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Control Strategies for Ankle Rehabilitation using a High
Performance Ankle Exerciser
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Abstract—This paper presents the control architecture and
preliminary experimental results of a high performance
parallel robot used for ankle rehabilitation. The goal of this
work was to design suitable control algorithms for diagnostic,
training and rehabilitation of the ankle in presence of
musculoskeletal injuries. A position control scheme is used for
patient-passive exercises while an admittance control technique
is used to perform patient-active exercises with and without
motion assistance. The design of the control algorithms is based
on the analysis of the rehabilitation protocol taking into
account the dynamics of the system and the dynamics of the
interaction between the human and the robot.
Electromyographic (EMG) signals are used to evaluate
patient’s effort during training/exercising. The results indicate
the great potential of the rehabilitation device as a tool to fasten
and improve the ankle therapies outcome.

I. INTRODUCTION

IN the last decades several research studies demonstrated
that rehabilitation robots have a great potential in
improving diagnostics and physiotherapy outcome [1-4].
The main advantages of the automated rehabilitation systems
are that they can be used to perform a huge number of
repetitions, which was proved to be extremely beneficial in
the treatment of neuromuscular injuries [5]. Further, such
systems turn out to be extremely precise diagnostic tools and
can provide quantitative measures of the patient’s recovery
state after an injury [6].

Even though there is a strong evidence of the benefits that
the rehabilitation robots can provide, their spread is still very
limited. However, the development of such systems is
attracting interest of the research community and as a result
many robots are being built and tested [7].

In parallel with the device developments many control
strategies for human-robot interaction, and particularly for
rehabilitation purposes, have been proposed and can be
found in the literature [8-12], most of which are based on
impedance control [13].

Focusing on ankle rehabilitation systems, Girone et al.
introduced in 1999 a 6-dof Stewart-Gough platform named
the ‘Rutgers Ankle’. This system has been described in [14-
16] and the first results with stroke patients have been
reported in [17]. These studies demonstrated that a platform
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type rehabilitation device has the potential to improve the
physiotherapy outcome. The ‘Rutgers Ankle’ can be
controlled either in position/orientation or force/torque.
Later, in 2005 Yoon et al. [18] presented a 4-dof,
reconfigurable ankle rehabilitation robot based on a hybrid
parallel-serial mechanism. This system was designed to
perform strengthening and balance exercises allowing two
rotations and one translation for the ankle and, one extra
degree of freedom for toes flexion/extension. The study
reported also on the control architecture which made use of a
position-based impedance control to simulate the desired
reference impedance. Preliminary results on the controller
performance for different rehabilitation exercises were
reported. Other ankle rehabilitation devices were introduced
in [19, 20], however no clinical trials have been carried out.

Although all the works mentioned above are well justified
and show promising results, none of the existing systems
effectively monitors the patient’s muscular activity nor
integrates such information in its control architecture. While
EMG-based controllers are common for wearable
rehabilitation robots (e.g. exoskeleton), to the author’s
knowledge they have never been applied to the control of
ankle rehabilitation robots.

The work presented in this paper is implemented on a
rehabilitation robot introduced in [21, 22], see Fig. 1.

The aim of this paper is to present the development of the
control architecture for this ankle rehabilitation system. The
control of the system needs to facilitate all types of exercises
foreseen by the rehabilitation protocol [22] and serve as a
tool for the physiotherapist to treat patients in a faster and
more effective manner. The patient’s muscular activity is
integrated into the control algorithm through the monitoring
of the EMG signals, in order both to achieve effective
assistive control and to assist in the evaluation of the
exercise outcome.

In this paper, Section II briefly describes the high
performance ankle rehabilitation robot while Section III
reports on the analysis of dynamics of the interaction.
Consequently, Section IV presents the control algorithms
and shows how those algorithms are suitable to the needs of
the various rehabilitation exercises. Finally, the experimental
results are reported in Section V and discussed in Section
VL

II. ANKLE REHABILITATION ROBOT

A. Mechanism Description
Figure 1 demonstrates the ankle rehabilitation robot used
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Figure 1. High performance ankle rehabilitation robot.

in this study. The robot is basically a 3UPS/U' parallel
mechanism with two rotational degrees of freedom. The
mechanical structure is composed of a fixed base, a central
strut, a moving platform and three actuated limbs with a
UPS kinematic chain. The platform is attached to the central
strut through a universal joint. As depicted in Fig. 1, the
patient’s foot is constrained to the footplate with Velcro
stripes.

The limb prismatic joint is actuated by a custom designed
linear actuator. This actuator makes use of a brushed DC
motor Maxon RE40 and a planetary gearbox with a
reduction ratio p of 12:1. A capstan system of pulleys
together with a steel cable transmission transforms the rotary
motion of the motor into the linear displacement of the
piston. Optical encoders of 4096 ppr mounted on the DC
motor shafts provide a position resolution of 1.278 pm at the
prismatic joint.

The custom actuator can provide a peak force of over
1100N and a maximum speed of 60cm/s. The resultant
maximum device output torque is 120Nm and the maximum
speed is 500°/sec. More details on the system can be found
in [22].

An ATI 6-axis force/torque (FT) sensor mounted between
the moving platform and the footplate senses the human-
robot interaction forces and torques. The device is interfaced
to a standard PC through a CAN interface. Further, EMG
signals relative to plantar/dorsiflexion motion are collected
at a frequency of 128 Hz via a Bluetooth link.

III. DYNAMICS OF INTERACTION

A. Mechanism Kinematics

From [23], the linear velocity of the i-th spherical joint,
can be expressed in terms of the platform angular velocity
as,

Vg = wp X by, (1)

with i = 1, 2 and 3, where wp is the platform angular
velocity and b; is the position vector of the i-th spherical

''U, P and S stand for universal, prismatic and spherical joint
respectively. An underlined letter represents an actuated joint.

joint, from the platform fixed reference frame to the joint.
Equation (1) can also be expressed in terms of limb linear
and angular velocities as,

vp; = dis; + djw; X 55, 2

where d;, d; are the limb (actuator) length and linear
velocity respectively, ; is the limb angular velocity and s;
is the unit vector along the limb vertical axis.

Inserting (1) into (2) and rearranging in matrix form
yields,

il o
| =1, [ZPD] : 3)
gl Lo

where ; and f; are the time derivatives of the angles of the
i-th passive universal joint that connects the actuator to the
base while fpp and @ are the angular velocities of the
moving platform relative to plantar/dorsiflexion and
eversion/inversion respectively. The limb Jacobian matrix is
expressed by J;, whose dimension is 3 by 2. Combining the
first rows of the three limb Jacobian matrices gives the
relation between the independent platform angular velocities
qin = [6pp O]T and the actuators linear velocities
q.=1[d, d, ds]",as,

Jiqin = qa » 4)

where J,. is the non-square, 3 by 2 Jacobian matrix of the
redundantly actuated parallel mechanism.

The velocity relation between the independent platform
angular velocities and the angular velocities of the passive
limb universal joints q, = [&;, B, &, B, d3 [Bs]” is
composed of the second and third rows of the three limb
Jacobian matrices J;, as,

]pqin = qp > (5)

where ], is a non-square, 6 by 2 Jacobian matrix.

Combining all, active and passive joint variables in a
single vector, gives a vector of generalized coordinates as
q=1[92 qp Qin]" and its time derivative can be related
to the independent coordinates as,

Jr
q= I]p qin =Jqin » (6)
I

where J is a non-square, 11 by 2 Jacobian matrix.
The acceleration can be obtained differentiating (6) with
respect to time, thus obtaining,

q= j‘.Iin +Jqin - (7
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Figure 2. Dynamic model of the custom designed linear actuator in the robotic system interacting with the patient.

Figure 3. Equivalent kinematic tree. Note, S, U, P and G stand for
spherical, universal, prismatic joints and ground.

B. Mechanism Dynamics

The dynamics of the redundantly actuated parallel
mechanisms can be analyzed by considering the dynamics of
an equivalent tree system [24], generated by cut-opening
some of the passive joints in order to brake all the kinematic
loops, see Fig. 3. In this case, the kinematic loops have been
cut at the spherical joints in order to create three identical
limb tree systems and a strut/platform tree system. The
dynamics of the equivalent tree system is expressed by

M.:(@)g + C(q,9)q + Ni(q) = T, (3

where M;, C; and N; are the Inertia, Coriolis and Centrifugal
and eventually Gravity matrices of the tree system
respectively. The vector T contains forces and torques of the
tree system. Note that friction effects have been neglected.

The mapping between the independent platform torques
and those of the tree system can be expressed as,

Tin = ] T T, (9)
while the actuators forces can be mapped to the independent
platform torques with the relation,
Tin =]rTfa . (10)

Plugging (6) and (7) into (8) and, consequently in (9) and

(10) yields,

M{i, + Cqin +N =] fa, (11)
where
M=]"™]J,
C=]TMti+]Tctla
N=JTN,.
Therefore, the inverse dynamics is given by
fa= ];T( Mg;, + Cgin + N), (12)

with J§T being the pseudo-inverse Jacobian matrix of the
redundantly actuated parallel mechanism, computed in the
form that minimizes the actuator forces [25-27].

C. Actuator Dynamics

The dynamics of the custom linear actuator is composed
of the DC motor dynamics, cable transmission and the
dynamics of the prismatic joint. However, the mass of the
prismatic link has already been included in the equation-of-
motion (EoM) of the parallel mechanisms (11).

Therefore, the torque required by the i-th motor can be
expressed as

Tpci = Tsi+ Tmi + TLi» (13)
and it is sum of the torque due to non-infinite stiffness of the
transmission cable 74 ;, the torque due to motor shaft inertia
and motor friction 7,; and the load torque 7y; which
includes the effect of the mechanism dynamics and the load
applied by the patient.

The block diagram representing the dynamics of the
actuator can be seen in Fig. 2, where B, J;m, Rg, Lo, kK and
ky are the mechanical, electric and constant characteristics
of the electric DC motor. The radius of the motor pulley 7,
relates the torque produced by the DC motor with output
force produced at the actuator tip.

The diagram shows that the electric motor needs to
produce a torque Tpc; able to counteract, the force generated
by the cable transmission such as,

Ts; = kcAd (14)
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where k¢ is the stiffness of the transmission cable and
Ad =d'"—d with, d’ being the linear displacement
generated by the rotation of the motor and d the real linear
displacement of the prismatic joint, and the forces/torques
due to the dynamics of the mechanism and the interaction
with the patient f,; (the i force component of f, in (12)).

D. Dynamics of Human-Robot Interaction

The complete dynamics of the robotic system is described
by the combination of (12) and (13). In a scenario where the
robot is applied to rehabilitation, the interaction between the
robot and the human must be included in the dynamic
model. Considering the EoM of the parallel mechanism in
(12), the interaction forces/torques can be included as,

15)

fa= ]:T(Tin—l"[patient) 5
where Tpaient 18 the vector of torques applied by the user to
the footplate and t;, is the vector of torques due to inertia
and gravitational effects of the mechanism. Further to this,
when the patient needs to perform active exercises, it is
necessary to simulate a certain dynamics, via imposing
certain inertia, stiffness and damping parameters. Therefore,

the torques felt by the patient will be equal to those obtained
from the simulation of a mass-spring-damper system as,

Tpatient — Tvirtual -
Hence, the expression in (15) becomes,

(16)

fa= ]:T(Tin + Tyirtual) »

where Tyiruar 18 the vector of torques necessary to simulate a
certain dynamics (see Section V).

IV. CONTROL FOR REHABILITATION EXERCISES

The rehabilitation protocol for ankle injuries can be seen
in Table I [22]. To permit the effective execution of these

TABLEI

CONTROL ALGORITHMS FOR REHABILITATION EXERCISES

Class of exercise Exercise mode Control Algorithms
(patient)
ROM (Range of | Passive Position Control
Motion) Active Assistive Control
Strength training | Active Isometric Position Control
Isotonic Admittance Control

Proprioceptive Active Hybrid Control
training

regimes the control architecture of the device employs a
different control scheme appropriate to the necessities of a
particular exercise.

In the early stage of the therapy, the patient can hardly
move his/her foot, therefore a passive exercise which would
delicately move the patient’s foot is needed.

Such task can be accomplished by a position control
scheme which can drive the injured foot/ankle along a

certain trajectory at moderate speed. Trajectory parameters,
such as wave type, speed, amplitudes and number of
repetitions can be set by the physiotherapist. In order to
allow the patient to fully regain his/her ROM and to evaluate
the patient’s progress of the first stage of the rehabilitation,
active exercises can also be executed by an assistive control
scheme based on admittance techniques. Suppose the patient
is capable of providing moderate torque levels to initiate the
motion however, he cannot provide enough torque to
complete the exercise trajectory. In this case, the application
of the patient torque to the footplate can be monitored by the
installed FT sensor, therefore providing information to the
assistive controller about the patient indentation motion.
The assistive control (see Section IV.C) supplies the
additional torque effort required in order to assist the patient
to complete the motion.

The position control algorithm is also used for isometric
strengthening exercises. In this case the ankle rehabilitation
robot is controlled to maintain a fixed position while the
patient tries to apply a certain level of torque to the
footplate. The applied torque is measured by the FT sensor
and the muscle activation is monitored through the
measurement of EMG signals. Strength training includes
also isotonic exercises, as in Table I. For this kind of regime,
an admittance controller is implemented in order to provide
a certain resistance to the patient’s motion.

In the last stage of the rehabilitation process, the patient
has to undergo proprioceptive training. Balance exercises are
typical for this kind of training and in such a case, the patient
has to stand on top of the robot and try to keep the balance,
as if he/she was using a wobble board. Since the dynamic
behavior, position and velocity, can be controlled, more
sophisticated exercises can be performed with this system,
than those allowed by traditional tools (foam rollers, wobble
boards, etc.). Hybrid control (combination of position and
force control) can be used to design this type of exercises.

The work presented in this paper focuses on the first two
steps of the rehabilitation protocol while proprioceptive
training will be treated elsewhere.

A. Patient-passive Exercises

As mentioned above, when the patient is passive the robot
is controlled to follow a reference trajectory imposed by the
therapist or to hold a certain position. In order to obtain high
position tracking accuracy, a computed-torque controller is
implemented. The block diagram of the proposed controller
is shown in Fig. 4. The EoM introduced in (12) are used to
compute the actuation forces required by the parallel
mechanism to follow a certain trajectory. An additional
torque term 7 is added in a feed-forward manner to
compensate for the elasticity of the actuator cable
transmission system (see actuator model Fig. 3). Hence, the
expression of the DC motor torque is

7
e = U M, +kee +hoe +hafe) o
+Cqi, + N)] + 7.
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From (17) it can be seen that the EoM is used in the control
loop to linearize the system and the PID controller is used to
compensate for modeling errors and its contribution is added
to the reference acceleration. This control scheme allows
high position tracking accuracy, if the dynamic model of the
robot is well known.

Dncas

Parallel
Mechanism

|

4 Iin
qinr

Figure 4. Computed torque control.

meas

B. Patient-Active Exercises: Strengthening

When considering strengthening exercise, two different
situations need to be distinguished. As mentioned above,
isometric exercises require a fixed position, therefore a
computed-torque control algorithm as the one used for
patient-passive exercises, can be implemented.

Otherwise, to perform isotonic exercise or other types of
resistive training, an admittance control is chosen. As in
(16), a certain dynamic behavior of the rehabilitation device
can be simulated in relation to the patient-robot interaction.

By measuring the interaction torque applied by the user to
the footplate, it is possible to compute the reference position
required to simulate certain mass, stiffness and damping
parameters. Hence, the reference position q;,_in Fig. 4 is
obtained with an admittance filter as,

Tpatient
Gin, = (mspz+bs+k) : (18)
where m, b and k are the desired mass, damping and spring
parameters.

Using the control scheme in Fig. 4, the dynamics
expressed by the denominator of (18) can be simulated,
since all the other dynamic components are compensated by
the computed-torque control.

C. Patient-Active Exercises: Assistance

Assistive control is required in the early stage of
rehabilitation when the patient cannot complete the
movement alone and needs to reacquire his/her range of
motion. If patient’s muscles are weak because injured or
have not been used due to impairment for a while, assistive
ROM training will help them to regain strength. Assistance
can be provided with the robot, by measuring patient’s effort
in terms of either applied torque or muscle activation (via
EMG signals) and consequently, providing motion along the
direction in which the person is trying to move.

To achieve this, the robot is controlled in position, using

the control scheme in Fig. 4. The measured interaction
force/torque is integrated over time and used to update the
robot reference position, in terms of equilibrium point of a
spring damper system, as in Fig. 5.

k

Tp atient

—
q

>
Qin

T

L NSNS
= b

Figure 5. Assistive control model.

In particular the reference position is obtained from,

- Tpatient 19
qmr - (bs+k) + 9as » ( )
with
t
Qasi = Qasp—1 + f kanatient dt (20)
0

where q,s is the assistive component of the position
reference and k, is a weight constant that determines the
level of assistance. The greater the value of k,, the higher
the assistance provided. The torque is measured with the 6-
axis FT sensor and the EMG signals are collected to evaluate
the patient’s effort.

V. EXPERIMENTAL RESULTS

A. Torque-Sensing based Compliant Control

Using the control scheme in Fig. 4 and the expression in
(18) a set of experiments was performed in order to evaluate
the ability of the system to simulate certain stiffness and
damping levels.

The parameters of the simulated compliance filters are
given in Table II. Note that, the mass m has been set to zero

TABLEII
COMPLIANCE CONTROL PARAMETERS
Parameter Stiffness Damping
Experiment Experiment
Mass, m [kg] 0 0
Damping, b [Nm-s-rad'] 1 0
Stiffness, kK [Nm-rad'] 10, 30, 60, 100 2,5,10,20
TABLE III

COMPLIANCE CONTROL RESULTS - STIFFNESS

Desired Stiffness Measured Stiffness Error
[Nm-rad™'] [Nm-rad™'] %
10 10.08 0.8
30 29.7 1
60 59.12 1.47
100 94.6 5.4
TABLE IV
COMPLIANCE CONTROL RESULTS - DAMPING
Desired Damping Measured Damping Error
[Nm-s-rad™] [Nm's-rad™'] %
2 1.95 2.5
5 4.99 0.2
10 9.98 0.2
20 20.72 3.6
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Figure 7. Simulation of damping.

and, in the case of pure stiffness simulation, a small
damping was necessary to guaranty system stability. The
experiments have been performed with low speeds (when
simulating pure stiffness).

The results are shown in Fig. 6 and 7 and reported in
Tables III and IV. The graphs report the measured torque
applied by the user to the footplate versus the platform
position and velocity computed through the forward
kinematics from the measured limb lengths. It is possible to
see that the stiffness perceived by the user, Fig. 6 and Table
111, is close to the reference stiffness value. Table III reports
the slopes of the curves shown in the graph.

Looking at the last column of Table III is evident that the
robot performance decreases with the increase of desired
stiffness. However, there is no evidence in the literature
suggesting that higher accuracies than those achieved are
required for rehabilitation exercises, therefore an error of
5.4% as in the last case is acceptable.

Figure 7 shows the results for the simulation of damping.
The noise that can be observed in the curves is due to the
numerical derivation of the angular position. It can be seen
in Table IV that the efficacy of the robot in simulating
damping is high for all the reference damping values.

Figure 8. Subject’s leg with two pairs of electrodes for EMG
signals collection
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Figure 9. Comparison of human-robot interaction with and without
assistive control.

B. Torque-Sensing based Assistive Control

The next experiment was conducted in order to evaluate
the proposed assistive control algorithm. A young male
subject was asked to perform the experiment. The subject
right foot was constrained to the footplate and two pairs of
electrodes were applied to his leg to measure the muscle
activity during motion, see Fig. 8.

The trial consisted in extending and contracting the foot to
reach 15 degrees of maximum extension and return back to
the start position, twice. During the first extension/flexion
cycle the subject experienced a counteracting torque due to
the compliance parameters been set to £ = 80Nm-ad™ and b
= 8Nm-stad”. In the second cycle the assistive control
component described in (19, 20) was introduced. The results
of this experiment can be seen in Fig. 9.

Figure 9(a) reports the human-robot interaction torque,
while Fig. 9(b) and (c) the EMG signal and the angular
displacement of the foot/platform, respectively.

It is possible to notice that, during the first cycle the
subject has to provide a certain effort in terms of muscle
activity, Fig. 9(b), and this is reflected by the amount of
interaction torque, Fig. 9(a).
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Differently, in the second cycle the subject had to provide
a definitely smaller muscle effort to begin the motion.
Consequently, the assistive control becomes active and starts
pushing the subject’s foot in the direction he previously
started the movement. This can be also observed from the
interaction torque relative to the second cycle, since it
initially increases and subsequently decreases, becoming
negative. The negative value of interaction torque proves the
pushing effect of the assistive control.

VI. DISCUSSION AND CONCLUSIONS

The experimental results effectively demonstrated the
good performance of the ankle rehabilitation system and its
control scheme. Such rehabilitative device can have a great
impact in improving diagnosis and physiotherapy outcomes
in ankle rehabilitation.

The control algorithms presented in this study will serve
as framework for the design and development of patient-
oriented rehabilitation exercises. Future work will look at
the development of rehabilitation exercises in collaboration
with a team of clinicians and the integration of a virtual
environment to stimulate the patient during training.

In conclusion, this paper presented the design of control
algorithms for a high performance parallel robot used for
robot-aided ankle exercises. The rehabilitation protocol has
been considered as the basis for the design of control
strategies. Both patient-passive and active exercise types
have been addressed using position and admittance control
strategies. Further, the EMG signals have been introduced in
the control system with the purpose of monitoring the
patient’s effort and evaluating the effectiveness of the
proposed assistive control. The experimental results of
stiffness/damping simulation and assisted motion proved the
high performance of the rehabilitation device and showed
the great potential of such a robot in improving the result of
physiotherapy.
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