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Abstract. In a clinical environment for rehabilitation therapy, one exoskeleton 
is usually shared by multiple patients. If the exoskeleton has a rigid structure 
which is actuated to mobilize a patient, it will be challenging to guarantee these 
on-site adjustments can make the rigid exoskeleton fit each patient 
kinematically perfectly. This paper proposes to design an exoskeleton using 
compliant continuum mechanisms. Its intrinsic flexibility allows the adaption to 
different human anatomies passively. The design concept, kinematics and 
design simulations are elaborated for this SJTU Continuum Arm Exoskeleton 
(SCAX). Combining previous experimental results for a proof-of-concept 
shoulder exoskeleton, the SCAX could effectively achieve consistent Anatomy 
Adaptive Assistances (AAA) for different patients with their limb motions.  

Keywords: Exoskeleton, continuum mechanisms, kinematics, SCAX (SJTU 
Continuum Arm Exoskeleton), AAA (Anatomy Adaptive Assistances). 

1 Introduction 

Research on exoskeletons has been quite active in the past decades. Numerous 
exoskeleton systems were developed for upper and lower limbs for military and medical 
applications (e.g. [1, 2]). These exoskeleton systems either aim to augment a healthy 
wearer’s physical performance with robotic actuation or to deliver rehabilitation 
therapies to patients with neuromuscular defects after stroke or injury. Examples include 
the performance-augmenting exoskeleton from UC Berkeley [3], the load-carrying 
exoskeleton from MIT [4], rehabilitation exoskeletons for lower limbs [5-9], and those 
for upper limbs [10-17]. Actuation schemes of these systems include hydraulic cylinders 
[3] or pneumatic cylinders [5, 15, 18], pneumatic muscle actuators [10], cables [7, 11, 
17], parallel mechanisms [8, 12, 14], gearmotors [19] and so on. 

Besides these systems, research was also about enabling technologies, such as 
inertia compensation [20], sensing & control [4, 21-24], and most importantly 
ergonomics [25-27]. 

Many of the existing exoskeleton systems shared one similar design methodology: 
an articulated rigid kinematic chain is actuated to move an attached wearer. The use 
of rigid mechanisms in an exoskeleton might be suitable for applications for strength 
augmentation so that excessive external loads can be undertaken so as to shield the 
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wearer. But the use of rigid mechanisms introduces drawbacks such as bulkiness, high 
inertia, and most importantly the difficulty of maintaining kinematic compatibility 
between the exoskeleton and a human anatomy. In a clinical environment for 
rehabilitation therapy, one exoskeleton is usually shared by a group of patients. If the 
exoskeleton has a rigid structure, it will be challenging to guarantee these on-site 
adjustments can make the rigid exoskeleton fit each patient kinematically perfectly. 
Hence, design possibilities of using compliant components could be investigated. 
These attempts include a simulation work that used elastic cords to assist walking 
[28], an upper body exoskeleton using pneumatic artificial muscles [29], a cable-
driven upper-limb exoskeleton [16, 17], and a proof-of concept continuum shoulder 
exoskeleton [30-32]. 

This paper presents the design concept, kinematics and simulation verifications of 
the SJTU Continuum Arm Exoskeleton (SCAX) as shown in Fig. 1. The contribution 
of this paper is mainly the proposal of designing an arm exoskeleton for rehabilitation 
using continuum mechanisms. Intrinsic compliance of such a continuum exoskeleton 
adapts to different human anatomies passively and can always assure the kinematic 
compatibility between itself and a group of patients. 

The paper is organized as follows. Section 2 presents the design concept. Section 3 
presents nomenclature and kinematics so that the simulation verifications can be 
presented in Section 4. Conclusions and future work are summarized in Section 5. 

2 Design Concept 

The continuum shoulder exoskeleton as in Fig. 1 consists of i) a rigid forearm sleeve, 
ii) a flexible elbow brace, iii) a rigid upper arm sleeve, iv) a flexible shoulder brace, 
v) a body vest, vi) a set of guiding cannulae, and vii) an actuation unit. Actuation of 
the continuum elbow brace and the continuum shoulder brace orients a patient’s arm 
accordingly. This work is inspired by the designs from [33-35] where downscaled 
such continuum structures were used in surgical robots. 

Structures of the continuum elbow brace and the continuum shoulder brace are 
similar. A schematic structure is also depicted in Fig. 2. Each brace 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.  

For either the shoulder brace or the elbow brace, the secondary backbones are only 
attached to the end ring and can slide in holes of the spacer rings and the base ring. 
The backbones for the elbow brace are routed through the upper arm sleeve and the 
shoulder brace. The backbones for the elbow and the shoulder braces are all routed 
through the set of guiding cannulae to the actuation unit, which simultaneously pulls 
and pushes these backbones to bend the continuum braces to orient a patient's upper 
arm and forearm. Miniature springs are used to keep the spacer rings evenly 
distributed to prevent buckling of the secondary backbones. 

Advantages of the continuum exoskeleton include: i) safety and comfort introduced 
by the inherent compliance, ii) passive adaptation to different patient anatomies, 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 
backbones as both the structural components and the motion output members. 
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Fig. 1. Design concept of the SJTU Continuum Arm Exoskeleton (SCAX) 

3 Nomenclature and Kinematics 

The nomenclature and the kinematics assume that the continuum braces (the shoulder 
and the elbow braces) bend into a planar shape 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 [34, 36, 37], this work doesn't assume shape of the imaginary primary 
backbone to be circular, which has been experimentally verified in [31]. 

3.1 Nomenclature and Coordinate Systems 

Since the shoulder brace and the elbow brace are structurally similar, the structure in 
Fig 2 could be applied as the shoulder brace or the elbow brace with different 
arrangement of the backbones. 

To describe the structure, 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, ,tb tb tbtb ≡ 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 tbx  points from the 

center of the base disk to the first secondary backbone while ˆ tbz  is perpendicular 

to the base ring. The secondary backbones are numbered according to the 
definition of iδ . 

The rigid forearm sleeve 

The actuation 
unit

Guiding cannulae  

The elbow brace 

The rigid upper arm 
sleeve 

The shoulder brace 

The body vest 



354 K. Xu, Y. Wang, and D. Qiu 

 

• Bending Plane Coordinate System 1 (BPS1) is designated as { } { }ˆ ˆ ˆ, ,t1 t1 t1t1 ≡ x y z  

which shares its origin with { }tb  and has the  brace bending in its XZ plane. 

• Bending Plane Coordinate System 2 (BPS2) is designated as { } { }ˆ ˆ ˆ, ,t2 t2 t2t2 ≡ x y z  

obtained from { }t1  by a rotation about ˆ t1y  such that ˆ t1z  becomes backbone 

tangent at the end ring. Origin of { }t2  is at center of the end ring. 

• End Ring Coordinate System (ERS) { } { }ˆ ˆ ˆ, ,te te tete ≡ x y z  is fixed to the end ring. 

ˆ tex  points from center of the end ring to the first secondary backbone and ˆ tez  is 

normal to the end ring. { }te  is obtained from { }t2  by a rotation about ˆ t2z . 

Table 1. Nomenclature used in this paper 

t  
Index of the continuum braces: t 1=  for the shoulder brace and t 2=  

for the elbow brace 
m  Index of the secondary backbones, , , ,i 1 2 m=   

tir  In the indicated brace, distance from the imaginary primary backbone to 
the ith secondary backbone. tir  can be different for different t  and i . 

tiβ  

In the indicated brace, tiβ  characterizes the division angle from the ith 

secondary backbone to the first secondary backbone. 0tiβ ≡  and tiβ  

remain constant once the braces are built. 

,t tiL L  In the indicated brace, lengths of the imaginary primary and the ith 
secondary backbones measured from the base ring to the end ring. 

( ) ( ),t ti tis sρ ρ  In the indicated brace, radius of curvature of the primary and the ith 
secondary backbones. 

tq  
In the indicated brace, [ ]T

t t1 t2 tmq q q=q   is the actuation lengths 

for the secondary backbones and ti ti tq L L≡ − . 

( )t sθ  
In the indicated brace, angle of the tangent to the imaginary primary 
backbone in the bending plane. ( )t Lθ  and ( )0tθ  are designated by 

tLθ  and 0θ , respectively. 0 2θ π=  

tiδ  
In the indicated brace, a right-handed rotation angle about ˆ t1z  from ˆ t1x  

to a ray passing through the imaginary primary backbone and the ith 
secondary backbone. 

tδ  t t1δ δ≡  and ti t tiδ δ β= +  

tψ  [ ]T

t tL tθ δ≡ψ  defines the configuration of the indicated brace. 

( )tb
t sp  

In the indicated brace, position vector of a point along the primary 
backbone in { }tb . ( )tb

t Lp  is the tip position and is designated by 

tb
tLp . 
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tLθ
tδ

Spacer Ring 

End Ring Bending Plane

tδ

ˆ ˆtb t1=z z

ˆ t1x
ˆ tbx

ˆ t1y

ˆ tby

ˆ ˆt2 te=z z

ˆ tex

ˆ t2y

ˆ tey

ˆ t2x

Secondary 
Backbones 

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

Base Ring 

 

Fig. 2. Nomenclature and coordinates of the continuum brace 

3.2 Kinematics 

Thorough kinematics analysis of such a continuum brace can be found in [34, 36, 37]. 
This work here emphasizes the shape of the primary backbone to be non-circular (the 
result also applies if the shape is circular) and arrangements of the secondary 
backbones to be arbitrary (assigning different values to tir  and tiβ ).  

Configuration of the continuum brace is parameterized by 
T

t tL tθ 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 tiΔ  from the primary 

backbone. Its radius of curvature and arc-length are indicated by ( )ti tisρ  and tis . 

They are related to the parameters of the primary backbone as follows: 

( ) ( )t ti ti tis sρ ρ= + Δ  . (1)

Where costi ti tir δΔ ≡  
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The length of the primary backbone and the length of the ith backbone are related 
according to: 

( ) ( )ti ti ti t t ti t tL ds ds ds ds ds ds L= = − + = − +    . (2)

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

tL

ti t ti ti t tds ds s s d
θ θ

ρ ρ θ
−

− = −   . (3)

( ) ( )( )
0 0

0 0

tL tL

ti ti t t tis s d d
θ θ θ θ

ρ ρ θ θ
− −

− = − Δ   . (4)

( ) ( )0 0cos costi t ti ti tL t ti ti tLL L r L rδ θ θ δ θ θ= − − = + −  . (5)

Referring to the definition of tiq  in Table 1, Eq. (5) gives: 

( )0costi ti ti tLq r δ θ θ= − , , ,i 1,2 m=   . (6)

Equation (6) states that actuation of this continuum brace only depends on the 
values of tLθ  and tδ , 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 tLθ  and tδ ). 

Rotation matrix b
eR  associates { }te  and { }tb : 

( ) ( ) ( )0ˆ ˆ ˆR R Rtb
te tb t t1 tL t2 tδ θ θ δ= − −R z , y , z ,  . (7)

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

Tip position of the continuum brace is given by: 

( )( ) ( )( )
0 0

cos 0 sin
t t

TL L

tb tb
tL t1 t t t t t ts ds s dsθ θ

 
=  

  
 p R  . (8)

Where ( )ˆRtb
t1 tb tδ= −R z ,  and the integrals depend on the actual shape of the 

primary backbone. 
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4 Design Simulations 

Actual shapes of the shoulder and the elbow braces depend on a minimal of the total 
potential energy of the exoskeleton-arm system (elastic potential energy of the 
continuum exoskeleton and the gravitational potential energy of the arm). The shapes 
would also be affected by the anatomical parameters (such as shoulder widths and 
arm lengths) of a patient. 

Demonstrated experimentally as in [31], the shapes of the braces’ secondary 
backbones were different from circular arcs. In fact the actual shapes kept changing 
during the motions of assisting a patient’s limb. In order to verify the kinematics of 
the SCAX exoskeleton, the simulations are conducted with an assumption that the 
shape of one secondary backbone within the braces could be characterized as one 
circular arc plus a straight line, as shown in Fig. 3. 

The arm in Fig. 3 consist of a shoulder joint, an upper arm, an elbow joint and a 
forearm with hand. The shoulder joint is represented by a spherical joint whereas the 
elbow joint is represented by a revolute joint.  

The axis of the upper arm is aligned with ˆ1ez  and the axis of the forearm is 

aligned with ˆ 2ez . Since the wearer’s hand can be considered rigidly attached to the 

forearm sleeve, the position and the orientation of the hand can be characterized by 
1b

handp  and 1b
2eR  respectively as follows: 

{ }{ }{ }1b 1b 1b 1e 2b 2e
hand 1L 1e 2e hand1e 2b= + +p p R p R p  . (9)

Where 2e
handp  is an arbitrary point within the hand described in { }2e  and 

{ }{ }
1e

1e 2bp  is the position vector from the origin of { }1e  to the origin of { }2b . 

1b 1b 2b
2e 1e 2e=R R R  . (10)

Once the arm exoskeleton is built, lengths of the continuum braces and the sleeves 
will be kept constant. Structural parameters of the SCAX exoskeleton are listed in 
Table 2. 1sL  and 2sL  are the lengths of the upper arm sleeve and the forearm sleeve 

respectively. 
Motion simulations were conducted for the four poses with the following 

configuration variables as shown in Fig. 4. 
 

 [ ]2 0 2 0
T

1L 1 2L 2θ π δ θ π δ= = = =  

 [ ]3 3 4 2 0
T

1L 1 2L 2θ π δ π θ π δ= = = =  

 [ ]6 3 4 2 0
T

1L 1 2L 2θ π δ π θ π δ= = = =  

 [ ]6 3 4 3 3 4
T

1L 1 2L 2θ π δ π θ π δ π= = = =  
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The shoulder brace 

The elbow brace 

ˆ ˆ1e 2b=z z

ˆ 1bx

ˆ 1by

ˆ 2ez

ˆ 1ex

ˆ 1ey

ˆ1bz

ˆ 2bx

ˆ 2by

2ˆ ex

ˆ 2ey

The upper arm sleeve 

The forearm sleeve

The portion with a 
circular shape 

The portion with a 
straight shape 

The portion with a 
straight shape 

 

Fig. 3. Coordinate assignments of the SCAX exoskeleton 

Table 2. Structural parameters of the SCAX exoskeleton 

2801L mm=  651ir mm=  801sL mm=  

2602L mm=  652ir mm= 802sL mm=  

[ ]0 2
T

1Lθ π∈  [ ]T

1δ π π∈ −  [ ]0 2
T

2Lθ π∈  [ ]T

2δ π π∈ −  
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Fig. 4. Motion simulations of the SCAX exoskeleton 

5 Conclusions and Future Work 

This paper presented the design concept, kinematics and motion simulations of the 
SJTU Continuum Arm Exoskeleton (SCAX) which utilizes continuum braces to 
orient a patient wearer’s arm for rehabilitation therapies. The secondary backbones in 
the continuum braces were pushed and pulled to achieve the actuation so as to assist a 
patient with upper arm motions.  

During the assisted motions, the continuum braces in the exoskeleton were 
deformed and they passively adapted to different anatomies because of the intrinsic 
flexibility. Although shapes of the exoskeleton were different for different anatomies, 
the same actuation was able to assist the anatomically different arms with similar 
motions. This is a particular advantage for the exoskeleton’s 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 arm motions.  

2 0
2 0

1L 1

2L 2

θ π δ
θ π δ

= =
= =

3 3 4
2 0

1L 1

2L 2

θ π δ π
θ π δ

= =
= =

6 3 4
2 0

1L 1

2L 2

θ π δ π
θ π δ

= =
= =

6 3 4
3 3 4

1L 1

2L 2

θ π δ π
θ π δ π

= =
= =
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No firm attachment between the arm sleeves and the arm is needed. When the arm 
sleeves are oriented by the shoulder brace and the elbow brace, the arm rests in the 
sleeves naturally, preventing the exoskeleton from exerting excessive forces on the 
shoulder joint and on the elbow 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, where is hence referred as to a 
rehabilitation with Anatomy Adaptive Assistances (AAA rehabilitation). 

Based on a general framework of the kinematics of the continuum braces, motion 
simulations were conducted to verify the motion capabilities of the SCAX 
exoskeleton while assisting an arm. 

Future work mainly lies on two aspects. The first aspect is to design an effective 
and compact actuation unit to drive the shoulder and the elbow braces. The second 
aspect is to improve the ergonomics so that it can be used by impaired subjects. A 
possible solution is to design the continuum braces 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.  
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