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Abstract: Perception and interaction with virtual surfaces, through kinaesthetic sensation and visual
stimuli, is the basic issue of a haptic interface. When the virtual or real object is in a remote location,
and guidance is required to perceive kinaesthetic feedback, a haptic guidance scheme is required. In this
document, with purpose of haptic-guided exploration, a new scheme for simultaneous control of force
and cartesian position is proposed without using inverse kinematics, and without using the dynamic
model of PHANToM, though a strict stability analysis includes the dynamic model of PHANToM.
We rely on our previously proposed results to propose a new haptic cartesian controller to reduce the
burden of computing cartesian forces in PHANToM. Furthermore, a time base generator for finite-time
tracking is also proposed to achieve very fast tracking and high precision, which translated into high
fidelity kinaesthetic feedback.

Key words: Haptic guidance, kinaesthetic feedback, haptic device, time base generator, Cartesian
control, force–position tracking.

INTRODUCTION

Haptic interface

The kinaesthetic perception is possible by means of an elec-
tromechanical device (haptic device) in closed loop with the
virtual object (Burdea 1996). In particular, the PHANToM
haptic interface (Burdea 1996; Salisbury and Srinivasan
1997) has been successfully used for this purpose, though
its application-programming interface GHOST has lim-
ited capabilities, since only simple undeformable primi-
tives can be programmed. Therefore, only simple spring-
based contact force models can be implemented, though
recent GHOST version allows simple dynamic properties
for the virtual environments. On the other hand, PHAN-
ToM uses simple proportional integral derivative (PID)-
based Cartesian stiffness control together with high sam-
pling rate to become a powerful haptic interface. However,
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it is not evident how to modify the PID control structure
to introduce a more complex performance, such as stable
interaction with deformable objects. And this is precisely
the objective of this article since haptic teleoperation or
haptic guidance stands as a very promising applications for
haptic interfaces.

Haptic training

Haptic guidance can be used for training (Feygin et al.
2002). We identify four classes of haptic guidance config-
urations (Fig. 1):

1. Haptic guidance: The master sends its position and con-
tact force as the only desired references to the remote
haptic interface.

2. Haptic guidance control: Same as configuration 1, but the
master also controls the remote haptic interface. The
difference between 1 and 2 is that in configuration 2,
the master station directly controls the remote station,
while configuration 1 implements an independent control
loop in the remote station.

3. Haptic guided exploration: Same as definition 1, but the
master performs a recognition task.

4. Haptic guided exploration control: Same as definition 3,
but the master controls the position and contact force of
the remote haptic interface.

C© Woodhead Publishing Ltd 279 ABBI 2006 Vol. 3 No. 4 pp. 279–289



O. A. Domı́nguez-Ramı́rez and V. Parra-Vega

Force and position
states

Master station

Master station Remote haptic interface

Remote haptic interface

Remote haptic interface

Remote haptic interface

Independent control loop

Independent control loop

Independent control loop

Control

Master control loop

Master station

Master station

Recognition task

Position and contact
force reference

Force and position
states

(shape, roughness and texture)

Recognition task

Force and position

Control

states

Master control loop
(shape, roughness and texture)

Figure 1 Four classes of haptic guidance: (1) haptic guidance; (2) haptic guidance control; (3) haptic guided exploration; and
(4) haptic guided exploration control.

The difference between 3 and 4 is that in configuration
4, the master station directly controls the remote station,
while configuration 3 implements an independent control
loop in the remote station. Finally, the difference between

guidance and guided exploration is that a guided exploration
configuration involves perception of shape, texture and
roughness, in contrast to a guidance configuration wherein
this object attributes does not play a significant role. For
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instance, in some guided exploration tasks, back and forth
and lateral motions might be important, while in guidance
explorations, these movements are not important to com-
plete the task. In this work, we are interested in haptic
guidance exploration (configuration 3), which is useful for
rapid training.

Cartesian sliding PID control for force–position tracking of
electromechanical device

Cartesian control deals with the problem of designing a
controller in terms of desired Cartesian or operational co-
ordinates. This is an important problem since the task
is given in operational coordinates, and, in this way, in-
verse kinematics is not computed. However, a Carte-
sian controller that uses Cartesian robot dynamics may
become a more difficult problem to solve online than
a joint controller that uses only inverse kinematics, be-
cause Cartesian robot dynamics is even more cost com-
puting than computing the inverse kinematics. For con-
strained motion, the inverse kinematics are involved not
only in mapping Cartesian task into joint tasks but also
in checking the consistency of the constrained holonomic
equation. Thus, the importance of Cartesian control is
more important for constrained motion than for free
motion.

The problem

The haptic remote guided exploration of a deformable ob-
ject is performed when an expert (master station) is training
or guiding an inexpert (remote station). This interaction
involves two haptic interfaces and two human operators,
and therefore compliant interaction arises. Haptic inter-
faces have been poorly explored, and Feygin et al. (2002)
have offered an extraordinary review on this subject. The
solution of this problem requires contact force based on
the dynamics of the whole system. Domı́nguez-Ramı́rez
and Parra-Vega (2003d) have offered a solution where the
high-end kinaesthetic coupling that arises by using the
constrained Lagrangian method (Domı́nguez-Ramı́rez and
Parra-Vega, 2003a) yields a more realistic contact force as a
function of the dynamical properties of the whole system.
In Domı́nguez-Ramı́rez and Parra-Vega (2003d), a haptic
guidance scheme for guided exploration is implemented
to yield an active haptic exploration for remote training
purposes, with simultaneous control of force and position
(Parra-Vega et al. 2003) on the remote station. Second
order Lagrangian dynamics are assigned to the virtual ob-
jects and to the PHANToM haptic device. Then, con-
strained Lagrangian algorithm is implemented to compute
the reaction force based on the dynamic properties of the
virtual world and the PHANToM haptic device. The com-
ponents of this contact force is used to reproduce object
attributes such as shape, texture and roughness to allow
a more realistic contact force compliant to the real sensa-
tions of remote exploration. However, to implement con-
trol strategy as in Parra-Vega et al. (2003), it is necessary

for the inverse kinematics to undergo the computation-
ally expensive computations, thus avoiding an excellent
opportunity to reproduce object attributes (shape, texture
and roughness) as in Domı́nguez-Ramı́rez and Parra-Vega
(2003c).

Our proposal

A PID-like controller, based on sliding Cartesian PID force
and position controller, is proposed for the fast tracking of
force and position of robot manipulators (in our case, the
PHANToM haptic device in the remote station) with-
out computing inverse kinematics. The control input is
smooth, and well-posed terminal attractors are induced in
the closed loop to give rise to practical zero tracking er-
ror in any given time independent of initial conditions.
This Cartesian controller for force–position tracking with
a time base generator (TBG) guarantees finite time track-
ing. The main characteristics of this proposal scheme are as
follows:

• The inverse kinematics is not required.
• The haptic device dynamics are not required.
• Exact Jacobean is not required.
• Very fast tracking of force and position trajectories is guar-

anteed.
• Smooth control activity arises.
• Conservative tuning of feedback gains is required.
• Guarantees finite time tracking.

Simulations on the full non-linear model of a represen-
tative haptic device are presented to visualise the closed
loop performance of the proposed control scheme.

Organization

The following section discusses briefly the task, and the
‘Non-linear dynamics’ section presents the virtual con-
strained model methodology for haptic guided explo-
ration of real and virtual objects, the dynamics constraint
of PHANToM haptic device in constrained motion, the
real and virtual object properties and the constrained La-
grangian as a function of the whole system. The ‘Com-
putation of texture, roughness and shape haptic ex-
ploration’ section describes the computation of texture,
roughness and shape of haptic exploration of a full non-
linear dynamic constrained Lagrangian with these proper-
ties. The ‘Haptic Cartesian exploration’ section describes
the control design of the Cartesian control in free and
constrained motions, and the TBG that allows the fi-
nite time tracking. The ‘Simulation’ section discusses
the simulation results, and the last section presents the
conclusions.

THE TASK

There are two robotic systems involved in the haptic guid-
ance. In the remote station, the remote robot can be a
passive linkage robotic arm exploring the real object in
contact; this remote arm is equipped with angular position
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sensors and force sensors to measure angular displacement
and real contact forces with the object. At the local station,
a haptic display is required to generate the force contact
coming from the real contact at the remote station. In this
article, we consider that one PHANToM is involved with
each side.

Haptic guidance schemes are employed in the remote
training tasks. The haptic device defines, in the station
teacher, the position references during free motion, and
during constrained motion the position and forces that will
be reproduced in the remote device in the remote station.
To achieve this, we use a non-linear PID control previously
proposed in Parra-Vega and Arimoto (2001) for free move-
ment, and a simultaneous control of force and position
for constrained movement experiments with the human
on the loop we have previously proposed in Domı́nguez-
Ramı́rez and Parra-Vega (2003d), Parra-Vega et al. (2003)
and Domı́nguez-Ramı́rez and Parra-Vega (2003b). This is
a quite demanding task, and to reduce its complexity, a new
Cartesian scheme is proposed to avoid any computation of
inverse kinematics.

The novelty of our scheme relies on a new Cartesian
control for force–position tracking is that inverse kine-
matics are not longer computed; besides, that a TBG is
introduced for finite time tracking. This allows to set up
the convergence time at will, voluntarily, thus a fidelity
index can be introduced.

The control system under study here can be imple-
mented in a wide variety of tasks in teleoperation and
telepresence modes, involving a haptic interface.

NON-LINEAR DYNAMICS

Non-linear constrain dynamics of PHANToM

PHANToM, version 1.0A, is a mechanism of articulate
links, with n revolute joints described in generalised joint
coordinates (q T, q̇ T)T ∈ �2n . The dynamics presents re-
striction in its movement, defined by the following alge-
braic and differential system of equations (DAE system):

M(q )q̈ + (B0 + C (q , q̇ )) q̇ + G(q ) = τ + J T
ϕ∥∥Jϕ J T

ϕ

∥∥ fr

(1)

and

ϕ (x) = 0, (2)

where M (q ) ∈ �3×3 denotes a symmetric positive definite
inertial matrix; B0 ∈ �3×3 stand for a diagonal positive def-
inite matrix composed of damping friction for each joint;
C (q , q̇ ) ∈ �3×3 is a Coriolis and centripetal forces ma-
trix; G (q ) ∈ �3models the gravity forces; τ ∈ �3 stands
for the torque input; fr ∈ �r is (for r = 1 is one-point
contact, a scalar) constrained Lagrangian representing the
magnitude of the contact force; J T

ϕ /‖Jϕ J T
ϕ ‖ stands for

the normalized projection of the Jacobean Jϕ ∈ �3; and

Jϕ = Jϕ(q ) ≡ [ ∂
∂q1

ϕ(x) ∂
∂q2

ϕ(x) ∂
∂q3

ϕ(x)]J (q ), which arises
normal at the contact point. The following equations hold
while the end-effector is moving on the constraint surface
ϕ(x) = 0:

d
d t

ϕ(x(q )) = ∂

∂q
ϕ(x(q ))

d
d t

q ≡ Jϕ(q )q̇ = 0 (3)

and

ϕ̈(x(q )) = Jϕ q̈ + J̇ϕ q̇ ≡ 0. (4)

These equations must be satisfied for consistency of the
solution of the DAE system.

The local station

(1) Real remote object: The surface of the object is de-
scribed by a geometric function ϕ (x (q )) = 0, based on the
constrained dynamic model. The real object can be mod-
elled in terms of the operational coordinates x (q ) since
ϕ (x (q )) = 0 as a mass–spring–damper system as follows:

m ξ̈ (x (q )) + b ξ̇ (x (q )) + kξ (x (q )) = 0, (5)

where m is the mass; b is a damper; and k is a spring.
This point-wise model is consistent with the formulation
of one-point contact of the DAE system.
(2) Computation of contact force for local PHANToM: It is
assumed that there exists a force sensor that delivers fr in
the remote station.

The remote station

(1) Virtual remote object: Similar to ‘The local station’ sub-
section, where now the virtual object is assigned a lumped
second order linear dynamics with respect to its inertial
frame.
(2) Computation of contact force for local PHANToM:
PHANToM is not equipped with a force sensor. Then,
we propose to compute it by solving the DAE system for
fr as follows. Firstly, for stable interaction ϕ(x(q )), the
haptic display must stay in contact with the virtual object,
then the acceleration ξ (x(q )) must equal the acceleration
ϕ(x(q )), that is, ξ (x(q )) = ϕ(x(q )), and then (5) becomes

m ϕ̈ (x (q )) + b ϕ̇ (x (q )) + kϕ (x (q )) = 0. (6)

Using (4), Equation (6) becomes

m
(

Jϕ q̈ + J̇ϕ q̇
) + b ϕ̇ (x (q )) + kϕ (x (q )) = 0. (7)

Solving (6) by using the DAE system, we obtain:

q̈ = M(q )−1

{
− (B0 + C (q , q̇ )) q̇ − G(q )

+ τ + J T
ϕ∥∥Jϕ J T

ϕ

∥∥ fr

}
. (8)
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Now, compute the constrained Lagrangian fr from (7) and
(8) as follows:

fr =
∥∥Jϕ J T

ϕ

∥∥
m Jϕ M (q )−1 J T

ϕ

{−b ϕ̇(x(q )) − kϕ(x(q )) − m J̇ϕ q̇

+ m Jϕ M(q )−1 ((B0 + C (q , q̇ )) q̇ + G (q ) − τ )
}
.

(9)

Notice that the constrained Lagrangian fr is the function
of Jϕ , and dynamics of the haptic device and the object.

Reproducing object properties in the remote station

Equation (9) represents the reaction force in terms of (i)
the PHANToM dynamics; (ii) the dynamics of the virtual
object, and (iii) the controller τ . Notice that acceleration
is not required. In this way, the controller τ will track (re-
produce) the desired trajectories, that is, the real contact
force fr −local of the local station becomes the desired con-
tact force for the haptic device in the remote station (i.e.
fr d−remote = fr −local), and thus x (q )d−remote = x (q )local for
position. Since the object in the remote station exhibit
roughness and texture through the contact force fr d , then
if a controller τ guarantees that fr −remote converges to
fr d−remote, then it also guarantees that the real object prop-
erties are perceived in the remote station. Now, since there
exists a force sensor in the local station with at least 3 de-
grees of freedom, then fr −local = [ fx, fy, fz]T , and, in the
next section, we propose how to parameterise roughness,
shape and texture in terms of [ fx, fy, fz] and object pa-
rameters. Notice that these properties are parameterised by
the operational contact forces at each unitary axis i, j and k,
respectively, which are available from the force sensor and
friction parameters. In this way, since τ generates tracking
of [ fx, fy, fz], it will also guarantee tracking of roughness,
shape and texture.

COMPUTATION OF TEXTURE, ROUGHNESS AND
SHAPE HAPTIC EXPLORATION

How to reproduce object properties with only force sensor
measurement when sliding over a real remote object? In this
section, we discuss an approach that synthesizes texture,
roughness and shape from fx , fy and fz measurements.

Roughness perception

The sliding friction between two different materials, with
contact area defined by A, is equal to the load W divided
by the flow stress Pm of the weaker of the two solids in
contact. At this region of contact, the solid forms a number
of junctions as if they were welded together. Friction F
represents the force required to shear these junctions apart.
Mathematically, the theory is expressed as

A = W
Pm

, (10)

F = As (11)

Y

J

X

F

φ
φ (x (q) = O

T

y

F

Z

z

Fx

(q)

St: Tangent plane

Figure 2 Geometric decomposition in the contact point.

and

µ = F
W

= s
Pm

, (12)

where s is the shear stress. Thus, the coefficient of friction
µ << 1 may be represented by the ratio of shear stress
to flow stress of the material and becomes its intrinsic
property. Roughness arises as a function of the sliding
motion over the surface of the object, thus roughness is a
function of the tangential friction fT . Since fT arises at
the tangential plane at the contact point,

fT = µ

√(
f 2

x + f 2
z

)
Ẋ, (13)

where
⇀

f x,
⇀

f z ∈ St (Fig. 2).
The torque based on the tangential friction force is de-

fined by the following equations:

τt = J T fT

τt = µ

√(
f 2

x + f 2
z

)
J T Ẋ

(13a)

In this way, we can model the roughness by simply assign-
ing values to fx and fz, or these variables can be generated
online by the master station.

Texture perception

The perception of surface texture is a specific design issue
in force feedback interfaces. Manipulation of everyday
objects, the perception of surface texture is fundamen-
tal to accurately identifying contact points and applying
the correct internal contact force. Also, in a virtual envi-
ronment, haptic texture information can both increase the
sense of realism of an object as well as convey information
about what the object is and where it is. Phantom hap-
tic device conveys texture by actuating kinaesthetic forces
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on the users fingers. In this work, we model the texture
property as a periodic function

τtex = Amp (sin (2π f t) + 1) , (14)

where Amp stands for half of the maximum value of texture
torque; f , frequency in hertz; and t, time in seconds.

Shape perception

Shape is perceived by the normal contact force of an object.
Thus, Equation (9) directly provides this perception in
absence of roughness and texture.

Full-constrained Lagrangian

Substituting roughness and texture torques into (9), the
full-constrained Lagrangian that provides all these effects
arises as follows:

fr =
∥∥Jϕ J T

ϕ

∥∥
m Jϕ M (q )−1 J T

ϕ

{−b ϕ̇ (x (q )) − kϕ (x (q ))

− m J̇ϕ q̇ + m Jϕ M (q )−1 ((B0 + C (q , q̇ )) q̇

+ G(q ) − τ − τte x + τt )} . (15)

Notice that (15) requires knowledge of PHANToM dy-
namics, its parameters and the assigned dynamics to the
object. Variables Jϕ (q ) and ϕ (x (q )) are provided by the
user, and x (q ) and ẋ (q ) by GHOST.

HAPTIC CARTESIAN EXPLORATION

For completeness, the ‘Time base generator: time vary-
ing feedback gain α (t)’ and ‘A stable switching algorithm’
subsections are included, which can be reviewed in detail
in Domı́nguez-Ramı́rez and Parra-Vega (2003c).

Free motion Cartesian control of the remote station

A Cartesian sliding PID control is proposed for the haptic
guidance task in free movement. This control compensates
the non-linear dynamics in continuous mechanical plants
with tracking capability. Assume that initial condition and
desired trajectories are within a space free of singulari-
ties. Consider the robot dynamics in closed loop with the
controller given by

τ = −Kd

[
J−1 (q ) Ẋ − Ĵ−1 (q ) Ẋr

]
(16)

for Kd as a n × n diagonal symmetric positive definite ma-
trix. Then, for large enough gain Kd and small enough
errors of initial condition, local exponential tracking is
assured provided that

Ki ≥
∥∥∥∥ d

d t
Ĵ (q ) Ŝq + Ĵ (q )

d
d t

Ŝq + d
d t

Ĵ (q ) J (q ) Ẋr

+ Ĵ (q ) J̇ (q )Ẋr

∥∥∥ ,

where Ĵ−1(q ) stands as an estimate of J−1(q )
such that rank ( Ĵ−1(q )) = n ∀ q ∈ �, where � =
{q /rank (J (q )) = n}. Let Ẋr be as follows:

Ẋr = Ẋd − α	X + S (t0) exp−k(t−t0) −Ki σ (17)

and

σ̇ = sgn
{
	Ẋ + α	X − S (t0) exp−k(t−t0)} , (18)

where 	X = X − Xd , Ki = KT
i ∈ �3×3

+ and sgn (x) as
the discontinuous entry wise function signum, and k > 0
and feedback gains α are the diagonal positive definite
(3 × 3) matrix.

Constrained motion Cartesian control of the remote station

Consider the following state feedback continuous control
law:

τ = −Kd Sr + J T
ϕ∥∥Jϕ J T

ϕ

∥∥ [− fd + η	F]

+ γ2
J T
ϕ∥∥Jϕ J T

ϕ

∥∥
[

sgn
(
µSq f

) + η

∫ t

t0

sgn
(
Sq f

)]
,

(19)

where the description of variables and gains are defined as
follows. The nominal reference is given as

q̇ r = q̇ r p + β
J T
ϕ∥∥Jϕ J T

ϕ

∥∥
{
	F − Sd f + γ

∫ t

t0

sgn
(
Sq f

)}
,

(20)

where q̇ r p is the nominal reference of position; 	F =∫ t
t0

( fr − fd )ςdς , β > 0, γ > 0; and sgn
(
Sq f

)
is the func-

tion sign of vector Sq f . With the purpose to eliminate the
calculation of the inverse kinematics, we have

q̇ r = Q J−1 (q ) Ẋr , (21)

the new nominal reference Cartesian position Ẋr , given as

Ẋr = Ẋd − α	X + Sd p − γp

∫ t

t0

sgn
(
Sq p

)
, (22)

the new nominal reference with force and position, is

q̇ r = Q J−1 (q )
{

Ẋd − α	X + Sd p − γp

∫ t

t0

sgn
(
Sq p

)}

+ β
J T
ϕ∥∥Jϕ J T

ϕ

∥∥
{
	F − Sd f + γ f

∫ t

t0

sgn
(
Sq f

)}
.

(23)

Finally, Sr is given as

Sr = Q J−1 (q )
{

Ẋ − Ẋr
}

− β
J T
ϕ∥∥Jϕ J T

ϕ

∥∥
{
	F − Sd f + γ f

∫ t

t0

sgn
(
Sq f

)}

(24)
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Sr = Q J−1 (q ) Svp − β
J T
ϕ∥∥Jϕ J T

ϕ

∥∥ Sv f , (25)

where the extend orthogonalised manifolds of Cartesian
force Sv f and position Svp are defined as

Svp = Sq p + γp

∫ t

t0

sgn
(
Sq p

)
(26)

Sv f = Sq f + γ f

∫ t

t0

sgn
(
Sq f

)
(27)

and, finally, Q (q ) = I − J T
ϕ (q )(Jϕ(q )J T

ϕ (q ))−1 stands for
the orthogonal projection of the normal of a matrix Jϕ ∈
�1×3, and on J T

ϕ .

Time base generator: Time-varying feedback gain α(t)

An ill-posed TBG has been exposed in the context of non-
linear mappings (see for instance, Morasso et al. 1997, and
references therein). For completeness, we present the ba-
sics of a well-posed TBG (Parra-Vega 2001). Consider the
following first order unforced time-varying linear differ-
ential equation:

ż + α (t) z = 0 → ż = α (t) z, (28)

where

α (t) = α0
ξ̇

(1 − ξ ) + δ
(29)

with α0 = 1 + ε, 0 < ε << 1, and 0 < δ << 1.
The TBG ξ = ξ (t) ∈ C 2 must be provided by the user

so that ξ goes smoothly from 0 to 1 in finite time t = tb > 0,

Table 1 Estimated dynamic
haptic parameters

Parameter Value

ma (kg) 17.5 × 10−3

mc (kg) 10.4 × 10−3

mbe (kg) 0.2214
mdf (kg) 0.1106
l1 (mm) 139.7
l2 (mm) 139.7
l3 (mm) 32.5
l4 (mm) 36.8
l5 (mm) 52.7
g (m/s2) 9.81

and ξ̇ = ξ̇ (t) is a bell-shaped derivative of ξ such that
ξ̇ (t0) = ξ̇ (tb ) ≡ 0. In this conditions, the solution of (28)
is

z (t) = z (t0) [(1 − ξ ) + δ]1+ε (30)

and the gain α (t) is now well posed in contrast to Morasso
et al. (1997), with α (tb ) > 0. Note that tb is independent
of any initial conditions, and hence

ξ (tb ) = 1 → z (tb ) = z (t0) δ1+ε > 0 (31)

can be made arbitrarily small in arbitrary finite time tb .
Also note that the transient of z (t) is shaped by ξ (t) over
time. However, the extension into a non-linear equation
does not apply directly; the main difficulty stems from the
fact that TBG gain may grow unboundedly if it is intro-
duced into a linear differential equation with a non-linear
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Figure 3 Geometric constraint and its derivative.
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non-vanishing input, which eventually may lead to unsta-
ble dynamics. Thus, if our controller yields an equation
similar to (28) (i.e. ż + α (t) z = 0), for z, the position-
tracking errors of the robot, then finite time convergence
arises.

That is, we now are looking for a controller that guar-
antees ż + α (t) z = 0 → S = 	Ẋ + α (t) 	X = 0 for all
time. And that is precisely what our previous article (Parra-

Vega and Arimoto, 2001) provides, but with a constant α.
Thus, in this article, we introduce a time-based gener-
ator α (t) to induce terminal attractors (Parra-Vega and
Arimoto, 2001).

A stable switching algorithm

Remote exploration involves free and constrained motion,
that is, at least two controllers are switching over time (it

286ABBI 2006 Vol. 3 No. 4 doi:10.1533/abbi.2006.0053 C© Woodhead Publishing Ltd



Realistic haptic guided exploration for force–position tracking in finite time

X-Xd

Y-Yd

Z-Zd

Time base generator, tb = 1 s

Xd
Yd
Zd
X
Y
Z

0.35

0.25

0.15

0.05

P
os

iti
on

 (
m

)

−0.05

0.3

0.2

0.1

0

0 1 2 3 4
Time (s)

5 6 7 8

Figure 6 The Cartesian trajectories X, Y and Z, real and desired (tracking in tb = 1 s).

Real
Desired

7

6

5

F
or

ce
 (

N
m

)

4

3

2

1 2 3 4 5

Time (s)

6 7 8

Figure 7 Contact force, real and desired (tracking in tb = 1 s).

was shown that switching of the above controllers is stable).
The algorithm is as follows:

Phase a (without interaction): ϕ (q ) > ε → free motion
control;
Phase b (collision detection: within a band a contact action
is defined): −ε ≤ ϕ (q ) ≤ ε →constrained motion con-
trol; and

Phase c (stable interaction with deformation): ϕ (q ) <

−ε → constrained motion control,

where ε = 1 × 10−6 m . It can be seen that the application
of the constrained Lagrangian method, in contrast to the
penalty-based method, involves low frequencies over the
virtual object. This allows a stable interaction, without
trembling, for deformable objects.

287C© Woodhead Publishing Ltd doi:10.1533/abbi.2006.0053 ABBI 2006 Vol. 3 No. 4



O. A. Domı́nguez-Ramı́rez and V. Parra-Vega

Time base generator, tb = 1 s

0.5

−0.5

−1.5

−1

0

F
or

ce
 (

N
m

)

1 2 3 4
Time (s)

5 6 7 8

Figure 8 Contact force error (tracking in tb = 1 s).

Error X
Error Y
Error Z

Time base generator, tb = 1 s

0.12

0.08

0.04

P
os

iti
on

 (
m

)

0.02

−0.02

−0.04

0.1

0.06

0

0 1 2 3 4

Time (s)

5 6 7 8

Figure 9 Cartesian error in X, Y and Z (tracking in tb = 1 s).

SIMULATIONS

Digital simulations on the PHANToM haptic device
model are presented (Domı́nguez-Ramı́rez and Parra-
Vega 2003b). The stiff numerical solver of Matlab 7 was
implemented. The PHANToM parameters are given in
Table 1.

Desired Cartesian trajectories

The desired Cartesian trajectories of position and
force are x = h + r cos (wt), y = k + r sin (wt), z = z1 +
z2 sin (w2t) and fd = f1 + f2 sin (w3t), where h = 0.3,
k = 0.2, r = 0.05, f1 = 5, f2 = 1.1, w = π

/
4, w2 = 10,

w3 = 5 and the tracking time for the timer base generator
is tb = 1.
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Simulations results

The PHANToM in the remote station tracks the desired
Cartesian trajectory without any knowledge of the PHAN-
ToM dynamics and without the inverse kinematics. After
tb = 1 the simultaneous force–position exponential track-
ing is established. Figures 3–9 show the PHANToM haptic
device in constrained motion.

CONCLUSIONS

The Cartesian controller for force–position tracking with
TBG for finite time tracking, without using model, has
been proposed for the purposes of haptic guided explo-
ration for remote training. A general framework based on
constrained robot dynamics renders a Lagrangian-based
contact force controller in a systematic way to produce
shape, roughness and texture properties of the remote ob-
ject under exploration. Even deformation of the object can
be perceived. This is particularly appealing for medical
applications. Numerical simulation results allow to verify
the excellent closed loop performance, which in practice
means high fidelity of the kinaesthetic coupling. Devel-
opment is under way on a real PHANToM, version 1.0A,
device, and preliminary experimental results confirm these
conclusions.
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