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Haptic Training Method Using a Nonlinear
Joint Control

Jarillo-Silva Alejandro, Domínguez-Ramírez Omar A., Parra-Vega Vicente

Abstract— There are many research works on robotic devices to assist in movement training following neurologic injuries such
as stroke with effects on upper limbs. Conventional neurorehabilitation appears to have little impact on spontaneous biological
recovery; to this end robotic neurorehabilitation has the potential for a greater impact. Clinical evidence regarding the relative
effectiveness of different types of robotic therapy controllers is limited, but there is initial evidence that some control strategies
are more effective than others. This paper consider the contribution on a haptic training method based on kinesthetic guidance
scheme with a non linear control law (proxybased second order sliding mode control) with the human in the loop, and with
purpose to guide a human user´s movement to move a tool (pen in this case) along a predetermined smooth trajectory with
finite time tracking, the task is a real maze. The path planning can compensate for the inertial dynamics of changes in direction,
minimizing the consumed energy and increasing the manipulability of the haptic device with the human in the loop. The
Phantom haptic device is used as experimental platform, and the experimental results demonstrate.

Index Terms—Diagnosis and rehabilitation, haptic guidance, sliding mode control, path planning, haptic interface, passivity and
control design.

—————————— ——————————

1  INTRODUCTION

N  the least decade the number of patients who have
suffere accidents stroke or traumatic brain injuries have
increase considerably [1]. The central nervous system

damage can lea to impaired movement control upper
extremities, which ar facing major difficulties in relation
to the activities of daily life. Several studies showed that
the rehabilitation therapy which is based on motion-
oriented tasks repetitive, it help to improve the move-
ment disorder of these patients [2], [3]. Unfortunately
repeatability therapy requires consistency, time for physi-
cians and therefore money.

Conventional neurorehabilitation appears to have little
impact on impairment on spontaneous biological recov-
ery. Robotic neurorehabilitation has potential for a greater
impact on impairment due to an easy deployment, its
applicability across of a wide range of motor impairment,
its high measurement reliability, the capacity to deliver
high dosage of training protocols and high intensity in the
exercises. This situation economic rehabilitation. With the
purpose of enhance the relationship between outcome
and the costs of rehabilitation robotic devices are that
being introduced in clinical rehabilitation [4], [5]. Rehabil-
itation using robotic devices not only has had an impor-
tant contribution in this area but also has introduced
greater accuracy and repeatability of rehabilitation exer-
cises. Accurate measurement quantitative parameter us-

ing robotic instrumentation is a tool that accomplishes the
goal of the patient’s recovery.

1.1 Justification
As care is decentralized and moves away the inpatient
settings to homes, the availability of technologies can
provide effective treatment outside, the acute care of the
hospital would be critical to achieve sustainable man-
agement of such diseases. In the field of neuromotor re-
habilitation, skilled clinical managers and therapists can
achieve remarkable results without using technological
tools or with rudimentary equipment, but such precious
human capital  is  in very short  supply and,  in an case,  is
totally insufficient to sustain the current demographic.

Robots are particularly suitable for both rigorous test-
ing and application of motor learning principles to neuro-
rehabilitation. Computational motor control and learning
principles derived from studies in healthy subjects are
introduced in the context of robotic neurorehabilitation.
There is an increasing interest in using robotic devices to
provide rehabilitation therapy following neurologic inju-
ries such as stroke and spinal cord injury. The general
paradigm  to  be  explored  is  to  use  a  robotic  device  to
physically interact with the participant’s limbs during
movement training, although there is also work that uses
robot that do not physically contact the patients [6].

1.2 The Problem
Some of the problems presented by a motor rehabilitation
of patients who have suffered a brain injury, is the time
rehabilitation takes place, the cost that this entails, poor
information that the specialist has to determine the diagno-
sis of a patient in rehabilitation, and the lack of platforms
for rehabilitating patients who cannot assist to the hospital

I

————————————————

Jarillo-Silva Alejandro, University of the Sierra Sur, México, Oaxaca, E-
mail: ajarilloe@unsis.edu.mx
Domínguez-Ramírez Omar A. University of Hidalgo State, México, E-
mail: omar@uaeh.edu.mx
Parra-Vega Vicente, Robotics and Advanced, Manufacturing Divi-
sion, CINVESTAV Saltillo, México, E-mail: vpar-
ra@cinvestav.edu.mx

http://www.ijser.org/
mailto:ajarilloe@unsis.edu.mx
mailto:omar@uaeh.edu.mx
mailto:ra@cinvestav.edu.mx


International Journal of Scientific & Engineering Research Volume 2, Issue 4, April-2011 2
ISSN 2229-5518

IJSER © 2011
http://www.ijser.org

and require continued rehabilitation.

1.3 Our Proposal
One technique used to solve the problem of generating
rehabilitation platforms using robotic systems is haptic
guidance,  this  technique  is  based  on  the  use  of  haptic  de-
vices, which allow human-machine interaction. These hap-
tic devices are programmed under certain considerations,
such  as  considering  the  safety  of  the  patient  during  the
interaction, the physiology of the patient in order to gener-
ate tracking trajectories that allow proper rehabilitation,
and so on. In this paper is proposed to generate a trajectory
based on the solution of mazes in 2D and the haptic device
guides the patient under a control law, which is designed
with certain characteristics that allow coupling among the
patient, the device and the trajectory. The haptic device is
equipped with optical encoders, this allows obtaining data
such as position, velocity, acceleration, force and torque,
these  data  in  combination  with  other  data  allow  to  the
specialist to generate a clinical diagnosis, which has thera-
peutic support based on the patient’s movements in eac
exercise performed on the platform.

1.3 Organization
In section 2, we introduce the human-haptic interaction,
including the haptic scheme, the dynamic model of the
haptic device and the guidance control law implemented in
the experimental platform. The description task and the
path planning for guiding to the experiments are given in
section 3; experimental results are discussed in 4. Finally,
we presen the conclusions in section 5.

3  HUMAN-HAPTIC INTERACTION
The haptic feedback has also been developed for task
oriented  biofeedback  studies  [7].  Haptic  interfaces  allow
the patient to interact with and to manipulate a virtual
object or real. Results [8] have shown that haptic informa-
tion provides knowledge of results (KR) and kinaesthetic
fed back, sensation that are important for task perfor-
mance.

3.1 Haptic Guidance Sheme
For the human participation in the system, there are two
haptic guidance applications: active and passive. The first
allows the user to guide the robotic system (haptic device)
in the workspace to explore. However, in the passive hap-
tic guidance, the user is guided in the workspace with the
position and velocity control strategies. On the other hand,
kinesthesis is the human sense of position and movement,
which is created from proprioceptive cues arising from
receptors in the joints and muscles [9]. Thanks to kinesthet-
ic memory, or the ability to remember limb position and
velocity, humans have a remarkable ability to remember
positions of their limb quite accurately and for long periods
[10].

3.2 Haptic Device Dynamics
Consider a mechanism of articulate links (PHANToM 1.0
[11]), with n revolute joints described in the generalized
join coordinates nTTT Rqq 2),( . Physically, the robot is
never in touch with a physical object, thus robot dynamics
in free motion describe properly the haptic device, as fol
lows

)()),(()( qGqBqqCqqD                            (1)

Where 33)( xRqD denotes a symmetric positive de-
finite inertial matrix, 33),( xRqqC is a Coriolis and centri-
petal forces matrix, 13)( xRqG models the gravity forces
vector, 33 xRB denotes a symmetric positive definite
viscous coefficient matrix, and 13 xR stands for the
torque input. In our case the human operator is driving the
system, therefore hc , and 13x

c R stands for
the guidance control, and h

T
h fJ  denotes the human-

haptic interaction, where TJ  stands for the transpose
Jacobian of the haptic device, an fh represents the human
performance force vector.

3.3 Guidance Control Law
The design of a control strategy applied to haptic guided
must  meet  certain  objectives  such  as:  giving  stability  in
human-machine interaction, presenting high robustness
against disturbances generated by the human operator and
currently meeting the objective to rehabilitate,  this  can be
corroborated with an analysis clinical examined by special-
ists.

3.4 Properties of Euler-Lagrange Systems
The dynamic equation for manipulator robots (1) has in-
strusting follow properties [12]:

There exists some positive constant such that

nRqIqD )(

Where I denotes the nxn identity  matrix.  The
1)(qD exist and this is positive definite.

The matrix ),( qqc  have a relationship with the
inertial matrix as:

 ((
The Euler-Lagrange system have the total energy
as:

uk                                             (2)
Where k  is the kinetic sum for each coordianate, and

u are the potencial energy respectively.
The kinetic energy is obtained by:

(3)

nT RqqqqqCqDq ,0),()(
2
1

n

i

T
ii qqDqvmk

1

2 )(
2
1

2
1

http://www.ijser.org/


International Journal of Scientific & Engineering Research Volume 2, Issue 4, April-2011 3
ISSN 2229-5518

IJSER © 2011
http://www.ijser.org

sd :
2Ls

LK

Where Rmi are the i mass of the i link, n
i Rv  are

the i velocity of the i link.
The potencial energy is obtained by:

(4)

Where n
i Rh are the i height  of  the i link respect to

mass center and g is a gravitational constant. By differen-
tiating (2) we obtain

(5)

From the passivity property we have that:

(6)

Where )(xV  is a storage function, )(sy  is the output,
and )(su  is  the  input  of  the  system,  and s is a variable
change. Using (5) for the Euler-Lagrange system, energy
function as the storage function, and we have the passiv-
ity property as:

(7)

Where q  is the output, and  is the input of the sys
tem.

3.5 Passivity of the Dynamic Error
The described passivity property presents an interesting
property in the regulation problem on Euler-Lagrange
systems,  however  this  property  can  be  extended  for  the
trajectory tracking problem solution, [13] drive this passive
erro dynamic property, as follow for:

(8)

Where s denotes an error signal that we want to drive
to zero, 0),(),( T

dd qqkqqk is  a  damping  injection  ma-
trix.  Based on this property and the skew-symmetric prop-
erly we follow the next lemma:

Lemma 1: The differential equation:

(9)

Where )(qD  and dK  are positive matrices and
),( qqC  satisfies (8) it defines an output strictly passive

operator                           . Consequently, if 0  we have
            .

With the Lemma 1, and the dynamic properties, we can
follow a control law design. In this paper we obtain the
control technique via Lyapunov theory, dynamical and
passivity properties.

4 DESIGN OF A NONOLINEAR JOINT
CONTROL BASED ON PASSIVIT
Given a designated trajectory )(tqd , can be considered as a
Lyapunov function as follows [14]:

  (10)

Where c >>1,                               denote dynamic error,
the function                                                            and         are a
symeyric positive definite matrices.

Given that (10) is a positive semidefinite function, ob-
tain the derivative of the Lyapunov candidate function, so
that is follows [1]:

(11)

Simplifyng (11)

(12)

As saw in (12), we applied lemma 1, and use the follow
result:

(13)

Where are the system dynamics

(14)

Where rq and rq are the nominal references,
nxp

rrr RqqqqY ),.,( is the regressor of known nonli-
near terms pR is the vector of unknown parameters,
so that (13) is as follows:

(15)

Using (15) and (12) as follows:

(16)

(17)

n

i
ii ghmu

1

T

TTT

TTT

q

qGqqqDqqGqqCq

qGqqqDqqqDq

)()(
2
1)(),(

)()(
2
1)(

t
T dssusyVxV

0

)()()0()(

t
T dtqt

0

)0()(

0),(),()( sqqKqqCsqD d

sqqKqqCsqD d ),(),()(

cdsdssKssqDssV L
TT )tanh()(

2
1)(

Tsnsss ,..,2,1
Tsnss )tanh(),..,1tanh()tanh(

dssKs

sqDssqDssqDssV

L
T

TTT

)tanh(

)(
2
1)(

2
1)(

2
1)(

sKqqCsqD d),()(

dssKssqDssqDssV L
TTT )tanh()(

2
1)()(

),.,(
)()(),()(

rrr

rr

qqqqY
qFqGqqqCqqD

sKqqCqqqqYsqD drrr ),(),.,()(

dssKssqDs

sKqqCqqqqYssV

L
TT

drrr
T

)tanh()(
2
1

),(),.,()(

dssKssqDs

sqqCssKqqqqYssV

L
TT

T
drrr

T

)tanh()(
2
1

),(),.,()(

http://www.ijser.org/


International Journal of Scientific & Engineering Research Volume 2, Issue 4, April-2011 4
ISSN 2229-5518

IJSER © 2011
http://www.ijser.org

skds

dD kK sKsK Dd

Applying the antisymmetric property in (17), it reduces
to the following expression:

(18)

For asymptotic convergence (Lyapunov stability theo-
rem) is required 0)(sV , in this case a function is de-
signed V as follows:

(19)

(20)

In (20), can be reduced to the following expression:

(21)

Solving for in (21) is obtained:

(22)

Where                 , so that                         can be written as
             , therefore the control law for systems n degrees of
freedom can be written as:

(23)

Given that ),.,( rrr qqqqY  is  upper  bounded,  we
propose modified control law as:

(24)

5 EXPERIMENTAL PLATAFORM FOR DIAG-
NOSIS AND REHABILITATION
The purpose of this paper is to generate the experimental
platform, which permit an effective medical rehabilitation
in the shortest time possible, also provide information for
a medical diagnosis. The experimental platform consists of
the patient with physical disability doing recovery exercis-
es,  these  exercises  are  based  on  the  solution  maze.  The
desired trajectory is programmed into the device PHAN-
ToM háptico premium 1.0 [11], this device guides the pa-
tient on the maze.

The patient is stimulated in a kinesthetic way (related
to muscle and tendons) by the haptic device, however the
environment with which interacts is real, the labyrinth is
made  of  wood  but  the  desired  trajectory  is  programmed
into th device.

In the Fig.1 presents the haptic guidance system, where
rX  is the reference position of the desired trajectory, rX

determines the reference velocity of the trajectory,
previously evaluated under the best conditions for
interaction. Because the design control signal was

performed with the joint space required to use models
IKMP (Inverse Kinematic Model Position) and IKMV
(Inverse  Kinematic  Model  Velocity),  so  qr  is  obtained
which represents the vector of desired joint positions and

rq  is  the  vector  of  desired  joint  velocity,  in  this  way  is
obtained qp which represents the vector of real joints
position and rq  represents the vector of real joints
velocities. By getting the joint position errors and velocity
articulated errors , they are used in the joint control to
generate the vector of torques. The patient is manipulated
by the haptic device, but the patient disrupts desired
tracking trajectory, the perturbation (in position and
velocity) is obtained by reading optical encoders mapping
is performed after the joint space to the operational space
to display the operational positions and velocities.

5.1    Phantom Haptic Device Platform
The experimental platform consists of a PC running at 1.4
GHz with two AMD Athlon processor, 1 Gb RAM, 64 Mb
NVIDIA GeForce 4Mx and Visual C++ as a programming
language over Windows XP. The haptic device used is
PHANToM premium [11], provide 3 degrees of freedom
positional sensing and 3 degrees of freedom force feed-
back,  and  connects  to  the  PC  via  the  parallel  port  (EPP)
interface.

5.2    Phat Planning For Guidance
The patient is guided in the real world by the end effector
of  PHANToM 1.0, in order to solve a maze constructed of
wood, the guidance in the maze has a duration is 23.5
seconds. In the Fig. 2 shows the workspace where they are

Fig. 1. Haptic guidance system[15]

Fig. 2. Experimental platform
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held on the rehabilitation of patients.
The polynomials that represent the trajectories of the

solution maze (see Fig. 3) are based on equations; they
represent the position, velocity and acceleration of the
trajectory. The polynomial of the position is as follows,

(25)

The polynomial )(t  corresponds to a smooth trajecto-
ry to the start and end time, which breaks with the inertial
effects due to the state of repose and movement (see Fig. 3),
t is the time, 0t  represents the initial time and tb deter-
mines at the time of convergence. To obtain the velocity is
necessary to derive the polynomial )(t  with respect to
time,  and  the  acceleration  has  to  derive  the  polynomial
twice with respect to time. To determine the values of 3a ;

4a  and 6a  is  done  as  follows,  with  the  conditions
0)( 0t , 1)( 0t , 0)(t , 0)( bt  and

0)5.0( bt ,  so  solving  the  equations  and  is  obtained
that 103a , 154a  and 65a .

This way we perform the task planning considering
convergence in finite time (see Fig. 3). The characteristics
that have the polynomials design allows a patient to be
guided at the beginning of the exercise: smoothly increas-
ing velocity and decreasing when the trajectory is about to
end. In Table I is presented the start and the end time for
each trajectory represent in the Fig.4.

5.3    The Inertial Dynamics Effects
Convergence in finite time by the position and velocity
trajectory is reflected in accelerating rq , this benefits the
task planning. Fig.5 shows the inertial torque

qqDH )( using the patient acceleration generated in
the exercise.

Fig. 3. Performance of polynomials  and .

Fig. 4. Path planning

TABLE 1
INITIAL AND CONVERGENCE TIME OF THE TASKS PRESENTED IN

FIG. 4

Fig. 5. Inertial torques one and trhee
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     However D(q) corresponds to the matrix of inertia of
the haptic device. In P0, P1, P2, P3, P4, P5, P6, P7, P8, P9,
P10, P11, P12 and P13 inertia is minimal due to the benefit
of the task planning, and the design of the control law
that allows stable tracking [16].

6.1 The Experiments
Rehabilitation process consists on patient performance of
ten exercises, which have different characteristics under
certain parameters. Here are the characteristics of each
exercise:

1. Exercise 0.-The patient is guided to follow up
the trajectory, in this exercise haptic device ac-
tuators are zero, and this way the patient vo-
luntarily moves the PHANToM end effector
(see Fig.6).

2. Exercise 1-10.-The patient is guided by PHAN-
ToM considering the control signal in (24). The
constants have the following value 03.0dsK
and 009.0LK .

3. Exercise 11.-The patient performs the last exer-
cise with the same features as the first, without
control in the actuators (see Fig.8). The patient
is free movement during the experiment. He
controls his movements.

The Fig.7 shows the performance PHANToM 1.0 work-
space,  the  patient  has  a  certain  disturbance  index  during
the haptic guidance. Finally, Fig.8 illustrates the perfor-
mance of the last exercise of patient, this to control the
actuators.

6.2 Stability Analysis
The nonlinear control design described in 24 is a ro-

bust control that allows a stable man-machine interaction.
Control design is based on Lyapunov theory (second
method) and passivity. It is well known that one of the

techniques to analyze stability is through the behavior of
the Lyapunov function (10) and their respective deriva-
tive (20).

If the candidate Lyapunov function is defined postive
in every instant of time and also the derivative with re-
spect to time of the Lyapunov function is negative semi-
definite then the system is stable. In order to know if the
system (human machine interaction) was stable it is ne-
cessary to consider the behavior of the functions de-
scribed above.

In Fig 9 shows the behavior of the Lyapunov function
of Exercise 1. The function is always positive definite,
therefore the system is stable with the patient in the con-
trol loop.

On the other hand the derivative of the Lyapunov
function is shown in Fig 10. The function is negative se-
midefinite at all times, so that the system is stable at all
times. Disturbances of the patient during the interaction
are reflected in the impulses that show the functions.

Fig. 6. Exercise 0 (uncontrolled).The patient's performance in the
first experiment without control. The patient is not guided by the
haptic device PHANToM.

Fig. 7. Exercise 1 (with control) . The patient is guided for 10 times
continuously. This allows for success in motor performance

Fig. 8. Exercise 1 (with control) . The patient is guided for 10 times
continuously. This allows for success in motor performance

http://www.ijser.org/
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Considering the forces on individual fingers, which
should be under 30 to 50N in total and the average force
that humans can exert on the index finger is 7N, 6N mid-
dle finger and ring finger without experiencing 4.5N dis-
comfort or fatigue. It is important that the control signal
in the actuators of  the haptic  device does not  exceed the
force of 7N. Thus patient safety prevails in closed loop
and  increasing  the  useful  life  of  the  device.  In  order  to
ensure patient safety is necessary to observe the behavior
of the nonlinear control law.

In Fig 11 shows the control signal of the three actuators
which does not exceed 7N. Because the design of the con-
trol law is based on theories that allow for energy analysis
and pasivisar the system with the patient in the control
loops.

6.3 Discusions
In the Fig.12 and Fig.13 present the graphs representing

the rehabilitation of the patient during each of the 10 exer-
cises. In each of the experiments  were performed,
measuring the disturbance index that the patient generated
during each exercise and then assess the performance and
learning  via  the  control  signals  (see  Fig.  9A).  The  distur-
bance of the patient influences the dynamic error signals S,
in each exercise is calculated S  and is plotted as shown
in Fig. 13.

Based on the data obtained, the comparison between the
initial results (exercise 1) and the end (exercise 10) results,
shows that the patient acquires the ability to solve the maze
and also that her motor movements are recovered gradual-
ly as the number of exercises is increased.

Fig. 9. The graph that describes the behavior of the Lyapunov
function permirte note that the function was always positive definite,
but at certain moments presented impulses, this is due to distur-
bances of the patient

Fig. 10. The high disturbances generated by the patient did not
prevent the system was unstable.

Fig. 11. The interference generated by the patient is reflected in
instantaneous changes of the control signal in the three actuators.

Fig. 12. The performance of the patient in the rehabilitation process
is presented in this graphic.

http://www.ijser.org/
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4  CONCLUSIONS
The  experimental  platform  design  presented  in  this

work demonstrates the importance of using the technique
of haptic guidance for rehabilitation and medical diagnosis.
One of the factors that influence the experimental platform
for  the  stability  of  the  system  is  the  design  of  the  control
law, which promotes stability and robustness in human-
machine interaction, this allows the patient tracking task.
This will take care of the patient’s physical integration and
partial or total damage of the device. Another relevant
factor is the high performance that has the haptic device,
which in this case is very high due to the high resolution
optical encoders as well as the under backlash that presents
PHANToM.

The patient, gradually rehabilitated, using haptic guid-
ance platform leads to reduction in motor rehabilitation
time, which reduces the cost that this implies. Data pro-
vided  by  the  platform  are  evaluated  by  specialists  to  de-
termine a diagnosis based on the performance of the pa-
tient.
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Fig. 13. The absolute value of the error spread in the patient's
rehabilitation is important. Reflects the progress of the patient at all
times. The patient tends to ideal behavior.
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