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Abstract. A novel wearable end-effector type upper limb assistive robot
for stroke hemiplegic patients is proposed, and a 3 DOF 4R-5R parallel
mechanism for this type of robots is presented. Assistive functions of
the robot: arm fixation, motion constraint and force assistance along a
vertical axis, allow patients to have their paralyzed limb perform aux-
iliary roles in ADL. Kinematics of this mechanism, including joint con-
figuration and placement of three active joints, is presented, followed
by displacement analysis and workspace analysis. The feasibility of the
proposed mechanism is discussed with an experimental prototype.
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1 INTRODUCTION

Worldwide, more than 12.2 million new strokes occur each year, making stroke
the third-leading cause of death and disability [1], [2]. Loss of upper limb motor
control due to stroke results in the inability to independently perform activities
of daily living (ADL), and reduces quality of life (QoL). Thanks to researches
on rehabilitation and neurotherapy, including robot-assisted therapy, many pa-
tients can regain some of their lost motor control [3]. However, even after several
months of therapy, 30% [4] to 66% [5], [6] of the patients still have motor dys-
function in their paretic arm. For such patients, robots that can assist ADL are
highly demanded.

Many assistive robots for upper limb have been developed [7]-[11]. Generally,
robots for upper-limb can be classified into three types: grounded exoskeletons
(Fig. 1a), grounded end-effectors (Fig. 1b), wearable exoskeletons (Fig. 1c) [12].
Grounded exoskeletons are the most common form in both assistive and reha-
bilitation robots. They can control forces exerted on each human joint individ-
ually. One disadvantage is that misalignment of the joints can be a problem
[13]. Grounded end-effectors are often found in rehabilitation robots, of which
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(a) Grounded (b) Grounded (c) Wearable (d) Wearable
Exoskeleton End-Effector Exosksleton End-Effector

Fig. 1: Classification of robots for upper limb

MIT-Manus [14] is well known. They tend to be simple and free from joint
misalignment, but they cannot control forces of each human joint individually.
These grounded robots are fixed to an external structure, so they do not im-
pose a load on the patient even if the robot is heavy, but they lack portability.
Wearable exoskeletons are often found in assistive robots. Both wearability and
portability are achieved. However, it is difficult to achieve high functionality,
wearability and portability at low cost, and the number of such robots that have
been developed is smaller than the other two types. Despite the great efforts
to develop assistive robots, it is hard to say that assistive robots are widely
used. Therefore, the objective of this study is to develop a simple yet functional
wearable assistive robot to assist ADL of hemiplegic stroke patients.

Here, we propose a novel wearable end-effector type robot shown in Fig.
1d. Wearable end-effector type robots have characteristics of both grounded
end-effectors and wearable exoskeletons. Since the robot is an end-effector type,
it does not cause joint misalignment. Also, the robot achieves wearability and
portability because it is not fixed to an external structure.

In this paper, requirements for the wearable assistive robot based on the use
case scenario are first described, and the mechanism concept is introduced. Then,
forward /inverse displacement analysis, and workspace analysis of the proposed
mechanism are performed. Finally, the mobility of the mechanism is verified by
an experimental prototype.

2 DESIGN CONCEPT

2.1 Use Case Scenario

Hemiplegic patients have difficulty with various ADL, especially those requiring
the use of both hands. Here, three ADL requiring both hands are discussed
as examples: opening a bottle cap (Fig. 2a), lifting a box (Fig. 2b), cutting a
vegetable on a cutting board (Fig. 2¢). For each of them, we considered how to
assist a paralyzed upper limb.

— Opening a cap : Grab a bottle with a paralyzed limb, and hold it in place.
Then open a cap with a healthy limb.
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€3 (%)
(a) Opening a cap (b) Lifting a box (c) Cutting a vegetable

Fig. 2: Examples of ADL that require both hands operation
Source : https://www.irasutoya.com

— Lifting a box : Allow the box to move only upward and downward, but not
sideways and forward/backward. Also apply upward force on the parallyzed
limb to support lifting.

— Cutting a vegetable : Apply downward force to a paralyzed limb to push
a vegetable onto a cutting board. Then cut a vegetable with a healthy limb.

Given these examples, it can be said that even if a paralyzed upper limb cannot
perform the same complex movements as a healthy upper limb, some ADL can
be performed by having the paralyzed upper limb play an auxiliary role.

2.2 Functional Requirements

Based on the above discussions using the three use case scenarios, simple move-
ments to assist ADL were extracted and listed below.

— Holding the paralyzed upper limb in a fixed position in a space
— Constraining the paralyzed upper limb movement to a vertical straight line
— Assisting vertical upward/downward force

These simple movements can potentially be applied not only to the above sce-
narios, but to various ADL in the future. Therefore, these functions were set as
the functional requirements for our assistive robot.

In addition, the robot must satisfy several conditions as follows.

— Wearability and Portability : To perform ADL anywhere in our living
space while wearing the robot, the robot needs to be wearable and portable.
To achieve this, the robot should be lightweight so that the patient does not
feel any burden even after wearing it for a long time. Also, the robot should
be small enough to avoid collisions with surroundings.

— Easy Human-Robot Attachment : For daily use, the robot must be easy
to don and doff. To achieve this, the number of places to attach the robot
should be reduced, and precise positioning and adjustment should not be
required.



4 Ryohei Morita et al.

2.3 Proposed Mechanism Configuration

The overview of the proposed mechanism is shown in Fig. 3a. The circular
guiderail is attached around the torso and the end-effector is attached to the
forearm of the paralyzed limb through a freely rotating cuff. Because this is not
grounded type robot, wearability and portability are satified. Also, the robot is
attached to the human body at only two body parts, and does not require com-
plex positioning and adjustment, thus easy human-robot attachment is satisfied.

A schematic diagram of the mechanism is shown in Fig. 3b. Two sliders move
along a circular guiderail, and an end-effector is connected to sliders via a kine-
matic chain. The chain OA;B;C; is called ”limb 1”7, and the chain OA3B,C5 is
called ”limb 2”. Since a slider that moves along the circular guiderail is equiv-
alent to a revolute joint located at the center of the circular guiderail, limb
1 is regarded as a 4R chain and limb 2 as a 5R chain, as shown in Fig. 4
where R denotes revolute joint. Thus, this mechanism can be considered as a
4R — 5R = R(RRR) — RR(RRR) parallel mechanism.

Sliders 1 (s1,1) and 2 (s1,2) and the joint A; (s2,1) are active joints, while
others are passive. Sliders 1 and 2 contribute to the motion in the xy-plane, while
the joint A; contributes to the motion along the z-axis. Therefore, by controlling
the mechanism as shown in Table 1, the corresponding task of ADL is assisted.

Circular guiderail ~_
Slider 2 (active)
Universal joint

Slider 1 (active)
Revolute joint (active)

(a) Mechanism attached
to a patient (b) Structure of the mechanism

Fig. 3: Overview of the mechanism of the proposed wearable endeffector type robot

Ss5,2

S1,2
S4,2
532 S12 1l S22
0 S32 1 s4 1l S5,

Fig. 4: Joint configuration of each limb
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Table 1: Motions of the mechanism required for each ADL

Task [Output of the mechanism [Input of the mechanism
to hold a bottle in place | - to fix in place - to fix all active joints
* to generate translational

- to fix both sliders

lif icall ti 1 -axi . .
to lift a box vertically motion along z-axis  to actuate joint A

* to generate upward force
to push a vegetable onto | to senerate downward force| to release both sliders
a cutting board & * to actuate joint A

3 KINEMATIC ANALYSIS

3.1 Displacement Analysis

Take the coordinate system as shown in Fig. 5a. §; 1 and 6; o are the angles
between the z-axis and sliders 1 and 2, respectively (61,1 < 61,2). In practice,
011 = 01,2 cannot be achieved because of interference between sliders, but this
time, we consider a theoretical workspace that ignores the interference. 6 ; is
the angle of the revolute joint A;. The length of each link is also shown in Fig.
Ha. Figure 5b is a close-up view of the end-effector seen from the top. « is the
angle between limbs 1 and 2 at the end-effector seen from the top, and P is the
position of the end-effector defined as the intersection of the line perpendicu-
lar to limb 1 passing through C; and the line perpendicular to limb 2 passing
through Cs.

A. Forward Displacement Analysis

Position of the end-effector P(zp, yp, zp) is obtained from the angles of the ac-
tive joint (61,1,62,1,61,2). The projection of the mechanism onto the zy-plane is
shown in Fig. 6a. Point Q is the intersection of two lines extending limb 1 and

End-Effector

P(xp, ¥p, Zp)

(b) Configuration of the
(a) Parameters of the mechanism end-effector

Fig. 5: Configuration of the proposed mechanism
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(a) Projection onto the zy-plane (b) Limb 1 in z’z-plane

Fig. 6: The mechanism viewed from each plane

2 projected on xy-plane. (z,y) coordinates of point Q are:

11’2 sin 9172 — tan (9171 — a) . 1172 COS 9172
rQ =

tan6 1 —tan (611 — )
yq = tanby; - xq (2)

Using zq,yq, P(zp, yp) are expressed as follows:

le «

Ip =TQ — mcos (01)]_ — 5) (3)
le . «

PV G (a/2) S (01’1 B 5) )

Limb 1 can be depicted on the z’z-plane as shown in Fig. 6b. zp is one of the
intersections of a circle of radius I3 1 centered at point By and a line 2’ = 2/p,

2
2p = \/zgf — (oh —ohy) +2m2 (5)

where

Tp

zp = OR = \/xp2 + yp2 cos {tan1 <yp> — 0171}

(25.1,2B1) = (1 + 121 c08031, lp1sinfy ;)

B. Inverse Displacement Analysis

Angles of the active joint (61,1,02,1,61,2) are obtained from the position of the
end-effector P(zp, yp, zp). From zp and yp, 61,1 can be obtained by:

l
01, = tan™" <y‘°> i ke 6
11 . e (6)
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Using 611, Q(zq, yq) can be expressed as:

le «

TQ = TP F sin (/2) cos (01’1 B 5) (7)
le . «

vo =yp+ sin (a/2) i (01’1 a 5) (8)

Since the slope of the line AoQ is tan (611 — a), 07 2 is:

011 —a)— in (61—
612 = —cos! yqcos (611 —a) —xzqsin (611 — @) n <91’1 ot Z) ©)
l172 2

Then, from Fig. 6b, we can obtain 03 ; = ZPA;R — Z/PA;B;:

;2 2 2.2
01 = tan™ " ( fp ) —cos~! | TAR R et 3.1 (10)

X / 2
AR 21271 foR +ZP2

where

#hg = A1R = \/zp? + yp2 cos {tan1 (yl:) - 91,1} —liq (11)

Tp

3.2 Workspace Analysis

First, we considered a workspace in xy-plane. Distance between the origin O
and the end-effector P (= rp) reaches the maximum when OAs 1 A5Cs, that is,
when 6y 2 — 011 = /2 — « as shown in Fig. 7a. Also, rp reaches the minimum
when 6; 1 = 0 2. Therefore, the maximum and minimum values of rp are:

b2 L\ 2
max — — — le 12
P, \/<s1n a  tan(a/2) ) * (12)

lo 2
min — l - le 1
\/< = o) * "

Next, given xp, yp, we considered the maximum and minimum values of zp.
Considering limb 1 only, z-coordinate of P reaches a maximum value zj, when
A1,B; and Cj are aligned, as shown in Fig. 7b. The minimum value is obviously

/ _ / . .. ’
2P min = — 2P max- Lherefore, the maximum and minimum values of z can be
obtained as follows:

/ 2 2
o =\ (a1 +13.1)% — W

(14)
Z%’,min = _\/(l2,1 + l3,1)2 - foRQ
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ZP,min
(a) Workspace in zy-plane (b) Workspace in z-axis

Fig. 7: Workspace

x'yp is obtained as shown in Eq. (11). Similarly, when considering only limb 2,
the maximum and minimum values of zj, can be obtained as follows:

" _ 2 n 2
ZP,max - \/(l272 =+ 13,2) - ‘rAS

1" _ 2 n 2
ZP,min - _\/(l272 + l372) — TAg

where

QZ‘XS = \/{Ip — le sin(¢9171 — Oé) — 1172 COS 9172}2

+ {yP + le COS(9171 — Oé) — 1172 sin 9172}2

(16)

Thus, the maximum and minimum values of z-coordinate of end-effector P are:

. ’ "
ZP,max — M1 (ZP,ma:U ZP,maX)

ZP,min = mMax (Z%,min7 Zg,min) (17)

Based on the above equations, a 3D workspace is calculated and shown in Fig.

8 where values of parameters are given as in Table 2. A human is represented by

a yellow elliptical column where its height is 1.7 m, the major axis length is 0.39

m and the minor axis length is 0.2 m. The circular guiderail of the mechanism is

mounted at a height of 0.9 m. The workspace is symmetrical around the z-axis,
with one section shown in blue points.

4 PROTOTYPING

An experimental prototype was built as shown in Fig. 9. It was confirmed that
the end-effector moves in three degrees of freedom in response to the three active
joints.
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Table 2: Values of kinematic
parameters used in analysis

%o_; Parameter| Value
7 li1 200 mm
o lo,1 250 mm
] 0% l2,1,13,1 |200 mm
'U'% 0 1212, l3,2 230 mm

x [m] 0 - y [m] le 20 mm
«a 30°

Fig. 8: 3D workspace

Motion along z-axis (side-view)

Motion in xy-plane (top view)

Fig. 9: Motion of the experimental prototype

5 CONCLUSION

In this paper, we proposed a novel wearable end-effector type assistive robot.
From the use case scenarios, we extracted three functional requirements: 1. fix-
ation of paralyzed limb, 2. constraint of the paralyzed limb in a vertical line,
3. generation of assistive upward/downward force. Then, we proposed a 4R-5R
mechanism with 3 DOF for such robot. By driving the three active joints appro-
priately, the mechanism can achieve the fixation, constraint, and force assistance.
Forward /inverse displacement analyses, and workspace analysis of the proposed
mechanism are perfomed. The experimental prototype confirmed that the end-
effector can be fixed in plane or moved in a vertical line by the motion of the
active joints.
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The workspace obtained here was based only on kinematics. In the next

step, we are going to conduct a force analysis, and determine the workspace in
which the mechanism can generate sufficient force. Based on the results of these
analyses, we will proceed to build a full-scale prototype and conduct experiments.
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