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Upper limb exoskeleton rehabilitation robots have been attracting significant attention by researchers
due to their adaptive training, highly repetitive motion, and ability to enhance the self-care capabilities of patients
with disabilities. It is a key problem that the existing upper limb exoskeletons cannot stay in line with the
corresponding human arm during exercise. The aim is to evaluate whether the existing upper limb exoskeleton
movement is in line with the human movement and to provide a design basis for the future exoskeleton. This
paper proposes a new equivalent kinematic model for human upper limb, including the shoulder joint, elbow
joint, and wrist joint, according to the human anatomical structure and sports biomechanical characteristics.
And this paper analyzes the motion space according to the normal range of motion of joints for building the
workspace of the proposed model. Then, the trajectory planning for an upper limb exoskeleton is evaluated and
improved based on the proposed model. The evaluation results show that there were obvious differences between
the exoskeleton prototype and human arm. The deviation between the human body and the exoskeleton of the
improved trajectory is decreased to 41.64 %. In conclusion, the new equivalent kinematics model for the human
upper limb proposed in this paper can effectively evaluate the existing upper limb exoskeleton and provide

suggestions for structural improvements in line with human motion.

Upper limb exoskeleton rehabilitation robots have become
more popular because they can not only provide adaptive
training and highly repetitive motion but also enhance the
self-care capabilities of patients with a loss of motor func-
tion (Jarrasse et al., 2010; Coté-Allard et al., 2018; Zhang
et al., 2018). The design of upper limb exoskeletons should
be especially considered because they interact directly with
the human body (Esmaeili et al., 2011; Gopura et al., 2011).
The number of degrees of freedom (DOF), range of motion
(ROM) of joints, safety, comfort, low inertia, and adaptabil-

ity to the human body should be especially considered in the
design of these exoskeletons (Meng et al., 2018; Maciejasz
et al., 2014). In particular, it is necessary that the movement
of the exoskeleton should stay in line with the human arm.
Misalignment may cause many problems, such as the exter-
nal force between the exoskeleton and the arm, the inaccurate
control output caused by the error of the measurement posi-
tion, and decreased safety (Lo and Xie, 2012; Schiele and
Helm, 2006; Rocon et al., 2007).

The design of the upper limb exoskeleton is generally
based on the movement of the human arm. The number
of DOF is defined according to the shoulder joint, elbow



joint, and wrist joint as usual, which are 3 DOF for the
shoulder joint (flexion/extension, abduction/adduction, and
internal/external rotation), 2 DOF for the elbow joint (flex-
ion/extension and pronation/supination), and 2 DOF for the
wrist joint (radial/ulnar deviation and flexion/extension).
Other existing models of exoskeletons for the human arm
include, for instance, ETS-MARSE (Rahman et al., 2015),
CADEN-7 (Perry et al., 2007; Perry and Rosen, 2006), and
SUEFUL-7 (Gopura et al., 2009). In addition, there are also
some researchers that decreased the number of DOF at the el-
bow joint and wrist joint, such as RETRAINER (Ambrosini
et al., 2017), HAMEXO-I (Huang et al., 2014), and some
other exoskeletons (Mahdavian et al., 2015; Wong and Mir-
Nasiri, 2012; Wu et al., 2014), in order to simplify the de-
sign. The DOF at the shoulder joint are retained to ensure the
moveability in these designs. However, these articulated ex-
oskeletons still cannot stay in line with human movement.
The main reason, as shown in Fig. 1, is that the shoulder
abduction of 180° is added to the 60° scapulothoracic (SH)
joint upward rotation and the 120° glenohumeral (GH) joint
abduction. In addition, the 60° SH upward rotation is de-
picted as being the summation of the 25° of sternoclavicular
(SC) joint elevation and the 35° of acromioclavicular (AC)
joint upward rotation. The red arrow in Fig. 1 indicates the
change in the axis of the GH joint when the shoulder joint is
abducted from O to 180°. It is the change in the rotation cen-
ter of the shoulder complex during the movement that causes
the misalignment between the exoskeleton and human arm
(Neumann, 2013). Therefore, the shoulder joint is a com-
pound joint, and its movement should consider the roles of
the clavicle and the scapula in addition to the humerus.
There are a large number of researchers who have pro-
posed the equivalent kinematic model of the upper limb to
find the kinematic characteristics of human arm. Bertomeu-
Motos et al. (2018) and Fang et al. (2019) simplified the hu-
man arm into a 7 DOF model, connected through two links,
namely the upper arm and forearm. However, the model
did not consider the contribution of the AC, SH, and SC
joints. Eduardo et al. (2018) proposed a biomimetic kinemat-
ics model for upper extremity exoskeletons to simulate the
contribution of the clavicle movement to the shoulder com-
plex in the coronal plane. The proposed exoskeleton design
based on the upper limb kinematic model shows a 17.1 %
increase in the motion workspace on the coronal plane with
the clavicle compared to non-clavicle designs. The kinematic
characteristics in the sagittal plane and horizontal plane were
not analyzed. Klopcar and Lenarcic (2006) researched kine-
matic shoulder complex characteristics on healthy subjects
and proposed a model composed of an inner and outer shoul-
der joint. The inner shoulder joint has two rotations, with
the center in the origin of the reference coordinate, and the
outer has three rotations, with axes intersecting in the center
of the GH joint. The advantage of the model is the inclu-
sion of the shoulder girdle kinematics obtained as functions
of the humeral elevation angle. Klopcar and Lenarcic (2005)
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Rear view of the right shoulder complex (the shoulder
abduction 180°; Neumann, 2013).

reported an improved kinematic model of the human arm in-
cluding the shoulder complex and elbow complex. The kine-
matic model is appropriate for computing and visualizing the
human arm’s reachable workspace. However, the kinematic
model did not contain the wrist joint and simplified AC, SH,
and SC joints into an universal joint and one slider, which
ignored the motion characteristics of human arm too much,
such as the scapula extension/retraction (Neumann, 2013).
The kinematic model for workspace determination also did
not contain the internal/external rotation of the elbow joint.
In addition, Laitenberger et al. (2014) refined the upper limb
model by means of a forearm closed-loop kinematic chain
and personalized joint parameters to quantify kinematics and
dynamics of the forearm joint. The wrist joint was simplified
into a universal joint (Duprey et al., 2016). In order to un-
derstand the kinematic characteristics of the upper limb, the
equivalent kinematic model should include not only the GH,
elbow, and wrist joints but also the AC, SH, and SC joints.
The challenges of exoskeleton design include motion con-
trol and posture determination of its multiple DOF robotic
components. In addition, the highly complex mechanical and
redundant structures of human joints represent current re-
search objects (Eduardo et al., 2018). The upper limb equiva-
lent kinematic model is a common ground in these two fields,
which can provide a reference for the structural design, pos-
ture determination, and motion trajectory of the upper limb
exoskeleton. This key application promotes the further de-
velopment of the upper extremity exoskeleton to provide



more effective rehabilitation training and motion assistance
for stroke patients. Various equivalent kinematic models of
the upper limb have been proposed. However, most of the
models simplify the DOF of human upper limbs and cannot
fully describe the movement of upper limbs, and there are
few studies on the application of these models in exoskele-
ton design. Therefore, the goal of this paper is to propose a
new equivalent kinematic model for the human upper limb
that will describe the movement characteristics of the human
upper limbs as fully as possible and explain how the model
can be used to evaluate and improve the design of upper limb
exoskeleton rehabilitation robots.

The remainder of this paper is organized as follows. We
present, in the next two sections, the proposed method for the
equivalent kinematic model of human arm, kinematic analy-
sis, motion space, and evaluation method. In Sect. 4, the re-
sults are presented. The discussion is conducted in Sect. 5,
and we summarize and conclude this paper in Sect. 6.

The shoulder complex contains four joints, namely the SC,
AC, SH, and GH joints, as shown in Fig. 2. The SC joint is
the most proximal joint of the shoulder complex. It serves as
the base point for the entire upper limb and connects the up-
per limb to the axial skeleton. The SC joint has 3 DOF, and
the primary movements are protraction and retraction, eleva-
tion and depression, and upward and downward rotation. The
AC joint is a sliding or planar joint that provides maximum
mobility between the scapula and the thorax. The SH joint
has 3 DOF, including elevation, depression, extension, retrac-
tion, and rotation, as shown by the P point in Fig. 2. The GH
joint is the most distal connection of the shoulder complex.
The GH joint, together with the moving scapula, produces
an extensive range of motion of the shoulder. It is a univer-
sal joint with 3 DOF, including flexion, extension, abduction,
adduction, internal rotation, and external rotation, formed be-
tween the scapula and articular fossa of the humerus. The
bones and joints of the shoulder complex are shown in Fig. 2,
which simplifies the bones and joints into a suitable calcu-
lation model for easy analysis of the shoulder movements.
Figure 3 is an equivalent kinematic model corresponding to
the upper limb. The bones are simplified into links, and the
point P is the end position of the scapula. The SC, SH, and
GH joints are simplified into a spherical hinge with limited
motion range. This model ignores the movement of the AC
joint due to the small activity of the AC joint in activities of
daily living (ADL).

The elbow and forearm complex consists of three bones
and four joints in Fig. 4. The connection of the elbow and
forearm greatly increases the effective ROM of the hand. In
Fig. 3, the elbow is simplified into a rotating joint. In addi-
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tion, the radius and ulna are connected in the forearm through
the proximal and distal radioulnar joints, so the equivalent
kinematic model of the forearm is a four-bar linkage struc-
ture, and the fixed end is at the proximal end with the internal
and external rotation of the forearm.

The wrist acts as a functional “gasket” between the fore-
arm and the hand and consists of two major joints, i.e., the
radiocarpal joint and the intercarpal joint, which allow the
wrist to flex, extend, abduct, and adduct (see Fig. 4; Neu-
mann, 2013). In Fig. 3, the wrist is simplified into a sphere
pin pair. The wrist joint is the end position of the model, and
the position of the hand can be obtained by studying the po-
sition of the wrist joint.
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The equivalent kinematic model of the human upper limb
has two end points, namely the wrist and the scapula. Its
kinematics is divided into two chains, where the first chain is
the chain of motion at the end wrist, which includes the ster-
num, the SC joint, clavicle, GH joint, humerus, elbow, fore-
arm, and wrist. The second chain is the chain of motion at the
end scapula, which includes the sternum, SC joint, clavicle,
and SH joint.

The motion of a rigid body consists of translation and ro-
tation. The approaches of homogeneous coordinates and
homogeneous transformation for kinematics analysis are
adopted to describe translation and rotation. The homoge-
neous coordinate describes the spatial position, and the ho-
mogeneous transformation describes the transformation of
the rigid body position and posture. The coordinate systems
for the equivalent kinematic model of the human arm are
shown in Figs. 5 and 6. The origin of the coordinate systems
(Xi, Y, and Z;) is set at the joints, where i = 0-6 represents
the origin of the coordinate systems in the sternum, the SC,
GH, elbow joints, center of rotation of the forearm, the wrist,
and SH joints, respectively. The model has 13 DOF. They
are 3 DOF for the SC joint, 3 DOF for the SH joint, 3 DOF
for the GH joint, 2 DOF for the elbow joint, and 2 DOF for
the wrist joint, respectively. In Fig. 6, ¢;, 6;, and ¢; are the
angles of pronation/external rotation, flexion/extension, and
adduction/abduction, respectively. And the angles of internal
rotation, extension, and adduction are positive values, and the
angles of external rotation, flexion, and abduction are nega-
tive values. § is the inclination angle of the scapula, and the
length parameters of the human upper limb are annotated in
Fig. 6.

Shoulder
complex

The coordinate systems for the equivalent kinematic
model of human arm.

As shown in Fig. 7, coordinate transformation from (X;,
Y;,and Z;) to (X;+1, Yi41, and Z; 1) is given by the follow-
ing:

0,0="Ri410;110+ 0,01, ()

Oi iRi 0,‘0,’ Oi
( IQ >3><] =< O+1 1 - )( -'ilQ >3><]’ (2)

where / R; ;1 is the rotation matrix from (X;, Y;, and Z;) to
(Xi+1, Yit1, Zi41), and Q (px, py, and p;) is any point in
the coordinates.
The homogeneous transformation matrix ‘' A; 4 takes the
‘Riz1 0,04,

following form:
AL _( R3xz QOs3x1
a1 007 ) (B )

In Fig. 6, we can obtain the homogeneous matrix of human
arm at the end point according to Egs. (1)—(3). In the follow-
ing, where cos is C and sin is S:

Ch1CO—Se1Shp1S01 —Sh1Copr Cgh1SO + SeiS¢1 CH, 0
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= —Co156, S Coi COy 0

0 0 0 1
ChrCO—SpS¢SOh  —SgCer ChrSO+SeS¢Co,  —1;520°
s S$2CO+ S C2SO» CérCon S$280, =S CprCO,  —1; C20°
—CpS6, Sp CprCHy 0
0 0 0 1
CoH; 0 SO 0
2| 0 1 0 o0
—-S6; 0 CO3 —Ip
0 0 0 1
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Figure 6. Set the parameters of the model. (a) Front view, back view, and right side view of a human arm. (b) Top view of both shoulders in
the anatomical position. Angle A shows that the direction of the clavicle is about 20° behind the front plane. Angle B shows that the cap is
offset by approximately 35° in front of the front plane. Angle C shows that the humeral head is tilted back about 30° (Neumann, 2013).
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In anatomy, the terms sagittal plane, coronal plane, and hor-
izontal plane are used to describe the kinematics of human
bones. In order to better analyze the movement of upper
limb, we also projected the motion space into these three sur-
faces. These motion planes are described by placing people
in anatomical locations. The sagittal plane is parallel to the
sagittal suture of the skull. The coronal plane is parallel to
the coronal joint of the skull. The horizontal plane is parallel
to the ground, and the body is divided into upper and lower
parts. This paper provides preliminary data and is a proof of
concept for the new kinematic model and exoskeleton proto-
type (lp =20mm, [; =222 mm, [, = 320mm, /3 = 65 mm,
l4 =251 mm, [5 =28 mm, [l =65mm, /7 =151 mm, and
lg =0). (pxj, pyj,and pzj) is the position coordinate of the
end of the first chain, and (pxj?, pyj*?, and pzj?) is
the position coordinate of the end of the second chain, where
Jj = 1-3 represent the sagittal, coronal, and horizontal planes,
respectively.

The motion of the arm kinematic model is projected into the
sagittal plane. The movement of the sagittal plane is mainly
flexion/extension. The motion of the model is simplified as
the extension and retraction of the SC joint, flexion/extension
of the GH joint, flexion/extension of the elbow, and for-
ward/backward inclination of the SC joint, with 6; = —30 to
30°, 6, =0 to 150°, and 63 =0 to 150°.

The kinematic equation of the first chain in the sagittal
plane is obtained as follows:

px1 =18C (0, + 6> +03) —14S (61 + 05 + 63)
—12S(6; +6) —0.3411CH;

pyl = —215—0.94/1 — [0

pzl = —I8S(0) + 02 +63) — I4C () + 6> + 03)
—12C () +62) +0.3411S0; . 5)

The motion space of the first chain in the sagittal plane is
shown in Fig. 8a.

The kinematic equation of the second chain in the sagittal
plane is obtained as follows:

px 158 = —0.717S (61 + 62) — 0.5717C (61 + 65)
—0.3411C0,

py 1% = —0.5817 — 0.94/1 — 1

pI*® = 0.5717S (6 +6;) — 0.71TC (6 +62)
+0.341156, . ©

The motion space of the second chain in the sagittal plane is
shown in Fig. 8b.

The motion of the arm kinematic model is projected into
the coronal plane. The movement of the coronal plane is
mainly adduction/abduction. The motion of the model is sim-
plified as the elevation/depression of the SC joint, adduc-
tion/abduction of the GH joint, and elevation/depression of
the SH joint, with ¢1 = —30 to 30° and ¢, = —40 to 180°.

The kinematic equation of the first chain in the coronal
plane is obtained as follows:

px2=18—0.34]1
py2=(2+14)S(p1 +¢2) = 2I5C(p1 + ¢2)

—0.9411Cg; —10
pz2=(—12—14)C(p1 + ¢2) — 2I5S (p1 +¢2)
—0.94/1S¢; . (7

The motion space of the first chain in the coronal plane is
shown in Fig. 9a.

The kinematic equation of the second chain in the coronal
plane is obtained as follows:

px2% = —0.3411 — 0.5717

py2* = 0.7117S (g1 +¢2) — 0.5817C (91 + ¢2)
—0.94/1Cg; — 10

pz25? = —0.5817S (@1 + ¢2) — 0.7117C(p1 + ¢2)
—0.9411S ¢ . ®)

The motion space of the second chain in the coronal plane is
shown in Fig. 9b.

The motion of the arm kinematic model is projected into the
horizontal plane. The movement of the horizontal plane is
mainly rotation. The motion of the model is simplified as
the rotation of the SC joint, internal/external rotation of the
GH joint, internal/external rotation of the forearm, and the
inward/outward inclination of the SH, with ¢ = —20 to 20°
and ¢, = —80 to 80°.

The kinematic equation of the end effector of the first
chain in the horizontal plane is obtained as follows:

px3=15S(p1 + ) +15S(p1 + P2+ d4)
+I8C(p1 + ¢+ ps) — 0.3411 C by
+0.94/1S ¢
py3=—I15C(¢1 +¢2) —I5C(¢1 + ¢+ ¢a)
+I8S(¢1+ 2 +¢4) —0.3411S ¢
—0.9411C¢p; —10
pB=—14—12. )

The motion space of the first chain in the horizontal plane is
shown in Fig. 10a.
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Figure 9. The motion space in the coronal plane. (a) The motion space of the wrist in the horizontal plane. (b) The motion space of the
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The kinematic equation of the second chain in the horizon-
tal plane is obtained as follows:

P38 = 0.9411S ¢ — 0.341Chy
—0.5717C (¢1 + ¢2) +0.5817S (p1 + ¢2)

py3 = —0.9411C ¢y —0.3411S ¢
—0.5817C(¢1 + $2)
—0.5717S(¢1 + ) — 10

p3%8 = —0.7117. (10)

The motion space of the second chain in the horizontal plane
is shown in Fig. 10b.

https://doi.org/10.5194/ms-12-661-2021

3 Evaluation model for upper limb exoskeleton
rehabilitation robot

3.1 Evaluation method

It is a key problem that the existing upper limb exoskeletons
cannot stay in line with the corresponding human arm during
exercise. Therefore, we propose an evaluation method of the
upper limb exoskeletons based on the kinematic model of the
human arm. Through the evaluation of an exoskeleton, we
can find the misalignment that happened between exoskele-
tons with the human arm.

The schematic representation of the evaluation method is
shown in Fig. 11, and the specific steps of the evaluation

Mech. Sci., 12, 661-675, 2021
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method for an upper limb exoskeleton rehabilitation robot
are as follows:

Step 1. It is necessary to obtain the kinematic equation
of the exoskeleton, and the motion trajectory of the ex-
oskeleton can be obtained by adding interpolation to the
kinematic equation.

— Step 2. The joint angles of the exoskeleton can be ob-
tained by the inverse kinematic equation. Next, the joint
angles are substituted into the kinematic equation of hu-
man arm, and we can obtain the trajectories of the ex-
oskeleton and the human arm for the same movement.

— Step 3. It is important to compare the deviation of the
trajectories of the exoskeleton and the human arm. If
there is a deviation between the trajectories, we can find
the position of the deviation and analyze the causes.

— Step 4. Through the above analysis of the deviation, this
paper proposes the requirements for the design of an
upper limb exoskeleton and the rehabilitation trajectory
planning for upper limb rehabilitation robots.

The trajectory of the human upper limb can be obtained
quickly and accurately using the equivalent kinematic model
proposed in this paper. By comparing the trajectory deviation
of the human arm and exoskeleton robot, the restricted posi-
tions of the exoskeleton on the human body can be found.
If the mechanical structure of the exoskeleton is improved
in the restricted position, the movement restriction of the ex-
oskeleton to the human can be reduced.

In order to help patients with hemiplegia or spinal cord in-
jury to restore impaired or lost upper limb functionalities
efficiently, Meng et al. (2019) designed an upper limb ex-
oskeleton robot based on a wheelchair, which not only trans-
fers the weight of the affected limb and exoskeleton to the
wheelchair, but also integrates rehabilitation training and as-
sisting in ADL functions (Meng et al., 2019). The prototype
of an upper limb exoskeleton robot based on a wheelchair
has 3 active DOF, and its primary movements are inter-
nal/external rotation and flexion/extension of the shoulder
joint and flexion/extension of the elbow joint. The exoskele-
ton arm length can be adjusted according to different users,
as shown in Fig. 12. Next, we will evaluate the assisting or
training effect of this exoskeleton.

The coordinate systems used in the prototype are estab-
lished at each rotation center in Fig. 13. The starting coor-
dinate system (X0°, Y0°, Z0°) is set at the starting point of
the exoskeleton. The coordinate systems (X 1¢, Y1, Z1¢) and
(X2°,Y2¢, Z2°) are set at the shoulder joint. The coordinate
systems (X3¢, Y3, Z3%) and (X4°, Y4¢, Z4°) are set at the
elbow and wrist joints, respectively.

(p%, Py, and p?) is the position coordinate of the end of
the exoskeleton. ¢] and 67 are the angles of internal rota-
tion and flexion of the shoulder of the exoskeleton. 65 is
the angle of flexion of the elbow of the exoskeleton. Where
the distance between each coordinate is d; = 180-300 mm,
d» =200-400 mm, dz =112mm, dq =130 mm, ds=250-
350 mm, and dg =200-300 mm.



ADL(drinking/eating)

Kinematic model

| Kinematic analysis

_| Motion space of | Motion trajectory

|
|
|
of upper limb |
|
J

of upper limb of upper limb upper limb
ADL(drinking/eating) |
4
Kinematic model .| Kinematic analysis _| Motion trajectory | R Trajectory
of exoskeleton of exoskeleton of upper limb | g deviations
Design or training improvement of exoskeleton |
_______________________ I
A schematic representation of the evaluation method
BN (Shoulder joint 1)
(internal/external . —pS+d2
[ 2 \ rotation) y, ¢1 = —arccos
2 A@P, e \/d32+(d6S(9f+9§)+d559f)2
N} Shoulder]omt 2 1 arccos d6S (67 +05)+d5S67
| (flexion/extension) | 5 e | ne o2
A3 +(d6S (65 +65) +d5565)
3
ElbOWJOIHt 9? — arccos P+ d4
- \(flexion/extension) | \/(dS + d6C9§)2 +(d6S 9;)2
—d5—-d6C 926
— arccos

‘(Wrist joint ‘

The prototype of an upper limb exoskeleton robot based
on a wheelchair.

The forward kinematic equations of the exoskeleton robot
are described as follows:

pS=d2+d3S¢f —
—d5C¢SSO°

pS = —dl —d6S ¢SS (65 +65) —d3C oS
—d5S¢SS6s

pS = —d4—d5Co5 —

d6C ¢SS (65 + 65)

d6C (65 +65). (11)

Equation (11) describes the position of the wrist of the ex-
oskeleton in a three-dimensional space. The inverse kine-
matic equations of the exoskeleton robot are described as fol-
lows:

/(@5 +d6CH52 4 (d6565)?

(P —d2)? +(pS +d1)* + (pS + d4)*

2 2 2
65 = —arccos —d3” —d5” —d6 . (12)
2d5d6

Equation (12) describes the angles of the shoulder and elbow
joints of the exoskeleton. The joints angles of the exoskeleton
can be resolved by the inverse kinematic equation by giving
the position in the motion space.

Drinking water trajectory planning is chosen in this paper
as an example. In general, the upper limb motion for drink-
ing can be divided into two motions; the first motion is tak-
ing the cup, and the second motion is putting the cup to the
mouth. As shown in Fig. 14, the initial coordinate of the cup
is Q1 (772, =399, and 319), the terminal coordinate of the
cup is Q> (510, —73, and —24), the initial angular velocities
of three joints are 0, each joint is moving at uniform motion
during the drinking, and time for each step is 3 s.
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Figure 13. Modeling of the exoskeleton.
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Figure 14. ADL (drinking) experiment.

The joint angles of the exoskeleton taking the cup can be
obtained with the cubic polynomial as follows:

$1(1)=0
01(t) = —10.9t> +1.8¢3
0>(1) = —10.1£% + 1.7 (13)

The joint angles of the exoskeleton holding the cup to the
mouth can be obtained by the cubic polynomial as follows:

Mech. Sci., 12, 661-675, 2021

&) = 14.2¢> —2.4¢°
0r(t) = —45.6 — 15.4t> + 2.6¢°
01(r) = —49.1 —3.112 + 0.5¢°. (14)

By substituting Egs. (13) and (14) into Eq. (1), we can obtain
the drinking trajectory of the exoskeleton.

4.2 Trajectory of human arm

The initial coordinate of the cup is Q1 (772, —399, and
319) in the exoskeleton coordinate system, and the joint an-
gles of the exoskeleton are ¢ =0, 67 = —49.1°, and 05 =
—45.6°. Therefore, ¢ =@, =0, 6, = Ble =—-49.1°, 63 =
05 = —45.6°. The difference between the origin of the ex-
oskeleton coordinate system and the origin of the human
coordinate system is AOQ = O%° — (Qhuman _ (356, —25.3,
—130). The first drinking trajectory of the upper limb can be
obtained by the cubic polynomial as follows:
pxQ1 = px1 =18C(0.20, + 62 + 63)

—145(0.20, + 6, +63) + 356

—125(0.26;, 4+ 62) — 0.3411 C(0.26,)
pyQl=py2=(12+14)S(¢1 + ¢2)

—2I5C (1 +¢2) —25.3-0.94I1C¢p; — 10
pzQ1 = pz1 =—-I8S5(0.20, + 62 + 63)

—14C(0.20, + 6, 4 63) — 130

—12C(0.20, +62) +0.34115(0.26,) . (15)
The initial coordinate of the cup is Q2 (510, —73, and —24)
in the exoskeleton coordinate system, and the joint angles of
the exoskeleton are ¢p] = 64°, 67 = —63°, and 65 = —115°.
Therefore, 6, = 67 = —63°, and 63 = 65 = —115°. The ex-
ternal rotation of the exoskeleton is the adduction and ab-
duction in the human upper limb, so ¢ # ¢>. The known
is py Q2 = —73. The kinematics equation of the first chain
in the coronal plane can be obtained with ¢ = —24° and
@2 = —43.5°. The second drinking trajectory of the upper
limb can be obtained from the cubic polynomial as follows:
px Q2= px1 =18C(0.20, + 6, +63)

—145(0.20, + 6, +63) + 356

—125(0.26, 4+ 62) — 0.3411 C(0.26,)
pyQ2=py2=(~12+14)S(p1 + ¢2)

—2I5C(¢1 +¢2) —10—253—-0.94l1C ¢y
pz02 = pz1 =—I18S(0.26, + 6, + 63)

—14C(0.26, 4+ 62+ 63)

—12C(0.26, + 6,) +0.3411 S (0.26,) — 130. (16)

4.3 Comparison of the two trajectories

The drinking trajectories of the exoskeleton and human arm
are shown in Fig. 15. The trajectories of the exoskeleton and
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human arm show the same movement trend, but there are
some deviations.

In Fig. 15a, the second human trajectory intersects with
the second exo trajectory trajectory. In Fig. 15b and c, the Z
value of the second human trajectory is larger than that of the
second exo trajectory, which can cause the motion space of
upper limb exoskeleton not to encompass the motion space
of the human arm. Therefore, the drinking trajectories of the
exoskeleton deviate from the drinking trajectories of the hu-
man body.

Figures 15 and 16 show the following:

A. The Z value of the human—second trajectory is larger
than that of the exo—second trajectory in Fig. 15b and c.
This shows that the movement of the human arm is lim-
ited by the exoskeleton when drinking water. Therefore,
the rehabilitation training is not as effective as expected
because of the limitation of the exoskeleton.

B. As shown in Fig. 16, the trajectory of the human shoul-
der joint is completely inconsistent with that of the ex-
oskeleton shoulder joint, due to the different DOF of
their shoulder joints. The shoulder of the exoskeleton
has only 2 DOF and does not fully simulate the shoulder
complex. In Fig. 13, the elbow joint of the exoskeleton
is fixed by two straps to the upper arm and the forearm.
Therefore, the trajectory’s deviation between the human
arm and the exoskeleton is caused by the inconsistency
of their shoulder joints.

Based on the evaluation results of the exoskeleton, this paper
presents a method to improve drinking training. According to
what is mentioned above, it is known that the reason for the
inconsistency is the limitation of the shoulder joint. Hence,
we can increase the flexion angle of the exoskeleton shoul-
der to reduce the inconsistency, and the joint angles of the
human do not change. In the first trajectory, 9f| adds 12°.
In the second trajectory, Oﬂ adds 9°. From Figs. 14b to 17b,
the intersection of trajectories is reduced to a series of points.
In Fig. 17a, the new trajectories improve the compliance be-
tween the exoskeleton and human. Figure 17c shows that the
Z value of the exoskeleton trajectory is larger than that of the
human.

The comparison of trajectory deviations in Figs. 15 and
17 is shown in Fig. 18. The reference trajectory’s deviation
is the deviation between the end effector of the exoskeleton
and the end effector of human at the initial time without any
movement, and it is equal to 89 mm. In Fig. 18, the term “ini-
tial” denotes the interval between the maximum and mini-
mum values of the trajectory’s deviation range in Fig. 15,
and it is equal to 107.6 mm. The term “improved” denotes
the interval between the maximum and minimum values of
the improved trajectory’s deviation range in Fig. 17, and it

is equal to 62.8 mm. § is the improvement rate of the tra-
jectory’s deviation, and it is equal to 41.64 %, following as
Eq. (17), which can improve the compliance and comfort be-
tween the human body with the exoskeleton. Therefore, the
value of § is very important for improving the compliance
and comfort of the exoskeleton. The reason why it is difficult
for § (41.64 %) to reach a higher value is due to the mech-
anism design of the exoskeleton robot. The main reason is
that the kinematic characteristics of the clavicle and scapula
were ignored in the design of the exoskeleton, causing the in-
consistency between the human and the exoskeleton. The im-
provement of the mechanism design of the exoskeleton will
be introduced in the next work.

8 = (Aimproved — Ainitial)/Ainitial x 100 % . 17

From the abovementioned trajectory deviation improvement
scheme, we find the following:

A. The movement angle of a human arm is smaller than
that of the exoskeleton due to the trajectory deteriora-
tion. When a therapist makes a personalized rehabil-
itation treatment plan for a patient, the therapist can
choose to appropriately increase movement angle of the
exoskeleton to make the patient’s training closer to the
plan to improve the treatment effect.

B. In addition, a new idea is proposed for the structural
improvement of the exoskeleton to increase the user’s
motion space. We can choose to add kinematic redun-
dancy in the human-exoskeleton interaction position
(arm binding) to increase the user’s movable space.

Upper limb exoskeleton rehabilitation robots have become
more popular. Various upper limb rehabilitation robots have
appeared, and how to evaluate and improve the design of up-
per limb rehabilitation robots has also become a research hot
spot. One of the critical technologies of upper limb exoskele-
tons is human—exoskeleton interaction. Misalignment com-
pensation for full human—exoskeleton kinematic compatibil-
ity will reduce the effect of rehabilitation training, limit arm
movement, and cause discomfort or secondary injury (Lo and
Xie, 2012; Rocon et al., 2007; Schiele and Helm, 2006; Cao
et al., 2020). There are three main methods of misalignment
compensation, including manual alignment, compliant ele-
ments, and adding kinematic redundancy (Nif et al., 2019).
Different misalignment compensation methods have differ-
ent effects, so the effects need to be evaluated. This paper
proposes an exoskeleton evaluation method, which uses the
equivalent kinematics model of the human body for effect
evaluation. The equivalent kinematics model includes not
only the SC, SH, and GH but also the elbow and wrist joints.
Meanwhile, this paper analyzes the motion space accord-
ing to the normal range of motion of joints for building the
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workspace of the proposed model. Then, the trajectory plan-
ning for an upper limb exoskeleton is evaluated and improved
based on the proposed model. The evaluation results show
that there were obvious differences between the exoskeleton
and human upper limb. The deviation between human body
and the exoskeleton of the improved trajectory is decreased
to 41.64 %. Therefore, it can be concluded that, if we want to
reduce the restriction on human movement, we can increase
the movement angle of the exoskeleton by adding kinematic
redundancy in the exoskeleton shoulder joint.
Bertomeu-Motos et al. (2018) and Fang et al. (2019) sim-
plified the human arm into a 7 DOF arm model, which
only includes the GH, elbow joint, and wrist joint. Rosen et
al. (2005) proposed a design of a 7 DOF upper-limb-powered
exoskeleton (shoulder — 3 DOF; elbow — 2 DOF; wrist —
3 DOF); it is the same as the model of Bertomeu-Motos
et al. (2018) and Fang et al. (2019). Klopcar and Lenar-
cic (2006), Carignan et al. (2005), and Rosen et al. (2005)
emphasized the contribution of the clavicle and scapula to
upper limb movement. However, most of these equivalent
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models simplify excessive upper limb movement, and it is
difficult to completely describe the upper limb movement.
Such models are more appropriate for providing assistance
in the design of an exoskeleton rather than evaluating the ef-
fects of upper limb rehabilitation robots. This paper proposes
anew, 13 DOF equivalent kinematic model that can more ac-
curately describe the movement of the human upper limbs.
The shoulders, including the shoulder complex model, were
able to contract up to 35 % or 38 % in maximal unilateral or

bilateral humeral elevation, respectively (Klopcar and Lenar-
cic, 2006). This is consistent with the results of this paper;
the trajectory’s deviation between the human and exoskele-
ton is caused by the inconsistency of the shoulder joints in
this paper. Furthermore, an assessment of a clavicle model
showed an equally enhanced performance. Compared with
non-clavicle designs, the proposed design showed a 17.1 %
increase in the anatomic workspace usage by the inclusion
of the clavicle contribution to the coronal plane (Eduardo et
al., 2018). Therefore, the shoulder complex model should be
included in the design of the upper limb exoskeleton. The re-
search in this paper also has some shortcomings. For exam-
ple, the ROM of SH and SC is obtained through the related
literature or books, and there may be measurement errors and
differences from person to person. There is also a certain er-
ror in the measurement of upper limb length. In later studies,
we will continue to improve the upper limb equivalent kine-
matics model of this study. Additional testing would provide
the basis for an additional paper once completed.

This paper proposes a new 13 DOF equivalent kinematic
model for the human upper limb, including the sternoclav-
icular (SC) joint, scapulothoracic (SH) joint, glenohumeral
(GH) joint, elbow joint, and wrist joint. The model fully con-



siders the movement characteristics of human upper limbs in
anatomy. The proposed model can be utilized to analyze the
human upper limb workspace and joint motion. Furthermore,
the intersection of the trajectories of the human upper limb
model and exoskeleton will be found by comparing their tra-
jectories of the same movement. Changes to the design of
the exoskeleton are proposed to improve on trajectory devi-
ation that is experienced. Therefore, the upper limb equiva-
lent kinematic model proposed in this paper can be applied
to upper limb kinematics analysis, workspace, and trajectory
planning. Based on the trajectory of the model, the design
of the upper limb exoskeleton is evaluated to improve the
human—exoskeleton interaction, reduce the restriction of the
exoskeleton on the human body, and improve the training and
assisting effects of the exoskeleton. In future work, we will
provide more testing results of the exoskeleton and continue
to study more evaluation indicators and improvement sug-
gestions for upper limb exoskeleton rehabilitation robots and
strive to improve the rehabilitation effects of patients.
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