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Design and Validation

of a Compatible 3-Degrees of
Freedom Shoulder Exoskeleton
With an Adaptive Center

of Rotation

This paper outlines an experimentally based design method for a compatible 3-DOF
shoulder exoskeleton with an adaptive center of rotation (CoR) by matching the mechani-
cal CoR with the anatomical CoR to reduce human—machine interaction forces and
improve comfort during dynamic humeral motion. The spatial-temporal description for
anatomical CoR motion is obtained via a specific experimental task conducted on six
healthy subjects. The task is comprised of a static section and a dynamic section, both of
which are recorded with an infrared motion capture system using body-attached markers.
To reduce the influence of human soft tissues, a custom-made four-marker group block
was placed on the upper arm instead of using discrete markers. In the static section, the
position of anatomical CoR is kept stationary and calculated using a well-known func-
tional method. Based on the static results, the dynamic section determines the statistical
relationship between the dynamic CoR position and the humeral orientation using an
optimization method when subjects move their upper arm freely in the sagittal and coro-
nal planes. Based on the resolved anatomical CoR motion, a new mechanical CoR model
derived from a traditional ball-and-socket joint is applied to match the experimental
results as closely as possible. In this mechanical model, the CoR motion in three-
dimensional space is adjusted by translating two of the three intersecting joint axes,
including the shoulder abduction/adduction and flexion/extension. A set of optimal trans-
lation parameters is obtained through proper matching criterion for the two CoRs. Based
on the translation parameters, a compatible shoulder exoskeleton was manufactured and
compared with a traditional shoulder exoskeleton with a fixed CoR. An experimental test
was conducted to validate the CoR motion adaptation ability by measuring the human—
machine interaction force during passive shoulder joint motion. The results provide a
promising direction for future anthropomorphic shoulder exoskeleton design.
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1 Introduction

An anthropomorphic mechanical structure is one of the basic
items required for exoskeleton robots to function properly, trans-
fer useful motion patterns and avoid excessive interaction forces
with the human body. A fundamental requirement of anthropo-
morphism is the alignment of the axis and/or CoR between the
human and exoskeleton joints. The human shoulder joint is one of
the most complex and flexible joints, containing a floating CoR
due to the interplay of the glenohumeral joint and shoulder girdle
[1]. A traditional 3-DOF ball-and-socket joint, that is usually
adopted for the mechanical shoulder joint, has a fixed CoR that
cannot mimic such a mechanism. However, most existing exo-
skeleton robots employ the traditional ball-and-socket joint as
their shoulder joints [2—4], and the resulting misalignment of the
mechanical and anatomical CoRs may lead to excessive human—
machine interaction forces or even cause harm to the wearer [5].
To address this problem, this paper presents a compatible shoulder
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exoskeleton with an adaptive CoR derived from experimental data
on anatomical CoR motion.

To design a self-adaptive mechanical shoulder exoskeleton
robot, a thorough understanding and quantification of anatomical
CoR motion is necessary and required to facilitate the anthropo-
morphic goal. As Fig. 1 shows, the shoulder joint comprises three
bones, the humerus, the clavicle and the scapula, as well as four
joints, the glenohumeral joint, the acromioclavicular joint, the
scapulothoracic joint and the sternoclavicular joint [6]. The
motion of the shoulder CoR plays a significant role in the descrip-
tion of the upper extremity kinematics [7], disease diagnosis [8],
and arthroplasty [9]. Many methods for recording and describing
the 3-D shoulder CoR motion have been previously presented.
Poppen and Walker [10] obtained the relationship between the
position of the anatomical CoR and the abduction angle in the
plane of scapula from sequential roentgenograms of the shoulder
joint on 12 normal subjects. However, the data were inadequate
for shoulder exoskeleton design and the roentgenogram is not a
desirable method because it requires radiation. Implantable sen-
sors [11] can accurately monitor the orientation of the shoulder
bones without the influence of soft tissues, but this approach is far
too invasive, and has the potential for infection. Recently, motion
capture systems using infrared cameras and reflective markers
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have attracted interest because of the harmless and precise
description of both the dynamic limb motion and whole body
movement. Thanks to the development of an infrared motion cap-
ture system, functional methods [12] can identify the position of
the static joint CoR from a limited amount of relative motion in
the adjacent limb, that is recorded using reflective markers. Lem-
pereur et al. [13] compared the accuracy and repeatability of the
functional methods, including the least squares solution [14], bias
compensated [15], symmetrical center of rotation estimation [16],
normalization method [17], and helical axis [18]. The least
squares solution seems to have the best synthesized behavior in
identifying the static CoR position of the ball-and-socket joint.
Therefore, we designed an experimental task comprising two sec-
tions, a static and a dynamic section, to identify both the static
and dynamic CoR motions. The static section adopts the func-
tional method to calculate the position of the static CoR and the
distance between the static CoR and a marker fixed on the upper
arm. In the dynamic section, the upper arm moves freely in space,
meaning that the functional method is not applicable to derive the
dynamic motion of the shoulder CoR in real time. Therefore, for
this experimental task, we used a specific optimization method
based on the results of the static section to describe the dynamic
CoR motion.

During the last decade, upper extremity exoskeleton robots
have undergone extensive theoretical development for use in prac-
tical applications, including neuro-rehabilitation [19], power
amplification [20], teleoperation [21], and virtual reality (VR)
simulation [22]. Those exoskeleton robots realize their function
by assisting and/or monitoring human arm movements through an
anthropomorphic mechanical structure, which demands that the
mechanical axis and/or CoR align in accordance with the anatomi-
cal joint axis and/or CoR, respectively. Due to the complexity of
the anatomical shoulder joint, most exoskeleton robots available
adopt a simplified joint model, such as the 3-DOF ball-and-socket
joint to mimic shoulder joint motion. However, the ball-and-
socket joint possesses a fixed CoR without any other supplemen-
tary passive or active joints. Therefore, the variable motion of the
anatomical joint CoR during dynamic shoulder movement cannot
be tracked when using such an over-simplified model. The mis-
match between the mechanical and anatomical CoR results in the
deformation of human soft tissues, forced movement of the human
body and excessive interaction forces that must be avoided, espe-
cially during neuro-rehabilitation applications.

The designers of several upper extremity exoskeleton robots
available have been aware of the importance of joint alignment
and addressed this problem using different approaches. Among
these devices, a majority of them use altered mechanical CoR
positioning by adding one or more passive joints (Armeo [23],
Dampace [24]), active joints (ARMin II [25], MGA [26], MED-
ARM [27]), or a combination of passive and active joints (Intel-
liArm [28]). The use of passive and/or active joints can simulate
the motion of the shoulder complex entirely. Nevertheless, there
is a compromise between system functionality, mechanical com-
plexity, and expense. Additionally, extra joints will lead to control
issues when operating all the exoskeleton joints simultaneously.
As an alternative and more flexible means of handling this

071006-2 / Vol. 136, JULY 2014

problem, ARMin III [29] obtained continuous motion data from
an anatomical CoR as a function of the humerus elevation angle
and human body size. These data were approximated with a radial
arc as the mechanical shoulder CoR trajectory, that was performed
by translating the elevation axis of the shoulder joint under a
globe coordinate system (CS) [30]. Although this modified ball-
and-socket joint was simple for implementation purposes, it only
tracked the anatomical CoR motion for the limited amount of the
radial arc in all the elevation planes. Therefore, the 3-D motion of
an anatomical CoR cannot be completely mimicked using this me-
chanical shoulder model. This paper extends the mechanical
shoulder model to fully cover the 3-D CoR motion by introducing
a different coordinate system, the sagittal, frontal, transverse, and
rotation (SFTR) system [31]. The new mechanical CoR motion in
3-D space is described by four translation parameters through two
axes to calculate a set of optimized parameters by matching the
two CoRs. Comparing with the globe model used in ARMin III
[29], the new mechanical CoR model provides a more comprehen-
sive treatment of the anatomical CoR motion. An anthropomor-
phic exoskeleton should transfer the exact force to complete the
specified movements and should avoid excessive force caused by
the misalignment of the axis and/or CoR [5]. Therefore, the inter-
action force during passive humeral motion was employed as the
measurement of human—machine interaction compatibility in this
paper.

In this research, a compatible 3-DOF shoulder exoskeleton
based on experimental data taken from anatomical CoR motion is
presented and validated. In Sec. 2, an experimental task compris-
ing a static section and a dynamic section is described to quantify
the dynamic motion of an anatomical CoR during free humeral
movement. The new mechanical CoR model for a derived ball-
and-socket joint due to the translation of the joint axes is pre-
sented in Sec. 3. Section 4 describes the implementation and vali-
dation of the compatible shoulder exoskeleton robot system
followed by the conclusions.

2 Shoulder Joint Experimental Task

The shoulder joint experimental task, consisting of a static sec-
tion and a dynamic section, is designed to obtain a spatial-temporal
description of the anatomical CoR motion. The OptiTrack infrared
motion capture system (NaturalPoint, Inc.) is employed in the task
and six infrared cameras (V100:R2) are arranged in the semicircu-
lar pattern to record the position of markers placed on a human
body. Figure 2 shows the location of seven reflective markers.
One is placed on the Incisura Jugularis (1J) as the origin for the
body coordinate system and to record any potential torso swaying.
Two markers located on the Lateral Epicondyle (EL) and the
Medial Epicondyle (EM) are used to calculate the humeral orien-
tation according to the International Society of Biomechanics
(ISB) recommendations [6]. The remaining four markers are
placed on the upper arm and are grouped as a block to minimize
errors introduced by human soft tissues [32]. The structure and
location of the marker block is optimized according to research by
Camomilla et al. [12]. Therefore, the distances between each
marker in the block are separated as far as possible and the block
is placed significantly away from the shoulder CoR. Six healthy
subjects (see Table 1) without any known shoulder disorders par-
ticipated in the experimental task. Informed consent was obtained
for all subjects.

2.1 Static Section. As the name suggests, the position of
shoulder CoR is kept stationary during the static section. There-
fore, the distance between the marker block and the CoR is con-
stant by keeping the block in the same position and reducing the
influence of the soft tissues. This setup has been previously deter-
mined to be reasonable through the testing of marker blocks [32].
Thus, the constant distance between the static CoR and each
marker in the block is calculated through functional method [13].
The functional method is a well-known means to obtain the
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Fig.2 Marker location on the human body
Table 1 Subject demographics
Rank Age Weight (kg) Height (cm) Arm length (mm)
1 24 62 174 550
2 20 60 172 551
3 24 56 168 475
4 31 56 173 540
5 26 59 171 494
6 26 70 172 518
251736 60.5*+521 171.67*=2.07  521.33+£31.48

optimal CoR position for a human ball-and-socket joint, such as
the shoulder joint or hip joint, through the functional movements
of adjacent limbs, such as the humerus or thigh. Inman and Abbott
[33] found an overall 2:1 relation between the humeral elevation
and the scapular rotation. Considering that the distance between
the CoR and the marker is much larger than the scapula length,
the motion of the scapula is negligible when the humeral elevation
angle is small. Therefore, the arc movement is found to be func-
tional for both the flexion and abduction if their angles are less
than 10deg. The movement is performed at self-selected speeds.
Different objective functions in the functional method were com-
pared and validated by Camomilla et al. [12]. In this paper, the
Spheric-4 (S4) algorithm [14] is applied for the static section due
to its high precision and repeatability.

Figure 3 shows the implementation of the S4 algorithm using
one marker on the upper arm and the global and body CS. The
body CS o-xyz is established according to the ISB recommenda-
tions [6] with the origin o determined by the IJ marker and the x-
y-z axes chosen to be in the frontal, upward and lateral directions,
respectively. The global CS O-XYZ is defined by the motion cap-
ture system and the directions of the X-Y-Z axes are chosen to be
the same as the body CS. Only the information from the IJ marker
and the four block markers are used in the static section. The
objective function of the S4 algorithm [14] is described by

M N 5 )
flmr) =33 [ = mlP= ] M

m=1 n=1

All of the vectors are expressed in the global CS. The vector v/
points from the origin o to the marker block, where M is the
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Fig. 3 Coordinate systems and vectors of one marker on an
arm

Table 2 Mean distances and standard deviations between the
four markers and the CoRs of six subjects (cm)

Rank rl r2 3 ré

1 12.48(0.48) 18.11(0.68) 15.19(0.59) 11.27(0.73)
2 11.23(0.34) 16.29(0.75) 15.11(0.62) 10.56(0.58)
3 11.08(035)  15710.64)  1459047)  10.24(0.63)
4 12.14(0.46) 16.73(0.59) 14.75(0.58) 11.14(0.61)
5 11.76(0.51) 17.37(0.54) 15.38(0.51) 11.23(0.71)
6 12.13(0.45) 16.49(0.48) 14.87(0.45) 11.36(0.54)

marker block number and N is the number of samples taken dur-
ing the humeral arc movement. Here M =4 and N =900. The
variable v can be calculated by v =%v" — vy;. The vector v
is the upper arm marker position and vy; denotes the IJ marker
vector, that compensates for errors introduced by unavoidable
slight torso swaying during humeral motion. The variables r” and
m are vectors from the CoR to the marker and the origin o to the
CoR, respectively. Differentiating Eq. (1) with respect to m and
r’”, respectively, yields

Um=V ()

and

. —1 m\3 1 S ml S m\2
V:Z:] N — (Vn) 7NZ] Vnﬁ — (vn) (4)

Because the optimal CoR position m is obtained by Eq. (2), the
mean distance between the CoR and block marker is obtained by

Six subjects repeated the humeral arm movement five times, 7
(m=1, 2, 3,4) and the corresponding standard deviations are dis-
played in Table 2. The results show good data consistency and
will be further employed for the dynamic section.
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2.2 Dynamic Section. Compared with the constant CoR used
in the static section, the dynamic section encourages natural
movements of the upper limb, that means no additional constraints
are placed on the subject, and the humerus (the dynamic CoR)
moves freely in space. Six subjects began the dynamic section
with all the markers position unchanged and used the humerus for
a lifting movement with the hand moving from the lowest point to
the highest point in different elevation planes as the elbow joint is
fully extended. Here the lifting movements in the sagittal and cor-
onal planes are selected as an example to test our experimental
task and further design methods due to its flexibility for imple-
mentation and validation of the subsequent mechanical CoR
model. The movements are repeated five times at self-selected
speeds and the mean result is recorded. The optimal CoR motion
of the dynamic movements in the sagittal and coronal planes can
be calculated using

fm) =3 [I[vz = m*=7] ©)

where 7 (m=1, 2, 3, 4) for each marker is obtained in the static
section and V' is the marker vector obtained during the lifting
movement. The number of samples is set to 900 for each flexion
and abduction movement. Therefore, for a set of four markers
position vector v, (m=1, 2, 3, 4 and n=1-900), the optimal
position of the CoR, m, may be calculated by minimizing f(m) for
a specified humeral orientation. The Levenberg—Marquardt
method [34] is used to solve this problem. The humeral orienta-
tion corresponding to each CoR position, such as the elevation
angle in sagittal and coronal planes, is calculated by the two
markers located on the EL and the EM according to

(mem Zu) - (VEL - VEM)/2 —m (7)

where
Ofiex = arccos <y,, /)22 + y%) 8)
Oaba = arccos (y,,/ y2+ z%) 9)

The variables vg; and vgy describe the marker vectors placed on
the EL and the EM, respectively. The variables 0g., and 0,4 are
the elevation angles in the sagittal and coronal planes, respec-
tively. From this, the anatomical CoR position (m), represented as
(Oy, Oy, O.), can be expressed as the function of the elevation
angles (Ogex and 0,p4). Figure 4 shows the mean anatomical CoR
motion for the six subjects performing a humerus lifting move-
ment in the sagittal and coronal planes, respectively, in a 3-D CS
and in the X-, Y-, and Z-plane CS, whereas the CS of the three
planes shows the additional minimum and maximum CoR posi-
tions for the six subjects involved in this experimental task. The
elevation angle of abduction movement is restricted to be less
than 150 deg because torso tilt occurs when the abduction angle
becomes too large, which is beyond the scope of this research.
The CoR position for the same humeral orientation is supposed
to be at the same location, meaning that the dynamic trajectory of
the CoR position in different elevation planes should be curves
with the same origin and endpoint. However, because the shoulder
joint is unstable and redundant, it is impossible to maintain the
same CoR position between different elevation movements. The
obtained results confirm this point. Because of the individual dif-
ference in motor coordination and a lack of a large sample set, no
obvious correlation was found between the CoR motion and
human dimensions. The maximum, average, and minimum move-
ments of the CoR are illustrated in Fig. 4. The flexion and abduc-
tion movements have the same CoR motion trends in the Y- and
Z-directions, shown by the CoR moving upward and inward

071006-4 / Vol. 136, JULY 2014
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Fig. 4 Diagrams of the CoR position during humerus lifting
movements in the sagittal plane (a) and coronal plane (b)

during the humerus lifting movement. However, there are differ-
ences in both the appearance and magnitude. During the flexion
movement, the CoR stays in the same position up to slightly prior
to 30deg in the Y-direction before a small decrease appears and
reaches a minimum value at 58.6 deg. Unlike the concave struc-
ture observed for the flexion movement, the abduction movement
exhibits a convex curve with a maximum value observed at
113 deg. The decline afterward is attributed to the scapula tilt for
shoulder comfort, that also causes the human torso to incline to-
ward the medial direction. The maximum magnitudes in the Y-
direction are 6.8cm and 8.9 cm, during flexion and abduction,
respectively. Both the flexion and abduction movements cause a
decrease in the position in the Z-direction, whereas the abduction
movement exhibits much more movement than flexion. As men-
tioned, this circumstance is due to scapula tilt coupled with a torso
decline when the abduction angle is greater than 90 deg. A large
difference in the appearance and magnitude is found in the X-
direction between the flexion and abduction movements. The
shoulder CoR moves forward until reaching a maximum value at
116 deg, before falling backward to the initial position. This is due
to the features of flexion movement. However, a monotonous
decrease in the CoR position is found in the X-direction during
abduction movement. A reasonable explanation is that the
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subjects are likely to move backward when lifting their humeri in
the coronal plane. Subjects also approved this activity after the ex-
perimental task. Humeral internal/external rotation did not show a
significant impact on the CoR position in our experimental task.

3 The Mechanical CoR Model

Traditional ball-and-socket joints contain a fixed CoR that is
unable to mimic the anatomical CoR motion obtained in the previ-
ous experimental task. Therefore, a compatible shoulder exoskele-
ton needs to be designed with a mechanical CoR that corresponds
to the anatomical one. ARMin III [29] provided a novel way to
determine the alterable dynamic mechanical CoR by translating
one axis, so that the motion of CoR forms a circular arc. The
result showed a feasible and promising path toward an anthropo-
morphic and compact shoulder exoskeleton robot. Nevertheless,
the single circular arc is inadequate to cover the spatial anatomical
CoR motion that is shown in Fig. 4. Therefore, this paper extends
the traditional ball-and-socket joint model to form mechanical
CoR motions in the sagittal and coronal planes that coincide with
the obtained anatomical CoR motions as much as possible.

First, there are two conventional systems that unambiguously
describe the ball-and-socket joint behavior that needs to be intro-
duced. One is the SFTR system [6], that measures the joint angles
in the sagittal, frontal, and transverse planes. The other is the
globe system [30], that describes the shoulder joint motion in
terms of latitudes and longitudes on a globe in a specific sequence.
ARMin III [29] adopts the globe system and determines a single
circular arc by merely translating the elevation axis. This paper
employs the alternative SFTR system and extends the mechanical
CoR motion to 3-D space by translating two of the three rotation
axes. Figure 5 shows the derivation process for the new mechani-
cal model based on the SFTR system. The SFTR system com-
prises the X, Y, and Z axes that represent the axes for abduction/
adduction, internal/external rotation and flexion/extension, respec-
tively (see Fig. 5(a)). Obviously, the intersection point O remains
stationary when joint rotation occurs. Here, the new CoR model is
constructed by translating the abduction/adduction (X to X’) and
flexion/extension (Z to Z') axes. The translations are described in
the Y-X and Y-Z planes using polar coordinates with the Y axis as
the polar axis. The position of the new intersection points Oy and
O, can be expressed as

(d) y
Re(A)f
VA O 7, €=
flexion/ |
extension z
— —— (— —
4 | |
-Im(Ay,_/ _
. (o))
abduction/
adduction / /
X X
a b &
! (b) AY
! Re(A)
\ 7 «—F [0}
) A
Z I
==
-Im(A}L/ o
¥
X

Fig. 5 (a) Translation of the axes for abduction/adduction (X)
and flexion/extension (2), (b) flexion around a new axis (Z’), (c)
abduction around a new axis (X'), and (d) new CoR position C
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p()o = pOemo
and

po, = p;” 10)
where pg, p; and o, o, are the translation distances and angles
with respect to the origin O and polar axis Y.

Using the new mechanical CoR model, the position of the CoR
may be easily expressed by the translation parameters and the
angles of the abduction and flexion movements. The rotation motion
around the Z' axis followed by the X’ axis (see Figs. 5(b) and 5(c),
respectively) and the position of the CoR (point C) are shown in
Fig. 5(d). This sequence of rotation is selected because the rotation
around the distal Z" axis does not influence the position of the proxi-
mal X’ axis due to the kinematic configuration of the SFTR system.
The position of the new CoR point C is calculated by

C, = —Im(A)
Cy =Re(B) (11)
C. =Im(B)
where A = p,e™ + p, e/ +0e) (12)
B = pye™ + poe'™Ho~lim) | Re(A)e (13)

and 0,4, Ogex are the angles of abduction and flexion, respectively.
When oy =270deg, po=1cm and o; =90deg, p; = 1 cm, the posi-
tion of the CoR (point C) is calculated by Eq. (11) and shown in
Fig. 6(a). Figure 6(b) shows another circumstance when
oo =180deg, po=1cm and o; = 135deg, p; =2cm. Several con-
clusions may be inferred to understand the new mechanical CoR

Frontal View

Left View

QY(mm)

1005 1 15 2
Z(mm)

Vertical View
T el -
S255 28] po=1mm
i s 60 Moo | =9(°
-0.5 -1 -1.5 -2 gmo :?ﬂ“ pi=lmm
Z(mm) (deg)
(a)
Frontal View Left View

302 -1 0
X(mm)

180180

=180°

pe=lmm
w=135°
pi=2mm

12084120

Fig. 6 Three-dimensional description of the mechanical CoR
(point C) motion under different translation parameters. (a)
ag=270deg, po=1cm and «;=90deg, p;=1cm and (b)
oo =180deg, po =1cm and oy = 135deg, p1 =2cm.
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model thoroughly and to facilitate the mechanical joint design by
comparison of these two diagrams. In Fig. 6(a), the new X' axis
moves in the medial direction and the Z' axis departs from the frontal
direction. As a result, the CoR trajectory follows in the same direc-
tion and centralizes in the areas formed by planes perpendicular to
the two axes (X’ and Z'). Therefore, the directions of axial translation,
o and o4, are determined by the anatomical CoR motion relative to
the coordinate system O-XYZ. Correspondingly, the magnitude of the
CoR surface determines the translation distance, pg and p;.

4 Implementation and Experiment

With the anatomical and mechanical CoR motion obtained, a
proper criterion to evaluate the compatibility of the two CoR
motions must be defined to match them as closely as possible.
Here, the root-mean-square (RMS) error between the two CoR
motions is proposed to be

N
E= -3 [0, —CP+(0, .2+ (0. —C.] (b

N i=1

where (O, O,, O.) and (C,, C,, C.) are the positions of the ana-
tomical and the mechanical CoRs under the same humeral orienta-
tion, respectively, and N is the number of samples taken in the
humeral orientation, taken here to be 1800 for the two move-
ments. The translation parameters are considered to be optimized
when E is minimized. To find the minimum value of E, the range
of translation distances and angles, that are set from —10cm to
10cm and Odeg to 360 deg, respectively, are examined at a step
size of 0.01 cm and 0.1 deg, respectively. The result is a minimum
value of E=1.56 cm at 0=285.0deg, pp=4.43cm and
oy =306.2deg, p; =4.74 cm, which are considered to be the opti-
mal translation parameters for exoskeleton design. Figure 7 shows
the mechanical CoR motion (shown as a grid) calculated using the
optimal translation parameters (xo=285.0deg, po=4.43cm and
oy =306.2deg, p;=4.74cm) and the anatomical CoR motion
(shown by red and blue lines) obtained in the experimental task.
The RMS error is primarily caused by the CoR motion at large
elevation angles. When the angle of humeral movement is small,
the mechanical and anatomical CoRs agree very well. However,
the deviation increases with the angle. Because the shoulder range
of motion during activities of daily living is concentrated in the
region where both the angles of flexion and abduction are less
than 90 deg, the demands of an anthropomorphic mechanical CoR
model are considered to be satisfactory.

A compatible shoulder exoskeleton was manufactured using the
optimized translation parameters (po=4.43cm, oy=285.0deg
and p; =4.74cm, oy =306.2deg). As Fig. 8 shows the exoskele-
ton has three actuated DOFs, corresponding to adduction/abduc-

tion, flexion/extension, and internal/external rotation. The
flexion
84 e - abduction
. 57 , 180 — 180
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Fig. 7 Matching between the mechanical CoR motion (grid)
calculated using the optimal translation parameters and the
anatomical CoR motion (red and blue lines) obtained in the
experimental task
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internal/external ‘
rotation
1

flexion/
extension

force sensor
package

Fig. 8 Shoulder exoskeleton and subject in experimental test

Table 3 Specifications of the shoulder joint exoskeleton

Joint on Joint range Joint torque Motor and
exoskeleton 0 (deg) T (N-m) gearbox
Abd./Add. —100 to 60 20 RE40 + GPL52
Flex./Ext. —60 to 180 20 RE40 + GPL52
Int./Ext. rotation —80 to 90 12 RE40 + GPL42K

outer Ring ——

Steel Sheet —h

Steel Ball
Inner Ring
Gear

Stopper

Outer Ring

Fig.9 Exploded view of the semi-circular guide rail

actuation unit combines the motor (Maxon Inc.) with gearbox
(Gysin Inc.) and is mounted on each joint directly. The specifica-
tions for each joint are shown in Table 3. The internal/external
rotation is performed using a custom-made semi-circular guide
rail, as shown in Fig. 9. The orientation of the whole shoulder exo-
skeleton is altered to move the singularity to the boundary of the
human workspace, that does not change the appearance and mag-
nitude of mechanical CoR motion. Therefore, the two CoRs only
need to be matched at the beginning of shoulder movement. The
laser pointer is used to guarantee the accuracy of the CoR match-
ing under the supervision of a skilled therapist. The interaction
force is one of the most important issues, that is used to evaluate
the comfort of human-machine physical interface [35]. A
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Table 4 Subject demographics

Rank Gender Height (cm) Weight (kg) MRC Grade
1 Female 162 55 2

2 Female 156 49 1+

3 Female 168 65 2

4 Male 166 58 1+

5 Male 164 62 1+

mismatch between the human and the exoskeleton CoRs leads to
excessive force, that may introduce deformation of the human soft
tissues or forced motion upon the human body. These must be
avoided, especially for exoskeleton robots used for neuro-
rehabilitation. For these reasons, the interaction force at the
human-machine physical interface of the newly designed
shoulder exoskeleton and traditional exoskeleton owning a fixed
CoR is examined. Two one-dimensional force sensors (see Fig. 8)
are packaged together to measure the force of human—machine
interaction in the sagittal and coronal planes, respectively.

Five post-stroke patients without any known shoulder disorders
participated in the experimental test. Informed consent was
obtained and the experimental procedure was approved and super-
vised by a skilled therapist. As shown in Table 4, patients with
low Medical Research Council (MRC) grades [36] are chosen to
minimize the active force exerted on the interaction port, so that
the force sensors primarily examine the interaction force due to
passive shoulder joint motion. Two movements are conducted by
each subject, flexion and abduction at angles less than 90 deg. The
joint speed is set at 15 deg/s. Only the force in the same plane is
measured when the movement is performed. This corresponds to
the force in the sagittal plane during flexion and the force in the
coronal plane during abduction. Figure 10 shows the mean inter-
action forces on the five patients wearing the new and traditional
shoulder exoskeletons during flexion and abduction movements.
Both interaction forces increase when the abduction and flexion
movements are performed, and tend to have the same maximum
value, approximately 9N on average, roughly the same as the
effect of gravity on the human arm. A decrease in the interaction
force during abduction and flexion movements, corresponding to
26.3% and 39.6%, respectively, at the maximum values, is
observed when comparing the new exoskeleton with the tradi-
tional exoskeleton. However, several differences are observed.
The reduction in the interaction force is more evident in flexion
than abduction. Additionally, small elevation angles exhibit less
interaction forces than large elevation angles. The results are
interpreted to agree well and are in accordance with the CoR com-
patibility. As Fig. 7 shows, the mechanical CoR matches the ana-
tomical CoR much better at small elevation angles. The flexion
matching degree is better than abduction, that is indicated by the

90 75 60 45
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Fig. 10 Interaction force comparison between the new and
traditional exoskeleton robots
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RMS errors (Eqex = 1.03cm and Eupq = 1.43cm) of the corre-
sponding movements. The results also confirm the research of
Ref. [5] which describes that compatible structures decrease
unnecessary forces due to the misalignment of the CoR and
improves the comfort of human-machine interaction.

In addition to the interaction force, individual perception and
electromyographic (EMG) signals have been considered as com-
plementary metrics. A questionnaire was given to the five subjects
after the experimental test. The subjects, who were uninformed
about the specific types of exoskeleton robots, were asked to
choose the more comfortable one after training on both the tradi-
tional and new robots. Two subjects chose the new one and the rest
could not tell the differences between the two exoskeleton robots.
However, individual perception is subjective and easily influenced
by the unstable condition of patient. Additionally, the EMG signals
do not adequately reflect the real status of muscles due to the nerve
damage on the affected side. Therefore, interaction force is consid-
ered to be the most objective metric developed thus far.

5 Conclusions

To achieve a compatible human—machine physical interface,
the design method presented proposes an anthropomorphic
shoulder exoskeleton based on anatomical data to achieve agree-
ment between the mechanical and anatomical shoulder CoRs dur-
ing dynamic humeral motion.

The anatomical motion of the CoR is obtained from an experi-
mental task composed of a static section and a dynamic section.
The functional method [12] in the static section suffices to calcu-
late the position of the constant CoR, but is powerless to address
the dynamic CoR motion. Therefore, a dynamic section is added
and the optimal position of the CoR during flexion/extension and
abduction/adduction is obtained by minimizing a self-defined cost
function. Compared with the use of sequential roentgenograms
[10] and implantable sensors [11], the experimental task success-
fully obtained a precise quantification of the anatomical CoR
motion, that greatly assisted the exoskeleton design.

Designing for compatibility of a mechanical shoulder CoR has
been used by many exoskeleton robots available. Several devices
solve this problem by adding one or more active/passive joints but
introduce problems associated with bulky mechanisms and control
issues [23-28]. ARMin III [29] provides an alternative method by
translating one axis of the ball-and-socket joint. However, the
derived CoR trajectory is a single circular arc in all the elevation
planes, that is unable to cover the complex anatomical CoR
motion thoroughly. In this research, a description of mechanical
CoR motion is performed using the SFTR system [6] instead of
the globe system used by ARMin III [29]. Two axes (flexion/
extension and abduction/adduction) are translated to form a
curved surface, that matches the positon of the anatomical CoR
much better than the single circular arc. The RMS error of match-
ing E = 1.56cm is low compared with the range of anatomical
CoR motion (maximum value equaling 8-10 cm).

The new shoulder exoskeleton was validated by five post-stroke
patients and compared with the traditional one. The clinical results
indicated a more comfortable human—machine physical interface,
as determined by the decrease in the interaction force of up to
39.6%. The improvement provides a more compatible and safer
experience for shoulder exoskeleton robots without increasing the
number of redundant joints. The compact structure can, also, be
applied in other areas, such as virtual reality, to understand force
transmission better.

The key results from our research are summarized as follows:

(1) The dynamic section based on the static CoR position is
sufficient to obtain the dynamic CoR motion in 3-D space.
The method may be used as a supplement of the functional
method for shoulder function assessment and diagnosis.

(2) The mechanical CoR motion constructed by translating the
axes of flexion/extension and adduction/abduction provides

JULY 2014, Vol. 136 / 071006-7

Downloaded From: https://mechanicaldesign.asmedigitalcollection.asme.org on 03/05/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



an adequate matching to the anatomical CoR motion (RMS
error E = 1.56cm).

(3) The interaction force between the human and the new
anthropomorphic shoulder exoskeleton decreases compared
to the traditional one, especially for angles of abduction and
flexion less than 90 deg. The experimental results support the
hypothesis that the interaction force decreases when the me-
chanical CoR moves with the rhythm of an anatomical one.

In the dynamic section, only the flexion and abduction move-
ments are completed as an example to test the feasibility of our
method. The next step will be to add more humeral movements to
construct the whole range of anatomical CoR motion to design a
more compatible shoulder exoskeleton suitable for the full range
of shoulder motion. Additionally, the small subject size used in
the experimental task and validation is limited and insufficient to
obtain statistical results, that need be more convincing and
adequate for the exoskeleton design. Therefore, subjects over a
wide range of human dimensions must be examined to understand
the characteristics of anatomical CoR motion thoroughly. Another
improvement is the development of criteria for matching between
the anatomical and mechanical CoRs. The adopted RMS criterion
provides a global optimization that avoids a large deviation but
along with local misalignment. Thus, the CoR area based criteria
may be better for some specific CoR motion. This is another item
we will examine as our project moves forward.

In conclusion, the experimental task provides a description of
the dynamic anatomical CoR motion, that greatly facilitates our
anthropomorphic design. The mechanical CoR model based on
the SFTR system exhibits better coverage of the anatomical CoR
motion, but a number of improvements are still needed to obtain a
full matching range. The next steps in this research will address
these problems.
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Nomenclature

(C.. Cy, C. ) = position of the mechanical CoR (cm)
= root-mean-square error of the mechanical and
anatomical CoR (cm)
m = vector from the IJ marker to the marker block
(cm)
M = marker number
N = number of samples
(Oy, Oy, 0.) = position of the anatomical CoR (cm)
r” = vector from the CoR to the marker in block (cm)
™ = mean distance from the CoR to the marker in
block (cm)
v, Ov:;’ = vector from origin o and O to marker (cm)
ViL, VEM, Viy = vector from marker on EL, EM, and 1J (cm)

Greek Symbols

o, 0 = translation angle of the rotation axis (deg)
Po, p1 = translation distance of the rotation axis (cm)
Oabas Onex = angle of abduction and flexion (deg)
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