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Abstract: When designing rehabilitation robots, there remains the challenge of ensuring the comfort
and safety of users, especially for wearable rehabilitation robots that interact with human limbs. In
this paper, we present a kineto-static analysis of the 3-RPS parallel wrist rehabilitation robot, taking
into account the soft characteristics of the human limb and its kinematic mobility. First, the human
upper-limb model was made to estimate the interaction force and moment through inverse kinematic
analysis. Second, a static analysis was conducted to obtain the force and moment acting on the
human limb, which is directly related to the user’s comfort and safety. Then, the design parameters
of the 3-RPS robot were obtained by generic optimization through kineto-static analysis. Finally, the
influence of the parasitic motion of the 3-RPS robot and the initial offset between the wrist center
and the robot moving platform were discussed. Through the analysis results, we provide effective
solutions to ensure the safety and comfort of the user.

Keywords: robotics; lower-mobility parallel robot; wrist rehabilitation; kineto-static analysis; human
soft tissue

1. Introduction

For post-stroke patients who suffer from loss of upper limb motor ability, it is difficult
for them to live independently, especially as the function of the wrist is highly related
to performing many basic activities of daily living (ADL). Rehabilitation is usually the
main treatment, including intensive and task-based exercises that allow the patient to
regain their lost motor function. Conventional rehabilitation therapy requires the patient
to be treated by well-trained clinicians, so its effectiveness is limited due to the lack and
exhaustion of therapists. Fortunately, with the development of robot-assisted therapy, the
impaired limb can be effectively recovered through repetitive and intensive treatment,
therefore overcoming the limitations of traditional therapy [1]. However, incorporating
robots into a long rehabilitation process may raise the risk for the patient during rehabil-
itation, especially for stroke patients with motion disabilities who may easily be injured
during interaction with the robot. Therefore, ensuring the user’s comfort and safety has
always been one of the most important issues for rehabilitation robot design, especially for
wearable rehabilitation robots.

One of the possible risks during rehabilitation is that human limbs are fixed to the
rehabilitation robot through cuffs or straps, and thus contact between the human body and
the robot is unavoidable. Wearable rehabilitation robots usually have multiple positions
connected to the user’s limb, and transfer loads to the user through these attachments.
Due to the soft and deformable characteristics of human skin and tissues, the interface
between the human body and the robot is easily deformed. As a result of the deformation,
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unwanted forces are generated, which may cause discomfort to the user or even reduce
the therapeutic effect due to the deformation and slippage of the cuff. Although the cuffs
are generally designed to have a larger contact area around the limb to reduce the contact
pressure, due to the repetitive rehabilitation movements, if the unwanted force continues to
apply on the sensitive skin, it can still easily cause discomfort or pain to the user. Therefore,
it is necessary to fully understand the movements of the attachment and interaction forces
between humans and robots to reduce these negative effects [2,3].

Numerous rehabilitation robots have been proposed in the last four decades for
restoring patients” wrist movement ability [4-8]. According to the different structures,
these can be divided into two types: serial robots and parallel robots. Serial robots have a
larger workspace and are designed in a more intuitive way to provide assistive torques
for human joints. Also, due to their relatively smaller size and simpler kinematics, they
have been widely used in the field of rehabilitation. Compared with serial robots, parallel
robots have some appealing mechanical features such as a relatively stable performance
within the entire workspace and smaller configuration changes according to movement,
which are a benefit to users’ safety. In addition, with excellent position accuracy, greater
payload capacity, and higher stiffness, parallel robots are considered as a good candidate
with better rehabilitation capabilities. They usually have at least two degrees of freedom
(DOFs) for wrist movements in flexion/extension (FE) and radial /ulnar deviation (RUD)
movements, some of which can achieve pronation/supination (PS) movements of the
forearm [2,3]. In addition, lower-mobility parallel robots have attracted much attention
in recent years. They have less than 6 DOFs, thereby reducing the linkages and actuators
needed to perform the required tasks while reducing costs and having a simpler structure
for home rehabilitation. However, despite the ongoing increase of research in this field, the
discussion of incorporating human limbs into the design of robotic systems is insufficient.
Due to the softness of human tissue, their deformation cannot be avoided. Including the
human limb into the design process is necessary to provide solutions for comfort and safety.
The design of the attachment, including passive mechanisms to connect the robotic link
to the user, as presented in [9], indicates that the applied forces and moments of the cuff
can cause discomfort and even injury. In [10], different joint misalignment compensation
strategies have been discussed. The comfort of the user is especially important since it may
result in the disuse of the robot even for a robot with good performance. In our previous
works, we conducted the analysis of a 1-DOF wrist rehabilitation robot with compliant
elements and additional passive joints [11]. The deformation of the human limb causing
the movement of the cuff results in reducing the angular range of the wrist. In addition,
modeling human soft tissue as a passive joint in a wearable robot may achieve compactness
with an acceptable level of comfort [12]. To make a safe rehabilitation robot that patients
are willing to use, it is crucial to understand the behavior of human tissues during the
rehabilitation process, which is directly related to the safety and comfort of the users.

The present paper is an extended version of the research described in [13]. It addresses
the kineto-static analysis of a 3-RPS parallel wrist rehabilitation robot with consideration
of the soft characteristics of the human limb. Herein, R, P, and S denote a revolute joint, an
actuated prismatic joint, and a spherical joint, respectively. First, the kinematic analysis of
the 3-RPS parallel robot is examined and the parasitic motions of the 3-RPS are calculated.
In addition, by including the human limb into the robot design, the attachment of the
forearm is modeled as a complex joint [14] due to its soft and deformable property, which
has four degrees of freedom composed of three prismatic joints and one revolute joint
(3P1R). Then, the deformation of human tissue and the attachment can be obtained. Also,
the interaction forces and torques on the human limb can be estimated by assuming that
the soft tissues of the human limb have a spring-like behavior. Although the design of
rehabilitation robots requires consideration of many aspects, such as performance, low
cost, volume, and wearable convenience, this paper focuses on ensuring comfort and
safety which, are essential for the patient’s willingness to use the rehabilitation robot. We
extend our previous work by optimization design through kineto-static analysis, in order
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to minimize the forces and moments of the human limbs. The analysis results contribute
to providing beneficial ideas for the user’s comfort and safety in the use of the wearable
rehabilitation robot.

2. Methods
2.1. Position Analysis of a Wrist Rehabilitation Robot

The spatial 3-RPS parallel robot used for wrist rehabilitation is illustrated in Figure 1.
The robot consists of a moving platform (MP) which is connected to a fixed base platform
(BP) by three identical limbs. Each limb is composed of a revolute joint (R), a prismatic
joint (P), and a spherical joint (S) in sequence from BP to MP, and the joints of BP and MP
are placed at the vertices of the triangle platforms, as shown in Figure 1a. The prismatic
joint is actuated by a linear actuator, while the other joints are passive. The 3-RPS robot
is a lower-mobility parallel robot, which can perform two rotations and one translation.
Three parasitic motions occur during the movement in the constrained DOFs, including
one rotation about the z-axis and two translations along the x- and y-axes. The robot is used
for wrist rehabilitation to achieve hand flexion/extension movement and radial /ulnar
deviation. Since rehabilitation only requires two DOFs and the translation in the z-axis
is not considered in this paper, the use of a lower-mobility parallel robot can reduce the
number of linkages and actuators, thereby reducing the cost and weight of the robot, which
is suitable for in-home rehabilitation. We considered the range of motion (ROM) of the
wrist joint, which ranges from —50° to 50° for the flexion/extension movement and from
—30° to 30° for the ulnar/radial deviation of the hand. As shown in Figure 2, the wrist
joint is simplified as a universal joint with two DOFs as rotating about x;, and v, axes at
the center of the wrist O.

MP (Moving
Platform) v

BZ

BP (Base
Platform)

() (b)

Figure 1. The kinematic diagram of the 3-RPS parallel robot: (a) analytical model of 3-RPS robot and
(b) analytical model of BP and MP.
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Figure 2. The target movement of wrist: FE and RUD movements [13]. Reprinted with permission
from ref. [13]. 2021, Jc-IFToMM.

The coordinate system of the fixed BP is represented by O-xyz at the centroid of the
platform A;AAj3. A; represents the location of the R joint of the BP, while B; represents
the location of the S joint on the MP. The x-axis lies in the BP plane and points to point
A;. Correspondingly, the MP frame is denoted by P-uvw at the centroid of the platform
B1B;Bs3. The u-axis lies in the MP plane and passes through point B;. The radii of the
triangular circumscribed circle of the BP and MP are a and b, respectively. The angles
between OA;(PBy) and OA,(PB;), OA1(PBq) and OA3(PB3) are denoted by aq and «ay,
respectively, as shown in Figure 1. The axes of the revolute joint are coplanar with BP and
the direction of the ith revolute joint axis is perpendicular to OA;. Also, the ith prismatic
joint axis is perpendicular to the direction of the ith revolute joint axis. In the corresponding
coordinate system, the position vectors of the vertices of BP and MP can be expressed
as follows:

OAj=a;=[a 0 0]"
[ cos(ar)-a sin(ag)-a 0 ]T 1)
OAsz =a3 = | cos(az)-a sin(az)-a 0 ]T
T

PBi=by=[b 0 0]
PBy = by = [ cos(a)-b sin(ag)-b 0 ]T 2
PB3 = b3 = [ cos(ap)-b sin(ap)-b 0 ]T

The orientation of the MP can be described by using a Z-X-Y type Euler angle (1, 6, ¢)
with respect to the fixed coordinate system, and the rotation matrix is

RY = Rot(y,0)-Rot(x,y)-Rot(z, )
cOcp + sppstisp  —cOs + sipsbcdp  cipst Uy Ty Wy
= cpse cpedp =S | = | uy vy Wy
—sfcg + sipcls¢p  sOs¢p +spclcdp  cipcod Uy Uy Wy

®)

where s and ¢ correspond to sine and cosine functions, respectively.
As depicted in Figure 1, the position vector of the MP vertices with respect to the BP
coordinate can be written as

N

OB;=OP+PB;, i=1,2,3 (4)
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Then, Equation (4) can be written as
=[P B P] +REH, i=1,23 (5)
Substituting Equations (2) and (3) into Equation (5) yields
[ Py + b-uy
| P.+bu,
[ Py + b-cos(ay) -ty + b-sin(ag)-vy |
g2 = | Py+b-cos(ar)-uy + b-sin(aq)- (6)

(

(

| P, + b-cos(a;

[ Py +b-cos(ay)-uy + b-sin(ay)-
(a2)-uy + b-sin(az)-v,
(

Uy + b-sin(ay)-

g3 = | Py+b-cos(az
| P, +b-cos(a

~— — — e S

(a1)-0x
(1) Oy
‘Uz +b-sin(aq)-v;
(a2)-0x
(a2) Oy
(a2)-0z

Due to the constraint of the revolute joint, the limb can only move in the limb plane.
We can obtain the following constraints equations:

(], =0
(g2, = S8 [g5], %)
sin(zng

[q3]y = COS([XZ) '[q3]x

Here, to simplify the problem, we set the angle for the arrangement of R joints as
|a1| = |a2| = . Finally, we set the output motions of 3-RPS, including the rotations about
the x- and y-axes, i and 6, and translation along the z-axis, P;, as output motion parameters.
To obtain the parasitic motions of 3-RPS, which are one rotation about the z-axis and two
translations along the x- and y-axes, by using Equations (3), (6), and (7), the equations
describing the parasitic motions of 3-RPS can be derived as

Py = —b-cosa-(cOcgp + sipsfsp — cipce)
P, = —bcgbsq; (8)
— Sys
¢ = tan ! (ctﬁt—ce)
The parasitic motions of the lower-mobility parallel robot are the unwanted motions

in the constrained DOF, which is considered to be detrimental to many applications, and
its impact cannot be ignored.

2.2. Inverse Kinematic Analysis of the Human Limb

The conceptual diagram of the human limb with the 3-RPS robot can be seen in
Figure 3. The proximal end of the forearm is attached to the BP of the 3-RPS robot by the
cuff and the hand is firmly fixed to the handle. The handle height (I},) is set as 80 mm. The
distance from the fixed origin O to the center of the cuff (I;) is set as 50 mm. Because of
the soft and deformable nature of human tissue, the cuff can have up to 6 DOFs, including
3 degrees of rotational freedom and 3 degrees of translational freedom. In order to simplify
the problem, here we describe the attachment part as a complex joint [14] consisting of
three prismatic joints and one revolute joint, as illustrated in Figure 4. Moreover, the wrist
joint is regarded as a universal joint for conducting FE and RUD hand movements. We
used the following assumptions in the analysis presented in this paper:

1. The hand is securely attached to the handle, and the finger effects are ignored through-
out the motion.

2. The cuff is tightly fastened to the forearm, with no slippage.

3. The dynamic impact on the robot will not be considered.
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Figure 3. The sketch of a wrist rehabilitation robot and human limb [13]. Reprinted with permission
from ref. [13]. 2021, Jc-IFToMM.

hand

3 U wrist

~

wrist

forearm
R:Jomnt 4

P:Joint 3
P:Joint 2
P:Joint 1

cuff

Figure 4. The model of human limb [13]. Reprinted with permission from ref. [13]. 2021, Je-IFToMM.

Based on the assumptions stated above, the human limb model is comprised of three
prismatic joins, one revolute joint, and one universal joint, as shown in Figure 4. It is worth
mentioning that the hand is considered to be attached to the handle of the MP, so that if the
pose of the 3-RPS is described, the three angular parameters and three position parameters
of the MP are known. Then, we can simply derive the position of the center of the wrist
joint and the orientation of the hand. As a result, this issue can be considered as solving the
inverse kinematics of an open chain (PPPRRR) with 6 DOFs, which is the defined human
limb model. Inverse kinematic problems can be solved numerically using a variety of
procedures. To calculate the inverse kinematics, we used the iterative Newton-Raphson
method conducted in [15]. To begin, the product of exponentials (PoE) formula for forward
kinematics is as follows:

T, (6) = (51101 5[52102 5 [S3]63 ,[S4]64 ,[S5165 ,[S6106 p g )

where S, = (wj, v;) represents the screw axis along joint i, §; denotes the joint i vari-
ables, and M is the position and orientation of the end-effector at the home position of
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the limb. Then, the twist in the end-effector frame V), can be represented by using the
matrix logarithm:

Vel = 1og (T (6) T (10)

In addition, the twist in the fixed frame V; can be obtained by adjoint representa-
tion [Adr]:
Vs = [Adr, |V (11)

When we give a desired end-effector configuration in space frame T; and an initial
guess 0y € RS, the iteration form can be expressed as follows:

i1 =0; + J5(6;) Vs (12)

where i denotes the number of iterations and J; denotes the Jacobian matrix.

The iteration algorithm tries to find the joint variables until it reaches the target
configuration with a small tolerance for the position and orientation of the end-effector,
which are set as 10~* m and 1072 rad, respectively. Then, we can obtain the approximate
solution that is closest to the initial guess.

2.3. Analysis of Unwanted Forces at the Interface between the Human and Robot

The notion of a dynamic pair [16] is used to model the connection parts between
the human and robot with the specified type of movement and mechanical properties.
Considering the human body’s deformability and softness, the forearm tissue can be
considered as having a spring-like behavior. The forces and the torque are expected to be
applied since we model the forearm tissue as a complex joint composed of three prismatic
joints and one revolute joint. It is vital to note that the spring coefficient of the forearm
may change as a non-linear spring element and will rise dramatically when approaching
the limit of the deformation range. In this case, we simply analyze the smooth motion
of the soft tissue and assume that it satisfies the linear relationship between the applied
force/torque and the amount of deformation. The translational and rotational spring
coefficients of the forearm found in the literature could vary due to varied measurement
conditions and here they are set as 143 N/m and 0.6 Nm/rad, respectively [17]. Then, the
force and torque can be calculated as follows:

Fe = —kydy
F, = —kid

y t 62
E = —kds (13
M. = k-0,

where d represents the displacement of the prismatic joint, 6 represents the angle of the rev-
olute joint, and k¢, k; denote the translational and rotational spring constants, respectively.

2.4. Static Analysis of the Human Limb with the 3-RPS Robot

In the above analysis, we only performed a kinematic analysis on the robot with the
human limb. In other words, no external forces were considered. Here, in order to have a
better understanding of the interaction between the robot and the human limb during the
rehabilitation process, we conduct a static analysis of the robot with the human limb. First,
according to our assumptions, the elbow of the human limb is attached to the table, and
the hand is firmly fixed to the handle of the MP. Therefore, we can regard the human limb
as an open chain, while the external force is applied to the hand by the robot. Although the
maximum torque for hand FE and RUD motions in daily living is about 0.35 N-m according
to several studies [5,6], for patients who need rehabilitation, their joints usually have more
resistance to joint movement due to injury, inflammation, and so on. Therefore, the external
torque (Tout) is set as 1.2 N-m in this paper.
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Then, considering that the human limb is in a static equilibrium, we can use the
following equation:
=] 0)F (14)

where 7 is the joint force/torques, | is the Jacobian matrix, and F is the external wrench.
When an external wrench —F is applied to the human hand by the robot and keeping
the human limb at an equilibrium state, we can use Equation (14) to calculate the joint
force/torque of the human limb to create an opposing wrench F. The obtained force/torque
of the human limb, which needs to be minimized, is related to the comfort and safety of
the user.

2.5. Multi-Objective Optimization

As stated earlier, we expect the analyzed joint force/torque of the human limb to
be minimized in order to ensure the comfort and safety of the user. In this section, the
genetic algorithm (GA) proposed by Holland et al. [18] is applied to determine the value
of the design variables. The GA is a useful optimization method inspired by evolution
and natural selection. Its purpose is to find the maximum or minimum value of a given
objective function f(x) where x = {x;|i =1, 2, ..., N}. Through several evolutionary-
inspired processes such as inheritance, selection, mutation, and crossover, we can efficiently
examine the search space and obtain solutions while avoiding falling into local optimal
solutions. Thus, this method is capable of obtaining the global optimal solution to solve
the optimization problem.

According to the analysis results in [13], the parasitic motions of the 3-RPS robot led
to the generation of force/torque. Therefore, from Equations (7) and (8), we can choose
these design parameters related to the parasitic motion, including the radius of MP, b, and
the arrangement of the revolute joints, which are governed by the angles #; and a;. As
mentioned above, here, we set the angle for the arrangement of R joints as |aq| = |ap| =«
for simplicity.

When there are multiple objective functions, which are related to most of the problems
in real life, we need to apply a multi-objective optimization method. The GA is well suited
to solve multi-objective optimization for the optimized design parameters of the robot. A
tradeoff is often needed between these objective functions. Therefore, we cannot simply
obtain the best solution for comparison with each other; we can only obtain the Pareto
optimal solution, that is, a set of solutions between certain objectives that conflict with each
other. The multi-objective optimization functions are expressed in the following equations:

minimizePng) =min[f1(X), f2(X)]
[(X) = ElmaX{\Pj] Dj=1.m)
fo(X) = émaX{|Tj| j=1.m} (15)

X =b, «a]
subject to 0.05 < b < 0.15, 90° < a < 170°

where X is the vector of design parameters to be optimized. Here, the radius of MP, b, is
set in a range from 0.05 m to 0.15 m, considering the acceptable size of the rehabilitation
robot. Also, the angle « is set in the range from 90° to 170°. Obviously, the angle « close to
180° is an unreasonable arrangement. For the objective functions, n is the number of data
sets and m is the number of analyzed data, and f;(X), f2(X) are the sum of the maximum
absolute value of the joint forces and joint torques, respectively. Our reason for choosing
the absolute maximum value is that the values of forces and torques acting on the human
limb should be relatively small and avoid a peak of force or torque during the rehabilitation,
which is directly related to causing discomfort or may even result in injury to the user. The
selected GA parameters are shown in Table 1. The optimization process is calculated by the
multi-objective functions provided in the MATLAB optimization toolbox. The flowchart of
the analysis procedure mentioned above is presented in Figure 5.
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Table 1. GA parameters used in optimization.

Population Size Crossover Rate Mutation Rate
50 0.8 0.01
Given b and ain specified range
Step 1: with radius of BP (0.22 m)
Step 2: Calculate the parasitic motion of
Lower-mobility parallel robot (3-RPS)
!
Choose initial offsets with magnitude
Step 3: and direction Change the value
T of band o
Step 4: Calculate the force and torque in FE
ep & and RUD movements
!
Step 5: Obtain maximum force and torque
Is the Max. force and
Step 6: torque smaller than

previous results?

Results: Obtain the design
parameters b and a

Figure 5. Flowchart of analysis procedure.

3. Results and Discussion
3.1. Kineto-Static Analysis and Optimization Design

In this section, we focus on the results of optimized design by performing kineto-static
analysis. According to our previous research of a 3-RPS kinematics analysis, two factors
that may affect the force and torque exerted on the human limb have been discussed [13].
The first is the parasitic motion of the 3-RPS robot, and the second is the initial offset
between the wrist joint and the center of the MP. Hence, when solving the optimization
problem, we have to consider these two factors. The parasitic motion of 3-RPS is relatively
intuitive and can be obtained by using Equation (8). The analysis mainly focuses on FE and
RUD movements, while considering the angular error existing in actual use. Here, we set
the scope of the analysis as the following two ranges: (1) § = —50° to 50° and ¢ = —3° to 3°
for FE movement and (2) = —30° to 30° and 6 = —3° to 3° for RUD movement. For the
initial offsets, we consider an offset as 5 mm along the x-, y-, and z-axis in both positive and
negative directions. There are six cases with offsets in six directions, plus one case without
an offset, so that there are a total of seven sets of calculations for each movement. The main
reason for considering the offsets is that it is difficult to have a perfect adjustment to ensure
that the center of the wrist and the center of the MP can be consistent when the robot is
connected to the user limb. The Pareto optimal solutions with the corresponding objective
function values are shown in Table 2, and the results have also been verified through the
equilibrium equations mentioned in Section 2.
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Table 2. Pareto optimal solutions with four objective functions.
b (m) « (Degree) N £(X) (N-m)
0.0502 90.1497 3.1945 0.1026
0.0503 90.1514 3.1957 0.1026
0.0504 90.1514 3.1961 0.1026
0.0512 90.1707 3.2032 0.1026
0.0565 90.0000 3.9313 0.0038
0.0571 90.0000 3.9482 0.0038
0.0574 90.0000 3.9574 0.0038
0.0586 90.0000 3.9910 0.0038
0.0597 90.0000 4.0246 0.0038
0.0683 90.0000 4.3412 0.0038
0.0780 90.0000 4.8647 0.0038
0.0850 90.0000 5.2978 0.0038

It can be seen from the results that the optimal solutions of the radius of the MP
change within a specific range, that is, b € [0.050, 0.085] (m), while all the values of the
optimized angle a are close to 90°. These optimization results show that the arrangement
of revolute joints is suitable for 90° to achieve the objective goal of reducing the maximum
force and torque exerted on the human limb. However, the relationship between the
initial offsets and maximum force/torque for FE and RUD movements is not clear. Here,
although the maximum absolute torque is relatively large, we choose the candidate with a
structural parameter set, = [0.05, 90.15°], which has the smallest maximum absolute force.
The analyzed results are discussed in the next section.

3.2. Kineto-Static Analysis of the Candidate Design

In this section, the present analysis method is applied to the 3-RPS parallel robot with
the candidate design parameters to estimate the force and torque applied to the forearm.
The structural parameters of the 3-RPS robot are shown in Table 3. It is worth noting that
the radius of BP does not affect the value of the parasitic motion of 3-RPS from Equation (8).
Although the radius of the BP can affect the size and stability of the robot, here we set the
radius of the BP as 0.22 m for the analysis. Moreover, the initial distance between the BP
and MP is set as 0.25 m, which corresponds to the average length of the human forearm
between the elbow and wrist joint [19].

Table 3. The structural parameters of the 3-RPS robot.

Description Value Unit
Radius of moving platform (MP), b 0.05 m
The arrangement angle of the revolute joints, « 90.15 degree
Radius of base platform (BP) 0.22 m
Initial distance between BP and MP 0.25 m

The results of the parasitic motion analysis are shown in Figure 6. We can find that
the parasitic motion in the x-direction is close to zero, and the parasitic motions in the
y-direction and around the z-axis are changed according to the angle 6 and . In this
section, we focus on the FE and RUD movements with a certain angular error in the range
of 6 = —50° to 50° and ¢ = —3° to 3° for FE movement and in the range of 1y = —30° to 30°
and 6 = —3° to 3° for RUD movement.
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Figure 6. Parasitic motion of the 3-RPS robot.

First, we only consider the influence of the parasitic motion of 3-RPS, assuming that
the center of the wrist joint coincides with the center of the MP. By the inverse kinematic
analysis of the human limb from Equations (13) and (14), we can obtain the forces and
torques at the equilibrium state of the complex joint, which is composed of three prismatic
joints and one revolute joint as shown in Figure 4. The analysis results for FE and RUD
movements are shown in Figures 7 and 8, respectively. From the results, we can see that
the forces of joints 1 and 3 for both FE and RUD movements are relatively small, while the
force of joint 2 is the primary force for both FE and RUD movements and the average of the
absolute value of force for FE movement (0.049 N) is about twice as much as the average
of the absolute value of force for RUD movement (0.025 N). Therefore, when using this
rehabilitation device, priority should be given to ensuring that the user does not experience
discomfort during FE movement. On the other hand, the torque for joint 4 in both FE and
RUD movements is relatively small. In addition, the relation between the parasitic motions
and the force/torque of joints for FE and RUD movements are shown in Figures 9 and 10,
respectively. In order to find a clear tendency, we set three conditions as ¢ = —3°, 0°, and 3°
in the range of 6 = —50° to 50° for FE movement, and three conditions as § = —3°, 0°, and
3° in the range of ¥ = —30° to 30° for RUD movement. From Figures 9 and 10, we can see
that for both FE and RUD movements, the larger the absolute value of the parasitic motion
along the y-axis, Py, the larger the force of joint 2. However, the parasitic motion, Py, has
a minor influence on the relatively small force of joints 1 and 3. Moreover, we can find a
clear tendency that the parasitic motion about the z-axis, ¢, has a proportional relationship
on the torque of joint 4

In practice, there may be an initial offset between the center of the wrist and the MP.
Obviously, it is difficult to correctly align the two center points, and identifying the center
of the human wrist is particularly challenging due to the inherent complicated structure of
the wrist joint. To investigate the influence of the existing offsets, we evaluate an initial
offset of 5 mm along the x-, y-, and z-axis in both positive and negative directions. Here
we focus on analyzing the maximum value of force and moment within the target range
of motion, which is in the range of § = —50° to 50° and 1 = —3° to 3° for FE movement
and in the range of y = —30° to 30° and 6 = —3° to 3° for RUD movement. Indeed, for
the safety and comfort of users, we must reduce the maximum force and torque, which
may cause harm to users during repetitive rehabilitation exercises. The maximum force
and torque under different initial offset conditions are displayed in Table 4. As shown in
Table 4, when there is an initial offset, the force on the FE case is larger than that in the
case of RUD, resulting in the same trend as the calculation results in Section 3.1. The initial
offset, however, has no influence on the torque. As a result, the force will increase due to
the initial offset. Hence, reducing the initial offset is helpful to reduce the discomfort of
the user.
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Figure 10. Relation between parasitic motions of the 3-RPS robot and the force/torque of the joints 1-4 for RUD movement.

Table 4. Maximum force and torque under different initial offset conditions.

FE Movement RUD Movement
(dx’d}”dz) ‘FX|max ‘Fy’max |FZ|max |MZ|maX (dx’d}”dz) |FX‘max ‘Fy’max |F2|max |MZ‘max
(0,0,0) 0.006 0.175 0.005 0.015 (0,0,0) 0.003 0.075 0.044 0.008
(5,0,0) 0.588 0.126 0.267 0.015 (5,0,0) 0.003 0.042 0.067 0.008
(=5,0,0) 0.580 0.226 0.266 0.015 (—5,0,0) 0.005 0.109 0.037 0.008
(0,5,0) 0.027 0.177 0.038 0.015 (0,5,0) 0.018 0.337 0.305 0.008
(0, —5,0) 0.027 0.177 0.038 0.015 0, =5, 0) 0.018 0.337 0.305 0.008
0,0,5) 0.266 0.175 0.589 0.015 0,0,5) 0.037 0.336 0.307 0.008
(0,0, —5) 0.266 0.178 0.589 0.015 0,0, —5) 0.037 0.336 0.308 0.008

Offset unit: mm; force unit: N; torque unit: Nm.

In addition, whether the initial offset in different directions will affect the magnitude
of the maximum force will be discussed. First, in the case of the FE movement, if the initial
offset exists along the x-axis and the z-axis, the maximum force will increase significantly,
while the offset along the y-axis has little effect on the results. Therefore, for the FE
movement, we must pay special attention to the initial offset in the x-direction and z-
direction to avoid a larger maximum force. Next, regarding the RUD movement, the initial
offset along the y-axis and the z-axis causes the maximum force to increase; however, the
offset along the x-axis has minimal influence on the results. As a result, in the case of RUD
movement, we must give special attention to reducing the initial offset in the y-direction
and z-direction. Overall, regardless of the movements (FE or RUD), the initial offset in
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different directions will have an impact on the maximum force. We should reduce the
initial offset in order to avoid increasing user discomfort.

4. Conclusions and Future Work

In this paper we analyzed the 3-RPS parallel robot for wrist rehabilitation with con-
sideration of the soft characteristic of the human limb. The architecture optimization for a
3-RPS parallel rehabilitation robot was performed, and the optimization goal was ensuring
the safety and comfort of users. In addition, the estimation of the force and torque applied
to the interface between the human and robot was discussed. Taking into account the
softness of the human body, the proposed human limb model was applied to estimate
the forces and torques exerted on the human limb without additional sensors. The main
findings are summarized as follows: (1) the influence of the parasitic motion of 3-RPS on
the maximum force and torque was analyzed. The FE movement has larger maximum
forces and moments than the RUD movement. Therefore, from the design point of view,
ensuring users do not feel discomfort during the FE movement should be considered first.
(2) The effect of the initial offset between the center of the wrist joint and the MP in different
directions was investigated. Firstly, a larger initial offset will cause a larger maximum
force and torque, thereby raising the potential risk that users will feel uncomfortable.
Secondly, for the FE movement, the initial offsets in the x-direction and z-direction generate
a larger maximum force. Moreover, for RUD movement, the initial offsets in the y-direction
and z-direction can cause a relatively large maximum force. Based on the findings of the
analysis results, we expect that including the human limb in the design process will be
required in order to generate useful ideas for designing a more comfortable and safer
rehabilitation robot.

Although there are many performance indices for the optimized design of parallel
robots, the proposed method focuses on reducing the maximum force and torque applied
to the forearm as the comfort and safety of the user should be the top priority. Indeed,
it is directly related to increasing the willingness of the user to use rehabilitation robots.
The proposed design has the potential to help patients perform more comfortable and
safer wrist rehabilitation, especially for post-stroke patients who must be careful to avoid
additional discomfort or pain. In future works, some issues still need to be addressed in
the design process. First, the soft characteristics of the hand should also be considered
to get closer to the actual situation. Second, the acceptable limit of human tolerance of
force and torque should be carefully investigated to avoid harmful effects on the users.
Therefore, additional experiments will be conducted to obtain human tolerance through
measurements and questionnaires to ensure that the users are under a comfortable and safe
condition when using the proposed design. Moreover, various performance indices should
be considered comprehensively in the design process to increase safety while ensuring
effectiveness. Finally, it would be interesting to conduct an experimental investigation to
evaluate the effectiveness of the proposed design.
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