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Compliance Adaptation of An Intrinsically Soft Ankle Rehabilitation
Robot Driven by Pneumatic Muscles*

Wei Meng, Member, IEEE, Quan Liu, Mingming Zhang, Member, IEEE, Qingsong Ai, and Sheng Quan
Xie, Senior Member, IEEE

Abstract—Pneumatic muscles (PMs)-driven robots become
more and more popular in medical and rehabilitation field as
the actuators are intrinsically complaint and thus are safer for
patients than traditional rigid robots. This paper proposes a
new compliance adaptation method of a soft ankle rehabilitation
robot that is driven by four pneumatic muscles enabling three
rotational movement degrees of freedom (DoFs). The stiffness of
a PM is dominated by the nominal pressure. It is possible to
control the robot joint compliance independently of the robot
movement in task space. The controller is designed in joint
space to regulate the compliance property of the soft robot by
tuning the stiffness of each active link. Experiments in actual
environment were conducted to verify the control scheme and
results show that the robot compliance can be adjusted when
provided changing nominal pressures and the robot assistance
output can be regulated, which provides a feasible solution to
implement the patient-cooperative training strategy.

Index Terms—Compliance adaptation, soft rehabilitation robot,
pneumatic muscles, nominal pressure

I. INTRODUCTION

China has an increasingly aged and stroke population, and
as these demographics increase there are increased demand for
rehabilitation but decreased availability of people who can
deliver rehabilitation. The percentage of Chinese above the 60
is expected to reach 39% of the population by 2050 [1]. Age-
related neurologic conditions, such as stroke, continue to be a
major cause of morbidity in the world. In China, the annual
stroke people is approximately 2 million, and stroke has
become the leading cause of adult disability [2]. Due to the
increases in numbers of elderly people and stroke survivors,
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the management of the long-term physical, emotional, and
social consequences of stroke has become a major global issue.
Robot-assisted solutions have the potential to alleviate the
burden of post-stroke rehabilitation, transforming today’s
labor- intensive tasks into technology-assisted operations [3].
Rehabilitation robots have become the one of the most
important solutions as adjunct to the physical therapists [4].

However, a majority of existing rehabilitation robots are
driven by rigid and stiff actuators such as electric motors. In
terms of ankle rehabilitation, the Anklebot (Interactive Motion
Technologies, Inc., USA) [5] is a robot driven by two linear
actuators mounted in parallel and can actuate two DoFs of
ankle movement [6]. Saglia et al. presented an Ankle
Rehabilitation roBOT (ARBOT) with two rotational DoFs
driven by DC motors [7]. These stiff actuators along with
trajectory tracking control scheme may produce large forces in
response to the undesirable motions produced by position
errors and may lead to secondary injuries to patients [8]. To
tackle these problems, an impedance or admittance controller
with proper stiffness and damping can be adopted to make the
robot behaved with some compliant features [9, 10]. The
paradigm of compliance adaptation is important in
rehabilitation field to provide a soft and safe environment for
the patients. Actually there have been some extensive work
such as patient-cooperative or assist-as-needed strategy [11,
12] on Lokomat and LOPES [13, 14]. However, most of
existing work are applied to traditional rigid robots. However,
this attempt or provide compliant actuation may add an extra
layer of control complexity to the robot controller.

It has been well-recognized that inherent compliance of
robot will help realize the safe human robot interaction in
rehabilitation. Pneumatic muscle is a promising intervention
in the field of rehabilitation robotics due to its lightweight
features and high power/weight, power/volume ratios.
Hussain et al. [15] designed a lightweight orthosis driven by
PMs, and an impedance control strategy was developed in task
space to provide interactive robotic gait training. A knee-
ankle-foot orthosis (KAFO) powered by PM with myoelectric
(EMG) activation and inhibition was proposed by Sawicki et
al. [16] Different from rigid robots, which can only provide
“virtual” compliance as it only reflects the robot softness when
it interacts with the environment, an advantage of the
PMs-driven soft ones is that their actuators can provide
variable compliance during operation. This variable actuation
compliance is beneficial to make the robot being “real” soft.

It indicated that the actuation stiffness of PM would be
influenced by the initial pressure but the relationship between
them has not been fully investigated or modelled. Choi and
Lee [17] presented a novel approach to control the compliance



and position independently for a pneumatic muscles actuated
joint. However, the relation between pressure and robot
stiffness and the pressure-based compliance control have not
been reported in literature [18]. In this paper, a new
compliance adaptation method using pressure adjustment is
presented as first specific solution to provide compliance in
joint space for a soft ankle rehabilitation robot. The proposed
control scheme allows the robotic compliance to be controlled
independently of the end effector position control.

Different from existing compliance control of the
rehabilitation devices, in this paper it is achieved by directly
influencing the nominal pressure of each actuator which will
change inherent compliance of the soft ankle robot itself. If
the nominal pressure is controlled to an increased level the
low level of robot compliance can be achieved and thus a
small movement deviation error can be guaranteed. On the
contrary, the controller can increase the robot compliance by
adopting a lower nominal pressure to allow more patient
moving freedoms during robot-assisted exercise.

The rest of this paper is organized as follows: Section II
demonstrates the PMs-driven soft ankle rehabilitation robot.
In Section III, the proposed robot compliance model on the
basis of joint nominal pressure is presented. Experiments of
robots with human participants were conducted in Section IV,
followed by the discussion and conclusion in Section V.

II. SOFT ANKLE REHABILITATION ROBOT

The current prototype of the soft ankle rehabilitation robot
is shown in Fig. 1 [19, 20]. This robot is actuated by four
active PM links in parallel to realize the three rotational DoFs
of the ankle joint, including dorsiflexion/plantarflexion,
inversion/ eversion, and adduction/abduction, respectively.
The PMs with model FESTO DMSP-20-400N are adopted
here to guarantee the intrinsic compliance of the robot when
interacts with patients. High dynamic pneumatic regulator
(FESTO VPPM-6L-L-1-G18-0L6H) is used to regulate the
pressure inside each muscle. The end-effector is a three-link
serial manipulator with three magnetic encoders (AMS
AS5048A) embedded to provide measurements of angular
positions of the robot in Euler X, Y and Z axes.

Figure 1. Prototype of the soft ankle rehabilitation robot.

In this study, we only concern the actuated DoFs in ankle
dorsiflexion/ plantarflexion and inversion/ eversion while the

adduction/abduction DoF will be kept passive and free. The
rest length of each PM is 400mm with a maximum stroke
100mm. Each PMA can provide a peak 1000N pulling force,
which is sufficient for the ankle stretching application. A
single-axis tension load cell (Futek LCM 300) is placed in
series with the PMA and a six-axis load cell (SRI M3715C) is
mounted between the robot end-effector and the foot plate to
measure the human-robot interaction torque. All the hardware
was controlled by using a NI Compact RI0-9022 system and
the control system run on a host PC using LabVIEW.
Kinematic model maps the relation between robot end-
effector movement with the joint link displacements [21].
Define vector of each active link is L; and it can be calculated
by a given end effector orientation 83y, = [6,; 6,; 0,].

Define Pl.f and P/™ are the connection point vectors of the
upper fixed platform and the lower moving platform,
respectively, R,’;l is the rotational transformation matrix, the
Jacobian matrix that relates the link velocities and the twist of
the end effector, also the joint forces with the end effector
torque, of which the i*" row can be expressed by:

f ny
L
where I; is the link length, I; = /L;"L;. The element of
Jacobian matrix J,x3 is

a1 (aR};

T
f
=50, 1, Pm) (070, = P)) @

a6; "
For kinematics analysis, it has:
i =Jw, F=]T"1. (3)

In which [; is the joint velocity of each link, w is the
angular velocity of end effector, Fyy, is the link force and
T3x1 1S the produced end effector torque. By using Jacobian
matrix the actuating force in joint space can be mapped to the
force/moment of the moving platform in task space.

III. COMPLIANCE MODELLING OF THE ROBOT VIA PM
NOMINAL PRESSURE ADAPTATION

A. Modeling the PM

Pneumatic muscles are usually composed of internal
cylindrical barrels of rubber and external rigid fiber braid.
When the rubber tube inflates, the radial volume will expand,
resulting in axial contraction force and thus pulling movement.
In contrast, due to the elastic force of the rubber tube, the
pneumatic muscles will gradually return to their original
volume and length when deflating. A typical geometrical
structure of the pneumatic muscles is shown in Fig. 2, in
which the initial length [, the initial diameter Dy, initial fiber
braided angle 6, are shown, and suppose that the actual length
is [ after contraction, the actual diameter D, and the actual fiber
braided angle 8, the muscle contraction rate can be expressed
ase = (I —1)/ly, = (cos@y, — cosB)/cosb,.

The relationship between PM’s air pressure P, the muscle
contraction rate &, and the external load F' (can be considered
as the produced pulling force) is expressed by (4).



Rubber tube

Figure 2. A typical geometrical structure of pneumatic muscles.
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then the contraction force F can be obtained by (5). Stiffness

of a PM can be regarded as the output force caused by unit
changes of PM’s length like the following equation:
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Modelling of the robot with PMs was a crucial task as they
exhibit highly nonlinear force-length characteristics. In this
study, we considered the PM numerical model developed by
Sarosi et al. [22], although other approaches to modelling also
exist [23-25]. The function approximation proposed by Sarosi
et al. is easy to apply to robots powered by PMs and is adopted
here to derive the PM contraction force F based on its pressure
inside p and contraction strain k, as shown in (7), in which the
strain is expressed as the ratio of the contraction length to the
initial length. We refer the reader to [22] for further details
about the development of the PM model. In this research, the
parameters a, b, ¢, d, e were experimentally obtained by
changing the muscle length while the contraction force and
pressure were recorded. Specifically, for inflation and
deflation processes of the DMSP-20-400-RM-RM model can
be expressed by (8) respectively.

Fpk)=@+a)e™  +c-p-k+d-p+e. (7)

Finy = (p +232.89)e~3832k — 904.01pk + 294.86p — 289.06 ®
Fep = (p + 272.70)e 3258 — 908.24pk + 298.83p — 262.85

B. Robot Compliance Adaptation

The robot torque generated by the muscle actuators can be
expressed by (9), where Fy; = [Fy; Fy; Fs; F,] is the vector
of contraction forces generated by the four parallel PMs. The
stiffness performance of the robot end effector when assisting
human ankle can be expressed by (10), in which 7, is the
function of J (decided by the robot angle 8, as in (1)) and F
(determined by the muscle pressure p and the strain which is
also dominated by the angle 6, as in (5)). From the equation
we can assume that the robot stiffness K,.,, and robot
compliance C,.,;, has a close relation with the pressure inside

each muscle. Unlike traditional antagonistically actuated
joints, the robot here is driven by four muscles in parallel,
which means the torque-stiffness and pressure relations are not
as simple as the previously presented equations in [15, 17].

Trop = JTF = JT[Fy, Fy, F3, Fy]. )
(7‘[ b 1

Krob = %' Crab = K_b (10)
ro

In this research, we use function approximation method on
the experiment results with various pressures to establish the
relationship between robot end effector torque and angle and
then derive the model for stiffness of the robot actuated by
PMs. The experiments have been performed at low speeds
(when reproducing pure stiffness) in order to avoid the effect
of inertial torques and forces. Then the robot compliance can
be obtained from the estimated stiffness such as (11), in which
the superscript x, y represent the parameters are in ankle
dorsiflexion/plantarflexion, inversion/ eversion respectively.

{Kr’%b(p) = kpp® + ki +kysp + kg,
y y .3 y 2 y y - (11)
K., (p) = kplp + kpzp + kp3p + kp4

The objective of the compliance control law is to adjust the
robot output based on the extent of the human subjects’ active
joint torque contribution. Thus, the adjustment of joint
stiffness of the robot will, in turn, increase or decrease the
amount of joint force and thus the assistance (7,,p). The
compliance property of the robot can be adapted by regulating
the nominal pressure of the actuation muscles. The previous
work using similar method only have been reported on the
antagonistic muscles actuated robot [17], in which the joint
compliance is easy to calculate. In this study, we used
experiments and linear function approximation method to get
the relationship between calculated robot torques and a
sequence of pressures range from 2.6 bar to 4.0 bar (2.6 bar,
2.8 bar, 3.0 bar, 3.2 bar, 3.4 bar, 3.6 bar, 4.0 bar), then the
robot stiffness can be obtained as a polynomial function of the
nominal pressure inside muscles.

The modeling process of the robot compliance can be
demonstrated by the following graphs plotted in Fig. 3. We
first conduct three repetitive tests to gather the produced robot
torque T,,, and the robot movement trajectory 6 data with
different nominal pressures. Here we give three examples with
pressure 2.6 bar, 3.4 bar, and 4.0 bar, respectively. The 7., is
obtained from the real- time measured pulling force by using
(12), and the stiffness K is then calculated using (13) together
with linear approximation method once getting 7,,, and 9.
After getting the seven pairs of pressure and stiffhess, we can
plot a function to fit the curve of stiffness K,.,;, and pressure p.
Here we use a 3-order function to approximate the relation. As
a result, the robot stiffness in Euler X axis can be expressed by
KZ,(p) = 0.8793p® — 7.1805p* + 20.6232p — 14.147 and the
same procedure is conducted on Euler Y axis we get K}, (p) =
—0.628p> + 6.823p? — 22.5308p + 27.9075.



Torque (Nm)

Torque (Nm)

K=0.8793p>-7.1805p2
+20.6232p-14.1471

L L L

2.6 2.8 3 3.2 3.4 3.6 3.8 4
Pressure (bar)

(a) the robot toque vs angle (to get stifness K) under different pressures and
the robot stifness vs pressure in ankle dorsiflexion/plantarflexion axis

IV. EXPERIMENTS OF COMPLIANCE ADAPTATION

The concept behind the adaptive compliance control is to
set the robotic compliance low if little effort or participation is
detected from the human subjects, which will increase the
robotic assistance to guide the subjects’ limbs on reference
trajectories. Similarly, the compliance of the robot is adapted
to a high level if the subjects show greater effort, which will
allow more freedoms for the subject to deviate from reference
trajectories. Such treatment strategy has been widely accepted
by many clinical and engineering professionals [10, 26, 27].

The proposed adaptation control scheme of the robot
compliance were evaluated on a human-ankle robot system.
The experimental setup is presented in Fig. 4, where a healthy
participant was sit on a height adjustable chair with his ankle-
foot fixed on an orthosis that is mounted the end-effector. The
goal of the experiments is to verify the general reaction of the
compliance controller using the soft ankle rehabilitation robot
to different pressure’s behavior. A circle movement with
dorsiflexion/plantarflexion and inversion/ eversion motions
will be performed to show the influence of nominal pressure
on the patient ankle-robot system. The reference trajectory is
an ellipse with X amplitude of 0.22 rad and Y amplitude of
0.12 rad, and the robot was controlled for 80 seconds with a
0.05Hz frequency. Here we tried to test how the human-robot
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Figure 3. Relationship between end-effector stifness and nominal pressure.

Figure 4. Experimental setup of the human-robot system.

interaction will be influenced by the robot compliance that is
dominated by nominal pressure inside the pneumatic muscles
of the joint space. Four different levels of nominal pressure
were used: 0, 2.6 bar, 3.4 bar and 4.0 bar. The robot movement
trajectories of the four tests with a healthy participant’s ankle
interaction effects are presented in the figures below.



0.3 rerr=0.0183+0.0159 0.3 1err=0.0078+0.0130

02 rms=0,0/2}3»——

0.1

Angle X (rad)
o
W\
3

-0.1

-0.2

P=0
a
03 (a) }
0.2 0.1 0 0.1 2 02 0.1 0 01 02
Angle Y (rad) Reference Angle Y (rad)

Actual
err=0.0063+0.0106
rms=0.0123, ===,

7 )

031 err=0.0066+0.0117

0.2 1 rms=0.0134 0.2

0.1 0.1

Angle X (rad)
o
Angle X (rad)
o

-0.1

-0.2

e
(c)

0.3 -0.3

-0.2 -0.1 0 0.1 0.2 -0.2 -0.1 0 0.1 0.2

Angle Y (rad) Angle Y (rad)

Figure 5. Human-robot movement under different compliance dominated
by nominal pressures: (a) P=0, (b) P=2.6 bar, (c) P=3.4 bar and (d) P=4.0 bar.

P=0

P=26

P=34 P=40|

A S
Yt
A PN

Force1 (N)

Force2 (N)

Force3 (N)

Force4 (N)

Time (s)
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In this paper, we developed a joint-space compliance
adaptation scheme for an intrinsically soft ankle rehabilitation
robot powered by PMs. The ankle-robot movement reaction to
different nominal pressure is presented in Fig. 5, shown are
average errors and standard deviations of four experiments
with same external reference trajectory tracking conditions.
The deviation levels were identified by calculating the
Euclidian distance (error) between the measured position and
the reference profile. The mean error and root mean square
(RMS) represents a quantitative estimate whether the robot is
more likely to be in a compliant state, with a large deviation or
in a stiff state, with a small deviation. From Fig. 3 we found
that the robot stiffness became higher when the nominal
pressure increased and thus the compliance is lower. When the
robot is fully compliant with 0 nominal pressure, the patient is
completely free to move the end-effector along the reference

trajectory, however the average tracking error and error RMS
is the highest, i.e., 0.0183 rad and 0.0243 rad, respectively.

As the increase of robot stiffness as well as the reduction
of robot compliance, the patient ankle’s deviation freedom
from the reference path became smaller, which can also be
reflected by the better trajectory results with tracking errors
0.0078 rad, 0.0066 rad and 0.0063 rad for the three different
levels of softness, respectively. At the same time, the error
RMS was also reduced, and this help to conclude that the robot
compliance is becoming lower and the robot assistance is high.
From Fig. 6 we can see that with the increase of nominal
pressure inside each PM, where purple, blue, red and green
lines represent the pulling forces of pressures from 0 to 4.0 bar,
respectively, the pulling force generated was higher and
higher, which means the robot contributed more efforts during
the operation. Thus, an adaptive compliance controller can be
proposed to adjust the robotic compliance in response to the
patient’s action, by using the nominal pressure adaptation law.

V. DISCUSSION AND CONCLUSION

Furthermore, we investigated a joint-level compliance
adaptation strategies that aim to adjust the robot’s stiffness
when interacting with participants during the robotic therapy.
This compliance strategy modified the robot assistance output
and based on the pneumatic muscles’ nominal pressure. A
key aspect of the control scheme lies in its joint space level of
compliance adaptation. This formulation, unlike previous
impedance-based control strategies, changing the amount of
assistance by modifying the parameters of the impedance
model [4, 28]. The proposed adaptation scheme presents an
advancement on the current compliance control schemes of
compliant actuators by adjusting the stiffness of the actuators
themselves. Experimental results obtained on a human-robot
system showed the effectiveness of the proposed pressure-
regulated compliance adaptation method. By means of these
changes in compliant actuators’ stiffness, we hope to increase
the controllability and effectiveness of soft and safe devices
designs for human-robot interactive rehabilitation.

In this paper, we proposed and evaluated a new compliance
adaptation strategy for the soft ankle rehabilitation robot that
is actuated by four parallel PMs. A low-level compliance
control is implemented by regulating the robot nominal
pressure in joint space. Experiments were conducted on a
human-robot system and the results show that the proposed
compliance adaptation strategy can adjust the robot assistance
level and change the patient’s moving freedom to complete
circle trajectory tracking tasks. The adaptive compliance
control scheme can learn in real time the human subject’s
training requirement and adapts the nominal pressure inside
each PM accordingly. In the future, a two-level compliance
control strategy in both joint space and task space will be
designed and evaluated. Also, rigorous clinical trials with
neurologically impaired subjects are necessary to establish
the therapeutic efficacy of the adaptive control scheme. This
work will also help in further developing adaptive control
schemes for robot powered by compliant actuators.
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