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Abstract—Most existing exoskeletons have followed a similar
design approach using articulated rigid links, despite the
applications of strength augmentation or rehabilitation, which
may have very different specifications. In order to address the
urge for ergonomics in wearable assistive exoskeletons for
rehabilitation, this paper proposed a design alternative using
compliant continuum mechanisms. Design concepts were
elaborated for an upper extremity exoskeleton for a shoulder
joint. Design considerations were then detailed based on a
general kinematics and statics model extended from previously
published results. Construction, actuation and transmission
schemes for a selected continuum structure were discussed and
a preliminary prototype was constructed to demonstrate
feasibility of the proposed idea.

I. INTRODUCTION

XOSKELETON research attracted significant attentions

in the past decades. Numerous exoskeleton systems have
been developed for upper and lower limbs, for military and
medical applications (e.g. [1, 2]). These exoskeleton systems
either seek to augment a healthy wearer’s physical capability
with robotic actuation for enhanced strength and stamina or to
allow rehabilitation of neuromuscular defects after stroke or
neural injury. Examples include the Mihailo Pupin Institute
exoskeleton for rehabilitation of paraplegics [3] from the 70s
and many recent advances, such as performance-augmenting
full-body exoskeleton systems [4-6] from UC Berkeley,
load-carrying lower extremity exoskeletons from MIT [7, 8],
rehabilitation exoskeletons for lower limbs [9-12], and upper
limbs [13-21]. Most of the aforementioned systems use
actuation of hydraulic [7] or pneumatic cylinders [3, 9, 20],
rotary pneumatic actuators [5], pneumatic muscle actuators
[13], cable actuations [11, 14], parallel mechanisms [12, 16,
19], gearmotors [4, 15], linkages [18, 21], etc.

Besides these actual exoskeleton systems, research is also
about enabling technologies, such as inertia compensation
[22], sensing & control [4, 8, 23, 24], discomfort reduction
[25], hyperstaticity avoidance [26], new actuators [27],
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rehabilitation treatment planning [28, 29], etc.

Among existing wearable exoskeletons designs, most have
followed one similar design approach: articulated rigid links
are actuated with a human wearer attached. Regardless the
applications (rehabilitation or strength augmentation), these
designs have essentially similar topological structures, with
different sensing and actuation methods.

The use of rigid links in an exoskeleton design, which may
be suitable for applications requiring strength augmentation,
has many disadvantages for applications emphasizing user
comfort with a low to moderate force requirement. One such
application is rehabilitation where ergonomics, low inertia,
device compactness, and conformity to human shapes are
paramount. A design with compliant components might lead
to better outcomes. Such design attempts include a simulation
by van den Bogert to show the possibility of using elastic
cords to assist walking [30], an upper body exoskeleton using
home-made pneumatic artificial muscles by Kobayashi et al.
[31], and a cable-driven upper extremity exoskeleton by
Agrawal et al. [32, 33]. The use of continuum mechanisms to
address this design challenge has not been explored yet.

This paper presents an alternative design of rehabilitation
exoskeletons using continuum mechanisms as shown in Fig. 1.
Bending of the continuum mechanism (Fig. 1.(2)) orients the
upper arm accordingly.

Fig. 1. Upper extremity exoskeleton using continuum mechanisms: (1)
a rigid 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 paper’s main contribution is in investigating this novel
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concept while focusing on design considerations such as
kinematics and statics modeling, constructions and actuation
schemes. The concept is verified using a preliminary
prototype. Other contributions of this paper include 1)
derivation of kinematics and statics modeling for the
continuum structure with arbitrary placement of secondary
backbones and 2) a design of a hydraulic transmission which
can drive multiple secondary backbones simultaneously.

The paper is organized as the following. Section II covers
the design concept and a design overview. Section III
presents nomenclature, kinematics and statics modeling to
facilitate the explanation of design components in Section V1.
Section V presents a preliminary prototype for demonstration
with conclusions followed in Section VI.

II. DESIGN CONCEPT AND OVERVIEW

The design concept shown in Fig. 1 uses a flexible joint
brace (Fig. 1.#2) to orient a patient’s humerus. This work is
inspired by [34-36] where continuum architectures as in Fig.
2.(a) were designed and used as dexterous wrists for a
surgical slave. This continuum structure in Fig. 2-(a) consists
of an end disk, a base disk, a few secondary backbones and a
primary backbone. All the backbones are made from thin
NiTi (Nickel-Titanium alloy) rods. The primary backbone is
attached to both the end disk and the base disk, while
secondary backbones are only attached to the end disk and
can slide in holes of the base disk. A 2-DoF (Degree of
Freedom) bending of the continuum structure is achieved by
simultaneously pulling and pushing all the secondary
backbones. Major advantages of this structure include: 1)
scalability, 2) 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 3) design compactness achieved by
dual roles of these secondary backbones as both structural
components and actuation members. More importantly,
inherent compliance of this continuum structure is
particularly advantageous for rehabilitation purposes which
could greatly increase user comfort and safety.

Our current design and a preliminary prototype for a
mockup shoulder joint is shown in Fig. 1. It consists of a rigid
upper arm sleeve (#1), a flexible continuum joint brace (#2), a
body vest (#3), a set of rigid guiding cannulae (#4), and an
actuation unit (#5).

The continuum joint brace (Fig. 1.#2) has multiple
secondary backbones made from thin NiTi rods. The primary
backbone is eliminated to provide space for the upper arm.
Multiple spacer disks are integrated in the structure to reduce
backbones’ buckling risks. A flexible mesh is used to keep
these spacer disks evenly distributed. The actuation unit (Fig.
1.#5) pulls and pushes these secondary backbones that are
routed through a set of rigid guiding cannulae (Fig. 1.#4)
embedded in the body vest (Fig. 1.#3). The continuum brace
could have many different forms with various number and
placement of the secondary backbones. Choices are made
based on statics and stress analysis presented in Section I'V.

The flexible continuum joint brace (Fig. 1.#2) only has 2
DoFs while 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. Small wheels are
assembled to the rigid upper arm sleeve (Fig. 1.#1) so that the
upper arm can rotate freely with respect to the upper arm
sleeve. Actual implementation includes an inflatable bandage
to fill up the space between the sleeve and the upper arm, as
shown in Fig. 1 and Fig. 7.

Bending of the continuum joint brace will orient the upper
arm sleeve as desired. The bending is achieved by pushing
and pulling all the NiTi secondary backbones simultaneously.
Exact orientation and shape of the arm sleeve depends on a
minimal potential energy solution of the elastic potential
energy of the NiTi rods and the gravitational potential energy
of the arm sleeve and the patient’s limb, constrained by the
patient’s anatomical geometry. Exact modeling of this system
will be difficult but fortunately absolute motion accuracy is
less of concern in many rehabilitation applications.

Although the current design is only for the shoulder joint,
more continuum mechanisms could be stacked to build a
multiple-DoF exoskeleton to assist an entire upper arm. The
ultimate goal is to build an exoskeleton for rehabilitation with
a light and compliant wearable part and superb comfort.

III. THEORETICAL BACKGROUND

Modeling of the continuum structure as in Fig. 2 has been
studied in many works (e.g. [35-39]). An approximation
widely accepted and experimentally validated assumes each
NiTi backbone bending into a circular shape [40]. Following
this assumption, coordinates and nomenclatures are defined
to facilitate the kinematic modeling.

This paper extends the kinematics and statics modeling
from [34, 35, 39] to include cases where the continuum
structure may have an arbitrary number and placement of the
secondary backbones.

A. Coordinates and nomenclature
As shown in Fig. 2, four coordinates are defined and

nomenclature is defined in Table 1.

e Base Disk Coordinate System (BDS) {b} ={X]y,.z,} is
attached to the base disk with its XY plane coinciding
with the base disk and its origin at the center. The X,
points from the center of the base disk to the first
secondary backbone while the Z, is perpendicular to the
base disk. Secondary backbones are numbered according
to the definition of o, .

(BPS1)

{c}={Xy..z.} is defined such that the continuum

o Bending Plane Coordinate  System 1
segment bends in the XZ plane, with its origin coinciding
with the origin of {b} .

e Bending Plane (BPS2)
{d}={X],y,.z,} is obtained from {c} by a rotation

Coordinate  System 2
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about y_ such that z, becomes the backbone tangent at
the center of the end disk.

* End Disk Coordinate System (EDS) {e} ={X}y,.,z,} is
attached to the end disk. %, points from the center to the
Ist secondary backbone with Z, normal to the end disk.

{e} is obtained by a rotation about z, from {d} .

/l Bending plane |

| Primary backbone | | End disk |

| Secondary backbone 1

Fig. 2. Kinematics nomenclature: (a) the structure used in [34-36], (b) a
structure with multiple secondary backbones

TABLE I: NOMENCLATURE USED
m  |Number of the secondary backbones.

i Index of the secondary backbones, i=1,2, **sm
Distance from the primary to the ith secondary backbone. r;
doesn’t have to be the same for all the secondary backbones.

=

E,,E; |Young’s modulus of the primary and the secondary backbones

I Cross-sectional moment of inertia of the primary and the
7" |secondary backbones

Length of the primary backbone. In the absence of a primary
L, |backbone, it is the length when the structure is straight (at this
moment, all the secondary backbones have the same length).

1

L, |Length of the ith secondary backbone.

q=[g: g2 *** qu]" is ]the actuation length vector of the secondary

4 backbones, where ¢;=L:-L,
The angle of the tangent to the primary backbone in the bending
O(s) |plane along the arc. O(L,) and 6(0) are designated by 6, and 6.

6,=m/2 is a constant.
A right-handed rotation angle from §_about 7 to aline passing

S through the primary backbone and the ith secondary backbone. J;
doesn’t have to be evenly distributed.
0=0, and 0;=d+f3;. Once the continuum structure is built, all the f;

s are constants.
y=[0, d]" defines a configuration of the continuum brace.
. t=[z;, 7, **7,]" is the actuation force vector of the secondary
backbones.
3 X where x is the twist of the end disk in {b} .In x, the

linear velocity precedes the angular velocity.
J Jacobian matrix of the mapping ¢ =y o '

E  |Elastic energy of the continuum structure.
W=If." m.]” is an external wrench with force components
preceding moment components.

B. Kinematics and statics

The orientation of the continuum brace is characterized by
y=[6, d]". Proper actuation of ¢; will orient the upper arm as
desired while z; will guide the design of the actuation unit.
Based on derivations detailed in [35, 36, 39], expressions of ¢;
and 7; have been generalized to include cases where r; and 6;
can have arbitrary values:

4 =1 c033,(6,-,) m
tE( Ly (VA-W ) )
Where entities are derived as the following:

rcosd,  —n (6, —6,)sing,
r,co80, —r, (6, —6,)sind.
Iy = 2 : 2 2(1,:0) 2 3)
r,cos8, —r, (6, -6,)sing,
p-0b) (B > @)
= + —_—
2 L, FL
EI, & EIL) (6,-6,) & ELrcoss,
(QL 00) P+ =i _( L 0) z'}czosd
VE: p i=1 i 2 i=1 Li
(6,-6,) i El7;sin
2 i=1 Ltz
) )
0, —6,)cos 6, —sing, +1 ind(1-sin@
chosd( ), —6,)cos b, 2sm ), + L sin (_sm )
(HL_HO) ‘9L ‘90
0, -6 6, —sin6, +1 S(1—sin@
—Lpsinﬁ( ), —6,)cos 0, 2s1n )+ L cos 0( _Zm )
(6,-6,) L~ & (6)
Jw = . (6, -6, )sin g, +cos, 0
P (HL—HO)Z
—sind cosdcosb,
—coso —sinocosd,
i 0 —1+sind,

IV. DESIGN DESCRIPTION

The continuum brace from Fig. 1 is used to orient one’s
limb. Since the upper arm will take up the central space, main
design components of this structure include placement and
length of the secondary backbones and the actuation unit.

A. Predetermined design parameters

Structure of the continuum brace can be determined by
assigning values to length L, and placement of the secondary
backbones (7; and 5)).

According to Eq. (1), the actuation length of each
secondary backbone is only associated with r;. A different L,
value doesn’t affect the bending motion of the continuum
brace. Hence, L, is predetermined to be 120mm. The assumed
value is picked to assure the bending radius of each secondary
backbone is well above the allowed value according to the
material property.

Since a bigger r; value leads to a bigger g; for the same
amount of bending, a smaller 7; is preferred so that the size of
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the actuation unit could be minimized. However, a patient’s
upper arm should remain inside the continuum brace while
performing assisted Activities of Daily Living (ADL). For a
specific patient, 7; should be bigger than a minimal value. In
order to fit a reasonable group of patients who can perform
ADL measured in [41], all the 7; are assumed to be 60mm.
All the predetermined design parameters are summarized

in Table II.
TABLE II: PREDETERMINED DESIGN PARAMETERS
E, = 60GPa 7, = 60mm
E; =60GPa L, =120mm

B. Placement of the secondary backbones

There are many possible placements of the secondary
backbones in the continuum brace. Different numbers of the
secondary backbones could lead to very different designs of
actuation units. Hence arrangement of the secondary
backbones should be carefully investigated.

In the absence of the primary backbone, at least three
secondary backbones are required to orient the upper arm.
Actuation of these secondary backbones will bend the
continuum brace as well as generate a moment output to drive
the patient’s upper limb. According to ADL (Activities of
Daily Living) measured in [41], a shoulder joint provides a
torque as high as 10 Nm to drive the upper limb. Hence the
continuum brace should at least have the same capability
generating driving torques.

Assume the exoskeleton is assisting a patient with an
arm-lifting motion, as shown in Fig. 3. The BDS {5} is placed

as shown while the configuration of the brace is y=[7/6 7]’

the exerted external wrench is assumed to be W .=[0 0 0 0
10Nm 01".
()

()

[

Fig. 3. The continuum brace with different numbers of NiTi backbones:
(a) three secondary backbones (b) 25 secondary backbones. Numbering
of the Secondary Backbones (shortened as SB) in these two structures
is also depicted respectively.

When only three secondary backbones are used, a plot of
total stress of secondary backbone 1 can be generated as the
backbone’s diameter varies from 0.6mm to 3.0mm, as in Fig.
4. The total stress is the sum of two portions, which are the
stress due to the push/pull actuation and the stress due to
backbone bending. The backbone bending stress linearly
increases with an increase in its diameter for a fixed bending
curvature.

From various literature [42, 43], stress of the NiTi
backbones should be kept under 200MPa ~ 300MPa to safely
avoid NiTi’s plateau transformation phase. For this reason,
the results in Fig. 4 indicate more secondary backbones are
preferred to share the load when the exoskeleton is assisting a
wearer with daily activities. The more secondary backbones
can be used, the thinner each individual secondary backbone
is, the more compliant the exoskeleton might feel and the
safer the exoskeleton is if one secondary backbone fails.

In the case of using 25 secondary backbones as shown in
Fig. 3.(b), the numbering of the secondary backbones is
associated with f; as the following: for SB#1, ,=0; for SB#2,
p=n/18; for SB#3, f;=2n/18; ...; for SB#13, f,;=127/18; for
SB#14, [,~24n/18; ...; for SB#25, p,=35n/18. In this
arrangement, 25 secondary backbones are 10° apart spanning
+120° in {p} . The reason of only using 25 secondary

backbones is to avoid arranging secondary backbones in oxter
so that the wear’s upper arm can rest against the trunk.

Another plot can be generated for secondary backbone 1 as
in Fig. 5 for the backbone’s diameter increases from 0.4mm
to 1.2mm for the structure with 25 secondary backbones.
Since the total stress is always under 200MPa while picking a
thicker backbone could reduce the risk of buckling more,
1.0mm was finally selected as the backbone diameter. In this
case, the actuation forces for all the secondary backbones
range between -8.91N to 17.82N, while providing an assistive
wrench of W.=[0 0 0 0 10Nm 0]" at the shoulder.

e R — Stress due to pushipush actuation

12| ,.-.,."(': -=+-- Stress due to backbone bending
1ol g S— Total sress
=L I
. N 1 bl s
0.6 1.0 1.4 18 2.2 =8 ?

Backbone diameter (mm)
Fig. 4. Calculated stress of secondary backbone 1 in a three-secondary
-backbone continuum brace.

C. Design of the Actuation Unit
Using the aforementioned continuum structure with 25
secondary backbones, actuation of the continuum brace

involves pulling and pushing 25 thin NiTi backbones
simultaneously. Since the structure only possesses two
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independent DoF's, using 25 motors to drive these backbones
doesn’t seem to be an economical solution. A transmission
system is needed, taking independent motion inputs from two
motors to drive 25 secondary backbones properly.

E 120+ o
100} e
E &0 .}_{H'J.J- ----- Stress due to pushipull actuation
" LT .-~ - Stress due te backbene hending
P " ——— Total stress
40 ﬂ-h‘--\""--\.
20 e
o . . . . . .
04 0.5 0.6 o7 0.8 0.9 1 14 1.2

Backbone diameter jmm)
Fig. 5. Calculated stress of secondary backbone | in a 25-secondary
-backbone continuum brace.

Equation (1) governs the actuation of all the secondary
backbones. These actuation values follow a cosine wave with
variable amplitudes and phase shifts. A mathematic
transformation can be introduced to guide the design of such a
transmission mechanism:

q, :%cos(é#ﬁi)cosé’ (7

2(6, -6
Where ¢ = acosM

It can be further transformed as follows:

q :E(COS(§+ﬂ,‘ —§)+COS(5+ﬂ[ +é,))
4 (3
:%(cos(qﬁ1 +f3,)+cos (¢, + B,))

2(6, -6, 2(6, -6
Where ¢ :5—acosM and ¢, :§+acosM
T T

f;and r; are constants once the structure is built. [f ¢; and ¢,
are used as control inputs, each ¢; becomes sum of two cosine
inputs with a fixed amplitude (zr;/4) and a fixed phase offset
pi, according to Eq. (8). Such cosine outputs can be easily
generated by a pair of inclined swash plates, as shown in Fig.
6-(b). Then a hydraulic transmission system is designed to
realize the addition of the two cosine outputs. As shown in
Fig. 6-(a), the paired cosine input pistons are driven up and
down by the cylindrical shells from Fig. 6-(b). The liquid
pumped from the cylinders equals to the sum of two cosine
motions. Then the actuation output piston A will be driven.

According to Eq. (8), two secondary backbones will
always have opposite outputs if the difference between their
p; is m. As shown in Fig. 6-(a), the actuation output piston B
can be hydraulically connected to the actuation output piston
A to always generate opposite outputs.

Mechanisms are also included in the actuation unit to
prevent buckling when the secondary backbones are pushed.

Actuation
output piston B

Actuation
output piston A

It Ll ljl B
| k' L 5 (a)

0]

4 ‘,_%-;._% ‘. Iﬁ

T TNE=—=

=
Lol || al
|
"|

1 Paired
7| cosine
input
cylinders

|

_ ()

Fig. 6. Actuation unit for the continuum joint brace: (a) a hydraulic
transmission system to realize addition of two inputs and (b) cylindrical
shells cut at inclination angles to realize cosine outputs.

V. PRELIMINARY PROTOTYPE

In order to demonstrate the effectiveness of the proposed
exoskeleton design, a mockup model of a trunk, an upper arm
and a shoulder joint was constructed as shown in Fig. 7.(a).
The shoulder joint is formed by two revolute joints connected
in serial. Although a spherical joint better mimics a human
shoulder joint, the current form of the shoulder joint has a
bigger motion range for better demonstration.

As shown in Fig. 7-(b) to Fig. 7-(d), a mockup exoskeleton
was put on the upper arm and the shoulder. An inflatable
bandage was inserted between the upper arm and the arm
sleeve so that motion of the upper arm sleeve could be
transmitted to the upper arm.

In the absence of an actuation unit, all the secondary
backbones were manually pushed or pulled. At a specific
configuration of the continuum brace, the actuation length g;
is maintained by clamping the corresponding secondary
backbones.

With the assistance of the mockup exoskeleton, the upper
arm can be lifted, pointing at an arbitrary direction. However,
the current form of the shoulder joint generates some
kinematic discrepancy between the upper arm and the upper
arm sleeve of the exoskeleton (the difference is a rotation
along the axis of the upper arm). Small pulleys are assembled
into the upper arm sleeve. When this kinematic discrepancy
occurs, the upper arm sleeve can rotate freely with respect to
the inflatable bandage.

VI. CONCLUSION AND FUTURE WORK

This paper presented a design alternative for rehabilitation
exoskeletons using flexible continuum mechanisms, in order
to address user needs for ergonomics, comfort, low inertia,
device compactness.
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Backbone —
clamp

i |

Fig. 7. A mockup model of a shoulder and an upper arm with and
without the exoskeleton worn

This design concept was first applied to an upper extremity
exoskeleton for a shoulder joint. Actuating the continuum
mechanism will orient a wearer’s upper arm accordingly.
Design considerations were carefully discussed based on a
more general kinematics and statics model extended from
previously published results. A specific structure of the
continuum mechanism is selected weighing these design
considerations. Actuation and transmission schemes for the
selected structure were also presented.

After the feasibility of the proposed idea is demonstrated
using a preliminary prototype, future work includes
fabricating and assembling all the mechanical components
and building a motorized control system. It is foreseeable that
there will be discrepancy between the theoretic kinematics
model and the actual motion of the upper arm. Compensation
algorithms would be considered by specific design of the
swash plates that allow changes in the inclination angle.
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