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Abstract

Upper limb motor dysfunction significantly impacts daily activities and quality of life for individuals with stroke.
Existing assistive robots often struggle to balance portability, ease of use, and motion assistance. This research
presents WELiBot, a novel wearable end-effector-type upper limb assistive robot, designed with a 4R-5R parallel
mechanism and an arc-shaped guide rail to provide controlled assistance in lifting, reaching, and circumferential
motions. The study introduces the conception of the robot design, focusing on its functional requirements and
mechanical structure. The kinematic and static characteristics of WELiBot were analyzed to evaluate its feasibil-
ity and effectiveness. Based on this design, a prototype with a 1/4 arc-shaped guide rail was fabricated to test
motion feasibility and assistance effects. To assess its performance, electromyography experiments were conducted
with four healthy participants. The results showed a significant reduction in biceps brachii muscle activity, con-
firming the robot’s ability to reduce user effort. Future work will focus on attaching the guide rail to the body
for improved usability and refining the control strategy to enhance motion assistance and adaptability in daily life
support applications.

1. Introduction

Each year, more than 12 million people worldwide suffer from strokes, making stroke the third leading
cause of death and disability [1, 2]. The sequelae of stroke encompass a wide range of impairments,
including motor dysfunction, sensory disturbances, visual field defects, swallowing disorders, higher
brain function disorders, and emotional disturbances [3]. Among these, upper limb motor dysfunction is
particularly common, often manifesting as muscle weakness or contracture [4], which hinders patients’
independence in activities of daily living (ADLs), such as reaching, picking up objects, and holding
items [5]. This impairment leads to a decreased quality of life (QOL).

Rehabilitation of the upper limb after a stroke is particularly challenging due to the complexity and
variety of movements required for upper limb function. Various neurorehabilitation strategies such as
constraint-induced movement therapy (CIMT) [6, 7], mirror therapy [8], and exercise therapy are com-
monly used to improve motor recovery in stroke patients. It is generally believed that upper limb function
recovery occurs primarily within the first few weeks to months after stroke onset [9-11]. Reports indicate
that only 11.6% of patients achieve complete functional recovery [11], while 30% to 66% of patients
experience persistent upper limb motor dysfunction [9, 12, 13].
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Figure 1. Robot types for assisting upper limb motions. (a) Fixed exoskeleton type; (b) Wearable
exoskeleton type; (c) Fixed end-effector type; (d) Wearable end-effector type.

In recent years, technology-supported training methods, including assistive and rehabilitation robots,
have shown promise in improving upper limb motor function recovery in chronic stroke patients with
long-term deficits [14, 15]. These robots also offer the significant advantage of reducing the burden on
caregivers [16]. Actively engaging the paretic upper limb in ADL through robotic assistance can help
prevent learned non-use, disuse, imbalance between body sides, and poor circulation.

Assistive and rehabilitation robots for upper limbs share similar hardware configurations and can be
roughly categorized into three types based on hardware design [17, 18]: fixed exoskeletons (Figure 1a),
fixed end-effector systems (Figure 1b), and wearable exoskeletons (Figure 1c). The exoskeleton type is
designed to mimic the joint structure of a human upper limb and is typically worn from the shoulder to
the forearm. In contrast, the end-effector type is only attached to the forearm. Both fixed exoskeletons
and fixed end-effectors are anchored to an external structure, whereas wearable exoskeletons are directly
attached to the user’s body. Previous research on fixed exoskeleton-type upper limb assistive robots
includes chair-mounted [19], and wheelchair-mounted assistive robots [20-22]. These robots vary in
their degrees of freedom (DoF), ranging from 3 DoF to 7 DoF, allowing for different levels of joint
assistance. Fixed end-effector robots are commonly used in rehabilitation due to their simpler mechanical
impedance control, with notable examples such as the MIT-Manus [23], ReoGo™ system [24], and
CoCoroe AR2®) [25]. Previous studies on wearable exoskeleton-type upper limb assistive robots include
the work of Sui et al. [26] and Christensen et al. [27]. Sui et al. [26] developed a robot with 2 DoF at
the shoulder, 1 DoF at the elbow, 1 DoF at the forearm, and an additional passive joint with gravity
compensation at the sternoclavicular joint. Christensen et al. [27] designed an upper limb assistive robot
with 2 DoF at the shoulder and 1 DoF at the elbow, along with passive joints that provide 1 DoF each
at the shoulder and scapula. Furthermore, Christensen’s robot includes a joint in the spine area that
generates restorative force using rubber discs.

These robot types have different advantages and limitations regarding portability, user burden, ease
of attachment/detachment, and joint assistance performance. Fixed systems, anchored to external struc-
tures, offer low portability but reduce user burden by not placing the robot’s weight on the user. In
contrast, wearable systems, which are directly attached to the user, are more portable but increase
user burden, necessitating lighter designs to mitigate this effect. The distinction between exoskeleton
and end-effector systems primarily impacts the ease of attachment and joint assistance. Exoskeletons
require precise alignment between the human and robot joint axes, which can cause discomfort if mis-
aligned, complicating attachment. While [28] proposed a method for attachment without adjustment,
the increased weight of the robot reduces comfort. End-effector systems, however, avoid these alignment
issues, making them easier to attach and detach. Although exoskeletons offer superior joint assistance
by providing targeted torque at each joint, end-effector systems, with fewer actuators and less weight,
are better suited for minimizing user load.

Among the four possible combinations arising from the above classification, the wearable end-
effector type (Figure 1d) has not been extensively studied. Examples of research classified as wearable
end-effectors include Honda Motor Co.’s body-weight support walking assist robot [29] and the finger
glove developed by Bouzit et al. [30]. However, there appears to be no existing research on wearable
end-effector-type robots specifically designed for upper limb assistance or rehabilitation.
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Figure 2. Three scenarios in ADLs. (a) Opening a bottle cap; (b) Lifting a box; (c) Cutting vegetables.

To effectively integrate the paretic upper limb into ADLs using an assistive robot, the ability to use
the robot anytime and anywhere is crucial for increasing participation frequency. Since no single robot
type is excellent in all aspects, the wearable end-effector type, which combines portability features and
ease of attachment/detachment, is promising for supporting the paretic upper limb in ADL tasks.

Therefore, this research proposes and designs a wearable end-effector-type upper limb assistive robot,
“WELiBot,” to support patients with upper limb hemiplegia after a stroke. In our previous work, we
proposed the concept of a parallel mechanism [31] and introduced the robot’s configuration along with
a preliminary test [32]. The focus of this paper is to present the design and analysis of “WELiBot” from
the conception of the mechanism to the investigation of its effectiveness in assisting the upper limb
motion through subjects’ testing.

2. Design conception of the WELiBot
2.1. Target scenarios in ADLs

The design of WELiBot is conceptualized based on three target scenarios in ADLs. Since the use of
both hands is challenging for individuals with hemiplegia after a stroke, WELiBot is designed to assist
the hemiplegic upper limb. The following three specific scenarios were considered in its conception.

« Opening a bottle cap (Figure 2a): The hemiplegic limb stabilizes the bottle in a fixed position
while the non-hemiplegic limb opens the cap.

« Lifting a box (Figure 2b): The hemiplegic limb receives upward assistance, supporting the lifting
force while the box is moved upward.

o Cutting vegetables (Figure 2c): The hemiplegic limb is provided with downward assistance to
hold the vegetables against the cutting board, while the non-hemiplegic limb operates the knife.

In these scenarios, the hemiplegic upper limb primarily functions as a stabilizing or supportive aid,
assisting in fixing or steadying objects. Tasks such as twisting a cap or holding a knife to cut veg-
etables require precise coordination across multiple joints and controlled force application. Providing
robotic assistance for these complex movements would necessitate multiple actuators and sensors, lead-
ing to increased weight and cost. Given these constraints, it is more practical and efficient for the
non-hemiplegic upper limb to perform these complex tasks, while WELiBot supports the hemiplegic
limb in a stabilizing role.

Based on the above considerations, the basic functional requirements for WELiBot are defined. First,
it should provide vertical force assistance to support the hemiplegic limb. Second, it should constrain
the motion of the hemiplegic limb within a predefined movement range to ensure stability and usability.

2.2. Constrained conditions

In rehabilitation therapy, two primary movements are distinguished in the evaluation and treatment pro-
cess: the “reaching movement,” where the hand extends forward, and the “lifting movement,” where the
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Figure 3. Proposed mechanism of WELiBot.

hand is raised [33]. In addition, movement around the trunk is important for adapting to different environ-
ments. Thus, in this study, the mechanism must be capable of producing three types of one-dimensional
movements: reaching movement, lifting movement, and circumferential movement.

Previous studies on robotic systems that constrain the end-effector within a specific geometry include
the work by Hou et al. [34] and Zhang et al. [35] on upper limb assistance and rehabilitation using a
“virtual tunnel.” This approach employs impedance control to create a guided movement sensation,
where the user’s hand follows a predefined path. The system minimizes resistance along the set path
while increasing resistance perpendicular to the path to constrain motion. Higuchi et al [36] devel-
oped the PAS-Arm, a human-compatible assistive arm for lifting tasks, which mechanically constrains
the end-effector within a specific geometry. By using a continuously variable transmission, the robot’s
joints synchronize to create a guiding plane. These robots rely on multi-joint serial mechanisms, where
constraints are achieved by synchronizing joint control or mechanical design.

In this study, we propose that if a parallel mechanism can be partially decoupled with the three one-
dimensional movements, a geometric constraint could be achieved by fixing one or two active joints
without consuming energy. This approach eliminates the need for synchronized joint control, which is
required in serial mechanisms, thereby simplifying the system’s control complexity.

2.3. Proposed mechanism

A 4R-5R parallel mechanism, shown in Figure 3, is proposed to fulfill the functional requirements under
the constraints described above. An arc-shaped guide rail is attached around the human trunk, and the
end-effector is connected to the hemiplegic forearm through a passive rotational arm cuff. Two sliders,
Slider 1 and Slider 2, move along the arc-shaped guide rail, while the end-effector is positioned at the
ends of the two chains originating from each slider.

The two chains connecting Slider 1 and Slider 2 are designated as Limb 1 and Limb 2, respectively.
Since the sliders move along the arc-shaped guide rail, their motion is kinematically equivalent to a rota-
tional joint at the center of the guide rail. The entire mechanism is represented as R(RRR) — RR(RRR),
where the same superscript symbols indicate parallel joints, and underscored symbols denote active
joints. Slider 1, Slider 2, and the rotational joint A, serve as active joints.
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Figure 4. Coordinates and denotations for the joints and links of the mechanism.

3. Kinematic analysis of the mechanism
3.1. Mobility analysis
Figure 4 illustrate the coordinates and denotations for the joints and links of the mechanism. s;; represents

the axis vector, while S; ;j represents the screw, where the first subscript denotes the joint number and the
second subscript denotes the limb number. The x-axis is aligned with the direction of OA, the z-axis is
aligned with the direction of §;; = s;,, and the y-axis is determined based on the right-hand coordinate
system. The movements of Slider 1 and Slider 2 along the guide rail are kinematically equivalent to
rotational movements around the z-axis. The joints exhibit the following parallel relationship that s, ; ||
S12 11822, 821 |1 831 1 841, and 835 || 842 || 85, The angle between the x-axis and OA, is defined as ¢. The
angle between OA, and A,C, is defined as 1.
The velocity at point P on Limb 1 and Limb 2 can be expressed as:

SP,l = él,lsl,l + éZ,ISZ,l + é3,lg3,l + é4,ls4,1 (1)
SP,2 = él,ZSI,Z + éZ.ZSZ,Z + 93,2S3,2 + 94,2S4,2 + é5,2S5,2 (2)

According to Figure 4, the screw representation for each joint on Limb 1 and Limb 2 is given by:

N _S

sl,1=_él')XSJ= [001 yp—yo — (xp —%0) 0] 3)
N _SZJ i T
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The reciprocal screw can be obtained using the following equations:
Srlvl o g]y] —0
S,,08,=0
e (12)
Sl,l (e] S3‘1 —0
Srlvl (e] S4‘1 —0
S;,l o Sl,l =0
S,,08,,=0
e (13)
SZ,I o S3,1 =0
S;,l o S4,1 =0
S:,Z ] SI,Z = 0
S;z o Szz = 0
SI,Z o S3_2 = 0 (14)
Srlvz o S4‘2 = 0
Srl , O §5‘2 = 0
Thus, the reciprocal screw for Limb 1 and Limb 2 is given by:
0 0 0
0 1 0
A Ar A7 0 0 0
(808 SLl=11 h —nesw (15)
0 0 cos (¢ + V)
0 Xp — Xo 0

where i, can be assigned an arbitrary value.
The constraint matrix of the mechanism is derived by combining the reciprocal screws of both limbs:

r

St 0 0 0 1 0 0
Jo=[8,"|=|0 1 0 n 0 Xp — Xo (16)

g T 0 0 0 —sin(p+1v) cos(p+¢¥) O

1

2
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Figure 5. The motion of the mechanism in (a) Vertical direction, (b) Radial direction with a slight
change in the height, and (c) Circumferential direction.

By rearranging columns and applying elementary row operations, the constraint matrix can be
rewritten as:

1 0 O 0 0
Je=10 0 xp—xo 0 1
0O 1 O 0 O

a7

S OO

Since the constraint forces do not perform mechanical work on the mechanism, the motion constraints
are obtained as follows:

Wy
wy
w 3
v,
Ve
w, =0
w, - (Xp —Xo) +v, =0 (19)
w, =0

It is evident that the output link exhibits three DoF. The rotations about the x-axis and y-axis are
constrained, while the angular velocity about the z-axis and translational velocity in the y-direction have
a proportional relationship with the coefficient xp — x.

As shown in Figure 5, modifying the distance between the two sliders causes the end-effector to move
approximately in the radial direction with a slight change in the height, corresponding to the “reaching
movement.” Rotating the active rotational joint A; moves the end-effector in the vertical direction, cor-
responding to the “lifting movement.” Moving both sliders in the same direction while maintaining their
relative distance results in the circumferential motion of the end-effector.

3.2. Displacement analysis

The coordinates, mechanism constants, and variables used for displacement analysis are defined in
Figure 6. The O-XYZ coordinate system is a stationary coordinate system with its origin O at the center
of the arc-shaped guide rail. The link lengths of Limb 1 are [, ,, l,,, /5, while those of Limb 2 are [, ,,
l»,, I3,. The angular displacement of Slider 1 and Slider 2 relative to the X-axis on the XY-plane is given
by 6, and 6, . The angular displacement of joint A, relative to the XY -plane is given by 6, ;.
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Figure 6. The coordinates, mechanism constants, and variables for displacement analysis: (a)
Mechanism in 3-Dimensions, (b) Projection of the mechanism onto the XY-plane, and (c) Projection
of the mechanism onto the uZ- plane.

Figure 6b shows a projection of the mechanism onto the XY-plane, viewed from the positive Z-axis
direction. The angle between OC, and A,C, is denoted as «. The position of the end-effector P is defined
as the intersection of the line passing through C,, perpendicular to OC,, and the line passing through
C,, perpendicular to A,C,. The distance between P to A,C,, as well as OC;, is presented as /.. Point Q is
the intersection of the extended line of OC, and A,C,. A new u-axis is defined along OC, in Figure 6b,
allowing Limb 1 to be described in the uZ-plane, as shown in Figure 6¢. The projection of point P on
the u-axis is designated as point R.

For simplicity, interference between the mechanism components, and interference between the
mechanism and the human body are neglected in the following calculations.

3.2.1. Forward displacement analysis
In forward displacement analysis, the position of the end-effector P(Xp, Y, Zp) is determined based on
the displacements of the active joints 6, ,, 8, and 8, ,.

First, the XY -coordinates of point P are considered. The coordinates of point Q(Xq, Y ) in Figure 6b
can be calculated as follows:

_ 1172 sin 91’2 — 11,2 COS 91’2 tan (91,1 — O()

e tan 61,1 — tan (01,1 — Ol) (20)
YQ = tan@l,l . XQ

Using Xq and Yq, the XY-coordinates of point P(Xp, Yp) are expressed as:

Xp = Xo — ¢ by, — &
p=AQ — gCOS(l,l——)
sin § 2 @n

L. o
Yp = YQ — sin & Sim (91,1 — 5)

2
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Next, the Z-coordinate of point P is determined. In Figure 6¢, Zp can be calculated as the intersection
between a circle with a radius of /5 centered at point B; and the line u = up:

Zp = \/13,12 - (MP - ’/lBA,l)2 +Zg, (22)

where

up =OR = \/mcos {tanl <}£) — 0, }
» 23
ugy =l + b cos 0y (23)

ZB,] = le] Sin 927|

3.2.2. Inverse displacement analysis
In inverse displacement analysis, the displacements of the active joints 8, 8,,, and 6, , are determined
based on the position of the end-effector (Xp, Yp, Zp).

The angular displacement 6, ; and 6, , of Slider 1 and Slider 2 can be calculated using Xp and Y5p.

X, .
6,, =tan"! <—P> —sin”' | ——u (24)
YP /XPZ + YP2

Using the calculated 6, ;, the coordinates of point Q(Xq, ¥Yo) can be expressed as follows:

I, o
Xq=Xp+ — cos (91,] — —)
sin £ 2

Yo=Xp+ - si (9 “) 2
= S R —
eT AT G M T )
The value of 6, is determined as follows:
Yocos (6, —a) —Xysin (0, —
612 = % cos”' { 0cos (O )z osin (0 — ) } +(ou—a+3) (26)
12

From the sign of the first term on the right-hand side, it is evident that the inverse kinematic solution
for 6,, has two possible values. The positive solution results in link A,B, being positioned inside the
arc-shaped guide rail, which is unsuitable. Therefore, the negative solution is selected for the subsequent
analysis. The value of 6, can be calculated as follows, based on Figure 6c.

uARZ + ZP2 + 12,12 - 13,12>

2124,1\/ usr® + ZP2

Z
6,1 = /PAR — /PA,B, =tan™' (—P) —cos™' ( (27

UAR

where

Y,
uAR=A1R=MCos {tan‘l <)7P) —91,1} _ll,l (28)

P

3.3. Workspace analysis

Similar to the displacement analysis, interference between the mechanism’s joints and links, as well as
interference between the mechanism and the human body, are neglected in this study. In addition, the
constraint 6, ; < 6,, is applied to the sliders since the two sliders cannot pass each other. In practice,
two sliders contact each other at a certain angular difference. For this analysis, however, the sliders are
theoretically treated as points.
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Since the XY-coordinates (Xp, Yp) of the end-effector are determined solely by the slider positions
6, and 6, ,, the workspace of the mechanism is analyzed in the XY-plane and Z-coordinate, respectively.
Let rp represent the distance between the origin point O and the end-effector P, with its maximum and
minimum values denoted as 7'p pax, Fpmin, r€Spectively.

This can be analytically derived based on the results of the displacement analysis. In Figure 6b,
the shape of the quadrilateral PC,QC, remains constant, regardless of 6, ; and 6, ,. Therefore, when the
distance rq between the origin point O and point Q reaches its maximum or minimum value, the distance
rp also takes its respective maximum or minimum value. Moreover, since the mechanism is symmetric
about the Z-axis, when evaluating the maximum and minimum values of rq, 6, ; can be fixed at 0, and
only 6, is considered as a variable. By substituting 6, ; = 0 into Eq. (20), we obtain the Eq. (29):
ha (cosasin by, + sine cos 0,,) = ho sin (6, + «)

. 1,2 12) — . 1,2 (29)

Xo =
Q Sin o sSin o
YQ=0

so that,

l .
ro=1/X>+ Yo = . ;2(1 -sin (61, + @) (30)

Therefore, rq reaches its maximum value when the term sin(6, ,+«) on the right-hand side reaches its
maximum value, satisfying OA, 1 A,C;:
i

91225_()[ (31)

Similarly, rq reaches its minimum value when sin(6, ,4-«) takes its minimum value. Since sin(6, ,4-«)
increases monotonically within the range 0 < 6, < m/2-¢, its minimum value occurs when 6,, = 0.
Therefore, rp = rpy;, occurs when 6, | = 6, ,.

Based on this, rp ., and rpm;, can be determined as follows:

ha L 2+12(h B0 =00, + = )
TP max = TN e en = 5 ¢
" sina  tan (a/2) " 2 )

I, :
TPmin = \/(11,2 - m) +1° (When 011 = 91,2)

(32)

The workspace in the XY -plane is represented as a doughnut-shaped region, indicated by the gray area
in Figure 7a.

Next, the maximum value Zp,,,, and minimum value Zp,;, are determined, given values of Xp and
Yp. First, consider only Limb 1. Figure 7b represents Limb 1 in the uZ-plane. Zp reaches its maximum
value Zp .x.1 Or minimum value Zp.;,, When points A;, B, and C, are aligned in a straight line. Therefore,
Zpmaxa and Zp i1 can be expressed as follows:

Zpmax = \/(lz,l + 13,1)2 — Upr?
Zpming = —ZLpmax1 = —\/(Zz,l + 13,1)2 — Upg?

(33)

The value of u,r can be determined using (28).

Similarly, considering only Limb 2, Figure 7c represents Limb 2 in the vZ,-plane, where the Z,-axis
is defined as the line parallel to the Z-axis, passing through point A,, and the v-axis corresponds to the
A,C, direction as shown in Figure 6b. For Limb 2, Z reaches its maximum value Zp,,,,, or minimum
value Zpni,» When points A,, B,, and C, are aligned in a straight line. Therefore, Zp x> and Zp i, » can
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z Zs
P, Cl ZP,max,Z ““““““ P. Cz

0 u v
r= |-[2,2 - la.zl
Zp,min1 Zpmin2 [--—=-=-—--
Limb 1 Limb 2
Figure 7. The workspace of the mechanism in (a) XY-plane and (b) Z-axis direction.
be expressed as follows:
2
Zpmax2 = \/(lz,z + l3,2) — Vas? (34)

2
Zpming = —Zpmax2 = —\/ (lz,z + l3,2) — Vas?

where

Vas = \/{xp — 1, sin (91,1 — a) — 1, cos 01,2}2 + {yp + 1, cos (9],, — oc) — 1, sin 9.,2}2 (35)

Based on this, considering both Limb 1 and Limb 2, Z;,,., is constrained by the smaller value between
Zpmax1 a0d Zp a0 0, While Zpyy;, is constrained by the larger value between Zp,,,; and Zp,,». Therefore,
Zpmax and Zp i, can be expressed as follows:

ZP,max = min (ZP,max,ls ZP,max,Z)

Zp min = Max (ZP,min,h Zp,min,z) } (36)
In addition, the end-effector cannot reach within a circular region centered at A; of Limbl and A,
of Limb2, with radii r = |l,,—15,| and r = | l,,—1;,|, respectively. Therefore, these regions must be
excluded from the workspace.

Based on the above analysis, the workspace in three-dimensional space can be determined by
obtaining the boundary of the workspace from the XY-plane and the Z-axis direction while exclud-
ing the unreachable regions. Since the mechanism is symmetric about the Z-axis, the three-dimensional
workspace can be obtained by rotating the XZ plane workspace 360° around the Z-axis.

4. Static analysis

The mechanism consists of seven links, excluding the fixed circular guide rail. First, the equations of
force and moment equilibrium are established for each of the seven segments, as illustrated in Figure 8.

Let F; and M, represent the force and moment acting on each link, respectively. The mass of each
link is denoted as m;, and the center of mass is represented by the position vector G,. The distance
between the origin O and each slider is denoted as r;, while the length of each link is /;. g represents
the gravitational acceleration. The equilibrium equations of force and moment acting on the links are
expressed as follows:

Fs, —F, +mSA,|g=0 } (37)

Mg, — My +{(A = S) x (=FaD} + {(GSA,I - Sl) X msA,lg} =0
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L 1=

')

Figure 8. Free body diagram of the mechanism.

Fuo —Fg +mpp,8=0 } (38)

My — Mz, +{(B, — A) x (=Fp)} + {(GAB,I - Al) X mAB,lg} =0
Fgi — F¢i +mpc,g=0 (39)

My, —Mc, +{(C, — B)) x (=Fc)} + {(GBC,I _Bl) X ch,lg} =0
Fg; — Fp, +msa 8 =0 } (40)

Mg, — M, +{(Ay — S3) X (—=F )} + {(GSA,Z - Sz) X mSA,Zg} =0
FAZ_FB2+mAB,2g=O (4])

My, — Mg, + {(By — Ay) x (=Fpy)} + {(GAB,Z - Az) X mAB,zg} =0
Fg, — Fc, + mpc,g =0 } (42)

Mg, —Mc, +{(C, — By) x (=F)} + {(GBC,z —Bz) X mBC,zg} =0
FC1+FC2+FE+mEg=0 (43)

Mci+Me+Me+{(C, = C) x (Fe)} +{(P — Cy) x (Fe+meg)} =0

In addition to these equilibrium equations, the condition that the moment around the axis of each passive
revolute joint (B, C,, A,, B,, and C, ) is zero is applied:

§31 Mg, =0
84,1 “Mc =0
§20-Mp, =0

’ 44
§30-Mp, =0 @4
S40-Mp, =0
Ss2-Mc, =0

Given that the position vectors of the joints and centers of mass, the segment masses, and the external
forces and moments acting on the end-effector are known, the number of unknown joint forces and
moments matches the number of equations, both being 48. Therefore, Eqgs. (37) to (44) are solvable.
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Figure 9. The fabricated prototype: (a) Configuration of the prototype (b) Prototype attached to the
human arm.

5. Prototype

A prototype was fabricated to evaluate the effectiveness of motion assistance through experiments
involving upper limb attachment. Figure 9 shows a photograph of the developed prototype, and Table I
lists the mechanism parameters. In this study, the prototype was not intended for actual attachment to
the body or practical application. It was for verifying the mechanical feasibility and baseline assistive
performance. Therefore, the circular guide rail was designed as an arc with a central angle of 90 degrees
and was fixed to a stand. Aluminum was used as the primary material for most parts, while carbon
fiber-reinforced nylon (Onyx), produced using a 3D printer, was used for the arm cuff and some simple
spacers. The weight of the prototype was around 3.9 kg.

Figure 10a shows the structure of the circular guide rail. The radial cross-section has an H-shape
with 45-degree inclined surfaces. A flexible rack from Kohara Gear Industry Co., Ltd. is fixed to the
outer surface of the guide rail. Figure 10b and 10c show the structure of Slider 1 and Slider 2, respec-
tively. The roller structure is common to both sides, as illustrated in Figure 10e. The rollers are mounted
at a 45-degree tilt so that they contact the inclined surfaces of the circular guide rail. Roller tighten
screws allow the rollers to be pressed against the guide rail by adjusting the screws in the direction of
the blue arrow. Figure 10d shows the end-effector and arm cuff components. The arm cuff includes two
passive revolute joints around the axes indicated by the black dashed lines. Rotational motion around
the axis shown by the red dashed line is accommodated by slippage between the arm cuff and the fore-
arm or between the forearm and clothing. For simplicity, these rotations were not incorporated into the
mechanism as revolute joints. The prototype also included several design features for safety. Mechanical
stoppers were mounted at both ends of the arc-shaped guide rail to prevent the sliders from detaching
during operation. An emergency stop button was positioned at the end of the guide, allowing immediate
interruption of motion if necessary. The arm cuff was equipped with passive rotational joints to reduce
the risk of excessive torque on the user’s arm, and a Velcro fastening tape was used to enable quick
detachment when needed.

Figure 11 shows the circuit configuration of the prototype, and Table II lists the model numbers of the
major components. The motor power supply was provided externally using a 12V DC stabilized power
source.
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Table I. Parameters of the prototype.

Parameters Values
I 0.266 m
Iy 0.250 m
Iy 0.250 m
s 0.280 m
lz’z 0.280 m
Iy 0.280 m
L. 0.037 m
o 30 degrees
(b) . (c)
(@) _~ Roller tighten screw 1J0IMOOr — Encoder  Roller Roller tighten screw

(gear ratio: 1:71)

Arc-shape guide rail /
Flexible rack

Arm cuff  Roller Slider | motor (gear ratio 1:100) -
-\

EﬂREnd effector _’y -

i T a1

@ . K Slider 2 motor (gear ratio 1:100)

Roller tighten screw

Figure 10. The configuration of the prototype: (a) arc-shape guide rail (b) Slider 1 (c) Slider 2 (d) Arm
cuff (e) Rollers and the tighten screw.

DC power supply

|emergency stop button |

—| Motor driver |—|Current Sensor |—l Motor at joint Ay I Encoder I—

microcomputer Motor driver = Motor on Sliderl | Encoder

Motor driver | =Motor on Slider2 | Encoder |—|

Figure 11. The circuit configuration.

6. Experiments

To evaluate the concept and assistance performance of WELiBot, experiments were conducted with four
healthy participants (age: 26 + 4.5, weight: 65 & 8.2 kg, height: 172 &+ 7.6 cm) to analyze the differences
in muscle activity levels under two conditions: with and without robotic assistance. Each participant
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Table I1. Main components of the prototype.

Component Model Manufacturer
Microcomputer STM32F446RET6 STMicroelectronics
Motor driver 1 MD20A Cytron Technologies
Motor driver 2 MD10C Cytron Technologies
Current sensor ACS711KEXLT-31AB-T Allegro MicroSystems
Motor at joint A, MS-555VC-5524 Mabuchi Motor
Motor on the sliders RS-385PH-2465 Mabuchi Motor
Encoder AMT103-V CUI Devices
Xgq 8,4 Motor |V Mechanical |Fassist
+Q driver | | Motor system -
IK
T
x4 0, Z

6

Figure 12. The block diagram of the PD controller.

repeated the specified motion five times, and the muscle activities of the anterior deltoid, biceps brachii,
and infraspinatus were measured using electromyography (EMG) sensors (Biometrics, UK).

In addition to EMG analysis, a motion measurement experiment was conducted to assess the dis-
placements of WELiBot quantitatively. Four representative upper limb movements were performed:
circumferential, raising, reaching forward, and a combined motion of the first three. Each motion was
executed five times without the participants, and the relative displacements Ax, Ay, and Az of the end-
effector (endpoint minus starting point) were recorded using an OptiTrack (NaturalPoint, Inc., USA)
motion capture system.

6.1. Experimental setup

In both the assistance experiment and the motion measurement, the arm cuff of the robot was moved
along a straight trajectory with PD control, following a trapezoidal acceleration and deceleration profile
with an acceleration of @ = 0.5 m/s? and a maximum velocity of v, = 0.3 m/s. The total motion time
was about 1.67 s. Muscle activity measurements and the robot’s motion were synchronized using a
trigger switch (Biometrics Ltd, UK). The block diagram of the controller is shown in Figure 12. In the
block diagram, x, is the target trajectory of the end-effector, and 6, and 6, indicate the target angle and
measured angle of each active joint, respectively. x, and 0, are the corresponding velocity and angular
velocity. V is the driving voltage. Fy; is the assistive force. K, and K, are the proportional gain and
derivative gain, respectively. s is the Laplace variable.

In the condition without robot assistance, participants were instructed to move their arms along the
same trajectory as in the robot-assisted condition, maintaining the same start and end positions. The
motion was guided by a metronome, set at a beat interval of 60/72 s. The specific motion was performed
over two beats, ensuring consistency with the robot-assistance condition.

6.2. Results of muscle activity

In the assistance experiment, the specified motion involved a straight-line movement from the position
at (0.24, 0.32, 0) to (0.1, 0.37, 0.30) (m) in the coordinate shown in Figure 9a. This motion simulates
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Subject 1 Subject 2
80 80
s =
260t 260
[+] 4]
= =
< a0f < 40
wl [72]
= s |
& 20+ & 20
0 0
2 0 0.5 1 1.5 2
Time (s) Time (s)
Subject 3 Subject 4
80F 80
> >
260 260
] Q
= =
< 40 < 40
22 (221
= =
~ 20 & 20
0 1 1 L 0 1 1 L
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Time (s) Time (s)

Human - Infraspinatus
Human - Anterior Deltoid
Human - Biceps Brachii
= = — Robot - Infraspinatus

= = = Robot - Anterior Deltoid
= = = Robot - Biceps Brachii

Figure 13. RMS from four subjects under the condition with and without robot assistance.

the daily task of picking up an object from a table and holding it in a static position. Figure 9b shows an
example of the experimental setup with robot assistance.

The EMG voltage Viyc(f) at each moment was computed from the raw EMG data e(?) using the
following formula, with a window length 7 = 300 ms:

12
Veme () = \/71, / e(t+rv)dr (45)
-T2

This process was performed for each of the five trials under the same conditions, and the aver-
age Viumg(t) across the trials is shown in Figure 13. Moreover, the mean absolute value (MAV) of
Viemc(t) was calculated over the entire duration of 1.67 s, representing the overall muscle activity for
each trial. An independent two-tailed #-test has been conducted to compare the difference in conditions
with and without robot assistance. The results shown in Figure 14 indicate that the muscle activities of
the infraspinatus, anterior deltoid, and biceps brachii were reduced in the robot-assistance condition,
confirming the effectiveness of assistance. In particular, for all four subjects, the biceps brachii muscle
activity was significantly decreased.
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Independent t-test (two-tailed) ** p <0.01 * p<0.05

60
50
40
30
20
10

Human Robot | Human Robot | Human Robot | Human Robot

Subject 1 Subject 2 Subject 3 Subject 4
M Infraspinatus @ Anterior Deltoid B Biceps Brachii

Figure 14. Comparison of EMG data from four subjects.

6.3. Results of measured end-effector displacement

The measured coordinates of the starting and endpoint for each motion are summarized in Table III.
The standard deviations of relative displacement along the x, y, and z axes (o ,, 0 ,, 0,) were computed,

and a 3D repeatability radius was defined as:

Y

R=,/024+024+02 (46)

Table IV presents the mean displacement, standard deviations, and repeatability results for the four
motions.

The repeatability was 0.43 mm for circumferential motion, 0.66 mm for rising motion, 0.46 mm
for reaching motion, and 0.40 mm for combined motion. These results indicate that WELiBot consis-
tently reproduced similar motion displacements across repeated motion tasks, demonstrating stable and
reliable actuation performance.

7. Discussion

The experimental results demonstrated that WELiBot effectively reduced muscle activity, particularly
in the biceps brachii, confirming its potential for upper limb assistance. The displacement measurement
shows that robots can realize reliable actuation performance. Despite its effectiveness, this study has
several limitations related to both analysis and experimental setup.

One major limitation of the present study lies in the experimental participants. The intended users
of WELIiBot are individuals with hemiplegia. However, the current study was conducted with healthy
individuals, which does not fully reflect the challenges faced by individuals with upper limb impair-
ments. To develop an assistive device truly suitable for hemiplegic upper limb rehabilitation, WELiBot
is expected to improve in the following three directions. First, the current prototype is fixed on a stand
and is not wearable. For a user with limb impairment, the robot must prioritize lightweight construction,
ease of attachment and removal, and minimal setup burden, ideally allowing the user to wear the system
independently or with minimal assistance from a caregiver. Second, an appropriate control strategy for
WELiBot is needed. The symptoms and movement patterns of patients with hemiplegia vary signif-
icantly across individuals. Therefore, the robot is expected to incorporate adaptive control strategies,
such as impedance control, EMG-based control [37], or Assist-As-Needed (AAN) frameworks [38].
These approaches aim to assist each user according to their residual function and promote active use
of the affected limb, which is considered critical in enhancing neuroplasticity and functional recovery.
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Table IIl. Measured coordinates of the starting point and the endpoint.

Motion Type Measured mean starting point (m) Measured mean endpoint (m)
Circumferential (0.24, 0.20, 0.23) (0.18, 0.27, 0.22)
Rising (0.18,0.28, 0.24) (0.18, 0.30, 0.42)
Reaching (0.24, 0.20, 0.23) (0.19, 0.28, 0.25)
Combined (0.21, 0.25, 0.23) (0.17,0.29, 0.41)

Table IV. Measured end-effector displacement.

Motion Type Mean Ax Mean Ay Mean Az ox oy oz Repeatability
(mm) (mm) (mm) (mm) (mm) (mm) (mm)
Circumferential —63.08 62.35 —2.63 0.15 0.37 0.16 0.43
Rising —0.12 12.61 182.49 0.25 0.41 0.45 0.66
Reaching —51.37 80.15 18.81 0.21 0.35 0.22 0.46
Combined —39.19 35.15 180.27 0.28 0.27 0.08 0.40

Third, the WELiBot design utilized passive rotational joints in the arm cuff to enhance safety for subject
experiments. Nevertheless, therapists have pointed out that such passive mechanisms may not provide
adequate support for patients with muscle spasticity or joint stiffness, which are common in hemiplegia.
During upper limb rehabilitation, therapists typically stabilize the patient’s wrist manually to facilitate
movement at the shoulder and elbow. Hence, future iterations of WELiBot should include a redesigned
wrist interface that provides secure, adjustable, and clinically informed support tailored to hemiparetic
conditions. In addition, further studies involving a larger sample size and participants with upper limb
impairments are necessary to validate the effectiveness of WELiBot in real-world ADL scenarios.

In terms of kinematic and static analysis, the study did not account for direct interactions between
the robot and the human body. Since WELiBot is designed as a wearable device to assist with ADLs in
individuals with motor impairments, the current prototype does not fully address practical challenges
associated with real-world use. In addition, the workspace analysis was based on geometric constraints,
without incorporating human anatomical factors, such as joint range of motion and individual movement
variability. These factors may influence the robot’s effectiveness and usability and should be integrated
into future design considerations.

Regarding the experimental setup, the prototype was not attached to the body, as the guide rail was
fixed to a stationary stand, and only one-quarter of the rail was fabricated. This limited the assessment
of the robot’s full motion range and usability. Attaching the guide rail directly to the human body may
introduce additional constraints, dynamic interactions, and comfort-related factors, which require further
investigation. In addition, the experiment was limited to a predefined straight-line motion, constrained
by the workspace range of the fabricated prototype. Future studies should investigate the WELiBot’s
performance with a full-scale prototype.

While a fully wearable version of WELiBot remains a long-term objective, alternative configurations
such as a frame-mounted or semi-mobile system may be more practical for some users, especially elderly
individuals or those with severe hemiplegia, because such users may face difficulties tolerating wear-
able systems. A fixed-stand configuration, when properly designed, can still provide meaningful motion
assistance while improving usability and safety. This design consideration is also worth exploring further
in future development stages to balance functionality with accessibility in rehabilitation applications.

8. Conclusion
This study mainly introduced the design of WELiBot, a novel wearable end-effector-type upper
limb assistive robot designed to provide effective support for individuals with upper limb motor
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impairments. The research began with the conception of robot design, defining its functional require-
ments and mechanical structure. A 4R-5R parallel mechanism was developed to enable controlled
assistance in lifting, reaching, and circumferential motions while ensuring ease of attachment and
portability. Kinematic and workspace analyses confirmed that the mechanism provides a well-defined,
toroidal workspace centered around the user’s torso, meeting motion assistance requirements. In addi-
tion, static analysis provided insights into force distribution, aiding in the selection of design parameters.
To assess mechanical feasibility, a prototype with a quarter arc-shaped guide rail was fabricated and
tested. Muscle activity experiments conducted with four healthy participants demonstrated a significant
reduction in biceps brachii muscle activity compared to unassisted movement, confirming WELiBot’s
effectiveness in reducing physical effort. Future research will focus on attaching the guide rail to the
body to improve usability, refining the control strategy for enhanced motion assistance, and conducting
further daily task-based experiments to evaluate the robot’s real-world effectiveness.
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