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Design of a Parallel Actuated Exoskeleton for
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Abstract—Powered exoskeletons can facilitate after-stroke
rehabilitation of patients with shoulder disabilities. Designs
using serial mechanisms usually result in complicated and bulky
exoskeletons. This paper presents a new parallel actuated
shoulder exoskeleton that consists of two spherical mechanisms,
two slider crank mechanisms, and a gravity balancing

mechanism. The actuators are grounded and placed side-by-side.

Thus better inertia properties can be achieved while lightweight
and compactness are maintained. An adaptive mechanism with
only passive joints is introduced to compensate for the
exoskeleton-limb misalignment and size variation among
different subjects. Linear series elastic actuators (SEAs) are
proposed to obtain accurate force and impedance control at the
exoskeleton-limb interface. The total number of force sensors
and actuators is minimized using the adaptive mechanism and
SEAs. An exoskeleton prototype is shown to provide
bidirectional actuation between the exoskeleton and upper limb,
which is required for various rehabilitation processes. We
expect this design can provide a means of shoulder
rehabilitation.

Index Terms—Shoulder rehabilitation, upper limb exoskeleton,

parallel spherical mechanism, series elastic actuator, axis
misalignment, adaptive mechanism, impedance control.
I. INTRODUCTION
EHABILITATION of after-stroke patients with

shoulder disabilities requires repeated and progressive
training exercise. To reduce the cost of therapist labor, it is
necessary to use robots to facilitate rehabilitation training of
various intensity levels. Powered exoskeletons of multiple
degrees-of-freedom (DOFs) have been developed to assist the
motion of human upper limbs [1-4]. Compared with joints of
the lower limbs, human upper limb joints are smaller in size.
They are more dexterous because they provide motion in both
the coronal and sagittal planes. Various designs have been
proposed to augment the motion of shoulder [5], elbow [6],
wrist [7], or the whole upper limb [1-4, 8-12].

Although the majority of existing exoskeletons uses
electric motors with gearboxes of high reduction ratios [1,
3-4], their actuator weights are still considerable. A
multi-DOF exoskeleton usually employs a serial mechanism
[1-4, 8-11] whose rotation axes match with the joint axes of
an upper limb. This type of design offers sufficient dexterity
to resemble the motion of an upper limb. If gravity-balancing
mechanisms [1, 2, 9, 11] were not used, the weight of the
human arm and hanging motors need to be supported by the
links and motors close to the base link. Hence these proximal
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links and motors must be large enough to ensure good
dynamic property of the whole exoskeleton. Some
exoskeletons explored parallel mechanisms [7-9] or flexible
mechanisms [5, 12] to reduce the inertia problem but the size
and complexity remained an issue. It is still a challenging task
for existing exoskeletons to be lightweight and compact.

Different from end-effector type rehabilitation robots (e.g.,
[13]), exoskeletons are designed to align their rotation axes
with those of human limbs in order to provide motion
assistance. This offers two advantages: direct limb
force/motion control and singularity avoidance. However,
these advantages rely on precise alignment of exoskeleton
axes with those of human limbs. When misaligned, unwanted
exoskeleton forces would impose on human limbs, which
cause discomfort and even injury. Because human skeleton,
tendons, and muscles are complex and deformable, their
geometry and kinematics can never be perfectly modeled. In
addition, different subjects have different bone/muscle sizes
and thus joint kinematics. Improper mounting of an
exoskeleton on a human limb and undesirable human motion
during exoskeleton-limb interaction would also occur. Hence
misalignment of an exoskeleton is unavoidable.

From kinematics point of view, an exoskeleton and human
limb form a highly over-constrained system. Thus any small
misalignment would generate undesirable forces between an
exoskeleton and human limb. Adding compliance at the
exoskeleton-limb interface could reduce the harming force
but the exoskeleton rigidity would be compromised.
Changing the geometry (by adding adjustable components) of
exoskeletons [1, 14] to adapt to subjects of different sizes can
minimize the misalignment due to subject variation. However,
this approach cannot account for the misalignment due to
un-modeled limb kinematics. Adding more active joints [3, 4]
can match closer with limb kinematics but would complicate
the exoskeleton. A more promising approach is to introduce
mobility between exoskeleton and human limb. This can be
achieved using multiple passive joints [15-16]. The relative
displacements of the passive joints are used to adapt to the
misalignments.

For an exoskeleton to interact safely with a human limb, it
is important to measure and control the interaction force.
Previous research (see [17] for a comprehensive review) used
signals from pressure [18] or force sensors [1-3] as the
feedback to control the motion of exoskeletons. To further
reduce the interface impedance, series elastic actuators (SEAS)
were used. By controlling the deformation of a serially
connected elastic element, an SEA can provide accurate force
control, back-drivability, and adjustable impedance without
using additional force sensors [19-20]. SEAs have been used
in serial shoulder exoskeletons [2, 4, 21] but have not yet been
realized in parallel shoulder exoskeletons.
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Aimed at providing an effective and friendly after-stroke
shoulder rehabilitation, this paper proposes a parallel actuated
exoskeleton with two active and four passive DOFs. This
exoskeleton includes two linear SEAs for the interaction force
control. Two spherical mechanisms and a gravity-balancing
mechanism are used to minimize the load on the motors and
increase the device compactness. An adaptive mechanism is
installed between the upper arm and exoskeleton. It offers
four passive DOFs to adapt to any misalignment between the
upper arm and exoskeleton. In what follows, we first describe
the details of the exoskeleton in Sec. Il. The kinematics and
statics are presented in Sec I11. Sec. IV presents the design of

Table 1 Comparison of exoskeleton specifications

[1] [2] [9] Ours
Pitch range (°) 182 120 99 95
Yaw range (°) 94 120 73 110
Pitch torque (Nm) |33 (max.)|36 (max.)|77 (max.) | 44 (ave.)
Yaw torque (Nm) |38 (max.)|36 (max.)|50 (max.)| 24 (ave.)
Active DOFs 4 4 4 2
Passive DOFs 0 4 0 4
Actuator type Electric |Hydraulic|Pneumatic| Electric
Total weight (kg) 18.8 8 4.4 4

the adaptive mechanism. Finally, dynamic modeling and
control experiments of a prototype are presented in Sec. V.

1. DESCRIPTION OF THE SHOULDER EXOSKELETON

2.1 Spherical and slider crank mechanisms

Fig. 1(a) shows the CAD model of the proposed shoulder
exoskeleton. There are two identical linear motors attached to
the ground. The pitch motor provides the pitch motion in the
horizontal plane as shown in Fig. 1(b), whereas the yaw
motor provides the yaw motion in the vertical plane as shown
in Fig. 1(c). These two DOFs offer the dexterity for the
shoulder to have flexion/extension and abduction/adduction
motion. Table 1 lists the comparison of ours with other
entire-arm exoskeletons. For our exoskeleton, the achieved
pitch range is 6, = —20° to 75° and yaw range is 8, = —40° to
70°. The pitch motion range of ours is smaller than that in [1]
but comparable to those in [2, 9]. The yaw motion range is
larger than those in [1, 9]. The motion range can cover the
majority of shoulder activities in daily lives (Pitch range =
180° and yaw range = 90°) [1].

Fig. 2 shows how the pitch and yaw motions are generated.
Link numbers are circled. In Fig. 2(a), the pitch motor
displacement D, is transmitted to provide the input pitch
angle & along the z; axis through the pitch slider crank
mechanism (pitch mechanism) and the 4R spherical
mechanism, which includes Links 0, 1, 6, and 7. The pitch
motor force and input pitch torque are Fp and 71, respectively.
In Fig. 2(b), the yaw motor displacement Dy is transmitted to
provide the input yaw angle & along the x; axis through the
yaw slider crank mechanism (yaw mechanism). The yaw
motor force and input yaw torque are Fy and z, respectively.
Through the 5R spherical mechanism formed by Links 0-4,
input rotations 6, and 6 are transformed to output rotations 6,
and 4, of the gravity-balancing mechanism. As shown in Fig.
1(a), the exoskeleton is connected to a human’s upper arm via
an adaptive mechanism. The two axes of input rotation
intersect perpendicularly at the center (O,) of the 5R spherical
mechanism. The center of the 4R spherical mechanism is
denoted as O and is directly underneath O;. The exoskeleton
center O, is to align with the center of a human’s shoulder
joint.

2.2 Linear SEAs

To achieve safe interaction, two identical linear SEAs are
used to respectively provide the pitch and yaw motion. Fig. 3
shows a prototype of the linear SEA. The linear stepper motor
(Haydon, size 14) has a maximum force of 220 N and stroke
of 63 mm with an encoder behind the motor to record the
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output displacement. The motor is serially connected to a
spring with measured stiffness of 33 N/mm. The other end of
the spring is connected to a slider crank mechanism. The
deformation of the spring is measured using a potentiometer
(BOURNS 3048L-5-502) to obtain the spring force, which
can be used to estimate the interaction force between the
exoskeleton and upper arm. Thus accurate force or impedance
control can be realized without using external force/torque
sensors. This makes the exoskeleton more compact.

Because the motors are mechanically grounded, alternative
motors of larger sizes could be used for the SEA without
causing inertia or interference problems. We have evaluated a
bigger motor (Haydon, size 23) that has a maximum force of
890 N. If this bigger motor were used, the average pitch and
yaw torques could reach up to 44 Nm and 24 Nm,
respectively, which are comparable to others listed in Table 1.

2.3 Gravity balancing and adaptive mechanisms

The gravity-balancing mechanism shown in Fig. 4 is a
parallelogram linkage whose proximal short link is part of
Link 1. The top long link is rigidly connected to Link 3. A coil
spring with measured stiffness of 1.88 N/mm is attached to
the bottom of the linkage with pulleys and cables. The spring
is preloaded in order to emulate the condition of a
zero-free-length spring. When ideally designed, it can
provide full support for the weight of the upper limb so that
the upper limb can move freely in the yaw direction. This can
further reduce the yaw motor size and energy loss. The
change of elbow angle can be shown to have only minor
effect on the balancing property [22]. If required, the stiffness
of the balancing spring can be easily adjusted to fit different
arm weights. Detailed design of the gravity balancing
mechanism can be found in [22].

The adaptive mechanism shown in Fig. 5 is connected to
the top long link of the gravity balancing mechanism. On top
of the adaptive mechanism is a semi-cylinder with a spherical
joint used to model a human shoulder and upper arm. When
the shoulder joint center On and exoskeleton center O are not
aligned, the adaptive mechanism provides four passive joints

T 1z

Fig. 6 Diagrams of the 5R and 4R spherical mechanisms
to adapt to the misalignments dy, dy, and d; in the x1, y1, and z;
directions, respectively. The misalignments cause the
rotations of the upper arm (ap and 84) to be different from the
output rotations of the exoskeleton (6, and 6y). There is also
an angle 6a to denote the internal/external (medial/lateral)
rotation of the upper arm. Angles 6Oy, 6a, and 6Ba
independently describe the rotation of a human upper arm.

In [2], two parallel linkages are located at the proximal end
of the exoskeleton to acquire passive DOFs for shoulder
alignment. The linkages must support the exoskeleton weight.
Compared with [2], our passive DOFs are located at the distal
end. They are achieved using a simpler and smaller
mechanism that does not have to support exoskeleton weight.

2.4 Novelties and advantages of the proposed exoskeleton

Previous serial exoskeletons use rotary motors with
harmonic drives [1, 3-4, 11] that are perpendicular to human
body at different locations. There are moving motors that
require stronger structure support and larger accommodation
space. Thus the exoskeletons are big and heavy.

By contrast, the proposed linear motors are parallel to
human body and placed side-by-side to minimize extruded
parts. The exoskeleton output torque can be easily amplified
using slider crank mechanisms and thus overly large motors
or harmonic drives are avoided. The 4R and 5R spherical
mechanisms make both motors grounded. They inherently
have an interior hollow space to accommodate a human’s
shoulder. The combination of motor arrangement and
spherical mechanisms makes the exoskeleton compact while
maintaining sufficient rigidity, torque output, and range of
motion.

We are among the first to realize both linear SEA and
adaptive mechanism in upper limb exoskeletons. These two
components allow adaptive and safe shoulder rehabilitation
while the number of actuators and force sensors is minimized.
The reduction of complexity makes our exoskeleton
lightweight, which is indicated in Table 1. The exoskeleton is
also less costly and easier to operate.

1. EXOSKELETON KINEMATICS AND STATICS

3.1 Kinematics

Fig. 6 defines the rotation and span angles of the arc links
of the 5R and 4R spherical mechanisms. For the 5R spherical
mechanism, angle aa» is required to be 90° so that the pitch
axis remains vertical with respect to the ground while the yaw
mechanism can be nearly parallel to a human’s back.
Meanwhile, angle ai3 is required to be 90° so that the yaw
axis can be horizontal with respect to the ground. The other
three angles (o24, ass, and ass) can be independently chosen
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but are ideally 90° in order to achieve maximum range of
motion. However, arc links with large span angles may cause
interference with human body during operation. Once the
span angles are determined, a proper angle w is chosen to
provide the desired range for the yaw motion. A nonzero y is
required to avoid interference of Link 3 with the upper arm
and adaptive mechanism. For the 4R spherical mechanism,
angles azsand asg can also be independently chosen. Except
for the fixed Link 0, the rotations of Links 1-4 are denoted as
61-64. The rotations of Links 7 and 6 are denoted as &- and 6s,
respectively. Interference of the spherical mechanisms with
human body is avoided by using sufficiently large radii for
the arc links.

The input rotations of 01 and 6, are provided by the pitch
and yaw mechanisms shown in Fig. 7. The pitch motor
displacement Dy, is transmitted to rotate Link 7 with angle 62p.
Similarly, the yaw motor displacement Dy is transmitted to
rotate Link 2 with angle 6,y. Table 2 lists the dimensions of
the spherical, pitch, and yaw mechanisms used in this paper.
Their values have been optimized in order to maximize the
output torques 7, and 1, given the motor force and
displacement [23].

The relationship between the motor displacements (Dy
and Dy) and crank angles (62, and 62y) can be obtained by
solving the following loop closure equations.

r,-D,+x,+r,C, -r,C, =0 @

r,-D,+x,+r,C, -1,C, =0 2)
In Egs. (1-2) and rest of this paper, S and C denote the sine
and cosine functions, respectively. When S and C have
subscripts, they correspond to the subscripts of 8. Symbols X,
and Xy denote the deformation (positive if tension) of the
springs serially connected to the pitch and yaw motors,
respectively. Lengths rs, and ray are defined at 6, = 6, = 0°.
The coupler angles 65, and 63, in Egs. (1-2) can be expressed
as

0,,=S"[(r,,S

2p~2p

=)/l 3)

Table 2 Sizes of the spherical, pitch, and yaw
mechanisms (units: © or mm)

Spherical mechanisms |Pitch and yaw mechanisms
o1 = 90, a3 =90 lp = 65.05, lp = 66.74, I3p =
o024 = 84.82, azs = 44.93 |39.76, r4, = 34.48, o = 230.69,
oss = 85.11, = 23.36 |Dp=-23.67 to 39.33
o7s = 59.43, agy = 60.57 |riy = 41.97, roy = 36.49, r3y =
57.05, ray = 44.27, f =59.70,
Dy =—24.57 to 40.82

0,,=S"I(r,,S,, - 1,)/1,] 4)
The crank angles 62, and 6y are further related to angles 6,
and 6, by the followings.
0,=0, +a-3712, 0,=0, +p-xl2 (5)
Angle 6; is transmitted to 6; through the 4R spherical
mechanism. The relationship between 6; and 6; can be
derived using spherical trigonometry. First, the value of 6,
the angle between Link 6 and the horizontal plane, can be
obtained using the sine rule.
S;1Sag =S8,/Sa, (6)
Then the value of 6 can be obtained by solving Napier’s
analogies.
Cl(o, - 6,) /2]
Cl(9, +6,)12]
where T denotes the tangent function. Taking time derivatives
of Egs. (1-2), the angular velocities of 8; and 6, can be
obtained.

0,=(D,-x,)C,, /1,8

p~2p-3p

Tl(ag + @)1 2]= TI(3E-06,)/2] 7

where 0, =é2p (8)

éz = (D'y -x%,)Cy, /1,,S,,.,, where é2 = ézy 9)
Taking time derivatives of Egs. (6-7), the angular velocity of

61 can be obtained as

0,10, =5, I[cota,, - C,cot(3s—0,)] (10)

The input rotations are further transmitted to output rotations

through the 5R spherical mechanism. The output rotation 6, is
related to input rotation 6, by

0,=6,-180° (11)

and unaffected by the input angle 6.. By observing Fig. 4, the

output yaw angle can be expressed as

0,=0,+y -157 (12)

where 0 is the rotation of Link 3 with respect to Link 1. The

value of @3 can be obtained using rotation transformation
matrices.

-2+ Ca,Ca, )

| (13)

0,=C"
Sa,Sa, )

The value of z in Eq. (13) further depends on 6; and 6-.
Detailed expression of z can be found in [22]. Thus the output
yaw angle depends on both 6, and 6. In general, the
relationship between the input angular velocities and output
angular velocities can be expressed as

RN
LéyJ_Lfl(eﬂez) fz(el,ez)JL(;ZJ
The functions f1 and f, are too lengthy and not shown.

(14)
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3.2 Statics

In Fig. 6, the input pitch and yaw torques are denoted as 71
and 7, respectively. The input pitch torque 1 is further related
to 77 of the 4R spherical mechanism by

r, /7, =[cota,, —C,cot(&-4,)]/S, (15)
The torques 77 and 7; are related to the motor forces Fy and Fy
by the followings.

= r2p (SZP*3P/C3P)FP 1T = r2y(32y73y/c3y)|:y (16)
where 02, 62y, O3p, and 6sy can be obtained using Egs. (1-4).
The output pitch and yaw torques are further related to the
input torques by

[7p ] |—l/Cy f3(‘911‘92ﬂ|—11—|

|UVJ |L 0 f4(01,02)JL72J
According to Eq. (17), the output pitch torque is contributed
by both the input pitch and yaw torques, whereas the output
yaw torque solely depends on the input yaw torque. This
arrangement is good because therapeutic exercises mostly
require the yaw motion (flexion/extension and
abduction/adduction). The output yaw torque is unaffected by
the input pitch torque, which makes control of the yaw torque
easier. Since the yaw torque needs to support any unbalanced
gravity force, the load requirement on the yaw motor is larger
than that of the pitch motor.

To evaluate the mechanical advantage of the spherical
mechanisms, Figs. 8(a) and 8(b) show the diagrams of the
torque ratios of the pitch and yaw directions, respectively.
The average torque ratios of both directions are comparable.
The variation of z,/z; within the range of motion is much
smaller while the variation of z,/z> is greater. In the yaw
direction, the torque ratio is much smaller near the positive
and negative extremes of 6,. To further increase the average
of torque ratio z/72, the span angle ass should be increased.

3.3 Singularity analysis

Based on the kinematics and statics presented in Secs.
3.1-3.2, the singular positions of the 5R and 4R spherical
mechanisms can be analyzed. For the 5R spherical
mechanism, the singular positions refer to the cases where the
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2x2 matrix in Eq. (14) or (17) has a determinant equal to zero
(f = 0 or fs = 0). There are three types of singularities that
would affect normal operation of the exoskeleton. Using the
parameters in Table 2, Fig. 9 shows the 6,-6y curves of the
three types of singularities. The desired range of motion,
namely &, =—20°to 75°and & =—40° to 70°, is indicated as a
rectangular box. Types 1 and 3 singularities denote cases
where Links 3 and 4 are coplanar (65 = 180° for Type 1 and 0°
for Type 3). The torque ratio z,/z, in the yaw direction would
be zero (f4 = 0). Type 1 occurs when 6y is smaller than —57°
whereas Type 3 occurs when 6, is less than —24°. Type 2
singularity denotes the case where Links 2 and 4 are coplanar
with 8, = 180°. The torque ratio z,/z> would be infinity (f, = 0).
This case occurs when 6, is less than —35° Since the
exoskeleton may be driven by the motors (forward) or upper
arm (inverse), all these singular positions need to be avoided.
Among the three types, Type 3 curve is the closest to the
range of motion. The link sizes of the 5R spherical
mechanism have been chosen such that the singularity curves
are moved to the left of the range of motion. Comparing Figs.
8(b) and 9, moving thee three singularity curves toward the
left can also minimize the variation of the torque ratio z/z,
near the negative extreme of 6.

In Fig. 9, Types 4 and 5 are the two singular positions of
the 4R spherical mechanism. They can be obtained by setting
the denominator in Eq. (15) equal to zero. Type 4 occurs at 6,
= —30°, which corresponds to 6, = 0° and 6z = 180° with
torque ratio z1/z7 in the pitch direction equal to infinity. Type 5
occurs at ¢, = 89°, which corresponds to 67 = 180° and 85 = 0°
with torque ratio 7i/r7 also equal to infinity. These
singularities need to be avoided when the exoskeleton is
driven by the upper arm. Compared with Types 1-3, Types
4-5 of the 4R spherical mechanism are unrelated to the yaw
motion and are away from the range of pitch motion.
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Table 3 Misalignment range of the HH

S S> S3
Range of dy (mm) | —54to 25 | —60 to 58 | —55 to 38
Range of d, (mm) | —33to 74 | —38t0 54 | —32 to 44
Range of 4. (mm) | —48t022 | 421026 | —70t0 21

IV. DESIGN OF SHOULDER ADAPTIVE MECHANISM

4.1 Humeral head (HH) displacements

As Fig. 10(a) shows, the center of the glenohumeral (GH)
joint is denoted as the humeral head (HH). In Fig. 5, the GH
joint was modeled as a spherical joint and HH was denoted as
On. We assumed in Sec. 2 that the HH coincides with the
center Oy of the 5R spherical mechanism and has negligible
displacements when the humerus moves. In practice, the
displacements of the HH increase with the increase of motion
range of the upper arm. The humerus is connected to the
thorax through the scapula and clavicle. Assuming that the
thorax is stationary, the scapula and clavicle would have
three-dimensional translation and rotation motions when the
upper arm rotates, which would make the HH to displace in
the xi, yi, and z; directions. Non-negligible HH
displacements would cause significant misalignment
problems.

4.2 Measurement of humeral head displacements

To study the effect of upper arm rotation on the HH
displacements, an experiment with setup shown in Fig. 10(b)
was conducted. The experiment was to measure the
displacements of the HH during 84 and 6.y rotations. A red
marker was attached closest to the surface of the HH and a
camera was aligned with the xiy1z; frame to measure the
displacements of the marker with respect to the rotation of the
upper arm. Three different healthy subjects were tested. The
subject heights were 1700, 1750, and 1850 mm for S; to Ss,
respectively. For the 5, rotation, the upper arm rotated from
Gap = —20° to 75° while 6y = 0°. The displacements of HH
were denoted as Xpi and ypi. For the G,y rotation, the upper arm
rotated from &y = —40° to 70° while &y = 90° The
displacements of HH were denoted as yya and zya. It was noted
in [24] that the HH displacements during the 6.y rotation was
almost independent of 6.. Thus we used the result of Gy =
90° to represent the HH displacements during the 6,y rotation
for all values of 6.

Fig. 11 shows the average of repeated measurements of S,.
The HH has more significant x,i than y,; displacements for the
6hp rotation along the z; axis. For the €.y rotation along the x;
axis, the HH has more significant zy, than yya displacements.
The overall displacement of &y rotation is greater than &
rotation. When the upper arm has a combined rotation of 6,
and 6., the HH would displace three-dimensionally. The
misalignments dy, dy, and d, are related to the measured
displacements by the followings.

d, = cosé,, + X,

X 'yya ap - p1 (18)

dy =Yyasinf,, +y,, d, =2,
Using Eq. (18), we obtained the misalignment ranges of the
three subjects for &, =—20° to 75°and 6y =—40°to 70°. The
ranges are listed in Table 3. The misalignment ranges are not

3 Ta3 s
() , S [)
Fig. 12 Schematic of exoskeleton-arm connection: (a) without
misalignment (b) adding passive joints with misalignment (c)
undesirable forces and moments when misaligned

\‘:‘:‘41/‘ >
Fig. 13 (a) CAD model of the adaptive mechanism
(b) Prototype

small and should be taken into account when designing the
adaptive mechanism.

4.3 Mobility analysis and design of the adaptive mechanism

Fig. 12(a) shows the schematic of exoskeleton-limb
connection. Our exoskeleton with two active DOFs can be
modeled as a link connected at a universal joint. Using the
definition in Fig. 2(b), the center of the universal joint is
denoted as O1. A human humerus can be ideally considered as
a rigid rod connected at a spherical joint with center at Op.
When mounting the exoskeleton on a human’s shoulder, the
exoskeleton is rigidly attached to the upper arm and it is
required that the rotation centers of the exoskeleton (O1) and
humerus (On) coincide. Thus the combination can be treated
as a paradoxical over-constrained system [25] with two active
DOFs. The actuation of the pitch and yaw motors in the
exoskeleton can drive the upper arm to generate the pitch and
yaw motions. As shown in Fig. 12(a), the driving forces in the
pitch and yaw directions are Fep and Fey, respectively.

In practice, O; and Oy may not coincide due to the HH
displacements mentioned in Sec. 4.2. Fig. 12(b) shows a
configuration where the two centers are not aligned. The
separation Jm depends on the orientation of the upper arm and
hence varies. When dn, is not zero, the mobility becomes —1.
The exoskeleton and arm together become a statically
indeterminate (hyperstatic) structure that cannot move.
Because there will be tissue deformation in the shoulder, the
upper arm can still be driven by the exoskeleton. However,
the exoskeleton would cause harmful constraint
force/moment to human upper arm. Fig. 12(c) shows the
possible constraint force (Fa) and moments (a1, ta2, and zaz)
that are undesirable. The magnitude of the harmful constraint
force/moment increases with the increase of separation
between O; and Op.
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To adapt to the HH displacements, the whole system must
recover its mobility of two. Thus three extra DOFs are
required. As shown in Fig. 12(b), the connection between the
exoskeleton and upper arm is designed with three serially
connected passive joints. Translation joint P, allows the

relative sliding motion of the upper arm along the exoskeleton.

Rotation joints Ra1 and R4z allow the relative rotation between
the exoskeleton and the upper arm. The displacements are
denoted as Xa, fa1, and 6ao, respectively. These three passive
joints can remove the constraint force F, and moments zai/za2
shown in Fig. 12(c).

To further remove the constraint moment .3, another
rotation joint Raz is required. As shown in Fig. 12(b), the
rotation of Ra3 is denoted as 6a3. This joint allows free
internal/external rotation of the upper arm with respect to the
exoskeleton. Totally there are four passive joints at the
interface. Ref. [15] also proposed similar concept of passive
joints.

Fig. 13(@) shows the CAD model of the adaptive
mechanism that offers the four passive joints. In order to
minimize the constraint force/moment, the adaptive
mechanism is placed closest to the interface between the
exoskeleton and upper arm. Symbol R; denotes the distance
from O to P4 joint at the neutral position while R, denotes the
distance from the GH joint to the position where the upper
arm is attached to the adaptive mechanism. When Oy, and O
are aligned, R; is equal to Ra. Fig. 13(b) shows a prototype of
the adaptive mechanism.

4.4 Kinematics of the adaptive mechanism
Given the rotation angles (&,, 6y) of the exoskeleton and the
misalignments (dx, dy, and d;) of the shoulder center, the upper
arm rotation angles (@, 6a) can be obtained using

homogenous transformation matrices.
0 :T71(Spca2cy—al+sach )

ap
C pcazcy—al - Sazsp

(19)

‘gay = S_l(sy—alcaz) (20)
The angles a1 and 04, of the passive joints in Egs. (19-20) can
be expressed as

0, =-S"'[(d,C, +d,C,S, +d,S,S,)/(R,C,,)]

(21)

0., =S '[(d,S, —d,C,)R,] (22)
Once Ga1 and 6, are determined, the displacement X, can be
obtained as

Xa =R3CCop — (R + dzsy_dXCPCy_dyCysp) (23)
Angle 643 is a function of the arm roll angle Gar
-5,C., ,+S,C,S,,_
0, =T (o Tty (24)
CarCap—p + Saysarsap—p
where the arm roll angle 64 can be inversely expressed as
~S.3Ca v +54,C.sS,_
Har :Til( a3~ al-y a2~a3%vy al) (25)
CasCary +5425,35, a1

The angle 0.3 is used to adapt to the independent rotation of
Oar. When aligned, it can be shown that fas = —0ar.

It can be observed in Eq. (22) that 6, is independent of 6y
and d;. In Egs. (21-22) and (24), a1, a2, and 6Oa3 are all
independent of xa. When there is no misalignment (dx = dy = d,

x,~D,~D,,/x,~D,~D,

Jp ky X,

D,/D, Do/D

ap’

Fig. 1;1 (a) Upper arm model (b) Model of the pitch and yaw
motion with SEA

Position control loop

| Forcecontrolloop @ Plant |
|——————=———= = ) 1

I
Ref. |, = L 1, - |Fy
of K, +sB, K, +-K, +s5K,
D) |~ I~ .
| .
' | L)

: Dy(s)

Fig. 15 Impedance control diagram of the pitch motion

=0), it can be concluded from Eqs. (21-23) that fa1 = 022 = Xa
= 0. Inversely, Egs. (19-22) can be used to numerically solve
for Gy, 6y, Oa1, and Gao given Gap, Gy, dx, dy, and d,. The value of
Xa €an then be obtained using Eq. (23).

Based on the measurements in Sec. 4.2, we can obtain the
ranges of Xa, fa1, and Ga2. Within the range of exoskeleton
motion, the ranges are X, = —27.8 t0 80.5 mm, 6,1 = —19.2°t0
5.0° and 6, = —21.8° to 8.6°. The design of the adaptive
mechanism needs to ensure sufficient displacements of the
three passive joints without causing interference. If exact
rotation of the upper arm is required, sensors can be added to
measure the displacements of the passive joints. The
displacements are used to compute dy, dy, and d, using Egs.
(21-23). In addition, 6. and s are computed using Egs.
(19-20).

Taking time derivatives of Egs. (19-20), the relationship
between the arm angular velocities and exoskeleton angular
velocities can be expressed as

o, 6,1 -6, 6,1 (26)
where the components of J are functions of Ra, dy, dy, d;, Ga,
O22, Op, and 6. Using the principle of virtual work, the actual

torques (zap, 7ay) applied on the upper arm are related to the
output pitch and yaw torques by

|_Tap TfC —Cyf3/f4—||_‘[p—|

L e

Observing Figs. 12(a-b), zap and zay are further related to the
driving forces Fep and Fey by

Tap = RaFep 5 z—ay = RaFey (28)
For our current adaptive mechanism, we have Ra = R; = 180
mm and Rs = 105 mm.

4.5 Merits of the adaptive mechanism

By using the adaptive mechanism, precise alignment
between the exoskeleton and upper arm is no longer
necessary. This can reduce the setup time. The displacement
of shoulder center and variation among different subjects can
be allowed using the four passive joints. Compared with those
using active joints [3, 4] to account for the displacement of
shoulder center, the use of the proposed adaptive mechanism
does not require additional actuators and hence the

(27)
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Table 4 Impedance controller gains
K,p = 50 N/'mm; B,, = 1 Ns/mm; K, = 0.65,
Kip=10s"!, K4 =0.05 s
K,y = 50 N/mm; B,, = 1 Ns/mm; K, = 2.9,
Ky=125s", K4 =0.04s

Pitch

Yaw

complexity can be greatly reduced. The adaptive mechanism
is quicker and more stable when reacting to any involuntary
shoulder shrugging of patients in rehabilitation exercises.

V. DYNAMIC MODEL, CONTROL, AND EXPERIMENTS

5.1 Dynamic model

Fig. 14(a) shows the model of the upper arm. We consider
an unaligned upper arm with mass m and distance r from Oy
to the center of mass. Fig. 14(b) shows the model of the
exoskeleton and SEA in the pitch and yaw directions. The
symbol My, is the reflected rotor mass of the motor. We define
Map and My as the reflected masses of the upper arm as seen

by the pitch and yaw motors, respectively.
2 2, _ 2 2
M, =1, h+1,hsM_ =1 _h +1_ ho,
where

-1 2.0 _Llpp?ip =
lap =3 M(rcosd, ) ;1 =ymrosh, =06, /0D,

(29)

(30)
h,, =06, 10D, ;h, =00, 10D,

The coupling of the pitch and yaw directions appear in the hp,

and hy; terms. The displacements of M4, and Mgy are denoted

as Dap and Dgy, respectively. They are related to the motor

displacements Dy and Dy by

Xp=D,-D ay (31)
The masses of other components are small and hence can be
ignored. By doing so, both the pitch and yaw motions can be
modeled as a two-inertia system: My and M, for the pitch
motion while My, and My for the yaw motion.

Considering an aligned case where r = 135 mm and m =
2.44 kg, the reflected mass of the upper arm can be calculated
using Eq. (29). In the pitch direction, the average value of Mg
is 37.5 kg in the range of motion. In the yaw direction, the
average value of My is 95.5 kg. Both Mg, and M.y are larger
than the reflected rotor mass (M = 18.19 kg). The average
value of My is larger because the mechanical advantage in the
yaw direction is largely smaller.

There are two inputs in each direction: one from the motor
(Fp or Fy) and the other from the upper arm (Fap or Fa). Both
inputs are defined along the motor axis. Neglecting friction
and damping, the dynamic equations in the pitch and yaw
directions can be respectively derived as follows.

F, —kpxp =M D, F, +kpXp =M,D,

=06, 10D, ;h

ay > 'y2

; x,=D,-D

ap

(32)

F,-k,x,=M D ;F, +kx =M_AD_ (33)
In Egs. (32-33), the terms kyXx, and kyx, denote the spring
forces f, and fy, respectively. They can be obtained given the
values of x, and x, measured using the potentiometers. The

values of Dy and Dy are calculated using Eq. (31), where Dy
and Dy are measured using the encoders.

5.2 Impedance controller
The pitch motion in Eg. (32) can be rewritten in a
state-space form as

(@) (b)
Fig. 16 (a) The exoskeleton with a dummy arm (b) Prototype
of the exoskeleton on a human limb

Y(s)/U(s)=H(s)=[H,,(s) H,(s);H, (s) H,,(s)]
where Y = [Dap(s) fa(S)]T, U = [Fy(S) Fap(s)], and
Hy, =k, /[MmMaps4+kp(Mm + Map)sz]

(34)

Hy=M_k /[M M_s*+k (M +M_)]

H,=H, (M s*+k)/k, ;H,,=-H,M_IM_

Our linear SEAs can be used for different types of compliance
controllers that require accurate force control. As an
illustration, we consider a cascaded impedance controller in
the pitch direction. As the diagram in Fig. 15 shows, the
impedance controller includes an inner force controller and an
outer position controller. The PD gains Ky, and By, are the
coefficients of the virtual spring and damper connected
between an upper arm and exoskeleton. By changing the
values Ky, and B, different interface impedance can be
provided during the rehabilitation process. The state-space
equations governing the yaw motion and the corresponding
impedance control law can be derived in the same fashion.

Given a set of Kyp and By, the PID gains Kpp, Kip, and Kgp in
the inner loop are tuned to achieve stability within the range
of motion while the performance is not sacrificed. Table 4
lists the parameters of the controller gains. Subscripts p and y
are used to denote gains in the pitch and yaw directions,
respectively. A value of Ky, = 50 N/mm represents a virtual
spring stiffness of 50 N/mm between the exoskeleton and
upper arm. The value of Ky, should be small enough to
provide interface compliance. However, smaller Ky, would
reduce the accuracy and bandwidth of position control.

In Fig. 15, the force F, from the pitch motor assists the
force Fap from the upper arm to trace a reference trajectory of
Dap. The amount of F4, depends on the ability of a patient’s
upper arm. The larger the value of F is, the smaller the
required pitch motor force is to mobilize the upper arm.
Hence the proposed impedance controller can be used for
patients with different levels of ability to mobilize their arms.
The value of F4, can be obtained using Eq. (32) to evaluate
arm force recovery.

5.3 Prototype

Fig. 16(a) shows a prototype of the exoskeleton with a
dummy arm (made of Aluminum alloy). This dummy is
connected to the exoskeleton center through a spherical joint.
Similar to a normal human upper arm, the dummy has a
length of 286.8 mm and weight of 1.86 kg. It will be used for
testing of the exoskeleton. Fig. 16(b) shows the exoskeleton
attached to the left arm of an ordinary person with height of
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Fig. 18 Experimental results of position control
(a) Pitch at 6, = 0° (b) Yaw at 6, = 0°

1750 mm. For rehabilitation purposes, the exoskeleton is
placed on a stationary base so that the person does not have to
support the weight of the exoskeleton. By using the adaptive
mechanism proposed in Sec. 4, the alignment between the
exoskeleton and human shoulder does not have to be very
accurate. Since the arm weight is nearly balanced, the yaw
motor only needs to provide a minimum force to overcome
the friction forces at the joints and any unbalanced weight.

5.4 Impedance control experiment

Based on the setup in Fig. 16(a), experiments have been
conducted to verify the impedance controller performance.
Using the parameters listed in Table 4, the experiments were
implemented in NI cRIO 9066 with a sampling frequency of 1
kHz. We first performed rotation control experiment where
the exoskeleton rotated the dummy arm to trace a reference
sinusoidal trajectory in either the pitch or yaw direction. This
experiment was used to emulate the scenario where the
exoskeleton mobilizes a patient’s upper limb during the initial
stage of rehabilitation (passive mode, based on the patient’s
activity). Figs. 17(a) and 17(b) show the 0.2-Hz reference
trajectories of Dap and Day, respectively. The corresponding
trajectories of 6, and 6, are also shown. They were computed
using the equations in Sec. 3.1. Figs. 18(a) and 18(b) show the
simulation and experimental results in the pitch and yaw
directions, respectively. The experimental curves have traced
the reference ones well. In Fig. 18(b), the slight mismatch of
the experimental yaw curve with the simulation and reference
curves was due to motor saturation. If the reference frequency
was below 0.2 Hz, then the experimental yaw curve would
match with the reference curve well. Using a motor of larger
power can overcome the problem of saturation to increase the
response speed in the yaw direction. The pitch motion has a
larger mechanical advantage and hence the pitch controller
can trace a reference frequency up to 0.4 Hz without having
motor saturation.

The same experiments can be repeated for different values
of Ky and Kyy. Smaller values of Ky, and Ky are preferable if
the interaction safety needs to be ensured. However, smaller
values of Ky, and K,y make the exoskeleton appear softer
when viewed from the human side and hence would cause
larger position control tracking error.
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Fig. 19 Experiment results of zero impedance control
(a) Pitch at 8, = 0° (b) Yaw at 8, = 0°

Table 5 Passive joint displacements due to misalignment

(units in mm or °)

Position Calculated Measured Error
B Xa=32.6 Xa =29 11.2%
Zf;gg Oa1=-17.5 Qa1 =—18 2.8%
02 =16.1 O =12 25.6%

3 Xa=32.4 Xa =29 10.5%
0%’:‘_97'_59 Ou=—149 | Om=-15| 0.1%
0.2 =187 02 =15 19.6%

B Xa=—8.4 Xa=—3 64.3%
gﬁ ; }22 Oa1=-19.7 Oa1 =20 1.3%
02 =20.8 O = 17 18.4%

To further stimulate limb recovery, a patient must be able
to move his upper limb with partial or no assistance from the
exoskeleton (assistive or active mode). To share the limb
action, the exoskeleton must be back-drivable. To
demonstrate the back-drivability of our exoskeleton, we make
both K., and By, equal to zero. In this case, there should be
zero impedance between the upper limb and exoskeleton. The
upper limb should be able to move freely. Using the same
experiment setup as that in Fig. 16(a), the dummy arm was
manually given a sinusoid-like motion with frequency of 0.6
Hz and amplitude of 15 mm. Figs. 19(a) and 19(b) show the
results of zero impedance control in the pitch and yaw
directions, respectively. Because zero impedance was used,
the SEAs should be controlled to have zero spring force
regardless of the dummy arm motion. The f, and f, values in
Figs. 19(a-b) are very small. The residual spring force with
root mean square value less than 7 N was mainly due to the
friction force in the motors. Because the exoskeleton is
back-drivable, using zero impedance control allows the
recording of a limb’s autonomous movement with minimal
influence.

5.5 Kinematic misalignment experiment

Using the setup in Fig. 16(a), we presented a kinematic
misalignment test. The test was to verify the displacements of
the passive joints due to a given misalignment where dy = 50,
dy = =50, and d; = 50 mm. The displacements of the passive
joints were measured using angle/linear rulers. Table 5 lists
the values of X,, Ga1, and 6, at three distinct positions. The
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three positions were selected based on small to large angle
magnitudes. The calculated displacements of the passive
joints were obtained using Egs. (21-23). The measured
displacements generally agreed with the calculated ones,
which verified our kinematic model in Sec. 4.4. The
displacement errors were primarily due to the accumulated
clearance of the joints (linear and rotary bearings). Hence
larger passive joint displacements tended to have smaller
errors than smaller passive joint displacements.

5.6 Misalignment force experiment

As can be observed in Fig. 11, the HH displacement is
larger in the yaw direction. To study the effect of the adaptive
mechanism on the force between the upper limb and
exoskeleton, we have conducted yaw rotation control
experiments (passive mode) using the same three subjects as
those in Sec. 4.2. The experiment setup and reference
trajectory of 0.1 Hz are shown in Figs. 20(a) and 20(b),
respectively. We used the same impedance controller and
parameters as those in Sec. 5.2. The shoulder center Oy of
each subject was placed as close as possible to the
exoskeleton center O;. Hence the misalignment was primarily
due to the HH displacements of each subject. The subjects
were instructed not to exert physical force during the
experiment. Values of the yaw spring force f, with locked
passive joints were measured and compared against those
with unlocked passive joints. We define the increase of f, as

Increase of f = f of locked passive joints
(35)
- fy of unlocked passive joints

The average and maximum increases of fy are shown in Fig.
21. If an unaligned dummy arm was used for the experiment,
the increase of f, would reach infinity because the exoskeleton
and upper limb form a statically indeterminate structure.
Unlike the dummy arm, human upper limbs are relatively
deformable. Hence the increase of f, would be limited. Still,
Fig. 21 shows a significant increase of f, among different
subjects. The average increase of fy is nearly 20 N and the
maximum increase can reach up to 60 N. Accordingly, the
constraint force/moment between the locked passive joints
and upper arm would significantly increase as well, which
results in uncomfortable and even harmful interaction.

To use the exoskeleton in practice, a therapist can hold a
subject’s arm to complete a comfortable trajectory of dap and
Oay using zero impedance. A computer simultaneously records
the corresponding 6, and 6. The exoskeleton can then be
programmed to repeatedly follow the recorded trajectory of 6,
and 6y using adjustable impedance. The corresponding limb
rotations dap and Gy can then be precisely controlled to follow
what the therapist did.

VI. CONCLUSIONS

This paper has presented a parallel actuated exoskeleton for
after-stroke shoulder rehabilitation. Due to the arrangement
of the parallel, slider-crank, and gravity-balancing
mechanisms, this 2-DOF shoulder exoskeleton can be made
small-size and lightweight while the range of motion and
output torque are still comparable to previous shoulder
exoskeletons [1, 2, 8, 9]. The exoskeleton with the proposed
adaptive mechanism has been demonstrated to accommodate

Fig. 20 (a) Experimental setup to measure the spring force
due to misalignment (b) Reference trajectory of 0.1 Hz

80 A : :
Z CJAve.
> 60 I Max.
o 40+
@
S 20
2
-0
Subject 1 Subject 2 Subject 3
Fig. 21 Increase of f, due to HH displacements with locked
passive joints

subjects with height variation from 1700 to 1850 mm.
Misalignments between the shoulder and exoskeleton can be
allowed while unsafe constraint forces can be minimized
using only passive joints. The passive and active mode
experiments have demonstrated the ability of the exoskeleton
to provide motion control while maintaining at a prescribed
impedance. Based on the proposed design, actuation of the
shoulder internal/external rotation and elbow
flexion/extension can be serially added to achieve full control
of an upper limb. Our future work includes clinical tests and
evaluations. We expect that the proposed exoskeleton can
provide rehabilitation for people with disabled shoulder
functions.
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