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Many existing exoskeletons have followed a similar design concept that a rigid kinematic
chain is actuated to mobilize a human wearer in spite of the intended applications. For
performance-augmenting applications where an exoskeleton is usually paired with a spe-
cific wearer, the human—-machine kinematic compatibility might be well maintained.
However, in a clinical setting for rehabilitation where one exoskeleton is often shared by
a group of patients, it will be difficult for the therapists to guarantee the on-site adjust-
ments would accurately fit the exoskeleton to each individual patient with his/her unique
anatomy. This paper proposes a continuum shoulder exoskeleton design to realize anat-
omy adaptive assistances (AAAs) for hemiparetic patients in a purely assistive mode
where patient’s limb motions are passive. The shoulder exoskeleton conforms to distinct
human anatomies adaptively due to its intrinsic flexibility but still manages to deliver
motion assistances in a consistent way. The design concept and the system descriptions
are elaborated, including kinematics, statics, system construction, actuation, experimen-
tal validation, backbone shape identification, motion compensation, manikin trials, etc.
The results suggest that it is possible to design a continuum exoskeleton to assist different
patients with their limb movements, while no mechanical adjustments on the exoskeleton
shall be performed. [DOI: 10.1115/1.4027760]
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1 Introduction

Research on exoskeleton attracted a lot of attentions in the past
decades. Numerous exoskeleton systems were developed for
upper limbs and lower limbs for military or medical applications
(e.g., Refs. [1] and [2]). These systems either aim at enhancing a
healthy wearer’s physical strength with robotic actuation or aim at
providing rehabilitation therapies for neuromuscular defects after
stroke or injury. Examples include the Mihailo Pupin Institute
exoskeleton for paraplegics rehabilitation from the 1970s [3] and
many recent advances, such as the performance-enhancing
exoskeleton BLEEX [4], the load-carrying leg exoskeleton [5],
rehabilitation exoskeletons for lower limbs [6—11], and those for
upper limbs [12—19]. Actuation schemes of the aforementioned
systems include hydraulic [4] or pneumatic [3,6,17] cylinders,
pneumatic muscle actuators [12], cable actuations [9,13,19], par-
allel mechanisms [10,14,16], gearmotors [20], etc.

Besides these prototypes, research was also about enabling
technologies such as inertia compensation [21], sensing and
control [5,22-25], novel actuators [26,27], and hyperstaticity
avoidance and ergonomics improvements [28-31].

Despite the intended uses for performance enhancement or
rehabilitation, many existing exoskeletons followed one similar
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design concept: using different control and sensing schemes, rigid
kinematic chains are actuated to mobilize an attached human
wearer. The use of rigid links in an exoskeleton could be justified
in applications for strength augmentation to undertake excessive
external loads and shield the wearer. But the use of rigid links
also introduces drawbacks such as system bulkiness, high inertia,
and more importantly the difficulty of maintaining kinematic
compatibility between the exoskeleton and the wearer. In
strength-augmenting applications where an exoskeleton is usually
paired with a specific wearer, the kinematic compatibility could
still be properly managed. However, in a rehabilitation clinic
where a rigid-link exoskeleton is often shared by a group of
patients, it is difficult and inconvenient for a therapist to adjust
the exoskeleton from time to time to make sure it fits every
patient well.

It might be necessary to specifically design exoskeletons for
rehabilitation using compliant elements so that the ideal exoskele-
ton could automatically conform to different patient anatomies
and provide consistent therapies. If more design requirements
could be imposed, such an ideal exoskeleton shall be light and
comfortable to wear, cheap to manufacture, and compact or even
portable for remote or home medicine.

Toward the goals of designing such an ideal exoskeleton for
rehabilitation, this paper presents a shoulder exoskeleton incorpo-
rating a compliant continuum mechanism as shown in Fig. 1. It
will be demonstrated later that this continuum mechanism could
passively deform itself to accommodate different patient anato-
mies while providing pure assistances, when the patient has no or
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Fig. 1 The continuum shoulder exoskeleton: (1) a rigid
armguard, (2) an upper arm sleeve, (3) a flexible continuum
shoulder brace, (4) a body vest, (5) a set of guiding cannulae,
and (6) an actuation unit

little motor capabilities. The design possesses additional advan-
tages such as light weight, low fabrication cost, and system
compactness.

Earlier attempts for designing nonrigid rehabilitation exoskele-
tons include a simulation work to show the possibility of using
elastic cords to assist walking [32], an upper body exoskeleton
using home-made pneumatic artificial muscles [33], and a cable-
driven upper-limb exoskeleton [18,19].

This paper elaborates the design concept, modeling, system
descriptions, shape identification, motion compensation, and
manikin trials of the continuum shoulder exoskeleton as shown in
Fig. 1. An earlier version of this design with an underperformed
hence abandoned actuation unit was presented in Ref. [34]. With a
redesigned actuation unit, some preliminary experiments for vali-
dating the design concept were presented in Ref. [35]. The shape
identification experiments in Ref. [35] was based on imaging
processing using a camera. In order to reduce the measurement
errors introduced by the lens distortion, all the shape identification
experiments in this paper have been redone using an optical
tracker. A motion compensation algorithm is added to improve
the accuracy of the assisted limb movements. This paper, further-
more, includes an analysis and a series of experiments to quantify
the loads on the shoulder joint to indicate the safeness of wearing
this exoskeleton on different patients, even with possible scapular
motions.

Major contribution of this paper is the design and the experi-
mental characterization of the continuum shoulder exoskeleton.
Experimental results show a unique advantage of this design: due
to its intrinsic compliance, the continuum exoskeleton passively
adapts to different human anatomies and/or mild scapular motions
and can always assure the kinematic compatibility between itself
and a group of patients while delivering consistent motion assis-
tances. This feature is particularly useful in a clinical setting
where a group of patients with no or little motor capabilities share
this exoskeleton. Minor contributions of this paper include the
design of an actuation unit with a continuum transmission to push
and pull flexible members of this exoskeleton in a synchronized
manner.

The paper is organized as follows. Section 2 presents the design
concept and Sec. 3 presents nomenclature and modeling so that
the system descriptions presented in Sec. 4 can be better elabo-
rated. Section 5 presents experimental validation, characteriza-
tion, motion compensation, and manikin trials of this continuum
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The scapular motions
alter the brace’s shape

The virtual
central backbone

The assisted flexion
and extension motions

The assisted abduction
and adduction motions

Fig.2 Design concept of the continuum shoulder exoskeleton:
(a) the front view and (b) the side view

exoskeleton to show the idea of using one exoskeleton to assist
multiple patients without performing any mechanical hardware
adjustments. Conclusions and recommended future developments
are summarized in Sec. 6.

2 Design Concept

The continuum shoulder exoskeleton as shown in Fig. 1 con-
sists of a rigid armguard, an upper arm sleeve, a flexible contin-
uum brace for the shoulder joint, a body vest, a set of guiding
cannulae, and an actuation unit. Actuation of the continuum
shoulder brace orients the arm sleeve so as to orient a patient’s
arm. The armguard is wrapped around the arm to prevent the arm
sleeve from rubbing the patient’s arm.

Structure of the continuum shoulder brace is also depicted in
Figs. 2 and 3. It consists of an end ring, a base ring, a few spacer
rings, and several secondary backbones. All the backbones are
made from thin NiTi rods (superelastic nickel-titanium alloy).

The virtual central
backbone indicates the
length and the shape of
the continuum brace.

Bending Plane

End Ring

Secondary
Backbones

Spacer Ring

Fig. 3 Nomenclature and coordinates of the continuum brace
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The secondary backbones are only attached to the end ring and
can slide in holes of the spacer rings and the base ring. Backbones
are routed through the set of guiding cannulae to the actuation
unit, which simultaneously pulls and pushes these backbones to
bend the continuum shoulder brace to orient a patient’s arm.
Motion capabilities of the continuum brace rely on the back-and-
forth bending of the NiTi-made backbones. The fatigue life was
shown well above 1 x 10° cycles [36]. Miniature springs are used
to keep the spacer rings evenly distributed to prevent buckling of
the secondary backbones.

Design of the shoulder brace has considered the mobility of a
human shoulder joint as follows:

(i) the arm’s abduction/adduction motion in the coronal plane
(ii) the arm’s flexion/extension motion in the sagittal plane
(iii) the medial/lateral rotation of the arm (rotation about the
axis of the upper arm)

the scapular retraction/protraction (squeezing/releasing the
shoulder blades)

(v) the scapular elevation/depression (the shrugging motion)

(iv)

A human shoulder joint could hence be approximated as a
spherical joint whose center of motion is mobile due to (i) the
scapular movements and (ii) the limited contact between the hu-
merus and the scapula.

The flexible continuum shoulder brace is driven by push—pull
motions of the backbones, and these push—pull motions are
generated from a two-degree of freedom (2-DOF) actuation unit.
Referring to Fig. 2, the shoulder brace is actuated to assist the
abduction/adduction and the flexion/extension motions of the
upper arm.

The upper arm’s medial/lateral rotation is not assisted by the
current design. A long armguard is hence designed for wrapping
the entire arm to prevent the forearm from swinging back and
forth. In the current construction, the arm with the armguard can
rotate freely inside the arm sleeve.

Particular attentions were directed to the scapular motions. In
order to provide as much comfort as possible to a patient, the
scapular motions should be allowed, and their movements could
lead to constant changes of the pivot point of the arm motions.
Referring to Fig. 2, this continuum exoskeleton design would
allow such scapular motions, since the continuum shoulder brace
would always deform to a new shape which conforms to the scap-
ular motions. The exact actual shape of the continuum brace,
which is characterized by a virtual central backbone, depends on
a minimum of the potential (gravitational and elastic) energy dis-
tributed along the backbones with geometric constraints from the
wearer’s anatomy.

Imagine the continuum shoulder brace is first actuated to bend
and then a patient’s limb is inserted. Introduction of the shoulder
joint and the weight of the arm would cause the brace to deform
further from its settled shape. The additional deflection will allow
the brace to accommodate the scapular motions and/or different
patient anatomies (e.g., shoulder widths). However, the additional
deflection would cause an extra load on the wear’s shoulder joint.
Section 3.4 presents an elasticity analysis to guide the brace
design and Sec. 5.1 presents the experimental results to show that
the loads on the shoulder joint could be maintained below a safe
threshold for a group of patients with specific joint biomechanics.
This exoskeleton would be particularly useful for the rehabilita-
tion of the patients with no or little arm movement capabilities,
providing active assistances to the patients while accommodating
the patients’ different anatomies passively.

Advantages of the continuum exoskeleton include: (i)
safety and comfort introduced by the inherent compliance, (ii)
passive adaptation to different patient anatomies and scapular
motions, (iii) size scalability, (iv) a redundant backbone
arrangement for load redistribution and reduced buckling risks,
and (v) design compactness achieved by dual roles of these back-
bones as both the structural components and the motion output
members.

Journal of Mechanisms and Robotics

3 Nomenclature and Modeling

According to the design concept, the continuum exoskeleton
is expected to deform itself to accommodate different patient
anatomies or scapular motions while delivering therapeutic
motion assistances. A few modeling assumptions would be
outlined before the kinematics and statics could be elaborated.

3.1 Modeling Assumptions. Referring to Figs. 2 and 3, shape
of the continuum brace is characterized by a virtual central back-
bone and the modeling assumptions are as follows:

e the brace bends in a planar manner within the bending plane
as indicated in Fig. 3

* shapes of the secondary backbones can be characterized by a
sweeping motion of the structure’s cross section along the
virtual central backbone

* the cross section is rigid and is perpendicular to all the
backbones

* the secondary backbones are Euler—Bernoulli beams

This work does not assume shape of the brace to be circular,
which is different from previously published results [37,38] and
will be verified by the experiments.

With severe scapular motions, the assumptions above could
fail to hold and particularly the brace’s bending shape may not
be planar anymore. In such a case, a more general elasticity
model might be needed to characterize the kinematics and the
statics. In the intended use of this exoskeleton, a patient who
could barely move his/her arm might not be strong enough to
generate large scapular motions. The experimental characteriza-
tion presented later also suggests the current modeling could be
adequate.

3.2 Nomenclature and Coordinate Systems. The nomencla-
tures are defined in the nomenclature section and four coordinate
systems of the continuum brace are defined as follows:

* Base Ring Coordinate System (BRS) is designated as
{b} = {Xv, ¥y, 2y }. It is attached to the base ring of the con-
tinuum brace, whose XY plane coincides with the base ring
and its origin is at the center of the base. X, points from the
center to the first secondary backbone, whereas Z is perpen-
dicular to the base ring. The secondary backbones are num-
bered according to the definition of 9;.

* Bending Plane Coordinate System 1 (BPS1) is designated as
{1} = {x4,¥,,2,} which shares its origin with {b} and has
the continuum brace bending in its XZ plane.

* Bending Plane Coordinate System 2 (BPS2) is designated as
{2} = {x,,¥,,2,} obtained from {1} by a rotation about y,
such that z; becomes backbone tangent at the end ring. Origin
of {2} is at center of the end ring.

* End Disk Coordinate System (EDS) {e} = {Xc,¥..Z.} is
fixed to the end ring. X, points from center of the end ring to
the first secondary backbone and z. is normal to the end disk.
{e} is obtained from {2} by a rotation about ;.

3.3 Kinematics. Thorough kinematics analysis of such a
continuum brace can be found in Refs. [37-39]. This work empha-
sizes the shape of the central backbone to be noncircular (the
result also applies if the shape is circular). This work also extends
the model for an arbitrary arrangement of the secondary back-
bones by assigning different values to r; and f;.

Configuration of the continuum brace is parameterized by
¥ =1[0, 0]". Since shapes of the secondary backbones are
assumed by a sweeping motion of the brace’s cross section along
the central backbone, projection of the ith secondary backbone on
the bending plane is a curve which is offset by A; from the virtual
central backbone. Its radius of curvature and arc-length are indi-
cated by p;(s;) and s;. They are related to the parameters of the
virtual central backbone as follows:
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Projection of a
secondary backbone
in the bending plane

The central
backbone with a
shape that is not

necessarily circular

Fig. 4 The central backbone and the projection of secondary
backbones in the bending plane

p(s) = pi(si) + A )

where A; = r; cos 0.
The length of the central backbone and the length of the ith
backbone are related according to the following integral:

L[:st,-:J(ds,-—ds—O—ds):L-i-J(ds,-—ds) 2)

Referring to Fig. 4, the integral above can be rewritten as in
Eq. (3). Substituting Eq. (1) into Eq. (3) gives Eq. (4), which leads
to Eq. (5)

0,
J(ds,«—dw :jo (pi(si) — pls))do @)

0L 0,
J (pilsi) = p(s))db = fj Aido @)
0

0
Li =L— I'i COS 5,'(00 — OL) =L+ i COS 6,‘(0L — 00) (5)

According to the definition of ¢;, Eq. (5) gives

q,':i','C085,'(9L—(‘)0), = l,2,...,m (6)

Equation (6) states that actuation of this continuum brace only
depends on the values of ; and J, no matter what the actual shape
of the central backbone is. This characteristic provides a particular
advantage: when the brace is put on different patients, different
anatomies give different shapes of the central backbone, but the
actuation remains the same while orienting the limb to the same
direction that is characterized by 0, and J.

Rotation matrix "R, associates {e} and {b}

°Re = R(2, —0)R(§,,00 — 0.)R(22,9) @

where R(n,y) designates a rotation matrix about n by an angle 7.
The tip position of the continuum brace is given by

L

pr:"RIHLcos(e(s))ds 0 J

0

T
sin(H(s))ds} (8)

0

where Ry = R(%y, —6) and the integrals above depend on the
actual shape of the virtual central backbone.

The tip position ®p, remains unknown if the exact shape of the
brace is not identified. As far as the brace can orient the wearer’s
upper arm, the exact value of p; is less of concern. In fact, the tip
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Fig. 5 A simplified 2D case for the elasticity analysis: (a) the
brace under actuation by itself, and (b) and (c) the brace worn
on a shoulder joint

position Pp; is mobile along the axis of the upper arm due to (i)
different bending statuses of the brace, (ii) different anatomical
parameters (referring to Fig. 5), and (iii) possible scapular
motions.

3.4 An Elasticity Analysis. According to the design concept,
once worn on a patient, the continuum exoskeleton is expected to
further deflect from its settled shape to accommodate different
patient anatomies and/or mild scapular motions. However, the
extra deflection would exert additional forces on the shoulder
joint. This elasticity analysis could guide the brace design for
proper sizes and arrangements of these secondary backbones so
that the additional forces would be kept under a safe threshold.

A simplified 2D case is first shown in Fig. 5 to explain the
design approach. This explanation could be better understood
by only considering the geometry and the brace’s elasticity with
gravity neglected. The resultant design still possesses the
intended features when the gravity is taken into consideration.
In the inset (@), when the brace is driven according to the actua-
tion kinematics as in Eq. (6), the brace would bend to a circular
shape, which has been verified by the analytical and the experi-
mental studies as in Ref. [38]. For this specific bending, it is
possible for a patient with a certain shoulder width to wear this
brace without causing the brace to deflect more, as shown in
the inset (b). If the bending is altered or a different shoulder
width as in the inset (¢) is involved, additional deflection of the
brace would occur and the shoulder joint would be subject to a
load. This load would be different for different shoulder widths
and the arm sleeve would translate along the upper arm since
the brace’s length is constant.

Bending status of the shoulder brace in the inset (a) of Fig. 5
corresponds to a minimal elastic potential energy of the brace,
since it is not subject to any additional constraints or external
disturbances. The brace in the inset (c) of Fig. 5 has a higher elas-
tic potential energy due to the presence of the shoulder joint.
‘When the shoulder in the inset (b) extends itself to the width as in
the inset (c), the work done matches the energy increase. If the
total elastic potential energy of the brace in the inset (¢) could
be lowered, it would be easier for the brace to adapt to different
anatomies or scapular motions.

The total elastic potential energy of the brace is written in
Eq. (9). The backbones’ bending shapes specified by 0(s;) would
be determined by (i) a specific bending of the brace (0, and J) and
(i1) anatomical geometries and/or scapular motions. The only play
to lower the total elastic potential energy is to use less and/or thin-
ner backbones.
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m_ L g (do\?
Q_ZL 5 ([Tsl-) ds; )

i=1

According to Ref. [40], an adult’s shoulder joint could provide
a torque as high as 10 Nm in activities of daily living. Hence, the
exoskeleton should be designed strong enough to provide
adequate assistance. Actuation of this brace is achieved by push-
ing and pulling the secondary backbones and using more and
thicker backbones will lead to a more rugged design.

When the design’s strength requirement conflicts with the com-
pliance requirement, a choice shall be made between (i) less and
thicker backbones, or (ii) more and thinner backbones. The latter
is preferred since the yielding strength oc d? while the elastic
potential energy Q (and the gradient VQ)  /; o d?. Furthermore,
thinner backbones would lead to a smaller bending stress for the
same amount of bending. This will hence result in a longer fatigue
life, according to the study as in Ref. [36].

Theoretically, an optimization problem can be formulated to
generate an optimal arrangement of the secondary backbones.
The cost function (to be minimized) could be the maximal force
exerted on the shoulder joint, whereas the constraints include (i)
the ranges of 0, and 0 values (all the bent configurations of the
brace), (ii) the ranges of allowed scapular motions, and (iii)
the ranges of targeted patient anatomies (e.g., shoulder
widths, etc.).

In fact, it will be difficult to solve such an optimization for
these many free variables (L, m, d;, i, f;, i = 1,2, ...,m, m > 3).
This paper hence took an inverse approach by predetermining
these design parameters as detailed in Sec. 4.1. Then an experi-
mental study is presented in Sec. 5.1 to quantify the forces exerted
on the shoulder joint due to anatomical differences and/or scapu-
lar motions. The results could be used to generate an operation
manual to indicate the safeness for a patient to use this exoskele-
ton depending on his/her specific joint biomechanics.

4 System Description

System components of this shoulder exoskeleton mainly
include the continuum brace and the actuation unit. Simultaneous
actuation of the secondary backbones in the continuum brace ori-
ents the wearer’s upper arm.

4.1 The Continuum Brace. Main design parameters of the
continuum brace include length of brace (L), number, size and
placement of the secondary backbones (m, d;, r;, and f3;). Length
and shape of the brace is characterized by the virtual central
backbone.

L and all the r; are set to 220 mm and 60 mm, respectively, so
that the exoskeleton is big enough to fit a reasonable group of
patients. The parameters m, d;, and f5; decide how many back-
bones, what diameter to use, and where to place them.

Section 3.4 suggests that more and thinner backbones should be
used. As shown in Fig. 6, 25 backbones are arranged spanning
two-thirds of a circle (the division angle between two adjacent
secondary backbones is 10 deg). No backbones were arranged for
the armpit area due to the difficulty of routing the backbones to
the actuation unit. The backbone arrangement corresponds to the
indicated f; values as shown in Fig. 6. The use of more and thin-
ner backbones brings one additional advantage: failure of one thin
backbone would not fail the entire exoskeleton, hence reliability
and safety can be potentially increased. The continuum exoskele-
ton should be capable of providing enough assistance to patients.
A simplified statics model which assumes circular shapes of the
backbones presented in Ref. [34] estimated that the use of 25 sec-
ondary backbones at diameters of 1.2 mm led to a maximal stress
in the NiTi material well below the allowed value. Main design
parameters are summarized in Table 1.

Journal of Mechanisms and Robotics

SB#25
B =357/18

SB#1 | X,

Secondary Backbone #6

SB#14
B, =24r/18

SB#13
B, =12z/18

The shoulder joint is
represented by three
serially connected
revolute joints; a
clearer view can be
found in Fig. 11.

The rigid upper
arm sleeve

The mockup arm
With armguard

Fig. 6 The continuum brace with the secondary backbone
arrangement

4.2 The Actuation Unit and the Transmission. Actuation of
the continuum brace involves simultaneous pushing and pulling of
25 secondary backbones. However, as explained in Sec. 3.2, the
continuum brace only possesses 2-DOFs to orient a wearer’s
upper arm. Hence, an important aspect of the actuation unit is to
design a transmission system which maps two inputs to 25 outputs
according to the actuation kinematics as in Eq. (6).

The attempt of designing such a transmission using hydraulic
cylinders was detailed in Ref. [34]. However, that design encoun-
tered severe leaking problems and was abandoned. A functional
actuation unit is shown in Fig. 7.

The actuation unit has a continuum transmission made from
two layers of the continuum structures from Fig. 3:

The inner layer has 25 secondary backbones which are routed
to form the shoulder brace through the set of guiding cannulae.
Arrangement of these backbones is identical to the brace except
that the pitch diameter of this layer is twice of the shoulder brace
(all the r; of the inner layer are twice as big as those of the brace).
According to Eq. (6), bending of the inner layer doubles the bend-
ing of the shoulder brace.

The outer layer has four secondary backbones that are placed
90deg away from each other. Bending of this outer layer bends
the inner layer to the same orientation, since the end rings of the
inner and the outer layers are rigidly attached.

Motorized ball screws push and pull backbones of the outer
layer of the continuum transmission. Levers are used to inverse
the push—pull motions for backbones with a division angle of
180 deg. A few sliding blocks prevent bulking of these backbones.

This actuation unit design is based on an assumption that the
inner layer is bent into a shape similar to that of the outer layer.
This assumption was validated by the experiments as in Ref. [35].

5 Experimental Characterization

In order to demonstrate the effectiveness and advantages of the
presented continuum shoulder exoskeleton, three sets of experi-
ments were conducted.

Table1 Design parameters of the continuum brace

L =220 mm d; = 1.2 mm r; = 60 mm

By =08, =mn/18, B3 =2n/18, ..., f13 = 127/18
Py =24n/18, p1s = 251/18, ..., fo5 = 35m/18

NOVEMBER 2014, Vol. 6 / 041011-5
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Motorized ball screws push

and pull backbones which

belong to the outer layer of

the continuum transmission:
A lever inverses the push-
pull motion for actuation
backbones with a division
angle of 180°.

l» A few sliding blocks
prevent bulking of the
actuation backbones.

Guiding cannulae for the
backbones in the inner layer
of the transmission

| The continuum transmission
consists of two layers of the
continuum structures as
shown in Fig. 3:

/ Q‘- The inner layer
/

P The outer layer
]

Fig. 7 The actuation unit with a continuum transmission
mechanism

5.1 Quantifications of the Forces Exerted on the Shoulder
Joint. According to Sec. 3.4, once worn on a shoulder joint,
the continuum brace will undergo additional deflections to accom-
modate anatomical differences and/or scapular motions. The
additional deformation would lead to an increase in the force
exerted on the shoulder joint. A series of experiments were carried
out to quantify the exerted forces. The experimental results could
be used to compile an operational manual to indicate the safeness
for a patient to use this exoskeleton depending on his/her specific
joint biomechanics.

The experimental setup is illustrated in Fig. 8. A white cylinder
was used to mimics the arm wrapped in an armguard. Three lead-
screw-driven slides are serially connected in a Cartesian form to
provide translations in the XYZ directions. This could introduce

Shoulder

The mockup arm|
with armguard

. Translation
X, paths of the |
7,. center of the

Fig. 8 Experimental setup for the shoulder joint force quantifi-
cation: (a) the CAD model and (b) the actual setup

041011-6 / Vol. 6, NOVEMBER 2014

the position change of the center of the shoulder joint, stemmed
from anatomical differences and/or scapular motions. Three seri-
ally connected revolute joints were used to representing the
shoulder joint since an off-the-shelf spherical joint does not have
a motion range as big as that of a human shoulder joint. The center
of the shoulder joint is considered as the intersecting point P, of
the axes of the three revolute joints. A 3-axis force sensor (K3D60
from ME-Me@systeme GmbH with measuring ranges of =50 N in
XYZ directions) was used to measure the loads on the shoulder
joint. The sensor was connected to a DAQ card (Advantech
PCL-818HG) and a sensing accuracy of 0.08N in X, Y, or Z
directions was achieved.

The shoulder brace was first bent to 0, = 40 deg and 6 = 180 deg.
In the indicated BRS coordinate system {0} = {Xp., ¥,, 2} in Fig. 8,
the center of the shoulder joint was originally set at a point
Po=1[0 0 100 mm]". The slides translated the center of the shoulder
joint from Py to a point P;=[0 O 130 mm]T, to another point
P,=1[0 0 70 mm]" and back to the P, point. Then the joint center
was translated again from a point P3=[30 0 100 mm]", to a point
P,4=[300 130 mm]", to a point Ps =[30 0 70 mm]", and back to the
P5 point. The two translation paths of the center of the shoulder joint
are also indicated in the inset of Fig. 8. The path Ps—P;—P, is above
the path P,—Py—P;, which could mimic the scapular elevation (the
shrugging motion). The readings from the 3D force sensor were
converted to {b} as plotted in Figs. 9 and 10.

Referring to Figs. 8 and 9, when the center of the shoulder joint
is translated from Py to Py, then to P, and back to the P point, the
force components in the X, and 7z, directions (F, and F.) enclose
triangular areas in the plot. This is due to the existence of friction
between the arm sleeve and the armguard. The averages of F, and
F. are hence plotted to better reveal the variation trends since the
friction in the opposite directions could cancel each other out.

When the center of the shoulder joint is translated between
P>—Py—P,, the average of F, mildly increases, since F, mainly
accounts for the gravity of the mockup arm with armguard. The
average of F, increases from about —0.8 N to about 8 N since the
translation toward the P; point introduces more deformation of
the brace. F,=0N is a preferable configuration where external
forces on the shoulder joint is minimized.

Similar results can be observed in Fig. 10 when the center of
the shoulder joint is translated from P3 to Py, then to Ps and back
to the P; point. The average of F, is bigger now since the path
Ps—P3—P, is radially further away from the central backbone of
the brace and hence leads to more deformation of the brace. The
average of F, stays at a similar level since it mainly accounts for
the gravity of the arm.
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Fig. 9 The shoulder joint forces under movement path
Po—P1—P>—P,
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Fig. 10 The shoulder joint forces under movement path

From the results in Figs. 9 and 10, a few insights can be
summarized.

* When the shoulder exoskeleton orients an upper arm to an
arbitrary direction, different anatomies and/or scapular
motions will lead to different loads on the shoulder joint.

* Compliance of the continuum exoskeleton provides an upper
bound of the loads on the shoulder joint for a range of
anatomical parameters and/or scapular motions. As far as the
loads are all under a safety threshold, a patient could use this
exoskeleton safely.

* The loads in Fig. 9 are generally smaller than those in
Fig. 10, since the path P,—Py—P, is closer to the center of the
brace. Although it could be still safe, wearing the exoskeleton
properly or minimizing scapular motions could further reduce
the load on the shoulder joint.

* Friction between the armguard and the exoskeleton sleeve
may increase the loads on the shoulder joint. It is desirable to
reduce this friction in the future developments.

5.2 Shape Identifications and Motion Compensations. The
experiments in Sec. 5.1 indicated the safety feature of the exoskel-
eton, whereas the experiments in this section would demonstrate
the effectiveness. It would be shown that the continuum brace
deformed differently to passively adapt to different anatomies
under the same actuation. Although the deformed shapes of the
continuum brace were different, the shoulder exoskeleton man-
aged to orient an upper arm to similar directions.

The shoulder exoskeleton with its actuation unit and the control
infrastructure is shown in Fig. 11. Two Maxon DC servomotors
(Amax22 110164 with a GP22 gearhead 110340 and a MR
encoder 228182) were controlled by a MatLaB xPC Target to
drive the ball screws with a diameter of 10mm and a lead of
2mm according to the kinematics as in Eq. (6). Motion control
cards included a D/A card (PCL-727, AdvanTech, Inc.) and a
counter card (CNT32-8M, Contec, Inc.).

In the experimental setup in Fig. 11, three serially connected
revolute joints approximate the shoulder joint. The center of the
shoulder joint is considered as the intersecting point of the axes of
the three revolute joints. Different structural components were
used to introduce different distances from the shoulder joint center
to the base ring of the continuum brace. Different distances could
represent different wearer shoulder widths. The distances are
80 mm, 100 mm, and 120 mm, respectively.

Experimental shape identification in Ref. [35] was based on
images taken by a camera and imaging processing. In order to
reduce the measurement errors due to the lens distortion, all the
shape identification experiments were repeated using an optical
tracker (Micron Tracker SX60, Claron Technology, Inc.), as
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Fig. 11 The shoulder exoskeleton with its actuation unit and
controller

The mockup arm with armguard

shown in the inset (a) of Fig. 12. The tracker recognizes the
markers of the pointing tool and directly gives out coordinates of
the tool’s tip.

Referring to Fig. 12, the exoskeleton was laid down in order to
minimize the disturbance from gravity. The arm sleeve slid on a
horizontal plate during these shape identification experiments.
The plate is made from PTFE to lower the friction. The 100 mm
shoulder joint was first used.

The shoulder brace was bent to a configuration of 0, = 50 deg
and 0 = 180 deg. Points along the backbone #4, #9, and #12 were
sampled using the optical tracker (numbering of the backbones is
in Fig. 6). The points were registered to the BRS coordinate sys-
tem and plotted in Fig. 12. Curves were fitted to these measured
points. Using the curve fitting results, a plot of the bending angle
versus the curve length can be found in Fig. 13. It is obvious that
the shapes of these backbones are not circular anymore (circular
shapes will correspond to straight lines in Fig. 13). In Fig. 13,
0, = 50deg corresponds to the bending angle 0, = 40deg. This
is why the curves in Fig. 13 end around 38 deg.

The same actuation driving the continuum brace on a 100 mm
shoulder joint was repeated for the 80mm and the 120 mm
shoulder joints, and also for the case where no shoulder joint was
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[ The pointing
tool

Y axis (mm)
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Fig. 12 Shape identification experiments using an optical
tracker: (a) the measurement setup and (b) sampled points
along three selected backbones (#4, #9, and #12) with the curve
fitting results
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Fig. 13 Bending angles of the selected backbones along their
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attached. Fig. 14 plots actual bending angles of the continuum
brace when the desired bending angels 0, span from Odeg to
70deg. The actual bending is quite close to the desired orientation
when the system was laid down and the mockup arm is not subject
to gravity.

If the exoskeleton is used in actual rehabilitation therapies, the
discrepancy between the desired bending configuration and the
actual bending configuration might increase for a heavier arm. As
shown in Fig. 15, different weights (500 g, 1000 g, and 1500 g)
were attached to the mockup arm. Since the mockup arm is
shorter than an entire arm, the weights were hung at the edge to
better mimic the center of mass of a straight arm. The actual bend-
ing angles were plotted with respect to the desired bending
angles 0. The continuum brace deflected from a horizontal initial
configuration when different weights were attached to the mockup
arm. This is why the plots in Fig. 15 start at nonzero actual bend-
ing angles. The plot of the 1500g weight is the most above
because the attached weight worked with gravity to deflect the
brace. Bending discrepancy could be as big as 15deg before a
motion compensation algorithm was implemented.

The motion compensation algorithm presented in Ref. [41] was
applied here to reduce the bending discrepancy as in Eq. (10). 7 is
the compensation efficient for the stiffness matrix K, of the
backbones; the second term 62"¢K;1(nr+fs) accounts for the
stiffness of the backbones in the guiding cannulae where 4
accounts for system backlashes
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Fig. 14 Actual versus desired bending angles of the contin-
uum brace
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Fig. 15 Actual versus desired bending angles of the contin-
uum brace before motion compensation; the arm with (a) a
500 g weight, (b) a 1000 g weight, and (c) a 1500 g weight

3:nK;lt+ez“‘/’K;1(nr+f§)+l 10)
where 1 is the tensile loads on the backbones and fg represents a
static friction within the guiding cannulae.

For the arm with different weights, different compensation
coefficients 11 (11500, = 1.18, 15000, = 1.20, and 1,509, = 1.21)
were used so that a bending discrepancy of =3 deg was achieved,
as shown in Fig. 16.

In a clinical setting, such motion compensation shall be con-
ducted once for every new patient with his/her unique anatomy
and arm weight. In the later training sessions, the specific com-
pensation coefficient # would be used for this specific patient. No
mechanical adjustments need to be performed on the exoskeleton.

Although the presented motion compensations of the exoskele-
ton were carried out for the mockup arm with an additional weight
up to 1.5kg, the actual payload capability is beyond this. As men-
tioned in Sec. 4.1, the continuum brace was designed to be strong
enough to provide a 10 Nm torque in the abduction/adduction
direction, according to Ref. [34]. Such a torque is big enough to
lift a typical human arm whose weight is usually around 4.2 kg
(e.g., a2.3kg upper arm, a 1.4 kg forearm, and a 0.5 kg hand).

5.3 Manikin Trials. The continuum shoulder exoskeleton
was also put on a skeleton manikin to demonstrate the
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Fig. 16 Actual versus desired bending angles of the contin-
uum brace after the motion compensation
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Rubber bands acted
as the rotator cuff

Fig. 177 Manikin trials for the continuum shoulder exoskeleton

effectiveness of the proposed idea. Silicone rubber was molded to
the humerus to mimic the upper arm and rubber bands acted as
the rotator cuff (including muscles and their tendons) to hold the
humerus head in its socket as shown in Fig. 17. Assisted motion
of this manikin arm can be also viewed in Fig. 17.

No firm attachment between the arm sleeve and the arm was
utilized for the current motion assistance. The armguard was not
installed since this is a silicone arm. When the arm sleeve was ori-
ented by the continuum shoulder brace, the silicone arm rested in
the sleeve naturally. Even the skeleton with the silicone arm was
casually placed inside the exoskeleton, motion assistances were
still achieved. The rubber bands were not stretched, which indi-
cated no excessive forces were applied to the shoulder joint.

6 Conclusions and Recommendations

This paper presents the design concept, kinematics, elasticity
analysis, component descriptions, and experimental characteriza-
tions of a continuum shoulder exoskeleton. The main functional
component of the shoulder exoskeleton is a continuum brace. The
backbones in the brace were pushed and pulled to orient an arm
sleeve and so as to assist a patient with the upper arm motions.
While providing assistances, the continuum brace deformed itself
and passively adapted to different anatomies and/or possible scap-
ular motions due to its intrinsic flexibility.

The proposed exoskeleton is particularly useful in a clinical
environment for the rehabilitation of a group of patients with no
or little motor capabilities of their upper limbs (e.g., in an early
acute stage of stroke). When the exoskeleton is shared, no hard-
ware adjustments shall be performed to match different patients’
anatomies. The exoskeleton can passively deform and adapt to
each individual patient’s anatomy and/or allow his/her involuntary
scapular motions while assisting the upper arm motions. This
feature is here referred to as the AAA.

Experimentation was carried out to characterize the features of
the shoulder exoskeleton. A 3-axis force sensor was first used to
quantify the forces exerted on the shoulder joint with the presence
of equivalent scapular motions. The results indicated a safeness
threshold for the use of this exoskeleton: if one’s shoulder joint
strength tolerates the maximal force, the exoskeleton would
be safe to use. An optical tracker was then used to identify the
backbone shapes with the presence of anatomical differences.
Although the shapes of the continuum brace were different for
different anatomies, the same actuation was able to assist the ana-
tomically different upper arms with similar motions. Motion com-
pensations were incorporated to reduce the discrepancy between
the desired orientation and the actual orientation of the upper arm.
When the exoskeleton is shared by a group of patients, each
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patient with his/her own anatomy and arm weight would possess
his/her own compensation coefficients. Without performing any
mechanical adjustments, each patient could be assisted using his/
her own compensation parameters.

Recommendations for future developments include several
aspects. Design ergonomics should be further improved so that it
is easy for impaired subjects to wear. A possible solution is to
design the shoulder ring as two separable pieces which can be
quickly assembled while putting on a patient. What’s more, small
rolling elements could be added to the arm sleeve to reduce the
friction between itself and the armguard. The actuation unit could
be further miniaturized to improve the portability of the system.
Although the current design is only for the shoulder joint, the ulti-
mate goal is to stack more continuum braces to build a safe, light,
multi-DOF exoskeleton to assist the entire arm.
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Nomenclature

d; = diameter of the ith secondary backbone
E; = Young’s modulus of the ith secondary backbones

i = index of the secondary backbones, i = 1,2,...,m
I; = cross section moment of inertia of the ith secondary
backbone

L, L; = lengths of the virtual central and the ith secondary
backbones measured from the base ring to the end
ring

m = number of the secondary backbones

p(L) = tip position and is designated by °p,
®p(s) = position vector of a point along the central back-
bone in the base ring coordinate.
a=q=[q1 ¢ - qu]" isthe actuation lengths

for the secondary backbones and ¢; = L; — L

r; = distance from the virtual central backbone to the ith
secondary backbone. r; can be different for different
i

p; = P; characterizes the division angle from the ith
secondary backbone to the 1st secondary backbone
f1 = 0 and f3; remain constant once the brace is
built

0=90=0d,and d; =0+ f5;

0; = aright-handed rotation angle about z; from X; to a
ray passing through the central backbone and the
ith secondary backbone

0(s) = the angle of the tangent to the virtual central
backbone in the bending plane. 0(L) and 0(0) are
designated by 0y, and 0o, respectively. 0y = n/2 is
a constant

0r = due to the definition of 0(s), a zero bending
(a straight configuration) corresponds to 0, = /2,
whereas a 90 deg bending corresponds to 0, = 0.
0L = /2 — 0, = 0y — 0, intuitively indicates
how much the continuum brace bends: 0;, = 0 for a
zero bending and 0, = 7/2 for a 90 deg bending

o(s), p;(s;) = radius of curvature of the virtual central backbone
and the ith secondary backbones, with respect to
their lengths s and s;
Y=y =[0. 0] defines the configuration of the brace
Q = elastic potential energy of the continuum structure
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