
  

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=
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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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