(i.e. zero link velocities). Evidently, the selection of robot kine-
matic variables becomes important to avoid singular configura-
tions from the workspace of the robot. The robot will lose con-
trollability even in the vicinity of singular points, and therefore,
a good kinematic design should aim to reduce singular config-
urations in the robot workspace to improve its manipulability.
This can be done by controlling the condition numbers of robot

Jacobian in the entire end-effector workspace, as discussed in
the following subsection.

4. Design Performance Criteria

It is clear from the discussion in the previous section that the
selection of robot kinematic variables is important from the
perspective of its kinematic and kinetic performances. Hence,
ahead of its detailed design and implementation, robot design
should be evaluated on certain performance criteria. To check
for the singularity regions in the robot workspace, condition
numbers of the Jacobian matrix at various workspace points
should be assessed. Since the actuators are flexible and can
only provide a pull ‘force’, it is essential to check whether the
workspace points can be reached with positive actuator forces.
The set of all such workspace points is termed as the force
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Figure 6: First prototype constructed for wrist rehabilitation robot using some
redundant actuators.

feasible workspace (FFW). Robot kinematic variables affect the
Jacobian matrix, which in turn maps the link forces and end-
effector torques (4). By selecting appropriate kinematic vari-
ables, it is possible to enhance the FFW, and at the same time
minimize actuator force requirement. The actuators (PAMs) ex-
hibit varying stiffness, and therefore, the robot end effector
reaches out various workspace points with different overall stiff-
ness of the robot. It is essential to check whether the over-
all stiffness matrix is positive definite or not in the entire
robot workspace. Workspace points complying with the con-
straint posed by stiffness criteria are termed as stiffness feasible
workspace. The overall reachable workspace of the robot should
also comply with the anatomical wrist workspace requirements.
The first prototype of the wrist robot constructed at the Univer-
sity of Canberra is shown in Fig. 6. This being the initial fail-safe
design, the actuators are arranged in many different fashions
(including some redundant ones) to evaluate actuations and ori-
entations.

A brief discussion around various design performance crite-
ria is provided here, besides their mathematical formulations to
be used in a design optimization process later.

The Jacobian matrix of the robot (J ) maps its link velocities to its
end-effector velocities (3). Jacobian matrix can be evaluated by a
performance index called condition number. A condition num-
ber (of ] matrix) measures how sensitive end-effector velocities
are to perturbations in the link velocities and round-off errors.
The norm of Jacobian matrix ] measures how much the relevant
mapping can stretch vectors.

1] el
lloll

It is also worthwhile to find possible shrinkage a matrix can
do:

M= ]|l = max

()

.ol
= - 7
m= min o (7)
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Figure 7: Workspace volume [points k(J ) > 10 are in red] of the wrist robot is de-
fined with the Euler angles along the three axes. Here, X, Y, and Z Euler angles are
for the flexion-extension, supination-pronation, and radial-ulnar, respectively.

Condition number of Jacobian matrix k(J) can be defined
as the ratio of the maximum to minimum stretching as given
below:

M
kO)=— or kO)=1I.[J Y. ®)
Equation (3) can be analysed for perturbations as below:
J (0 +8w) = v+ . 9)

Here, $v denotes the errors in link velocities that cause errors
(8w) in the end-effector velocities. The definition of M and mgives
us the following:

vl < M|lw|| and ||§v]| > m||dw| provided that m# 0
) ) 10
I8l k() H”vv”ﬂ (10)

Therefore, it is evident that fractional change in the link ve-
locities (1221) results in fractional changes in the end-effector

vl
velocities (122). The benefit of using fractional changes is that

since they aH;tle‘ dimensionless, they are not affected by any scale
factor or by the magnitude of errors. Since a low value of condi-
tion number (k) can decrease the error in the end-effector veloc-
ities and torques (4), it is desired to achieve a near-unity condi-
tion number for robot designs (Jamwal & Hussain, 2016) in the
entire workspace. Workspace volume from the first prototype is
illustrated in Fig. 7, where points with condition number [k(J)]
greater than 10 are shown in red colour.

The distribution of condition number values in the entire
robot workspace is also shown in Fig. 8. Condition number also
provides information about the singular configurations. For in-
stance, a singular matrix (J ) can result in non-zero end-effector
velocities and torques while the link velocities and forces are
all zero. Higher values of condition number also indicate that
the robot is in the vicinity of singular configuration. Global per-
spective of condition number, Global Condition Number (GCN),

ol
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Condition numbers within wrist robot workspace
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Figure 8: Distribution of condition number in the robot workspace that is defined
by the Euler angles through which the wrist robot can traverse along the three
cartesian axes.

is much useful since it evaluates robot configurations in its en-
tire workspace (Jamwal et al., 2015).

The mean of ‘k’ values, at ‘n’ discrete workspace points, is
taken as the global measure of the robot condition number. The
robot configuration is termed as ill-conditioned if the GCN num-
ber is large and is considered well conditioned for near-unity
GCN. To obtain optimal robot kinematic variables, the global in-
dex of condition number should be minimized. An optimization
problem in this context is formulated as below.

Y (0 Vi)

Minimize GCN (J) =

(11)

4.2 Static force analysis

To realize a given end-effector wrench (z.) at the end effector,
a set of robot link forces (F) is required (4), which can be calcu-
lated using J, and assuming the end effector to be a rigid body
(ignoring any deformation). The Jacobian matrix provides linear
transformations between link forces and end-effector torques
and therefore, it will become singular in the event of a possible
coupling between link forces. While in singular configuration,
the robot may generate large end-effector torques in response
to a small change in the link forces. It is therefore desired that
the link forces be linearly independent and not coupled.

From the design optimization perspective, the minimization
of the norm of actuator forces and individual maximum actuator
force is considered as one of the objectives in this research. The
criterion for optimization in this regard is formulated as given
by (12).

Minimize Fy = {norm ([}"]7%) + max ([}Ulflf)} (12)

4.3 Link forces and stiffness analysis

The static force balance equation for the parallel robot can be
written as (13). Here, end-effector wrench (r) can be obtained as
a result of actuator forces (F).

J"F—-7 =0 (13)

Differentiating (13) with respect to end-effector orientation
(dp), the stiffness matrix can be derived as (14).

_dr gy dEd oy e dE A d o,
S=% Vot T apty T W
_dr oy d o

Or S_E =] dlag(kl,..,k4)]+%} F (15)

Thereby, the overall stiffness is the sum of individual actu-
ator stiffness (ki, .., ki) besides stiffness due to internal forces
introduced because of redundant actuation. As mentioned pre-
viously, while using PAMs, redundant actuation is needed to
achieve the required dof. The redundant actuation generates in-
ternal forces whose resultant torque on the end effector is zero
but gives rise to added stiffness shown as the second partin (15).

It is known that a parallel robot employing flexible actua-
tors can be termed as stabilizable provided its overall stiffness
matrix remains positive definite (using antagonistic PAMs actu-
ation) under any arbitrary loading (Behzadipour & Khajepour,
2006). The redundant actuation of the wrist robot provides an
extra dof in the null space solution of the robot’s Jacobian ma-
trix (J). The benefit from this extra dof is that the end effector
can be manipulated in the robot’s workspace with positive (or
tension) forces in the actuators. Therefore, it can be shown that
both terms in (15) will be always positive definite. Moreover, ow-
ing to the parallel configuration of the wrist robot, the overall
stiffness is always higher than the highest individual link stiff-
ness.

The PAMs are connected with cables and therefore have
two stiffnesses in series. Nevertheless, the resultant stiffness
(k1, .., k4) should come from the less stiff PAM. The stiffness of
individual PAM can be derived as a function of its internal gauge
pressure (P,) as given in equation (16) (Colbrunn et al., 2001).

3P,L
k= 27n?

Here, L is the length of PAM, n is used to show number of
turns for a single thread, and b is used for its thread angle.
Since this is an empirical relation, the actual stiffness values
may vary between PAMs. Since the second part of the overall
stiffness (15) comes from the pretension in the actuators and
is more or less constant, only the first part of (15) is being con-
sidered for robot design optimization. Actuator stiffness matrix
[ rdiag(ki, .., ks)J ] can be resolved using singular value decom-
position in order to establish its physical significance.

[S]3><3 = [XT]3x3 [E]3><3[Y]3><3 (17)

In equation (17), X and Y are orthogonal matrices while = is a
diagonal matrix consisting of three singular values (£;, =, %3).
Interestingly, the minimum of these diagonal values is the min-
imum actuator stiffness. To enhance the overall stiffness of the
robot, it is desired to maximize this minimum stiffness value
(18).

(16)

Maximize Spin = min (diag (21, o, £3)) (18)

It is being emphasized here that a robot design can be evalu-
ated using the above-discussed design criteria. While there are
many other design criteria to evaluate and validate robot de-
signs, these three criteria are directly linked, to the robot Jaco-
bian matrix and therefore to the robot geometry. In the following
section, design optimization of the wrist robot, satisfying vari-
ous constraints, is discussed.

5. Optimal Design of Wrist Parallel Robot

Wrist robot design variables are symbolically shown in Fig. 5a.
It is important to reiterate here that changes in the robot
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design variables (q; .. .. ge) reflect in the Jacobian matrix, which
in turn affects robot design performances. Therefore, it is pos-
sible to optimize design performance criteria in order to obtain
a robot design with higher overall stiffness, minimum actuator
force requirement, and a GCN that is close to unity.

As mentioned in Section 3, the constraints on the wrist robot
design variables are decided from the author’s previous experi-
ence with parallel robot design (Jamwal et al., 2015). The multi-
criteria optimization problem can be defined as below:

Minimize GCN(J) = 7‘“:1(”Jy‘l'nrln)
Minimize norm {([}"]’lr) + max ([}”]’lr)]
Maximize Sy, = min (diag (21, =2, £3))
Subjectedto 0 < g; and g < 120°
30 < g3 and g4 < 120°
120mm > |go| > 0; 100mm > |gs| > 0.

To obtain an optimal wrist robot design, three performance
criteria, namely global condition number, norm of actuator
forces, and robot overall stiffness, are formulated mathemati-
cally (11, 12, and 18) in the previous section. Later, it is desired
to optimize all of the three criteria simultaneously and obtain
an optimal wrist robot design. While dealing with multiple cri-
teria that are interdependent, a preferred approach is to obtain a
non-singular set of equitable solutions. A wider set of equitable
solutions comprising all possible combinations of trade-offs be-
tween objectives provides more visibility in the design process.
However, using classical optimization approaches, such a pro-
cess can be very cumbersome. On the other hand, EAs can han-
dle multiple criteria simultaneously and are able to provide eg-
uitable solutions quickly in few iterations (Jamwal et al., 2019).
This is possible since EAs work with a large and diverse popu-
lation of solutions and also apply genetic operators to drive so-
lutions towards evolution to become improved Pareto solutions.
Apart from many existing EAs, Non-dominated Sorting Genetic
Algorithm-II (NSGA-II; Deb et al., 2002) and Strength Pareto Evo-
lutionary Algorithm 2 (SPEA-2; Kim et al., 2004) have been mostly
used in the literature. In the present research, SPEA-2, owing to
its benefits over NSGA II, mentioned in Onaka et al. (2016), has
been adapted to the wrist robot design optimization problem.

SPEA has exhibited remarkable performance in comparison to
other multicriteria optimization routines, and the same SPEA
now, after certain improvements, is termed as SPEA-2 (Kim et
al., 2004). Various steps followed in the algorithmic framework
of SPEA-2 are laid down here with a brief explanation.

Step 1: Define an input population (N), an archive set (N), max-
imum number of generations (n), and an output set of non-
dominated points (NP).

Step 2: Generate an initial population (Po) and an empty archive
(Qo = 0); Seti = 0.

Step 3: Assign strength values (S;) after calculating fitness of can-
didate solutions in P; and Q;.

S@) = [jlj € (Pi + Qi) Al > j|

Here, + is for union of multiple sets, > is used for Pareto
dominance, and i, j € (P; + Q;). Raw fitness of the candidate
solutions is calculated, and non-dominated solutions obtained
which with equal raw fitness.

Step 4: Selection of environment: Place copies of non-dominated
individuals in P; and Q; to Q;s1. Use truncation operator if

the size of Q;,1 exceeds N, else fill Q;,; with dominated indi-
viduals in P; and Q;.

Step 5: Terminate. If i = n, set NP as the set of non-dominated
individuals in Q;41, else proceed to Step 6.

Step 6: Mating selection: In order to fill the mating pool, perform
binary tournament selection with replacements on Q..

Step 7: Variation: Obtain resulting population P;;; by applying
crossover and mutation operators to the mating pool. Incre-
ment generation counter (i = i+ 1) and go to fitness assign-
ment to reiterate the algorithm.

To begin with, an initial population is generated together
with the assignment of an empty archive. The initial popula-
tion had 500 wrist robot design solutions that were all coded in
a binary form. There are six design parameters (q; ... gs) that are
shown in Fig. 5 and also explained in Section 2. These six pa-
rameters, together with other known parameters, make up for a
wrist robot design. The initial population consists of 500 binary
coded strings of 72 bits, each generated using Knuth’s random
number generator (Knuth, 2000). The binary string of 72 bits has
12 bits assigned for each of the six parameters to discretize the
solution space with an accuracy of the order of 10~%. The max-
imum number of generations (n) was initially set to 1000, and a

null archive set (N) was defined together with an output set of
non-dominated points (NP). Individuals are selected and sorted
based on their fitness evaluation, whereby the three objective
function values for each of the robot designs are calculated, and
the non-dominated design solutions are selected and stored. If
the collective number of non-dominated solutions from the ini-
tial population and the archive set is more than 500, the trun-
cation operator is used and if the collective number is less, the
empty spaces are filled with the dominated solutions to make
the number of solutions as 500. Binary tournament selection
with replacements was carried out to fill the mating pool from
the two population sets. Genetic operators (crossover and mu-
tation) are applied to the solutions in the mating pool to obtain
evolved solutions (Liang et al., 2015). Suitable parametric values
while carrying out optimization using SPEA-2 are selected. The
crossover probability is kept moderate at 0.7 to avoid a possi-
ble blind search otherwise, while the mutation probability is de-
fined as the inverse of the total number of variables. The dis-
tribution index for the simulated binary crossover operator and
for polynomial mutation is selected to be 15. During the entire
run of the SPEA-2 algorithm, an equal proportion of internal
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Figure 9: Pareto optimal performances of the wrist robot design solutions against
three design criteria after 50 iterations (blue markers), 100 (green markers), and
500 (red markers).
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population size to archive size is maintained. Input population
(N) of 500 individuals is evolved through the implementation of
the SPEA-2 algorithm, and solution populations after 50, 100,
and 500 simulation runs were retrieved, and plotted (Fig. 9). The
algorithm stopped to converge after 500 iterations.

After the evolutionary optimization, a set of pareto optimal de-
signs was obtained. The SPEA algorithm was for three times, and
each of the times the design solutions stopped evolving after
close to 500 iterations. The resulting solution population from
the third experiment is taken as the Pareto front solutions. The
evolution process is illustrated in Fig. 9, where solutions after
three stages of iterations are shown to be improving. While non-
dominated solutions in the final population (shown with red
markers in Fig. 9) are all equitable, these solutions give differ-
ent values for the three design criteria. Therefore, it is required
to perform an intuitive check while selecting a singular solution
from the Pareto set. A wrist robot design solution is finally se-
lected that provides a good trade-off between the design crite-
ria. Design variables of the optimal design (referring to Fig. 5a),
after rounding to nearest integers, are as follows:

Q %2 a3 Ga qs Js
90° 120mm 130° 130° 85mm 90°

The final robot design was further evaluated for the indi-
vidual performance metrics. To begin with, the condition num-
ber distribution in the robot workspace was evaluated, and it
was found to be more than 10 only at the extremities of the
workspace and less than 10 at all other points inside the func-
tional workspace (Fig. 8). The global value of the condition num-
ber averaged over the entire workspace, however, was found
to be 3.25. A condition number of 10 or less is normally ac-
cepted to avoid singularity in the parallel robots’ workspaces
(He et al.,, 2020; Hoshyarmanesh et al., 2021). The maximum
norm of the four actuator forces is found to be 32 N that is
slightly less than the maximum force a single actuator can pro-
vide. Therefore, the maximum norm from the optimal design
remains within the safe actuation limits. The minimum over-
all stiffness of the optimal robot design (S) is found to be 1700
N/m. The lower limit of stiffness corresponds to the unactu-
ated state, and the upper limit of stiffness, when the robot tra-
verses through the mean of the trajectories, was obtained as
3500 N/m.

The optimal design parameters, thus obtained, were used
while developing the laboratory prototype of the wrist robot.
It was found that the wrist robot can provide the required
functional supination/pronation wrist motions, which is evident
from Figs 7 and 8. However, there are certain limitations in this
design that will become the basis for the future work. First, the
extent of flexion-extension motion from the robotis bit less than
the functional ROM of the wrist joint (as seen in Fig. 7). This lim-
itation is solely due to the inadequate actuation from the PAMs
and in the future we shall strive to amplify the PAM actuation.
The achievable functional workspace of the robot, however, is
free from the singularities and owing to the redundant actua-
tion, it can be reached with positive forces (pull force) in the ac-
tuators. The overall stiffness matrix of the robot was found to be
positively definite in the functional workspace (Fig. 9).

Prior to the conceptual design, the anatomy of the human
wrist was studied and specifications for a wrist robot were de-
rived. Subsequently, a novel wrist robot design is conceptual-
ized, which is wearable, is inherently compliant, and is based on
a parallel mechanism. The proposed design is adaptable to dif-
ferent users, and at the same time is wearable with a friendly
appearance (unlike existing robots that have less acceptance
from users due to their intimidating structures). To obtain re-
quired wrist motions and moments from this robot in a safe
manner, it is desired that the design should be evaluated ap-
propriately. Therefore, three important design performance cri-
teria were identified and discussed before formulating mathe-
matically.

Global condition number for the robot is considered impor-
tant from the perspective of accuracies in wrist motions and
torques besides avoiding singular designs. Force analysis is im-
portant given the fact that the actuators are flexible and can
only apply a pulling force. Using an extra actuator leads to re-
dundancy but at the same time provides an extra dof in the
null space solution of the robot’s Jacobian matrix (J). This ex-
tra dof makes it possible to manoeuvre the robot end effector in
the entire reachable workspace with all positive actuator forces.
Moreover, since it is possible to minimize actuator forces by al-
tering robot design, the norm of actuator forces (besides max-
imum actuator force) is selected as one of the design criteria
to optimize. While using flexible PAMs, the overall stiffness of
the robot poses a big concern, and therefore, the stiffness anal-
ysis is carried out considering PAMs in series with cables. Be-
sides ensuring the positive definiteness of the overall stiffness
matrix (S), it is also desired to maximize ‘S’ by means of design
changes. The third design criterion therefore is chosen as the
maximization of the minimum actuator stiffness. A popular and
established multicriteria optimization algorithm, SPEA-2, is im-
plemented for wrist robot design optimization with three design
criteria.

In the future course of this research, the prototype shall
be constructed as per the optimal design discussed in this
manuscript. Trials with human subjects shall be carried out for
further evaluation of design with subjects. An appropriate con-
troller shall be designed, implemented, and validated for various
wrist rehabilitation procedures.
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