
  

  

Abstract—Many existing exoskeletons have followed a similar 
design approach: a rigid kinematic chain is actuated to mobilize 
a human wearer. However, in a clinical setting for rehabilitation 
where one exoskeleton is shared by multiple patients, it will be 
difficult to guarantee on-site adjustments can make the rigid 
exoskeleton fit each patient kinematically perfectly. This paper 
proposed an alternative exoskeleton design that uses compliant 
continuum mechanisms. Its intrinsic flexibility adapts to 
different human anatomy automatically. Design concepts and 
component descriptions were elaborated for this shoulder 
exoskeleton, including kinematics, construction, actuation, 
transmission schemes, etc. A series of experiments were 
conducted to characterize shapes of the flexible members within 
the continuum structure as well as demonstrate the effectiveness 
of using such an exoskeleton to assist different patients with 
their limb motions. 

I. INTRODUCTION 

XOSKELETON research attracted a lot of attentions in 
the past decades. Numerous exoskeleton systems were 

developed for upper and lower limbs for military and medical 
purposes (e.g. [1, 2]). These exoskeleton systems either aim at 
augmenting a healthy wearer’s physical capabilities with 
robotic actuation or to allow rehabilitation for neuromuscular 
defects after stroke or injury. Examples include the Mihailo 
Pupin Institute exoskeleton for paraplegics rehabilitation [3] 
from the 70s and many recent advances, such as the 
performance-augmenting exoskeleton  from UC Berkeley [4], 
the load-carrying exoskeleton from MIT [5], rehabilitation 
exoskeletons for lower limbs [6-10], and those for upper 
limbs [11-18]. Actuation schemes of the aforementioned 
systems include hydraulic [4] or pneumatic cylinders [3, 6, 
16], pneumatic muscle actuators [11], cable actuations [8, 12, 
18], parallel mechanisms [9, 13, 15], gearmotors [19], etc. 

Besides these exoskeleton systems, research was also about 
enabling technologies, such as inertia compensation [20], 
sensing & control [5, 21-24], ergonomics [25-27], new 
actuators [28, 29], etc. 

Many existing exoskeleton systems followed one similar 
design approach: 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 might 
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be justified in applications for strength augmentation to 
undertake excessive external loads and shield the wearer. But 
the use of rigid links introduced drawbacks such as bulkiness, 
high inertia, and most importantly the difficulty of 
maintaining kinematic compatibility between exoskeleton 
and human anatomy. In a clinical setting for rehabilitation 
where one exoskeleton consisting of rigid links is shared by 
multiple patients, it is even more difficult to guarantee the 
on-site adjustments performed by therapists can make the 
rigid exoskeleton fit each individual patient perfectly. Hence 
design approaches of using non-rigid components could be 
explored. These attempts include a simulation to show the 
possibility of using elastic cords to assist walking [30], an 
upper body exoskeleton using home-made pneumatic 
artificial muscles [31], a cable-driven upper-limb exoskeleton 
[17, 18], and the continuum shoulder exoskeleton presented 
in this paper and shown in Fig. 1 (A preliminary version of 
this design with an underperformed hence abandoned 
actuation unit was presented in [32]).  

 
Fig. 1. The compliant continuum shoulder exoskeleton: (1) an upper arm 

sleeve, (2) a flexible continuum joint brace, (3) a body vest, (4) a set of 
guiding cannulae, and (5) an actuation unit. The actual system is pictured in 
inset (a) and Fig. 6. 

This paper presents design concepts, kinematics, actuation, 
transmission scheme, shape identification, and manikin trials 
of the continuum shoulder exoskeleton as shown in Fig. 1. 
Major contribution of this paper is the proposal and its 
experimental validation of designing compliant continuum 
exoskeletons for rehabilitation. Intrinsic compliance of such a 
continuum exoskeleton adapts to different human anatomy 
automatically and can always assure the kinematic 
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compatibility between itself and a group of patients. Minor 
contributions of this paper include the design of an actuation 
unit with a continuum transmission to push and pull flexible 
members in the design in a synchronized manner. 

The paper is organized as follows. Section II presents the 
design concept and the system overview. Section III presents 
nomenclature and kinematics so that the system description 
presented in Section IV can be better elaborated. Section V 
presents experimental validation, characterization, and 
manikin trials of the continuum exoskeleton to demonstrate 
the effectiveness of using one exoskeleton to adapt to 
multiple patients. Conclusions and future work are 
summarized in Section VI. 

II. DESIGN CONCEPT 

The continuum shoulder exoskeleton design shown in Fig. 
1 consists of a rigid upper arm sleeve (#1), a flexible 
continuum joint brace (#2), a body vest (#3), a set of guiding 
cannulae (#4), and an actuation unit (#5). Actuation of the 
flexible joint brace (#2) orients a patient’s upper arm. This 
work is inspired by [33, 34] where downscaled such 
continuum structures were used in surgical robots. 

Structure of the continuum brace (Fig. 1.#2) is also 
depicted in Fig. 2. 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 (Nickel-Titanium alloy) 
rods. 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 a set of guiding cannulae (Fig. 
1.#4) to the actuation unit (Fig. 1.#5), which pulls and pushes 
these secondary backbones simultaneously to achieve a  
bending to orient a patient's upper arm. Miniature springs are 
used to keep the spacer rings evenly distributed to prevent 
buckling of the secondary backbones. 

The flexible continuum shoulder brace (Fig. 1.#2) has 2 
DoFs (Degrees of Freedom) because it can only orient an 
upper arm (also referring to Fig. 4). Referring to Fig. 2, an 
imaginary centrally-located primary backbone characterizes 
length and shape of the continuum brace. The actual shape of 
the continuum brace depends on a minimum of the potential 
energy distributed along the backbones with constraints from 
the wearer's anatomy. 

Since a human shoulder joint can be approximated by a 
3-DoF spherical joint, a rotation along the axis of the upper 
arm is not assisted by the current design. The upper arm can 
rotate freely with respect to the upper arm sleeve. To be noted, 
in Fig. 4 three serially connected revolute joints were used to 
representing a spherical joint since an off-the-shelf spherical 
joint doesn't have a motion range big enough to demonstrate 
the motion capability of this shoulder exoskeleton. 

Advantages of this structure include: i) comfort and safety 
introduced by the inherent compliance of this continuum 
structure, ii) passive adaptation to different anatomical 
geometry, iii) size scalability, iv) actuation redundancy 
introduced by using multiple secondary backbones to drive a 
2-DoF bending that loads on backbones can be redistributed 

and buckling risks can be minimized, and v) design 
compactness achieved by dual roles of these secondary 
backbones as both structural components and motion output 
members. 

III. NOMENCLATURE AND KINEMATICS 

The nomenclature and the kinematics assume that the 
continuum brace bends in a planar manner within the bending 
plane as shown in Fig. 2. Shapes of the secondary backbones 
are assumed by a sweeping motion of the structure's cross 
section along the primary backbone. The cross section is 
assumed rigid and perpendicular to the primary backbone. 
Different from previously published results [33-35], this work 
doesn't assume shape of the imaginary primary backbone to 
be circular, which will be verified by the experiments. 

A. Nomenclature 

Nomenclatures are defined in Table I, while coordinate 
systems of the continuum brace are defined as below: 
• Base Ring Coordinate System (BRS) is designated as 

{ } { }ˆ ˆ ˆ, ,b b bb ≡ x y z . It is attached to the base ring of the 

continuum brace, whose XY plane coincides with the base 
ring and its origin is at the center of the base disk. ˆ bx  

points from the center of the base disk to the first 
secondary backbone while ˆ bz  is perpendicular to the base 

ring. Secondary backbones are numbered according to the 
definition of iδ . 

• Bending Plane Coordinate System 1 (BPS1) is designated 
as { } { }ˆ ˆ ˆ, ,1 1 11 ≡ x y z  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 { } { }ˆ ˆ ˆ, ,2 2 22 ≡ x y z  obtained from { }1  by a rotation 

about ˆ 1y  such that ˆ 1z  becomes backbone tangent at the 

end ring. Origin of { }2  is at center of the end ring.  

• End Ring Coordinate System (ERS) { } { }ˆ ˆ ˆ, ,e e ee ≡ x y z  is 

fixed to the end ring. ˆ ex  points from center of the end ring 

to the 1st secondary backbone and ˆ ez  is normal to the end 

ring. { }e  is obtained from { }2  by a rotation about ˆ 2z . 
 

TABLE I 
NOMENCLATURE USED IN THIS PAPER 

m Number of the secondary backbones 
i Index of the secondary backbones, , ,i 1,2 m=   

ir  
Distance from the imaginary primary backbone to the ith 
secondary backbone. 

ir  can be different for different i . 

iβ  
iβ  characterizes the division angle from the ith secondary 

backbone to the 1st secondary backbone. 01β ≡  and 
iβ  

remain constant once the brace is built. 

, iL L  
Lengths of the imaginary primary and the ith secondary 
backbones measured from the base ring to the end ring. 

id Diameter of the ith secondary backbone 

( ) ( ), i is sρ ρ Radius of curvature of the primary and the ith secondary 
backbones. 

q [ ]T

1 2 mq q q=q   is the actuation lengths for the 
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secondary backbones and 
i iq L L≡ − . 

( )sθ  
The angle of the tangent to the imaginary primary 
backbone in the bending plane. ( )Lθ  and (0)θ  are 

designated by 
Lθ  and 

0θ , respectively. 
0 2θ π= . 

iδ  
A right-handed rotation angle about ˆ1z  from ˆ1x  to a ray 

passing through the imaginary primary backbone and the 
ith secondary backbone. 

δ  1δ δ≡  and 
i iδ δ β= + . 

ψ  [ ]T

Lθ δ≡ψ  defines the configuration of the brace. 

( )b sp  
Position vector of a point along the primary backbone in 

{ }b . ( )b Lp  is the tip position and is designated by b
Lp . 

 

 
Fig. 2. Nomenclature and coordinates of the continuum brace 

B. Kinematics 

Thorough kinematics analysis of such a continuum brace 
can be found in [34-38]. This work here emphasizes the shape 
of the primary backbone to be non-circular (the result also 
applies if the shape is circular). This work also extends the 
modeling for arbitrary arrangements of the secondary 
backbones by assigning different values to ir  and iβ . 

Configuration of the continuum brace is parameterized by 

[ ]T

Lθ δ=ψ . Since shapes of the secondary backbones are 

assumed by a sweeping motion of the structure's cross section 
along the primary backbone, projection of the ith secondary 
backbone on the bending plane is a curve which is offset by 

iΔ  from the primary backbone. Its radius of curvature and 

arc-length are indicated by ( )i isρ  and is . They are related to 

the parameters of the primary backbone as follows: 

 ( ) ( )i i is sρ ρ= + Δ   (1) 

Where cosi i ir δΔ ≡ .  

The length of the primary backbone and the length of the 
ith backbone are related according to: 

 ( ) ( )i i i iL ds ds ds ds L ds ds= = − + = + −     (2) 

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

 ( ) ( ) ( )( )
0

0

L

i i ids ds s s d
θ θ

ρ ρ θ
−

− = −    (3) 

 ( ) ( )( )
0 0

0 0

L L

i i is s d d
θ θ θ θ

ρ ρ θ θ
− −

− = − Δ    (4) 

 ( ) ( )0 0cos cosi i i L i i LL L r L rδ θ θ δ θ θ= − − = + −   (5) 

Referring to the definition of iq  in Table I, Eq. (5) gives: 

 ( )0cosi i i Lq r δ θ θ= − , , ,i 1,2 m=    (6) 

Eq. (6) states that actuation of this continuum brace only 
depends on the values of Lθ  and δ , no matter what the actual 

shape of the primary backbone is. This characteristics 
provides a particular advantage: when the brace is put on 
different patients, different anatomies give different shapes of 
the primary backbone, but the actuation remains the same 
while orienting the limb to the same direction (the direction is 
characterized by Lθ  and δ ).  

 
Fig. 3. The primary backbone and the projection of secondary backbones in 

the bending plane 

Rotation matrix b
eR  associates { }e  and { }b : 

 
( ) ( ) ( )0ˆ ˆ ˆR R Rb

e b 1 L 2δ θ θ δ= − −R z , y , z ,   (7) 

Where ( )ˆR γn,  designates rotation about n̂  by an angle γ . 

Tip position of the continuum brace is given by: 

 ( )( ) ( )( )
0 0

cos 0 sin

TL L
b b

L 1 s ds s dsθ θ
 

=  
  
 p R   (8) 

Where ( )ˆRb
1 b δ= −R z ,  and the integrals depend on the 

actual shape of the primary backbone.  

IV. SYSTEM DESCRIPTIONS 

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 orients the wearer's upper arm. 

Projection of a 
secondary backbone 
in the bending plane

Lθ

ˆ ˆb 1=z z

ˆ 1x

0 Lθ θ−

iΔ

The primary 
backbone with a 
shape that is not 

necessarily circular

Lθ

δ

Spacer Ring 

End Ring Bending Plane

δ

ˆ ˆb 1=z z

ˆ 1x
ˆ bx

ˆ 1y

ˆ by

ˆ ˆ2 e=z z

ˆ ex

ˆ 2y

ˆ ey

ˆ 2x

Secondary 
Backbones 

The imaginary primary 
backbone indicates the 
length and the shape of 
the continuum brace.  

Base Ring 
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A. The continuum brace 

Main design parameters of the continuum brace include 
length of the imaginary primary backbone ( L ), size and 
placement of the secondary backbones ( id , ir  and iβ ).  

As detailed in [32], length of the imaginary primary 
backbone ( L ) is determined to be 220mm and all the ir  are 

set to be 60mm so that the exoskeleton is big enough to fit a 
reasonable group of patients. The continuum exoskeleton 
supposes to provide enough assistance to patients for their 
ADLs (Activities of Daily Living). According to [39], a 
shoulder joint provides a torque as high as 10 Nm to drive the 
upper limb. A preliminary statics model presented in [32] 
suggested that the use of 25 secondary backbones at 
diameters of 1.2mm leaded to a maximal stress in the NiTi 
material well below the allowed value. Hence 25 secondary 
backbones will be used. As shown in Fig. 4, the backbone 
arrangement corresponds to the indicated iβ  values. The use 

of more secondary backbones can reduce the backbones’ 
diameter and it brings a few additional advantages: i) thinner 
backbones increase the flexibility of the exoskeleton hence 
leads to a potential increase in user comfort; ii) failure of one 
thin backbone would not fail the entire exoskeleton hence 
reliability and safety can be potentially increased.  

Main design parameters are summarized in Table II. 

 
Fig. 4. The continuum brace with the arrangement of the secondary 

backbones (part of the brace is hidden for better visualization of the joint) 
TABLE II 

DESIGN PARAMETERS OF THE CONTINUUM BRACE 
220L mm=  1.2id mm=  60ir mm=  

0, 18, 2 18, , 12 18

24 18, 25 18, , 35 18
1 2 3 13

14 15 25

β β π β π β π
β π β π β π

= = = =
= = =


  

B. The actuation unit and the transmission 

Actuation of the continuum brace involves simultaneous 
pushing and pulling of 25 secondary backbones. However, as 
explained in Section III.B, 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 kinematics in Eq. (6). 
The attempt of designing such a transmission using 

hydraulic cylinders was detailed in [32]. However that design 
encountered severe leaking problems and abandoned.  

A completely redesigned actuation unit is shown in Fig. 5. 
It has a continuum transmission which consists of two layers 
of the continuum structure shown in Fig. 2: 
• 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 diameter of this layer is 
twice of the shoulder brace. According to the kinematics 
in Eq. (6), bending of the inner layer will bend the 
shoulder brace for a double amount. 

• The outer layer has 4 secondary backbones that are placed 
90º away from each other. Bending of this outer layer 
bends the inner layer to the same orientation since 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 inverse the 
push-pull motions for backbones with a division angle of 180º. 
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. Experimental results shown in Fig. 9 and Fig. 10 will 
validate this assumption. 

 
Fig. 5. The actuation unit with a continuum transmission mechanism 

V. EXPERIMENTAL RESULTS  

In order to demonstrate the effectiveness and advantages of 
the proposed continuum shoulder exoskeleton design, a series 
of experiments were conducted. Experimental results showed 
that under the same actuation and different constraints 
introduced by different anatomical parameters, the continuum 
brace adapted to the anatomies passively and deformed into 
different shapes. Although the deformed shapes were 
different, the shoulder exoskeleton managed to orient an 

The continuum transmission 
consists of two layers of the 
continuum structures as 
shown in Fig. 2: 
• The inner layer 
• The outer layer 

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 
backbones with a division 
angle of 180º. 

• A few sliding blocks 
prevent bulking of these 
backbones. 

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

The shoulder joint is 
represented by three 
serially connected 
revolute joints; a 

clearer view can be 
found in Fig. 6.(a). 
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upper arm to similar directions.  

A. Shape identification of the continuum brace 

The shoulder exoskeleton is shown in Fig. 6 with its 
actuation unit and controller. Two Maxon DC servomotors 
were controlled by a Matlab xPC Target to drive the ball 
screws according to kinematics as in Eq. (6). Motion control 
cards included the D/A card PCL-727 from the AdvanTech 
Inc and the counter card CNT32-8M from the Contec Inc. 

As shown in Fig. 6.(a), three serially connected revolute 
joints approximate the shoulder joint since an off-the-shelf 
spherical joint doesn't have enough motion ranges. Axes of 
these revolute joints intersect at a point which is the center of 
the shoulder joint. Different structural components were used 
to introduce different distances from the shoulder joint center 
to the base ring of the continuum brace (the distances are 
80mm, 100mm and 120mm respectively). 

 
Fig. 6. The shoulder exoskeleton with its actuation unit and controller 

Actuation of the continuum brace oriented the mockup arm. 
Pictures of the continuum brace in motion were taken to 
identify shapes of backbones as well as to determine bending 
angles of the brace. In order to minimize disturbance from 
gravity, the system was laid down so that the arm was sliding 
on a horizontal plate made from PTFE for a low friction. 

The 100mm shoulder joint was used in Fig. 7 and backbone 
#4, #9 and #12 were picked (Numbering of the backbones is 
in Fig. 4). At first surrounding pixels were manually erased to 
expose the backbones, as shown in the inset (a). Edges were 
then detected and a curve was fitted to each backbone. Curve 
fitting results were overlaid back to the original picture to 
examine whether the fitted curves matched the shape of the 
backbones. Using the curve fitting results, a plot of bending 
angle versus curve length can be found in Fig. 8. According to 
the definition of Lθ , the bending angle is equal to 2 Lπ θ− . 

When a pixel is converted to an actual dimension, the 

conversion ratio is different for different distant object planes 
due to the perspective projection. In Fig. 7, two plates with a 
100mm×100mm graph paper were included: one was aligned 
with the backbone which is closest to the camera, while the 
other was aligned with the backbone which is furthest to the 
camera. Then 100mm spanned 283 pixels for the closest plate 
and spanned 271 pixels for the furthest plate. Because of the 
4.6% discrepancy, the length unit in Fig. 8 was kept as pixel. 
The unit will not affect the results of shape identification. 
Lens distortion was examined and found to be negligible.  

 
Fig. 7. Image processing & curve fitting for backbone shape identification 

 
Fig. 8. Bending angles of selected backbones in the shoulder brace along 

their length 

The two-layer continuum transmission mechanism will be 
deformed as in Fig 9 to drive the continuum brace. As shown 
in Fig. 9 and Fig. 10, shape of the backbones in both the inner 
and the outer layers was identified using the aforementioned 
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process. Results from Fig. 10 indicated that backbones of the 
inner and the outer layers bent into similar shapes (all very 
close to circular arcs). The 2-layer continuum transmission 
bent for around 22º in Fig.10. This corresponded to the 45º 
bending of the shoulder brace because diameter of the inner 
layer is twice of the shoulder brace. 

 
Fig. 9. Shape of selected backbones in the 2-layer continuum transmission 

 
Fig. 10. Bending angles of selected backbones in the 2-layer continuum 
transmission mechanism along their length 

The same actuation driving the continuum brace for a 
100mm shoulder joint was repeated for the 80mm and the 
120mm shoulder joints, and also for the case where no 
shoulder joint was attached. Figure 11 plots actual bending 
angles of the continuum brace when the desired bending 
angels span from 0º to 70º. The experimental data points lay 
closely around their linear regressions. Although bending 
discrepancy exists for different shoulder joints, it can be 
compensated using the method detailed in [40]. 

B. Manikin trials 

The continuum shoulder exoskeleton was then put on a 
skeleton manikin to demonstrate the effectiveness of the 
proposed idea. Silicone rubber was molded to the skeleton to 
mimic an upper arm and rubber strips acted as the rotator cuff 
(including muscles and their tendons) to hold the humerus’s 

head in its socket, as shown in Fig. 12.(a). Assisted motion of 
this manikin arm can be viewed in Fig 12 as well as in the 
multimedia extension. Because the Maxon motor used in the 
actuation unit only had a power rating of 6 watts with a 370:1 
gearhead, the assisted motion was quite slow and the movie 
was speeded up. 

No firm connection between the arm sleeve and the arm is 
needed for motion assistance. When the arm sleeve is oriented 
by the shoulder brace, the arm rests in the sleeve naturally, 
preventing the exoskeleton from exerting excessive forces on 
the shoulder joint.  

 
Fig. 11. Actual versus desired bending angles of the continuum brace 

 
Fig. 12. Manikin trials for the continuum shoulder exoskeleton; motion 
pictures can be seen in the multimedia extension 

VI. CONCLUSION AND FUTURE WORK 

This paper presented a novel design and its experimental 
verification of a continuum shoulder exoskeleton intended for 
rehabilitation. Backbones in the continuum brace were 
pushed and pulled to orient an arm sleeve and so to assist a 
patient with upper arm motions. During the assisted motions, 
the continuum exoskeleton was deformed and passively 
adapted to different anatomies because of its intrinsic 
flexibility. Although shapes of the exoskeleton were different 
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for different anatomies, the same actuation was able to assist 
the anatomically different upper arms with similar motions. 
This is particularly advantageous for its application in a 
clinical setting. When the exoskeleton is shared by a group of 
patients, without performing any hardware adjustments, the 
exoskeleton can match each patient’s anatomy passively and 
assist his/her upper arm motion. During assisted motions, no 
firm attachment between the arm sleeve and the arm is needed. 
When the arm sleeve is oriented by the shoulder brace, the 
arm rests in the sleeve naturally, preventing the exoskeleton 
from exerting excessive forces on the shoulder joint. In other 
words, the proposed design could potentially provide safe and 
effective rehabilitation to a group of anatomically different 
patients in an operation-friendly manner. 

Future work includes deriving a more detailed kinematics 
model to describe the actual shape of the exoskeleton. Using 
this model, motion compensation could be more effectively 
achieved. Design ergonomics of this shoulder exoskeleton 
should also be further improved so that it can be used by 
impaired subjects. A possible solution is to design the 
continuum shoulder ring as two separable pieces which can 
be quickly assembled while putting on a patient. In this way 
the exoskeleton can also be conveniently peeled off when a 
therapeutic session is finished.  

Although the current design is only for the shoulder joint, 
the ultimate goal is to stack more continuum braces to build a 
safe, light, multiple-DoF exoskeleton for the assistance of the 
entire upper arm. 
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