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Abstract—In this paper, we introduce our ongoing work on
the development of an upper body exoskeleton robot, driven by
a pneumatic-electric hybrid actuation system. Since the limb of
an exoskeleton robot needs to have small inertia to achieve
agility and safety, using a heavy actuator is not preferable.
Furthermore, we need to use backdrivable actuators that can
generate sufficiently large torques to support user movements.
These two requirements may seem contradictory. In order to
cope with this development problem, we use a hybrid actuation
system composed of Pneumatic Artificial Muscles (PAMs) and
small-size electromagnetic motors. Although we and other
research groups have already presented the advantage of the
hybrid actuation system, we newly propose the usage of Bowden
cable in a hybrid actuator to transmit the force generated by the
PAMs to joints of our exoskeleton robot so that we can design
a compact upper limb with small inertia. In addition, small size
electric motors are mechanically connected to joints in order to
compensate uncertainty generated by the PAM dynamics and
the Bowden cable. We demonstrate that the proposed joint is
backdrivable with the capability of large torque generation for
the gravity compensation task both in One-DOF system with
a dummy weight and right arm of the upper body exoskeleton
with a mannequin arm. We also show the right arm exoskeleton
can be moved using a torque input, extracted from sensory
information via a goniometer.

I. INTRODUCTION

Development of exoskeleton robots is an important re-
search topic [1], [2] because such systems can be used to
assist movements in supporting elderly people and can be
a useful device for rehabilitation to help recovery of stroke
patients or spinal cord injury patients [3]-[7].

Since an exoskeleton robot needs to simultaneously sup-
port the user’s body weight and the weight of the robot
itself, the limbs of the exoskeleton robot need to have small
inertia but actuators need to be sufficiently strong. To satisfy
these requirements, using Bowden cables to transmit forces
generated by actuators, where the actuators are located apart
from limbs of a robot, were proposed in several studies [8]—
[13].

In this paper, we introduce our exoskeleton development
for upper limbs with Bowden cables that transmit forces gen-
erated by actuators to joints of the robot. As the actuator sys-
tem, we use pneumatic-electric hybrid actuators that we have
been developing in our previous studies [14]—[17] but with
PAMs force/displacement transmitted via Bowden cables in
this paper. Pneumatic-Electric Hybrid Actuator (PEHA) is
composed of a pair of Pneumatic Artificial Muscles (PAMs)
and a small-size electromagnetic motor, where the PAMs can
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be used to generate large and low frequency forces, and
the small-size electric motor can generate additional small
but high frequency torque. Since the developed exoskeleton
robot has force sensors at the tip of each PAM, joint torques
can be measured. In this study, we also introduce a model
and a calibration method to explicitly consider force loss
and wire extension when the force generated by the PAM
is transmitted via Bowden cable while conventional studies
neglected these significant problems by assuming that inner
wires are infinitely stiff.

We demonstrate the superiority of the joint powered via
PEHA with Bowden cables using the implemented con-
troller: backdrivability, and possessing the capability of large
torque generation. The practical calibration is also described.
For proof of concept evaluation, we use the prototyped
exoskeleton arm to compensate the gravitational force. (See
the multimedia attachment.) To start with, we show One-
DOF testing system that can be moved up and down by
a finger. Similarly, the exoskeleton right arm demonstrates
sustaining the mannequin arm with a passive elbow joint at
different postures using exoskeleton’s gravity compensated
shoulder and active elbow joints.

The rest of the paper organized as follows. Section
IT describes the hardware design concept using the basic
One-DOF PEHA architecture with/without Bowden Cable
transmission system and discusses control problems with
comparison of conventional researches. Section III describes
mechatronics design, especially related to PAMs with Bow-
den Cable force transmission system. The upper body arm
exoskeleton is prototyped in this section. Section IV consid-
ers a torque generation model, concerning the PAM with
compensation for friction in Bowden cable to provide a
torque controller which is calibrated in the system identi-
fication phase. Section V validates our design concept, using
the upper right limb exoskeleton, both for a gravity com-
pensation as passive movement and a torque input converted
using a sensory information via subject’s elbow goniometer
as active movement. See also the multimedia attachment of
this paper, demonstrating these tasks visually. We finally
conclude in Section VI.

II. CONCEPT AND DESIGN POLICY

A. Actuator design and Torque Control Problem

1) PEHA One-DOF system: Fig. 1 shows the basic design
of the PEHA One-DOF system. The paired PAMs generate
antagonistic contraction force, transmitted via wires. The
total torque,r, is the sum of torques generated by PAMs
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(tpan) and a motor torque (Tmotor)-

T = TpAMs~+Tmotor = (fPam1 — framz) ro+Tmotor, (1)

where fpapsi is upper PAM contraction force, and fpapro
is lower PAM contraction force. r is the pulley radius which
can be a design variable using an ellipse pulley, but this paper
considers it constant. The motor provides additional torque,
Tmotor, combined with PAM torque.

This paper mainly considers 7p4j; because controlling
Tmotor Usually has an easier solution in motor driver. As we
developed in our previous studies [14]-[17], Tpaas covers
a large torque for gravity compensation for low frequency
torque generation. The motor covers high frequency torque
but it can be small with low reduction gear that is aimed to
possess backdrivability. Similar approaches have already pro-
posed in [18] as air cylinder with bowl screwed motor, and
are conceptually known as Distributed Macro-Mini(DM?)
[19].

2) PEHA combined with Bowden Cable: Fig. 2 shows
the proposed PEHA One-DOF system with Bowden cables.
The PAM forces transmitted via Bowden cables consisting
of an inner wire and a flexible outer housing. The merit
of this approach is to reduce weight and to save space
on the robot’s skeletal structure. Compared to DM? [19],
while mini actuators (motors) are distributed, the macro
actuators (PAMs) are not distributed but can be centralized
in a controller unit. The merit is reducing the required space
around the joint. The PAM bases, drawn as the left side
edge in Fig. 1, limit the extra joint to be implemented only
outside from the PAM base to the joint. The implementation
in Fig. 2 moderates the limitation because the outer edge
can be allocate closer to the joint. However, practical use
of this system on a torque controller requires total system
calibration, since the inner wire may be extended by a creep
in use of long term duration. Additionally, the length can be
changed if the wire holder attachment slips when large force
is applied to the joint.

Fig. 3 (a) shows One-DOF system to test the PEHA with
Bowden cable, where the PAM is located apart from the joint
system (lower of the frame in the picture) and contraction
force is transmitted through an inner cable and an outer
flexible housing. Fig. 3 (b) shows the block diagram of the
interfaces.

Wire(Tendon)
Load cell

7;1otor

Fig. 1. One-DOF PEHA System: Two PAMs generate antagonistic
contraction force transmitted to the joint by the wires and the pulley. Motor
torque is applied to the same joint.
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Fig. 2. One-DOF PEHA System with Bowden Cable: The two PAMs are
located apart from the joint and link, and generate antagonistic contraction
force transmitted to the joint by Bowden Cable and the pulley. In the range
of the outer, the inner cable can be bendable/placed on curved line. Motor
torque is also applied to the same joint.
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Fig. 3. Structure of essential PEHA One-DOF with Bowden Cable: (a)
The PAM contraction force moves the One-DOF arm system to upper
direction. The PAM contraction force is transmitted through Bowden Cable
and connected to pulley at joint. In the picture, 5kg weight hung on the arm
and PAM contraction force holds the weight (equilibrium to the gravity).
The lower PAM was used as safety limit (instead of mechanical limit). (b)
The block diagram of the system architecture.

III. MECHATRONICS DESIGN

This section introduces the hardware prototype of a right
arm exoskeleton.

3) Right Arm kinematic structure: Fig. 4 (a) shows the
kinematic design of the exoskeleton for an upper right limb.
There are three active flexion-extension (FE) joint at the
shoulder, the elbow, and the wrist, powered via PEHA with
Bowden cable described in Section II except for the wrist.
WEE is powered only via antagonistic pair of PAMs to make
the robot tip light. (See Fig. 4 (a) caption for abbreviations.)
Each link length and surrounded space of user arm was
defined from the database provided in [20] (1991-1992),
using average and covariance statistics.

Fig. 4 (b) shows the 3D CAD assembly of the exoskeleton
arm. Fig. 4 (c) enlarges the shoulder structure. There are two
Bowden cables connected to antagonistically paired PAMs.
A similar architecture is implemented at the elbow and the
wrist.

Based on the task holding a typical user’s arm itself
(suppose the mannequin in the picture as the simulated
weight) and 5kg weight at (SFE,EFE) = (0,0) and
10[kg] weight at (SFE,EFE) = (—x/2,0) with both
hand, PAM diameters and pulley radii are chosen (40mm
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for upper direction and 10mm for lower direction). The peak
torques are 100 Nm at the shoulder and 76 Nm at the elbow
without the Bowden cable coefficient. Nominal maximum
forces of a 40mm PAM is 5000 N but limited up to 2000 N
in this paper (see later subsection III-B). Nominal maximum
force of 10mm PAM is 630 N as the antagonistic muscle
for SFE and EFE. The motor (Maxon inc., EC—4pole 30
100W with low reduction gear (14:1) and a built-in optical
quadrature encoder) torque is additionally delivered through
the bevel gear (2:5). The nominal torque is approximately 2.5
Nm (maximum continuous without the gear coefficient). For
WEFE, 10mm PAMs are used for both directions without any
motor to make the arm tip light, as already discussed above.
Note that although the joint is backdrivable with small inertia
thanks to the low gear reduction (35:1), the motor torque is
not enough to sustain user’s arm at all. PAM torque could
be sufficiently large but its response is slow and prone to
modeling errors. The combination of both PAM and motor
torques is reasonable for the target tasks concerning gravity
compensation for the robot and user arm.

Fig. 5 (a) shows the prototyped right arm and the overview
of the case that the user arm is attached to the upper body
exoskeleton arm. To connect the exoskeleton to the user’s
arm, the belts at the link both in Elbow—WTrist and Shoulder—
Elbow can be installed. The total weight from shoulder to
tip was within 5 kg, excluding controller units.

A. Controller Unit

Fig. 5 (b) and Fig. 5 (c) show the controller unit which
is mechanically independent from exoskeleton arm structure,
but connected via Bowden cable and electric cables. Fig. 5
(b) shows the mechanism to prevent loosening of inner wires
by a passive movement at the pulley side. As the shoulder
angle decreases, the inner wire pushes down itself toward
the PAM side. The PAM is always required to control not to
loosen wire, otherwise the wire may be buckled and come
off from the pulley nest. The illustrated structure to prevent
loosening of wire to below, avoiding the interference to
the PAM edge. To our best knowledge, this problem was
unconsidered in conventional research. Fig. 5 (c) illustrates
the alignment of PAMs and valves. The multifunction board
(MFB) and load cell amplifier are also located beneath motor
drivers. MFB has 16bit 16ch AD, 16bit 8ch DA, 8bit 10, and
8ch of quadrature decoder for joint encoder. All the I/O pins
of the system goes through the MFB communicating with
realtime system (Xenomai PC) using Ethernet (RTnet UDP
protcol, see also Fig. 3 (b))

B. Maximum Allowable PAM Force Determination and
safety

Having very large power-to-weight ratios, the specific
PAMs utilized in our exoskeleton arm are capable of produc-
ing forces up to 5000 [N]. On the contrary, Bowden cables or
wire stoppers may not be operable when they are subject to
such large forces. Keeping this in mind, a series of tests are
conducted in which a single muscle is placed to an aluminum
frame and mechanically connected to a fixed pulley via a

a
( ) -SFE Sholder (C) Inner

R-WFE
—(_ D Passive Joint
*(:(F Active Joint

Fig. 4. The kinematic structure and the 3D CAD assembly of right
arm exoskeleton prototype: (a) Kinematic model: Each abbreviation is
[FE: Flexion Extension]; [AA: Adduction Abduction]; [R: Rotation]; [S:
Shoulder]; [E: Elbow]; and [W: Wrist]. Before hyphenation, [R: Right] and
[L: Left] indicate the side respect to user’s view point. For example, R-SFE
denotes the right shoulder Flexion Extension. (b) Agonist/Antagonist inner
cables driven by two differential PAMs are connected to the joint pulley.

(c) )
Motor drivers (2ch)

Bt PAM( ¢ 40) P:AM(gblO)

Wire stoppers  pressure servo valve (6ch)

Fig. 5. Prototyped exoskeleton right arm and the controller unit: (a) The
arm exoskeleton are attached to a human right arm. (b) The antagonistic
pair of inner cables comes from the pulley side throughout the outer. The
diameters, ¢, are 40mm for agonist and 10mm for antagonist directions of
shoulder and elbow joint. 10mm for agonist/antagonist direction of wrist. (c)
Controller unit includes PAMs and pneumatic valves, located apart from the
exoskeleton’s kinematics, are to be mounted on a wheel chair or a weight
bearing system. Motor drivers and load cell amplifier are also mounted in
the control unit.

Bowden cable and a stopper. Fig.6 displays this setup and
its elements. The diameter of the inner wire was 1.7 mm.

Subsequently, the muscle is activated with gradually in-
creasing ramp inputs in a way to determine the force value
at which the cable or stopper breaks. Fig. 7 shows load cell
measurements from 4 consecutive experiments with different
initial tension values. As may be observed in Fig. 7, the
system is safely operable until 2250 [N]. Beyond this range,
inner bowden cable (not the stopper) is broken. Considering
an 11% of safety margin, it is determined that 2000 [N]
is the maximum allowable PAM force; the controllers are
programmed in a way not to produce forces larger than this
limit. This limitation may be increased by replacing thicker
Bowden cable, and we can also use thinner cables to limit
force mechanically.

IV. METHOD: TORQUE BASED CONTROLLER

The torque controller for a joint driven by multiple torque
sources has to solve the redundant solution. In this paper, we
consider only the PAM force control toward upper direction,
e.g., supposed; antagonistic muscle desired force is constant
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Fig. 6. Wire stopper experiment and block diagram of the experiment
system.
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Fig. 7. Wire stopper evaluation: To evaluate the maximum allowable force
to inner cable and the stopper, we applied tension using one PAM gradually
from 4 different initial length.

and compliance of joint is subject to this constraint. For
example, movement of the arm upper direction, desired
antagonistic muscle force (fp 4,5) is controlled as constant;
the simpler case O[N]. In this case, the torque control
problem becomes one PAM pressure control.

This simplified problem is still non-trivial. Primarily, PAM
force is highly nonlinear [21] caused by its contraction
rate. What is more, the operation in large force causes
considerable cable extension between the encoder and PAM,
resulting in the estimation error of PAM contraction rate.
Secondly, the conventional researches [8]-[13] does not
explicitly consider force losses between outer and inner in
Bowden cable transmission system.

The force generation principle of PAM is that the bladder
radial expansion causes the thrust contraction of wire sur-
rounded or embedded over the rubber spirally. This provides
very large contraction force but only at one direction. This
paper considers 2 model combination consists from para-
metric and non-parametric model for practical and instant
calibration instead of increasing number of parameter. The
controller input is desired force:

p* =g (Fpar: Dye) + f (Fpan € 9om (D)), (2

where F} 4, is desired force of PAM (Fp 4, = %), f)
is non parametric model for the model error of g_. (D),
p* is the desired pressure as valve input, g(-) is PAM force
parametric model from blabber pressure to muscle force, and
g~ () is inverse model of them with given contraction rate &
and calibration dataset D. The asterisk (*) indicates desired
value.

Although this model is provided at equilibrium point to
ignore pressure dynamics, we include the Bowden cable
hysteresis to consider its velocity.

A. Compensating Bowden Cable Friction

Bowden cables have considerable force transmission
losses. We expand the friction coefficient model of static
[22] to continuous. The static model can be written as

F = Fyexp(uh)

where Fl is the applied force and F' is the force after
loss. If the movement direction alters, the force loss relation
is opposite. Switching two models generate discontinuity
at zero velocity. We expand this model to a continuous

definition using a sigmoid function o (v; @) = i

(0 <w), 3)

F* =q(F*5p,0) = F*[1 = (20 (v;0) — 1) exp (u))],

“)
where F’* is the compensated controller input for PAM force
discussed above, v is velocity of the wire estimated from a
joint encoder, and « is gain of sigmoid function. Increasing
alpha decreases non-sensitve range to angle velocity. The
compensated torque is same as original torque if angle
velocity is zero.

B. PAM force model

The PAM force generation is process of pressure to
contraction force conversion. The basic model-based force
generation is described in literature [23], [24] as a 2nd
order polynominal function at the equilibrium point. The
parameters are provided conversion from PAM diameter and
the angle of the embedded spiral-wire at the atmosphere
pressure. In large force operations, we have to consider also
inner wire extension and mechanical deformation. Here we
consider Tendon-spring model for original PEHA system
proposed in our previous work [15]. Consequently, the pa-
rameters are five valuables (A = (a,b,¢, k,€9)); (a,b,c) for
the PAM nonlinearity and (k,gq) for inherent stiffness and
initial slack of inner the wire. These parameters are calibrated
in the system identification phase.

Thanks to Tendon-spring model, the inverse model can
estimate dataset distribution with small number of parameter.
However, there would be still remaining error that affect
the torque controller. To our best knowledge, there is no
theoretical model to support these errors and successful
conventional approaches using heuristic non-linear model
[21] or Neural Network [25]. Increasing the number of
function parameters may require larger variational calibration
dataset and may cause over fitting. We, thus, insist on
using the theoretical parametric model to avoid the risk.
Instead, we consider the error fitted by Sparse Pseudo-input
Gaussian Process (SPGPs) [26]. Although Gaussian Process
is a strong framework with Bayesian probabilistic model in
behind to fit noisy sensor data, the computational cost is high;
O (N) for the predictive mean estimation. After several pre-
computation, SPGPs can reduces this cost to O (M) using
sparse M pairs of pseudo-inputs X,,, and pseudo-target f,,
(M < N)

/ ('T) = Z amk(x;im; fm)v (5
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where x is two dimensioned single point input of current
state z = (e, F). Note that the pseudo pair of (Z,, f;,) cor-
responds to pseudo-input and pseudo pressure error. Hyper
parameters are decided by Automatic Relevance Determina-
tion (ARD) [26].

V. EXPERIMENTS
A. PAM calibration

Fig. 8 shows the instance of the calibration dataset used for
the upper PAM (40 mm) at EFE. 5 parameters of the PAM
parametric inverse model are optimized from this experiment
within the dataset respect to the error of the pressure using
Levenberg—Marquardt algorithm. The forces are measured by
well calibrated load cells. The best parameter was selected
among 300 trials from random initialized parameter. The rest
of the error is modeled by a nonparametric way using SPGPs.

Force [N]

0 10 20 30 40 50 60 70 80 90

PAM pressure [MPa] angle[rad]

0 10 20 30 40 50 60 70 80 90
time [s]

Fig. 8. The data set example for PAM calibration: triangle wave has sent
to upper-body arm and the angle and thef load cell reading were preserved
at 250Hz sampling.

B. Torque based control: Gravity compensation and sensory
based torque input

To compensate gravity force, the joint torque that corre-
sponds to vertical assistive force against gravity is generated
as:

T
T=1J Gr+h,

(6)

where J is the COM Jacobian matrix, G, is the desired
virtual forces, and 7 is the desired torque at each joint of
the exoskeleton robot. We validate the feed-forward torque
controller for this task if the joint angle is kept when the
operator moves and releases the system. Note that we did
not use any position feedback.

Fig. 10 (a) shows the experiment setup for upper limb
exoskeleton prototype. The mannequin arm with a free
elbow joint was equipped on the exoskeleton arm, fasten
by stretchable belts, and a flexible electro-goniometer (Bio-
metrics Ltd.) was attached to the subject elbow joint for
measurement.

Fig. 10 (b) demonstrates the gravity compensation task
both for the robot arm and the mannequin arm using
shoulder/elbow flexion/extension. The snapshots show the
exoskeleton/mannequin arm can be held at different postures,

and the operator can move the link very easily because
gravity force was successfully compensated by the proposed
torque controller.

In the multimedia attachment, we also demonstrate that the
elbow joint via a replacement torque signal that is acquired
using inverse dynamics and goniometer. We sampled the
subject’s elbow joint using the attached goniometer by real-
time process, sampled at 200 Hz. The estimated elbow
joint torque, using a standard inverse dynamics with But-
terworth low pass filter, was sent to the torque controller
of exoskeleton’s elbow as an input signal. The shoulder
was controlled in the same way as done in the first task,
e.g., gravity compensation of the total arm COM (using
DOF joint kinematic model). In both cases, the shoulder and
the elbow joint are controlled. The wrist of two PAMs are
controlled by a constant pressure (0.25[Mpa]), resulting in
keeping the joint (WFE) with inherent compliance. In both
demonstrations, the passive rotation joint of the wrist (WR)
was restrained by a mechanical clamp.

‘ (@
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Upper
Joint Angle [rad]
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Fig. 9. Angle trajectories in gravity compensation task using One-DOF
testing system: (a) 2.5kg weight gravity compensation task (b) 5.0kg weight
gravity compensation task (c) Snapshots from 5.0 kg gravity compensation
task

(a)

Band

Goniometer

Fig. 10. Experimental setup for the arm exoskeleton: (a) A mannequin arm
with passive elbow joint is attached to the upper limbs. The goniometer is
attached to the subject elbow to conduct torque feedback control. (b) Two
pictures demonstrate the exoskeleton with mannequin arm weight can be
sustained at two different postures.

VI. CONCLUSIONS

In this paper, the challenges related to the development
of the upper limb exoskeleton arm powered via pneumatic-
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electric hybrid actuation with Bowden cables are described.
Large torques are transmitted via Bowden cable from off-
board Pneumatic Artificial Muscles (PAMs), combined with
the small torque of the low-geared motor that mechanically
coupled within the joint. This approach can reduce the
exoskeleton arm weight and the required space around the
joint to address a multi degree of freedom design. The active
joints of the prototyped exoskeleton arm are backdrivable
with the capability of large torque generation using safe
energy sources (pneumatic and small electric current). To
control the joint using a torque controller, we considered a
PAM force model with Tendon-spring under the equilibrium
assumption that is combined with a Gaussian process. In the
calibration phase, the parameters are calibrated from short
term experiments to control PAM pressure based on torque
input.

The gravity compensation task using both the One-DOF
testing system and the prototyped exoskeleton arm demon-
strated the backdrivable joint with large torque generation.
We also show that the active movement using an electrogo-
niometer, the estimated joint torque of elbow angle with the
standard inverse model was used as an input for the torque
controller to move the exoskeleton elbow joint equipped
with a mannequin arm. While further study is feasible to
investigate the torque bandwidth of the hybrid approach,
the implementation provided practical performance for the
assistive applications.

As a future work, we consider developing the full upper
body exoskeleton based on this mechanical design and the
controllers.
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