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a b s t r a c t

This paper presents the concept, design process, and the prototype of a novel haptics-based lower-
extremity rehabilitation robot for bed-ridden stroke patients. This system, named Virtual Gait Rehabili-
tation Robot (ViGRR), is required to provide the average gait motion training as well as other targeted
exercises such as leg press, stair stepping and motivational gaming, in order to facilitate motor learning
and enable the training of daily activities such as walking and maintaining balance. The system require-
ments are laid out and linked to the design of a redundant planar 4DOF robot concept prototype. An iter-
ative design optimization loop was setup to obtain the robot kinematic and dynamic parameters as well
as the actuators. The robot’s mechanical design, model, safety features, admittance controllers, and the
architecture of the haptic controller are presented. Preliminary experiments were planned and performed
to evaluate the capability of the system in delivering task-based virtual-reality exercises and trajectory
following scenarios.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Rehabilitation robotics aims at developing novel technologies
and associated protocols to assist therapists in serving an ever
increasing elderly population and stroke victims [1]. Approxi-
mately 50,000 Canadians and 780,000 Americans suffer a stroke
each year, resulting in disabilities, reduced mobility, independence,
and quality of life [2,3]. Based on principles of motor learning and
recovery, the current stroke rehabilitation practices focus on inten-
sive, cognitively demanding, time-consuming and repetitive exer-
cise regiments [4]. Early intervention is identified as critical for
stroke patients and shown to improve functional outcomes [5,6].

Specialized gait rehabilitation robotics have the potential to
provide improved functional gains for patients by incorporating
high-intensity repetitive exercises over an extended period [1,7].
There are still many challenges on integrating robotics into a stroke
rehabilitation intervention and questions regarding their efficacy
and patient outcomes in the absence of clinically relevant data
[8,9]. The current rehabilitation robotics mainly focuses on
patients with partial load bearing or use of body weight support
system, limiting their benefits in assisting bed-ridden patients.
Carleton University’s Advanced Biomechatronics and Locomotion
laboratory (ABL) has developed the Virtual Gait Rehabilitation
Robot (ViGRR), designed to work with bed-ridden patients and
provide various activities including haptic sensation of ground
reactions. ViGRR promises to develop new features which can
add value to patients and therapists, and save on healthcare cost
in stroke rehabilitation.

Gait rehabilitation robots primarily include body weight sup-
ported treadmill training where an exoskeleton guides the patient
through a trajectory, thus alleviating the burden of therapists in
manipulating the patients’ legs [10,11]. The Lokomat [11] and
other devices such as the Autoambulator [12] and Lokohelp [13]
provided guided average gait training limited to sagittal plane floor
walking. New technologies complement behaviour driven motor
learning models that encourage the patient to initiate movements
and provide assistance as-needed during exercise. The Lokomat
now incorporates impedance control schemes that attempt to
adapt to a patient’s intentional changes in gait parameters such
as cadence and stride length with modifiable assistance given by
the robot [14]. The ALEX robot employs a force-tunnel control
scheme to guide a patient through a desired foot trajectory to
improve retention of skill development and motor learning
[15,16]. For less resistance and more natural gait, LOPES incorpo-
rates extra degrees of freedom, lightweight compliant actuators,
and impedance based virtual assistance models for gait training
[17]. The WalkTrainer promises over-ground walking instead of
using a treadmill, for a more realistic experience, and incorporating
muscle stimulation [18].

In order to expand the capabilities of a robotic system beyond
over-ground activities such as sit-to-stand or stair climbing, the
HapticWalker [19,20] and G-EO-Systems trainer [21] employ a
robot end effector interfaced with the patient’s foot. These
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footplate-based robotic devices also allow free motion of the leg’s
joints so that there are no restrictive or unsafe interactions across
the knee or hip that can result from cross-joint actuators with exo-
skeleton robots. Other footplate-based exercise machines do not
include full gait trajectories, such as Erigo, incorporates foot pedals
with physiological biofeedback mechanisms, e.g. heart rate and
stress, to continuously adapt the training regiment to suit the
patient’s level of effort and ability but have a limited range of
motion [22]. Other configurations include dual Stewart platforms
[23], or controlled trajectories with a patient lying in a reclined
posture [24,25]. Stewart platforms’ have limited ability in provid-
ing the range of motion needed for full gait training and
reclined-posture robots control schemes surround only trajec-
tory-based exercise.

Improving motivation and engagement of patients is another
potential for robotic systems to augment the rehabilitation pro-
cess. Virtual environments and haptic devices provide customized,
targeted, and engaging interventions with patients [26]. Custom-
ized tasks and/or game-like scenarios suited to the patients’ needs
have already been used in upper extremity robotic rehabilitation
[9,8,27]. Gait training devices have been slow to adopt virtual envi-
ronments and haptic control likely because of the high loading
requirements, a large workspace for leg interaction, and a strong
focus on only walking trajectories. Development with the Haptic-
Walker includes force control strategies for its use as a haptic plat-
form [28], but does not incorporate visualizations, and is limited to
virtual treadmills and stairs. Some studies with LOPES and Lokom-
at have investigated the application of virtual environments
accompanying treadmill walking [29,30] but cannot be generalized
for other activities or exercises.

It is clear that the complexity in the gait rehabilitation process
elicits a multitude of design approaches motivated by different chal-
lenges and interpretations of the needs of patients and therapists.
The efficacy of the various controller implementations, configura-
tions and actuation systems are difficult to assess and there is still
a lack of widespread randomized clinical trials for motivating clini-
cal adoption of gait rehabilitation robots [31,32]. Initial clinical trials
with the Lokomat conclude that it is not more effective than conven-
tional overground therapy techniques [33,34]. The versatility and
programmability of a robotic device can be further embraced with
a robotics system that has the capacity to provide a greater breadth
of exercise regiments closely linked to current practices in the clinic
for therapists to administer rather than designing a device based on
a specific functionality or control scheme.

The following sections describes the ViGRR prototype design
cycle from requirements analysis to the details of mechanical
and controller design, and conclude with user-driven experiments
conducted to evaluate the prototype’s functionality.
UserManipulator

Footplate Operator

Visualization

Fig. 1. Overview of the ViGRR prototype.
2. Conceptual design

2.1. Functional requirements

Lower-extremity robotic devices employ trajectory based exer-
cises, involve large upright platforms, and are not currently
designed to tailor to the variability, specificity and flexibility of
exercises administered by therapists in a clinical setting [35,9].
There is a need to implement a safe interactive robotic platform
with underlying technologies that can not only train predefined
trajectories, but also employs a number of targeted exercise tasks
with virtual environments. Early intervention for post-stroke vic-
tims is key to optimal functional recovery and the ability to use a
robotic platform in a supine position for acute stroke patients
would provide a beneficial opportunity for reaching patients who
would otherwise be sedentary [25]. The functional requirements
Please cite this article in press as: Chisholm KJ et al. A task oriented haptic
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for a gait rehabilitation robot should include: (A) Perform as a hap-
tic display with visual and force feedback; (B) Support the legs and
the foot such that exercises and interactions beyond average gait
trajectories can be implemented; (C) Provide a range of torso con-
figurations from simple exercises in a supine configuration to fully
upright for gait trajectories; (D) Measure patient joint kinematics
and dynamics for assessment and monitoring; and (E) Is compact,
safe, easy to don and doff, accommodate a wide range of patients
within the stroke population, and be operated by one or two
therapists.
2.2. ViGRR concept

The ViGRR concept prototype is envisioned as a robotic device
that interfaces with a patient’s lower extremities and acts as a hap-
tic interface for virtual exercises relevant to gait rehabilitation.
Fig. 1 shows the prototype of the ViGRR concept with a manipula-
tor for the right leg. ViGRR differentiates itself from other gait reha-
bilitation robots by introducing flexible task-based gaming
environments for the lower extremities in a format accessible for
low-functioning or even bed-ridden patients yet powerful enough
to provide a portion of ground reaction forces expected from the
normalized gait trajectories.

The required high-level operational framework for the ViGRR is
provided in Fig. 2 involving three distinct processes: Assessment,
training, and control. The concept includes real-time patient assess-
ment measurements and therapist inputs to generate a desired
physics-based game or task with haptic rendering and sensory
feedback. The robot controller then matches the desired force or
trajectory generated by the haptic interaction of the robot with
the virtual environment.

For example, if a physiotherapist treats ankle dorsiflexion of
patient having difficulty reacting to obstacles on their left (left
neglect), they can set up a gaming environment that requires
attention on the left side of the screen and incorporates an activity
that challenges the patient to flex their ankle. Other potential exer-
cises may focus on: balancing a ball on a virtual plank (balance
recovery); football kick (hip flexor strengthening); pushing each
foot to steer a race car (weight shift training); and altering leg press
movements according to musical or visual cues (improving sym-
metrical muscle activations and timing). The ViGRR platform could
provide many types of activities that target specific functional
gains with the added benefits of autonomous operation, improved
safety, fewer space and equipment requirements, detailed mea-
surements of the patient’s effort, real-time feedback, and reduced
physical burden on the therapist.

The ViGRR prototype is realized as a planar 4DoF all-revolute
serial manipulator with a force/torque sensor at the end effector
gait rehabilitation robot. Mechatronics (2014), http://dx.doi.org/10.1016/
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Fig. 2. ViGRR controller concept flow chart.

Fig. 3. Leg (top) and robot (bottom) schematics and coordinate transformations.
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which interfaces with a user’s foot. The torso is fixed to a reclined
seat with an adjustable back rest and the footplate is offset from
the linkages of the manipulator. The decided configuration of the
robot features: (A) A serial manipulator with the base joint at the
user’s hip was chosen to act as an analogue to the lower extremities
accommodating an appropriate workspace for multiple torso angles.
(B) The planar robot is offset to the side of the user, with a detachable
foot plate constrained to move only in the sagittal plane. This pre-
vents collisions between the user and the robot, and allows for a
quick mechanical release of the leg in case of emergency. (C) There
is a single human-robot physical connection with requiring only a
single force sensor for the foot and does not require adjustable link-
age lengths for the manipulator. (D) The redundant 4-DOF serial
manipulator adds robustness and flexibility to the system, however
optimization is required for inverse kinematics.
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Fig. 4. Hip knee and ankle joint angles vs. percent gait cycle.
3. Requirements analysis

The performance requirements of the ViGRR platform are lar-
gely based on a person’s gait, considering ambulation is a desirable
functional outcome for gait rehabilitation. An analysis of average
gait trajectories with a simplified leg model was chosen for gener-
ating required workspace loading requirements which were then
used with a robot simulation to optimize parameters in the
detailed design of the robot.

3.1. Leg model

Basic assumptions of rigid bodies, bulk joint torques and revo-
lute joint constraints were made consistent with planar gait anal-
ysis biomechanics modeling [36,37] and were implemented in
simulations required for the detailed iterative design process.

The leg model is analogous to a serial 3R robotic arm where
each leg segment (thigh, lower leg, and foot) is assumed to be a
rigid body with the torso stationary and fixed to the seat (base
frame f0g). Fig. 3 shows a schematic of the leg and robot model
depicted separately for clarity with the thigh, lower leg and foot
rigid bodies shown for the leg. The leg joint angles are denoted
by h. The foot position and orientation of the coordinate frame at
the end of the foot relative to the base frame is denoted by Xh.
The equations of motion for the leg model were derived using
Euler–Lagrange formulation of dynamics for an all-revolute planar
3DoF manipulator and verified with the iterative Newton–Euler
formulation [38].

The properties of each rigid body segment are related to the
total body height (stature) of an individual and the total body
weight using anthropomorphic data from studies involving cadav-
ers and human subjects [39,37]. These length and mass propor-
tions provide approximations when measured segment
properties of the individual are not available [37] and also serve
as a design tool where only a person’s weight and height are
required to specify the dynamic properties of the leg model.
Please cite this article in press as: Chisholm KJ et al. A task oriented haptic
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For use with the ViGRR human leg model, average experimental
sagittal plane gait trajectories and ground reaction forces of
healthy adults were obtained from [36]. A passive joint torque
model was also applied to mimic passive restoring torques from
soft tissues deforming and involuntary co-contractions over the
joint as it approaches biological limits [40]. Fig. 4 shows the joint
torque data as circle markers and the fitted spline fit and the bro-
ken line represents the bounds of one standard deviation from the
mean for the collected data.
3.2. Workspace

The required workspace of the robot should accommodate a
large range of body types as well as a large range of motion of
the leg joints, so that a variety of exercises and tasks like walking,
stair climbing and cycling can be accomplished. Joint angle limits
and passive joint torque model from [40] are used with torque lim-
its to help define the required workspace boundary. The leg model
inverse kinematics were applied at foot locations and orientations
gait rehabilitation robot. Mechatronics (2014), http://dx.doi.org/10.1016/
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in the Cartesian space with a grid of points tested at 1 cm intervals
for the position and one degree intervals for the orientation. The
range, maximum, and minimum permissible foot angles were cal-
culated within specified passive torque or joint limits. Contour
plots of the leg models’ workspace are presented in Fig. 5 for indi-
viduals with a height of 1.507 m and 1.887 m which correspond to
5th percentile and 95th percentile statures of American adults [41].
These two body heights and associated anthropometric limb seg-
ment lengths represent the maximum and minimum heights of
individuals intended for use with the ViGRR prototype.
3.3. End effector loading requirements

From the leg dynamic model, including average gait trajectories,
a passive joint torque model and anthropometric relationships, the
end effector loading requirements can be calculated based only on
the cadence and chosen height and mass of the individual(s). The
process for determining the loading and trajectory requirements
of the end effector is as follows:

1. Determine leg model parameters from height and mass of indi-
vidual with anthropometric relationships.

2. Calculate average leg passive joint torques, applied bulk tor-
ques, angular positions, velocities, and accelerations from
desired cadence and experimental gait data.

3. End effector positions, velocities and accelerations calculated
from forward kinematics.

4. Joint torques, positions, velocities and accelerations are used in
the leg’s equations of motion to obtain the end effector forces
and torques.

Four sets of end effector trajectories and loading requirements
were generated based on walking at 100 steps per minute with
60% of the average applied leg joint torques and leg properties
derived from 0� and 30� (supine) torso angles which correspond
to the most extreme configurations of the user in terms of high
loading requirements due to the effect of gravity and the extra
support required to keep the robot and leg horizontal.
Fig. 5. Leg model workspace bounds for individuals of average limb proportions and statu
end effector (foot).

Please cite this article in press as: Chisholm KJ et al. A task oriented haptic
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4. Manipulator design optimization

The knowledge of the system kinematics, dynamics, and loading
are required to select the actuators. The choice of actuators also
affects the robot parameters. For redundant robots, an intimate
knowledge of optimal redundancy resolution schemes and control-
lers is crucial to the design process. An iterative optimization pro-
cess, shown in Fig. 6, was set up to find the optimum design
configuration including parameters and actuator specifications
(lengths, masses, torques, speeds, transmissions, etc.) The details
of modules used in the design process are highlighted in the
following sections.

4.1. Robot model

The dynamic model of the ViGRR prototype was derived, a serial
4DOF manipulator, was derived analytically, which takes the form
of

s ¼ MðqÞ€qþ Cðq; _qÞ _qþ gðqÞ þ B _qþ Tcð _qÞ þ JT fe; ð1Þ

s 2 R4 is the vector of joint torques and q 2 R4 is the vector of joint
angles. The matrix MðqÞ 2 R4�4 is the inertia matrix and Cðq; _qÞ 2 R4

is the vector of coriolis and centripetal terms. The vector gðqÞ 2 R4 is
associated with the effect of gravity, B is a diagonal matrix of vis-
cous friction coefficients, Tcð _qÞ is a tanh coulomb friction model,
and the robot Jacobian transpose JT 2 R4�3 relates the static planar
interaction forces applied at the end effector fe 2 R3 relative to
frame {0} to the torques applied by the robot. The position and ori-
entation of the robot end effector frame feg is denoted by Xe 2 R4.

Thus far, we have considered the leg and robot to be separate
entities, but rigidly connected. The coordinate transforms between
the foot and robot are depicted in Fig. 3. A coordinate transforma-
tion, eTh, specifies the displacement and angle offset between the
robot end effector frame feg and the foot coordinate frame fhg.
Given the inverse kinematics of the leg model finvðXhÞ, the joint
angles can be estimated using the robot sensors.

Due to its redundancy, the inverse kinematics for ViGRR manip-
ulator requires an optimization routine to determine a single joint
configuration for a given end effector pose. Penalty functions, xlðqÞ
res of 1.507 m (a) and 1.877 m (b) with contours showing the range of angles at the

gait rehabilitation robot. Mechatronics (2014), http://dx.doi.org/10.1016/
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Table 1
Nonlinear optimization results for design parameters.

l1 l2 l3 l4 k0
s k0

l
weh

0.20 0.34 0.27 0.15 0.096 0.016 0.58
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and xsðqÞ, are combined to avoid joint limits, singular configura-
tions in finding an optimal configuration, q�, which solves:

min xðqÞ ¼ klxlðqÞ þ ksxsðqÞf g 8 q 2 R4 : qi;min < qi < qi;max

� �
;

ð2Þ

where qi;min 2 R4; qi;max 2 R4 are the joint limits for each joint i, and
kl 2 R; ks 2 R scale the penalty functions

xlðqÞ ¼
X4

i¼1

qi � 0:5ðqi;max þ qi;minÞ
qi;max � qi;min

 !2

; ð3Þ

and

xsðqÞ ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
det JJT

� �r
: ð4Þ

In order to maintain the end effector pose, the solution is optimized
by applying the gradient of the objective function (2) projected to
the Jacobian null space, such that

q�kþ1 ¼ q�k � ðI � JyJÞrxðq�kÞ; ð5Þ

for iteration kþ 1 and the gradient rxðq�kÞ is determined analyti-
cally. The optimal solution converges when Dq� ¼ qkþ1 � qk reaches
a specified tolerance.

ViGRR’s differential inverse kinematics employ the Jacobian
pseudoinverse Jy to minimize the norm of q for a given velocity
of the end effector _Xe such that _q ¼ Jy _Xe and €q ¼ Jyð€Xe � _J _qÞ [38].

4.2. Component selection and optimization

The model of the robot was used to find the motor joint torques
and velocities for each set of end effector loading requirements
through the design iterations. For each set iteration of the drive-
train component selections (large loop in Fig. 6), their dynamic
properties were applied in a simulation to find the optimal value
for the design parameter defined by

v ¼ l1 l2 l3 l4 ks kl weh½ �T ; ð6Þ

where fl1; l2; l3; l4g are the linkage lengths, and weh is the end effector
offset angle from the foot. The optimal design parameters are found
solving the optimization problem

min f ðvÞ ¼ frms þ 0:5f maxf g 8 v 2 R7 : v i;min < v i < v i;max
� �

; ð7Þ

where v i;min; v i;max are the limits for each parameter in v,

frms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4n
bðsðvÞsTðvÞÞ

r
;

fmax ¼ b max
j
jsi;jj;

and sðvÞ 2 R4�n is the matrix of calculated joint torques based on:
the design parameters v; n data points from desired end effector
trajectory j, and the dynamic model of the robot (1). The objective
Please cite this article in press as: Chisholm KJ et al. A task oriented haptic
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function f ðvÞ is a sum of the root mean square values of the joint
torques and the maximum absolute value of each joint over the
trajectory, both weighted by the vector b 2 R1�4.

The objective function (7) was used with a genetic algorithm,
implemented in MATLAB, to find the global optimum design vector
v. A nonlinear inequality function was also created that marked the
function parameters as invalid if all points on the trajectory were
not reachable or the specified joint limits of ±140� were exceeded.
The resulting parameters from the genetic algorithm optimization
for ViGRR are provided in Table 1.

The final compatible parameters optimized by the genetic algo-
rithm with the chosen motor and harmonic drive units provided an
acceptable solution to the optimization problem. Danaher Motion
AKM series DC motors and S200 drive units were selected with
CSF and CSG series harmonic drives for the joint transmissions
with the nominal (subscript n) and peak (subscript p) torques
and velocities specified in Table 2.
4.3. Safety mechanisms and end effector design

For powerful human-interactive robots such as ViGRR, safety is
paramount due to potential risks arising from collisions, moving
outside comfortable bounds of a patient’s range of motion or inter-
action forces. One key method used here, is to ensure user safety by
releasing the user from the robot and ensuring that the workspace
remains collision-free from the user afterwards. The footplate is
magnetically attached and can be released on demand to mitigate
safety risk, e.g., power loss, emergency button pressing, or control-
ler safety limits. Fig. 7 shows the end effector in the disengaged
position. Emergency stop buttons are available for the user and
the therapist. A safety monitoring subsystem, in the real-time con-
troller, monitors the configurations, velocities, forces, and torques,
in both joint space and task spaces, and detects if any of the quan-
tities exceed specified safety limits. In addition, hardware joint
limit switches inhibit the drive motion to prevent damage and self
collision. An important safety feature is based on estimating the
patient’s joint angles during the robot’s operation and limiting
those motions to patient-specific ranges during the operation.
5. Control system design

The final design phase for the ViGRR prototype is the develop-
ment of the control hardware, architecture, and algorithms. The
control architecture, shown in Fig. 8, uses a nonlinear inverse
gait rehabilitation robot. Mechatronics (2014), http://dx.doi.org/10.1016/

http://dx.doi.org/10.1016/j.mechatronics.2014.07.001
http://dx.doi.org/10.1016/j.mechatronics.2014.07.001


Table 2
Drive component specifications.

Joint sn (N m) sp (N m) xn (rad/s) xp (rad/s)

1 254 892 2.62 5.24
2 281 892 2.18 5.24
3 90 309 2.29 4.91
4 57 191 3.67 8.38

Fig. 7. End effector footplate.
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dynamics task-space trajectory controller together with an imped-
ance model and a virtual environment to enable a foot-haptic
controller.

The real-time control hardware and software are implemented
using a custom architecture, including a host Windows PC with
Simulink and QuaRC software and a target PC with QNX real-time
operating system running at 2000 Hz, interfaced with a Quanser
Q8 data acquisition card. The 6-axis ATI Mini85 force/torque sensor
mounted at the end effector measures the interaction forces felt by
the patient. The patient seat is adjustable from 0� to 90�, allows for
unhindered leg movement using a bike-style seat, and is able to
slide along the direction of the patient’s torso which provide
various configuration for future clinical studies.

5.1. Robot controller

Feedback linearization (or inverse dynamics) trajectory control
is applied to the ViGRR platform [38] resulting in a linear closed-
loop system. A regressor-parameter formulation was derived in
order to provide a linearized set of dynamic parameters that can
be calibrated experimentally. The equations of motion can be rear-
ranged to involve a regressor matrix Yðq; _q; €qÞ as a function of the
joint positions, velocities and accelerations and a parameter vector
/ containing the dynamic parameters. The parameter and regres-
sor are equivalent to the robot dynamics as in

s ¼ MðqÞ€qþ Cðq; _qÞ _qþ gðqÞ þ B _qþ Tcð _qÞ
¼ Yðq; _q; €qÞ/:

ð8Þ
Virtual Environment

Sensors

Admittance 
Model

Inverse 
Kinematics

Trajectory 
Control

Physical 
System

Fig. 8. Overview of ViGRR controls implementation.
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The inverse dynamics controller is applied to the ViGRR trajectory
controller in the form of

u ¼ Yðq; _q; aqÞ/; ð9Þ

where u is the commanded motor torques and aq is the new con-
troller input. A joint space tracking proportional-derivative (PD)
controller with an acceleration feedforward term is specified as

aq ¼ €qd þ K1
_~qþ K0~q; ð10Þ

where the superscript d denotes the desired trajectory, ~q ¼ qd � q
and _~q ¼ _qd � _q are the joint position and velocity errors, respec-
tively, and the positive diagonal matrices K0 and K1 specify the
position and velocity gains for each joint.

The ViGRR robot relies on a model-based control and a calibra-
tion is required to ensure the model parameters provide the
desired stable behaviour of the robot with good tracking perfor-
mance. The dynamic parameter / from the regressor-parameter
formulation of the dynamics (8) is determined from the calibration
procedure. The calibration is based on a set of trajectories for all of
the joints with varying amplitudes and frequencies. The joint posi-
tions and applied torques were logged and a zero-phase filtering
was performed on the joint angles to calculate the velocities and
accelerations by numerical differentiation [42]. From n data points
over the calibration trajectory, the dynamic parameters are deter-
mined from an augmented matrix defined by

s ¼ Y/

s1

s2

..

.

sn

8>>>><>>>>:

9>>>>=>>>>; ¼
Yðq; _q; €qÞ1
Yðq; _q; €qÞ2

..

.

Yðq; _q; €qÞn

266664
377775/

ð11Þ

The dynamic parameter was calculated by a least squares solution
from

/̂ ¼ ðYT YÞ�1ðYTsÞ: ð12Þ
5.2. Admittance force control

In the admittance control scheme, the input is the difference
between the measured force fh and the reference (desired) force
f r
h , and the output is the error trajectory generated, using a desired

impedance model, as a disturbance to the reference trajectory with
a discrete-time integration process. The desired impedance model
is defined as

ðfh � f r
h Þ ¼ Ma

€eXa þ Ba
_eXa þ Ka

eXa; ð13Þ

where eXa ¼ ðXd
h � Xr

hÞ;
_eXa ¼ ð _Xd

h � _Xr
hÞ, and €eXa ¼ ð€Xd

h � €Xr
hÞ are the

errors in the Cartesian space and superscript r refers to a reference
trajectory, subscript a refers to the disturbance trajectory generated
from the impedance model and superscript d refers to the desired
trajectory generated for the trajectory PD control. The terms
Ma; Ba and Ka are the inertia, damping and stiffness coefficients
that define the task space impedance model dynamics.

The admittance disturbances are generated using the following
state-space model:eXa

_eXa

€eXa

8>><>>:
9>>=>>;

kþ1

¼
I tsI 0
0 I tsI

�M�1
a Ka �M�1

a Ba 0

264
375

eXa

_eXa

€eXa

8>><>>:
9>>=>>;

k

þ
0
0

M�1
a

264
375ðfh � f r

h Þ;

ð14Þ

where ts is the controller step size in seconds. The reference force f r
h

for the admittance controller is calculated from a virtual coupling
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haptic rendering algorithm [43] that uses a 3D graphics rendering
engine and rigid collision model. The virtual coupling and admit-
tance dynamic parameters are experimentally tuned to ensure
stable behaviour of the system when dealing with unpredictable
haptic user interaction.
Fig. 10. Desired and measured gait trajectories during two trials for a cadence of 7.5
steps
min .
6. Preliminary experiments

Initial experiments are defined to assess the novel capabilities
of ViGRR and whether it can be used for rehabilitation and human
interaction as a haptic device using force feedback from a virtual
environment. All the presented experiments were performed
under an ethics approval from Research Ethics Board at Carleton
University project 11-1631.

6.1. User driven experiments

Two main experiments were performed: A gait trajectory fol-
lowing to enhance the user’s ability in leg swinging motion, and
a targeted leg press activity to enhance sit-to-stand and balance
abilities.

In the gait trajectory following the user tracks an average gait
trajectory, shown on the screen, using their feet. The purpose of
this experiment is to determine whether the user can follow a
tracking task when the robot is in force-controlled mode. In an
effort to provide a comfortable position for the user, both the seat
and the reference trajectory are rotated 20�.

The impedance model was set to provide resistance to the
motion with a specified viscous damping coefficient, zero stiffness,
and a point mass. Fig. 9 shows the experimental setup. The user
was asked to follow a reference gait trajectory with a cadence of
7.5 steps

min . Markers depicting the measured and desired positions of
the foot were overlaid on the visualization with the reference
trajectory for the user to follow.

Fig. 10 shows the desired and measured planar foot positions
for the cyclical foot trajectory experiment performed with a
healthy participant. The desired trajectory provided as visual feed-
back is depicted as a dashed line and the measured trajectory of
the foot Xh is the solid line.

The second experiment with a virtual reality exercise environ-
ment simulates a weighted leg press which provides strength
training and coordination for sit-to-stand motion with a patient.
The user pushes on a weight by extending their leg in the horizon-
tal direction, while a virtual gravity is acting on the simulated mass
in the opposite direction. This weight, shown as the grey box in
Fig. 11, can be varied depending on the strength of the patient. A
weak patient can start with a small load which gradually increases
as they progress. A leg press was performed with a healthy partic-
ipant and masses of 5 kg and 10 kg at g ¼ 9:81 m=s2. Fig. 12 shows
the desired and measured horizontal interaction forces relative to
the global frame f0g with the virtual leg press exercise.
Fig. 9. Diagram of the setup for the gait trajectory following experiment.

Please cite this article in press as: Chisholm KJ et al. A task oriented haptic
j.mechatronics.2014.07.001
6.2. Discussion

The force feedback control scheme was successfully imple-
mented to allow the user to track a desired path. The user demon-
strated the capability of ViGRR to provide force and visual feedback
to perform a motor task. The tracking plot from Fig. 10 shows the
user’s attempt to follow a desired foot trajectory. The user deviates
from the desired trajectory near the bottom where more force is
required to accelerate. Table 3 lists the dominant characteristics
of the forces applied during free motion of the leg.

The noticeable oscillations in the force and position may be
attributed to modeling errors from the nonlinear characteristics
and the inherent flexibility of harmonic drives. An improved model
of the system may provide more precise control and may reduce
oscillations. Moreover, the foot-robot coupling is not rigid, and
the sensory feedback and motor control of the user, who is in the
loop, can also introduce oscillations. Lower viscous damping did
result in larger controller oscillations and was not comfortable
for the user and higher damping increases the user’s effort and
decreases the robot’s transparency.

The leg press experiment demonstrated not only a visual feed-
back and interactive experience with the user, but also incorpo-
rated haptic feedback driven by the physics-based gaming
environment. The applied forces from the user are relatively noisy
Fig. 11. Leg press exercise with ViGRR where the patient pushes in the X direction,
acting against gravity. The large and small boxes represent the weight and virtual
tool respectively.

gait rehabilitation robot. Mechatronics (2014), http://dx.doi.org/10.1016/
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Fig. 12. Leg Press experiment for a 5 kg (top) and 10 kg (bottom) weight. The blue line represents the measured forces at the FT sensor and the red line represents the haptic
interaction forces. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Force characteristics for gait trajectory following task.

Parameter Value Units

Ma [10,10,1] (kg, kg, Nm2)
Ba [55,55,10] (Ns/m, Ns/m, Ns/rad)
Ka [0,0,30] (N/m, N/m, Nm/rad)
f r
h [0,0,0] (N, N, Nm)

ts 1/2000 s
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and exhibit more prevalent oscillations compared to the reference
forces from the haptic rendering. This discrepancy may be caused
by structural or physical dynamic interactions and/or motor con-
trol artifacts. Further refinement and detailed characterization of
the haptic performance and stability should be performed in future
investigations.

The intended application of the ViGRR prototype and these
experiments is to demonstrate its rehabilitation-focused capabili-
ties. We can look at the initial controller concept flow chart in
Fig. 2 and refer to analogous portion of the virtual environment
tasks in order to elucidate its application to gait training. In the
training portion of the controller, the trajectory following task
incorporates task space dynamics that include damping, stiffness
and inertia terms of the impedance model. The leg press incorpo-
rates direct interaction with a physical mass and virtual gravity.
Please cite this article in press as: Chisholm KJ et al. A task oriented haptic
j.mechatronics.2014.07.001
Training and interactive feedback to the user is in the form of a
3D graphic visualization and force feedback. The controller portion
of the control scheme tracks the desired output from the virtual
environment or admittance control process. In the assessment por-
tion of the controller concept, the user’s effort is measured by the
force/torque sensor and their tracking performance is also assessed
by inspecting the task space reference trajectory and measured
foot positions as shown in Fig. 10. ViGRR’s ability to measure or
estimate different variables is an asset that can lead to further
study into controllers or tasks that provide different types of infor-
mation as feedback to the user and therapist that are relevant to
the task in the virtual environment.
7. Conclusion

It was shown that ViGRR is capable of operating as a haptic
device for rehabilitation applications and provide repetitive exer-
cises in an effort to improve functional outcomes for the lower
extremities. A full mechatronics system was conceived, designed,
calibrated and tested with it’s intended application. Further inves-
tigation and development of the platform’s technical capabilities
will inform future virtual environments for gait rehabilitation tasks
and ultimately, experiments with stroke patients.
gait rehabilitation robot. Mechatronics (2014), http://dx.doi.org/10.1016/
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