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Design of a Reconfigurable Ankle Rehabilitation Robot
and Its Use for the Estimation of the Ankle Impedance

Aykut Cihan Satici

Abstract— This paper presents the design, analysis, and a
clinical application of a reconfigurable, parallel mechanism
based, force feedback exoskeleton for the human ankle. The
device can either be employed as a balance/proprioception
trainer or configured to accommodate range of motion
(RoM)/strengthening exercises. The exoskeleton can be utilized
as a clinical measurement tool to estimate dynamic parameters
of the ankle and to assess ankle joint properties in physiological
and pathological conditions. Kinematic analysis and control of
the device are detailed and a protocol for utilization of the
exoskeleton to determine ankle impedance is discussed. The
prototype of the device is also presented.

I. INTRODUCTION

Assistance of repetitive and physically involved reha-
bilitation exercises using robotic devices not only helps
eliminate the physical burden of movement therapy for
the therapists, but also decreases application related costs.
Moreover, robot-mediated rehabilitation therapy allows quan-
titative measurements of patient progress and can be used
to realize customized, interactive treatment protocols. This
paper presents a novel rehabilitation exoskeleton for patients
who have suffered injuries that affect the function of their
lower extremities, specifically their ankle movements.

The aim of rehabilitation is to recover physical, sensory
and neural capabilities of the patients that were impaired
due to an illness or injury. Ankle rehabilitation is commonly
necessitated after sprained ankles, one of the most common
injuries in sports and daily life [1]. Loss of functional ability,
inability to bear weight, and joint instability at the ankle
are also experienced after neurological injuries secondary to
stroke and contracture deformity secondary to cerebrovascu-
lar disease. Physiotherapy exercises are indispensable to re-
gain range of motion (RoM) of the joint, to help restrengthen
muscles to bear weight, to promote better awareness of joint
position (proprioception), to ensure neural integrity, and to
recover dynamic balance.

Recognizing the need for robot assisted rehabilitation
devices for ankle physiotherapy, several designs have been
proposed to date. Girone et al. proposed a force feedback
interface, named Rutgers Ankle, based on a Stewart plat-
form [2]. In [3], a virtual reality based interactive training
protocol was implemented using the Rutgers Ankle for ortho-
pedic rehabilitation. Home-based remote ankle rehabilitation
was addressed in [4], while in [5] the system was extended
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to a dual Stewart platform configuration to be used for gait
simulation and rehabilitation.

In [6], Dai et al. proposed another robotic device to
treat sprained ankle injuries. Unlike the Stewart platform
based design, this device possesses just enough degrees of
freedom (DoF) to cover the orientation workspace of the
human ankle. The kinetostatic analysis presented in this
reference emphasized the importance of employing a center
strut to achieve higher stiffness from the device. In [7],
Agrawal et al. proposed an ankle-foot orthosis for robot
assisted rehabilitation and presented the kinematic analysis
and the control of the proposed mechanism. Syrseloudis and
Emiris studied the translational and rotational RoM of human
ankle and foot through human subject experiments, and
concluded that a parallel tripod mechanism with an additional
rotational axis in series is the most relevant kinematic design
to comply with human ankle related foot kinematics [8].
In [9] Yoon and Ryu proposed a hybrid four DoF parallel
mechanism based footpad device and presented the kinematic
analysis of the novel device. In [10], this work was extended
to allow for reconfiguration of the device to support several
distinct exercise modes. Moreover, in [11] Anklebot was
proposed by Roy et al. to aid recovery of the ankle function.
A mechanism similar to Anklebot, but with spring over
muscle actuators, has also been implemented [12]. Anklebot
can be used to measure the ankle stiffness, which is a strong
biomechanical factor for locomotion.

There exists a vast amount of literature on the importance
of the ankle parameters during locomotion [13], [14]. Many
diagnostics studies distinguish among passive, intrinsic, and
active impedance of the ankle. In particular, ankle dy-
namic impedance is decomposed into reflex and non-reflex
components, while the non-reflex impedance itself has two
components: passive, which corresponds to inertial and the
visco-elastic properties of the joint, and intrinsic, which is
related to the mechanical properties of active muscle [15].
In [16], the dynamic ankle stiffness is evaluated for patients
with spinal cord injury and it has been concluded that
these patients possess a higher reflex stiffness. Similarly,
in [17] spasticity is shown to result in a major alteration
of normal muscle-joint anatomical relationship. In particular,
ankle extensors, in patients with spastic hemiparesis, are
shown to have a much higher intrinsic stiffness even though
they may have a normal reflex stiffness. In [18], spastic
and contralateral legs of spastic hemiparesis patients are
examined and the stiffness of spastic leg is shown to be
significantly larger than the stiffness of the contralateral leg,
mainly due to the higher passive stiffness of the spastic leg.
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Parallel to these results, in [19], passive, intrinsic, and reflex-
mediated mechanical stretch response of the ankle extensors
and flexors are evaluated for spastic multiple sclerosis pa-
tients. For ankle flexors, passive and intrinsic stiffness values
increased with zero reflex-mediated stiffness. On the other
hand, for ankle extensions reflex and intrinsic stiffness stay
relatively unchanged with a higher passive stiffness.

Ankle stiffness measurements are also used to diagnose
aging disorders. In [20], effects of aging on ankle stiffness
is pointed out and stepping down movement is analyzed
with respect to ankle stiffness. The study concluded that
different torque patterns and lower dynamic ankle stiffness
are observed in elderly people while stepping down and that
an altered control method is used by such subjects while
stepping down.

The cited studies emphasize the importance of robust
and repeatable measures of ankle properties for diagnosing
pathological conditions and for better understanding of health
disorders. Unfortunately, currently, most clinical measures
of intrinsic joint properties depend on subjective assessment
by clinicians and lack quantitative basis and repeatability.
Moreover, most of the existing measurement devices cannot
account for the complex kinematics of the ankle and can
only provide aggregate measurements around a single axis
of foot rotation [21], [22], [23]. However, Hertel et al. [24]
pointed out that, the complex mechanics of the ankle joint
is strongly related to acute and chronic ankle instability
and the kinematics of the ankle must be considered for
evaluating and treating ankle injuries effectively. The ankle
rehabilitation robots developed in [4] and [10] have higher
DoF and are proposed for administering physical therapy
exercises as well as evaluating ankle properties. However, no
formal protocols for estimation of ankle stiffness have been
covered in these studies. Finally, [11] presents a device used
for ankle impedance estimation and has three (two active
and one passive) DoF. However, within the natural RoM of
the ankle, the kinematics of this device conflicts with the
kinematics of the human ankle; hence, the device can only
provide aggregate measurements of impedance along its own
joint axes.

In this paper, the design, analysis, and application po-
tential of a reconfigurable, parallel mechanism based ankle
exoskeleton are presented. Similar to the references [10]
and [25], reconfigurability is built into the design such that
the device can be arranged to administer ROM/strengthening
exercises while sitting and to support balance/proprioception
exercises while standing. The reconfigurable kinematics of
the design not only supports different types of exercises but
also allows the exoskeleton to be employed as a clinical mea-
surement tool that can precisely monitor joint movements
and torques at the human ankle. In particular, the exoskele-
ton can be exploited to estimate intrinsic kinematical and
mechanical properties of the human ankle about its rotation
axes, allowing assessment of ankle joints in physiological
and pathological conditions.

II. DESIGN oF THE ANKLE EXOSKELETON

A. Determination of the Kinematic Structure(s)

Kinematics of the human ankle, which allows plantarflex-
ion/dorsiflexion, abduction/adduction, and inversion/eversion
is quite complex. Many studies make use of a simplified
three DoF spherical joint model for the ankle joint, in which
the axes of rotation for these three motions are assumed to
coincide at a single point on the ankle [6], [26]. In this paper,
a model that is verified by and commonly utilized in the
biomechanics literature is adapted to study the kinematics
of the human ankle [8]. This model recognizes the coupled
motion of the foot and hypothesizes that the ankle joint
can be modeled as a spatial serial kinematic chain with
two revolute joints (RR): an upper ankle joint that supports
the rotational dorsiflexion/plantarflexion motion and a sub-
talar joint that supports the rotational supination/pronation
motion. Supination/pronation rotation is a complex motion
that has both inversion/eversion and abduction/adduction
components. The exact motion of the ankle shows wide
variation among humans, as this motion depends on size
and orientation of foot bones, shape of articulated surfaces
and constraints imposed by ligaments, capsules, and tendons.
Workspace and torque limits of human ankle are given in
Table I based on [10]. Statistical data on human foot and

ankle sizes can be found in [27].
TABLE 1

WORKSPACE AND TORQUE LIMITS OF HUMAN ANKLE

Joint Joint Torque | Designed Torque | Joint | Designed
Limits Limits RoM RoM
Dorsiflexion\ | 40.7-97.6 Nm 100 Nm 20° 40°
Plantarflexion | 20.3-36.6 Nm 50 Nm 40° 40°
Inversion\ max 48 Nm 50 Nm 35° 35°
Eversion max 34 Nm 50 Nm 25° 35°

A kinematic chain that is suitable to serve as an exoskele-
ton should allow for and support natural movements of the
human joints when the device is worn by an operator. To
ensure safety, to allow for small joint misalignments and
modeling imperfections, couplings between the exoskeleton
and the operator are designed to be elastic. Elasticity allows
for the relative motion of the human limb with respect to
the device when the kinematics of the device is in conflict
with the natural motion of the ankle. However, it is still
desirable to have the exoskeleton to possess kinematics that is
compatible with the human ankle motions so that the motion
of the ankle can be closely controlled during the therapy.
Hence, kinematic structures that closely meet the ergonomy
requirement are preferred.

Once the ergonomy requirement is met, the choice of
closed kinematic chains (parallel mechanisms) is preferable
over the choice of serial mechanisms in satisfying require-
ments of force feedback applications. Specifically, paral-
lel mechanisms offer compact designs with high stiffness
and have low effective inertia since their actuators can be
grounded or placed on parts of the mechanism that experi-
ence low accelerations. In terms of dynamic performance,
high position and force bandwidths are achievable with
parallel mechanisms thanks to their light but stiff structure.
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In order to span the whole natural range of motion of
the human ankle and to do so robustly for various operators
of different ankle and foot dimensions (kinematics), an
underactuated 3UPS' parallel mechanism is proposed as the
kinematic structure of the exoskeleton. A 3UPS mechanism
has six DoF that can be designed to cover the whole RoM
of the human ankle and foot. Even though the human ankle
can be modeled with two revolute joints, the exoskeleton
design requires more than two DoF to cover the whole RoM
of the ankle, since, in general, it is not possible to perfectly
align the joint axes of the ankle with the joint axes of the
device. Having only three actuators, the 3UPS mechanism
is underactuated; however, when worn by a human operator,
the kinematics of the human ankle becomes a part of the
exoskeleton. Coupled to the human operator, the 3UPS
exoskeleton operates as a 3UPS-RR kinematic structure
with two independent degrees of freedom, dictated by the
kinematics of the human ankle. Hence, not only can the
device cover the whole RoM of any operator, but can do so
in a completely ergonomic manner. Moreover, even when the
operator is completely passive, the two DoF 3UPS-RR device
has three actuated joints and is a redundant mechanism. This
redundancy can be exploited to avoid singularities of the
device.

Employing the human ankle as a part of the kine-
matic chain, the 3UPS-RR configuration is useful for
RoM/strengthening exercises; however, this kinematic struc-
ture is not preferable for balance/proprioception exercises,
since the forces/torques transferred to the ankle joint cannot
be supported. Moreover, an exoskeleton need not cover the
whole RoM of the ankle for balancing exercises. To support
to the human weight and to adjust the torques transferred
to the ankle joints while covering an acceptable portion
of the natural human ankle workspace, a 3RPS-R parallel
mechanism is proposed as the kinematic structure of the
exoskeleton for balancing exercises. The 3RPS-R mechanism
is first utilized as a wrist exoskeleton by Gupta et al. [28] and
adapted as a wrist rehabilitation device in [29]. The optimal
design of 3RPS-R mechanism for force feedback applications
is addressed in [30] and [31].

The underactuated 3RPS-R mechanism has four DoF and
three prismatic actuators. When worn by an operator, the
kinematics of the human ankle becomes redundant and the
3RPS mechanism dictates the kinetostatics of the coupled
system. Addition of a passive revolute joint (R) to the
base platform of the 3RPS allows for the internal/external
rotations of the foot, recovering the most of the useful
workspace during balancing exercises. The four DoF 3RPS-
R can be easily programmed to trace trajectories that comply
well with the natural movements of the human ankle. For in-
stance, during walking the human ankle typically undergoes
a maximum of 6° of subtalar axis rotation and 17° of ankle
axis rotation [32]. During such a motion, typical discrepancy
between the human ankle motion and the 3RPS-R motion

!Parallel mechanisms are commonly denoted by using symbols U, R, S,
and P, which stand for universal, revolute, spherical, and prismatic joints.
Symbols corresponding to actuated joints are underlined in this notation.

stays below 5mm, an amount that can be easily tolerated
by the elastic couplings used. Hence, utilization of a passive
revolute joint at the base platform, customized trajectories of
the device, and compliant couplings can ensure ergonomic
device movements for balancing exercises.

In this study, a reconfigurable mechanism that can serve
both as the 3RPS-R and the 3UPS mechanisms is selected
as the kinematic structure of the ankle exoskeleton. Being
compact and wearable, and allowing for the movements of
the human ankle without collisions with the device, these
two parallel mechanisms are suitable to serve as wearable
force feedback devices.

B. Dimensioning and Implementation

Imperative design requirements every exoskeleton must
satisfy include ensuring safety and complying with the
ergonomic needs of the human operator. Safety is assured by
the recruitment of back-drivable actuators with force/torque
limits implemented in software. In particular, highly back-
driveable direct drive linear actuators are utilized in the
prototype. The use of series elastic actuators are envisioned
for a later prototype, since these actuators can achieve im-
proved force output-weight ratios with sufficiently low output
impedances. The ergonomy of the design is considered at the
kinematic synthesis level. The 3UPS configuration of the
exoskeleton allows for ergonomic motion of human ankle
over its whole RoM, since the ankle itself is a part of
the kinematic structure. The 3RPS configuration works in
a predetermined workspace that covers a large portion of
the ankle workspace. The absence or avoidance of singu-
larities within the workspace is another imperative design
requirement the mechanisms need to satisfy. The workspace
of the 3RPS mechanism is selected to be free of singularities,
while the redundant nature of 3UPS-RR kinematic structure
is exploited for singularity avoidance.

Since the performance of parallel mechanisms is highly
sensitive to their dimensions, optimization studies are ab-
solutely necessary for design of these types of mecha-
nisms [33]. For a rehabilitation device that needs to bear
human weight, the utilization from the actuators and the
stiffness of the device should be maximized such that for
highest torque outputs and rigidity can be achieved from
the actuators available. In [34], authors present the optimal
dimensional synthesis of the reconfigurable ankle exoskele-
ton mechanisms with respect to multiple design criteria. In
particular, optimal performance of the device is quantified
by studying the scaled kinematic Jacobian matrix over the
entire workspace. Then, multi-criteria optimization of the
3RPS parallel mechanism is addressed using the framework
introduced in [35], [36]. The average value of the kinematic
isotropy index is chosen to characterize actuator utilization,
while the minimum value of the minimum singular value is
kept as high as possible over the workspace. For scaling of
the Jacobian matrix, the non-uniform force/torque require-
ments of the human ankle, given in Table I, are mapped
to uniform forces at the joint space, since the actuators are
selected to be identical. The readers are referred to [34] for
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the details of the optimal dimensional synthesis of the ankle
exoskeleton.

Reconfigurability is built into the design thanks to ex-
tensive similarities between the two parallel mechanisms.
The reconfiguration of the parallel manipulator to achieve
different kinematic configurations, hence DoF, is achieved
using interchangeable passive joint modules, as suggested
in [37]. The final design is similar to [25] in that recon-
figuration is used to support both RoM/strengthening and
balance/proprioception exercises. In our device, the reconfig-
urability is obtained using the lockable universal joints shown
in Figure 1. When the joint is unlocked, series of revolute
joints function as a universal joint rotating about the desired
axes. When the second joint axis is locked using a bolt, the
locked universal joint is constrained to function as a revolute
joint, that free to rotate only about the first axis. Hence,
the lockable universal joint allows a 3UPS mechanism to be
reconfigured into a 3RPS mechanism, and visa versa.

Universal Joint Mode

Revolute Joint Mode

Fig. 1. Reconfigurable universal/revolute joint
In the final design, it is desirable to have a de-
vice that is wearable and portable, especially during bal-
ance/proprioception exercises. Using the optimal dimensions
obtained in [34], choosing 6061 aluminum as the material
used for the links, and utilizing commercial direct drive linear
motors, the overall device weighs 5.35kg, 3.75kg of which is
due to the three linear actuators. The weight of the device is
distributed over the upper leg and the upper mid-calf using
tight straps around the knee as shown in Figure 2. Weight
can further be distributed over the body by suspending the
device from the shoulder of the operator, as done in [11].
The final design of the reconfigurable ankle rehabilita-
tion robot, named SUkorpion AR after Sabanci University
Kinetostatically Optimized Reconfigurable Parallel Interface
on Ankle Rehabilitation, is presented in Figure 2. Finally, in
Figure 3 the prototype of the device is presented.

ITII. ANALYSIS, CONTROL, AND CLINICAL USE oF
THE ANKLE EXOSKELETON IN THE 3UPS MODE

A. Estimation of Ankle Parameters

The determination of intrinsic biomechanical parameters
of the ankle is a challenge since these parameters show
wide variation among humans, as they depend on size and
orientation of foot bones, shape of articulated surfaces, and
constraints imposed by ligaments, capsules, and tendons. In
order to provide a protocol to estimate ankle properties, the
kinematics and kinetics of the human ankle, the exoskeleton
in the 3UPS mode, and the coupled human-exoskeleton
system need to be studied. In this section, first we overview
these analyses and present a simulation of the coupled device

Fig. 3.

An early prototype of SUkorpion AR

kinematics. These kinematic analyses characterize the map-
pings among measured quantities and the apparent motion
of and forces/torques at both the foot and the ankle joint.
Next, the controller and the measurement protocol designed
to estimate ankle impedance are explained. Estimation of the
axes of rotation and the dynamic impedance of the ankle are
detailed and simulation results are presented.

B. Kinematics of the Coupled Human-Exoskeleton System

When the patient is attached to the exoskeleton configured
in the 3UPS mode, the human ankle becomes a part of
the kinematic structure; hence, kinematics of human ankle
is required to be considered in the analysis of the coupled
human-exoskeleton system. In particular, human ankle im-
poses independent constraints to the 3UPS mechanism and
the coupled system possesses the kinematics of a 3UPS-RR
mechanism as depicted in Figure 4. A 3UPS-RR consists of
six bodies: a base platform N, three extensible links R, .S, T',
a center link A, and a moving platform W. The end-effector
is worn by the operator; hence, the foot is (almost) rigidly
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Universal

Revolute

Fig. 4. 3UPS-RR mechanisms in perspective view

attached to the moving platform W. The ankle of the operator
is modeled as two revolute joints in series (RR) and the
upper mid-calf of the operator is fixed to the base platform
N. Extensible links of the exoskeleton are connected to the
base platform via universal joints, while the rotating platform
is connected to the extensible links by means of spherical
joints. In this paper, the analysis is limited to a symmetric
3UPS-RR mechanism where the universal joints and the
spherical joints are spaced at 120° along the circumference
of the base platform of radius R and the moving platform
of radius r, respectively.

The 3UPS-RR mechanism has two DoF corresponding to a
coupled motion of the moving platform W with respect to the
fixed reference frame N. The lengths of the extensible links
are actuated to control these DoF. Even when human operator
is completely passive, the two DoF 3UPS-RR structure has
three actuated joints; hence, is a redundant mechanism.

Forward and inverse kinematics of the 3UPS-RR mech-
anism can be addressed by studying the kinematics of the
3UPS mechanism and the spatial serial RR mechanism,
separately. Letting z, y, 2z, 11, ¥2, and 13 to denote the
motion of the end effector (foot); ¢; and ¢ to denote the
rotation of the ankle about its axes; si, so, and s3 to denote
the length of extensible links; and &7, &9, and &3 to denote
the rotation of the extensible links about their second axes,
the analytic Jacobian characterizing the motion level forward
kinematics of 3UPS mechanism can be derived as

(& 5 2 Y1 Yo 3] = Jaups [s1 s2 s3 & & &7 (1)

while the inverse Jacobian mapping of the spatial RR mech-
anism reads as

1 Go)" = Tk [& 9 % 91 o s]”. 2
Given the forward kinematic map of the 3UPS mechanism
and the inverse kinematic map of the spatial RR mechanism,

the forward kinematics of 3UPS-RR mechanism can be
constructed as

[ @] = Jgi Jaups [s1 52 53 & & &7 ()
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Inverse kinematics of 3UPS-RR mechanism can be calcu-
lated similarly. The kinematics of the 3UPS-RR characterize
the mappings among sensor readings and the apparent ro-
tation and torques at the ankle joint. Hence, these analyses
can be used to determine RoM of the joints at ankle and to
measure the maximum joint torque the patient can exert.

C. Kinematics of the 3UPS Mechanism

The 3UPS is an underactuated parallel mechanism and its
the moving platform W possesses six independent DoF. To
be able to utilize the exoskeleton as a clinical measurement
device, the unique solutions to configuration and motion level
kinematics of the 3UPS mechanism are necessitated. The
configuration level kinematics of the 3UPS mechanism can
be studied by forming three vector loop closure equations

FONR | pNEWR | sWRE | 5EO  _ )
FONs 4 NsWs | sWsE | B0  _ g (5)
FONT | pNeWr | SWrE | SEO  _ § (6)

that can be solved for nine unknowns. Note that the relevant
points used to form the vector loop equations are labeled in
Figure 4. As with other parallel mechanisms, the solution
of the inverse kinematics is trivial. On the other hand,
determination of a unique solution to forward kinematic map
is possible if measurements are available for six joint pos-
tions/angles of the 3UPS mechanism. To allow for feedback
control, it is natural to have position measurements at the
three prismatic joints of the device. Three extra sensors (en-
coders) are proposed to be instrumented, one encoder on each
of the universal joints, so that end effector configuration of
the underactuated mechanism can be uniquely determined by
numerical solution of the nonlinear loop closure equations.
Additional sensors utilized at the universal joints obligate
the need for external sensors, such as motion trackers, to
measure the complex 3-D motions of the foot.

Motion level kinematics of the 3UPS mechanism is studied

by differentiating the three loop closure equations with
respect to time to yield

R W N 2R _ =NpW N W _ WRE N~E =
VR 4 Nt x 7R R L Tt x T RE g = 0 (7)
S W, N =S _ =NgW N W _ WgE N=-E =
TS + 7w x PSS £ g x P8 =g = 0 (8)
T W, N T _ “NpW N W _ WrE N~E =
T 0 x T g x T =y 0 (9

where ¢ and @ represent relative velocities and angular
velocities, respectively. The relevant bodies are marked in
Figure 4. The linear relationship between the time rate of
change of end effector coordinates and the time rate of
change of measured coordinates can be uniquely solved from
these three independent vector equations to form the analytic
Jacobian. The transpose of the analytic Jacobian is also of
interest as it maps joint forces and torques to the end effector
forces and torques.

The kinematics of the 3UPS is the mathematical mappings
between sensor readings and the apparent configuration of
and forces/torques at the ankle joints. Hence, this map can
be used to determine the configuration of the foot and to
measure the effective forces/torques acting on the foot.



D. Estimation of the Ankle Joint Axes

Kinematic structure of the human ankle is modeled a
spatial serial kinematic chain with two revolute joints (RR)
as depicted in Figure 5. To be able to use this model for
estimation of the ankle parameters, the link lengths of this
kinematic chain must be known along with the rotation axes
of the revolute joints. Determination of the bone lengths
is relatively straightforward as x-ray images of the ankle
can be studied for reasonably accurate estimates. However,
determination of the rotation axes is challenging since the
motion of the ankle depend on the size and orientation of the
foot bones, and the shape of articulated surfaces. Only course
estimates of joint axes can be obtained studying the x-ray
images. More accurate estimates of joint axes is desired to
study the ankle motion and such estimates are made possible
thanks to the data collected with the exoskeleton.

Kinematic Model Dorsiflexion / Plantarflexion

of the Human Ankle |

Pronation/ Supination
ZZ

Axis of !
Talocalcaneal

, Joint !
() Axis of |

%, ~ Talocrural |
4 Joint |

7 e~

Fig. 5. Schematic representation of the kinematics of the human ankle
(reconstructed from [38])

Given good estimations of the bone sizes, the axes of
rotation of the revolute joints of the human ankle can be
determined by instructing the patient to perform free RoM
movements and by collecting encoder data from the prismatic
joints and three extra sensors placed on the universal joints.
As the data becomes available, the configuration level for-
ward kinematics of the 3UPS mechanism is solved for the
moving plate (foot) configurations at each instant of time.
Once the foot configurations are recorded, the configuration
level inverse kinematics of the two link RR manipulator,
with the revolute joint axes unknown, is solved for the axes
of revolute joints and the amount of rotation around these
rotation axes.

When analyzed at a single instant in time, the inverse
kinematics solution to the RR manipulator with unknown
joint axes is essentially equivalent to the inverse kinematics
of an SS manipulator, for which no unique solution exists.
The problematic nature of the kinematic analysis of the SS
manipulator arises from the fact that the rotation around the
medial axis of the first link commands no change in the
end effector pose, rendering the Jacobian map singular and
obviating existence of infinitely many solutions to the inverse
kinematics problem. However, a unique solution to the joint
axes can still be sought in time, realizing that unlike for
the SS manipulator, the joint axes need to stay fixed for the
RR manipulator for data points collected at different instants
of time. Hence, a nonlinear least squares algorithm can be
utilized to converge to accurate estimates of joint axes when
the estimation is initialized with the course estimates from
X-ray images.

E. Numerical Example on the System Kinematics and the
Estimation of the Joint Axes

Figure 6 depicts a sample configuration for the human-
exoskeleton system with the 3UPS-RR structure. Link
lengths for the ankle are chosen as 200mm, 33mm, and
40mm, representing the length of the upper mid-calf, the
distance between upper ankle joint and the subtalar joint,
and the distance from the subtalar joint to the center of the
moving platform, respectively. The upper ankle and subtalar
joint axes are modeled after Figure 5.

300
x=15.30

250 -
£,=25.90° y= 2222(1’03
¢,=+73.30° on:

200 N = 45880 v,=0
n,=-44.84° y,=0°
150 q=0° yy=0°
N q,=-144.0° W, w,

Fig. 6. Numerical solution to the kinematics of the 3UPS-RR mechanisms

Given the 3UPS encoder readings piy Ps =
[s1 s2 s3 & & &3], the configuration level forward
kinematics of the 3UPS can be invoked to solve for
the end effector configuration x3;,ps = [z y 2 ¥1 Y2 3],
where the orientation of the end effector is specified
using Euler XYZ angles. Once more than one set of such
encoder readings become available, a weighted nonlinear
least-squares optimization routine can be utilized for finding
optimal solution to the overdetermined system of nonlinear
equations in the least-squares sense. The optimization
routine is based on a modified Levenberg-Marquardt
algorithm and is implemented in MATLAB.

For the example studied in Figure 6, the orientation of the
moving platform is numerically calculated from the encoder
values as depicted in the figure. If A%y = [¢1 ¢ m m2] =
[20° —70° —40° —40°] are used as the initial guesses to
initialize the nonlinear least squares estimation, the algorithm
converges to Arr = [(1 C2 m1 12] = [25.90° — 73.30° —
45.88° — 44.84°] only after a few data sets are collected,
where (; and 7;, ¢ = 1,2 specify the orientations of the
rotation axes of the revolute joints.

F. Implementation of a Reaction Torque Observer and De-
termination of the Ankle Impedance

Given the configuration and motion level forward and
inverse kinematics of the coupled 3UPS-RR system and
the dynamic properties of the exoskeleton, a robust po-
sition controller with a reaction torque observer can be
implemented to characterize the dynamic properties of the
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ankle. In particular, employing the robust position controller,
the exoskeleton can command the ankle trace a desired
trajectory, while disturbance forces due to the unknown
dynamics of the ankle can be estimated during this motion.
Block diagram of such a robust position controller is depicted
in Figure 7. In the controller implementation, forces due to
the known (modeled) dynamics of the exoskeleton is added
to the system in a feedforward manner (through the model
based disturbance estimator) to ensure that the disturbance
acting on the system is solely due to the unknown dynamics
of the ankle. Under such a control, the forces commanded
by the controller is to counteract the unmodeled dynamics
of the ankle. Hence, the actuator forces can be mapped to
the joint torques at the ankle and assuming that all other
disturbances are comparatively small, these torques provide
a close estimate of the actual joint torques due to ankle
dynamics.
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Figure 8 presents simulation results for the robust position
controller when the upper ankle joint is moved to trace a 1Hz
sinusoid with 25° amplitude and the subtalar joint is moved
to trace a 1Hz sinusoid with 35° amplitude (see the top left
plot). During these simulations, the unmodeled dynamics of
the ankle are taken due to b, = 1.5 N-s/rad, and k, = 50
N-m/rad for the upper ankle joint, and bs = 1.0 N-s/rad,
and ks = 30 N-m/rad for the subtalar joint. The actuators
are assumed to behave a perfect force sources. In simulation,
even with the large unmodeled dynamics, the tracking errors
for the joints can be kept within 2° (see bottom left plot). The
plots on the right present the motion of the linear actuators

of the exoskeleton. ) )
Figure 9 presents the reaction torque estimated by the

controller, which are due to the unmodeled dynamics of the
ankle. Since both the motion of the ankle and the torques
due to the ankle dynamics can be measured about the joint
axes at the desired frequencies, the ankle impedance can
easily be estimated using standard parameter estimation tech-
niques. Such estimates of the unmodeled ankle impedance
about the joint axes are given in Figure 10. The estimated
joint impedances can also be mapped to end effector (foot)
impedance through a simple transformation dictated by the
Jacobian map.

45 i
107 10;_; 10°
Fig. 10. Unmodeled joint irﬁ'i)[f:a]ances and their estimates

IV. CONCLUSIONS

The design, analyses, and clinical measurement use of a
reconfigurable, parallel mechanism based ankle exoskeleton
are presented. After identifying the relevant design criteria
for several physical therapy exercises, kinematic structures
of mechanisms that are best suited for these therapies are
selected. Reconfigurability is embedded into the design such
that a single device can be arranged as a 3UPS manipulator
to administer RoM/strengthening exercises and as a 3RPS-
R manipulator to support balance/proprioception exercises.
Moreover, utilization of the exoskeleton as a clinical mea-
surement tool to estimate dynamic parameters of the ankle
is discusses and kinematic analysis and control of the device
to determine ankle impedance are detailed.
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