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Abstract The HAPTEX system
aims to develop a new multi-sensory
environment for the immersive
exploration of textiles.
HAPTEX is based on a multi-
layer/multi-thread architecture that
optimizes the computational speed
and integrates three different types of
sensory feedback: vision, tactile and
haptic.
Such kind of environment is suitable
for demanding VR applications such
as the online marketing of novel tex-
tiles or garments, however it requires
the design of a high performance
multi-point haptic interface.
The present work focuses on the
haptic device design and describes
how demanding requirements can

be met by integrating on a high
performance device a force sensor to
achieve closed loop control.
The methodology for the dimension-
ing of a motion based explicit force
control on the basis of the dynamic
parameters will be discussed and
the specific implementation for the
HAPTEX system presented.

Keywords Haptic interfaces · Textile
modeling · Visual/tactile integration

1 Introduction

The ability to assess, in virtual environments, cloth or
garments, as they are actually touched by the user, is of
central importance in the selection-for-purchase process
of every consumer [12].

The realistic rendering of the physical interaction of
the hand with fabrics implies the accurate generation of
very small global and spatially distributed forces, of the
order of few grams.

Related major challenges require the design of new
algorithms for the real-time representation of visual and
contact stimuli and the design of new devices for the sim-

∗The present work has been supported by the EU within the context of the
following projects: HAPTEX, ENACTIVE

ultaneous representation of force and tactile information
during exploration and manipulation [14].

A large amount of research has been carried out to
develop physically based models that are suitable for real-
time simulation [4, 5] of fabrics. As far as the physical
models are concerned, the most used ones are particle
models [11] and finite element models [8].

In recent years, haptic interfaces have received increas-
ing attention from researchers for their potential applica-
tions in industry and society, and also of their versatility
that make them suitable to different applications.

Govindaraj envisaged [9] the possibility to enrich the
virtual interaction with digital clothes by integrating hap-
tics and tactile displays. He made use of a tactile pin array
attached to the end-effector of a planar haptic interface for
the rendering of the fine mechanical properties of virtual
fabrics. However the kinematic constraints of his solution
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Fig. 1. HAPTEX scenario

limit the exploration to rigid planar garments with planar
force rendering.

When a spatial interaction is required, more complex
models and control algorithms for the HI are needed, as
outlined in the survey by Buss et al. [15]. Several works on
the control of HI with explicit force control have been car-
ried out in [1, 16, 17], but none of them have investigated
the control of mechanical structures with very high com-
pliance. A possible schematization and analysis of explicit
force controllers that takes into account the compliance of
the mechanical system is done by Eppinger in [6] within
the field of control of manipulators.

However, when a haptic interface is employed as force
display device in textiles exploration and manipulation,
the application context poses strict requirements on the de-
vice performances that may be difficulty achieved with ex-
isting systems: from one side manipulation of textiles re-
quires multiple points of contact, each one exerting forces
up to several Newtons, on the other side fine surface ex-
ploration of textiles requires of the same device a force
resolution and accuracy of few grams.

Presently, all commercially available HIs do not com-
ply with these demanding requirements. This has been
the main motivation for the development of a new device,
a force sensor and the related closed loop controller. The
device is based on the existing GRAB system [3], that al-
ready solved the issues of multi-point cooperative haptic
interaction in large workspaces.

In this paper we introduce the overall system archi-
tecture that has been conceived to integrate the sensorial
feedback and discuss the technical features of the novel
HI. Moreover an optimal design procedure for the closed
loop control is presented. Such a procedure is based on
an inverse model of the human impedance, which has
been estimated as a relevant component of the control de-
sign. The identification of the user is based on the specific
configuration of the device (finger hold in a thimble) and
extending previous works on other given configurations:
finger on a plate [10], against a wall [18], during precision
grasping [7].

2 Architecture of the HAPTEX system

The HAPTEX system integrates three different displays:
a haptic interface, a visualization system and a tactile dis-
play (Fig. 1).

All of them share a common VR scenario representing
a virtual textile, modeled through a square cloth.

The cloth is fixed on a horizontal stand such that, in
resting condition the steady state solution is determined
solely by the gravity force.

The physical interaction can be attained through the in-
dex finger and the thumb. The user can touch, squeeze,
rub and stretch the fabric, feeling the corresponding global
forces on the fingertips arising from the deformation of the
textile and the tactile stimulation due to the relative motion
of the finger with respect to the deformed surface.

During the virtual simulation such forces will be dis-
played by the haptic device and a tactile display attached
to user fingertips.

The system should be able to reproduce a physical ef-
fect at such levels of detail such that: physical interaction
with the fingertips may occur in every part of the cloth; the
two fingertips may independently act on the same piece
of textile; friction and slip effect between fingertips and
textile may occur according to physical condition.

The complexity of the simulation suggested to adopt
a two-layer architecture, using different models for each
layer as proposed in [2]: one Large Scale Model (LSM)
that evaluates the cloth dynamics in the region far from
the contact points, and a Small Scale Model (SSM) that
models the contact properties in regions close to the fin-
gertips.

The two models operate at different frequencies (25 Hz
for LSM, 1000 Hz for SSM) according to the require-
ments of different display devices. An impedance network
matches constraints between models at boundary regions
as shown in Fig. 2.

Clothes models have been derived for a broad range
of fabrics (32 different samples). The measurements were
performed using the KES-F system [13], which is the most

Fig. 2. Interconnection between LSM and SSM
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Fig. 3. Scheme of the architecture of the HAPTEX system

common method for objective evaluation of fabric. Ac-
cording to this method the fabric is modeled by parameters
representing the measurements of bending, tensile, shear-
ing, compression, friction and roughness.

The overall architecture is described in Fig. 3: the
Physical Model Simulation (PMS) delivers the rendering
information to all the system display devices.

3 Design of the HI

The design of the novel HI took as reference the work
developed for the GRAB system [3]. GRAB is a 6-DOF
desktop force-feedback device with a serial kinematics.
The device is composed of two identical units each of
them providing forces at the level of one of the user’s fin-
gertips as shown in Fig. 4.

In the modified design of the device, the first 3 DOFs
(RRP) are required to track the position of the fingertip in
3D space and the remaining 3 (RRR) are required to track
its orientation. All DOFs are provided with high resolution
angular sensors. Moreover, motors on the first 3 DOFs
may exert on the user’s fingertip forces of arbitrary orien-
tation and modulus, whereas the last 3 DoFs are passive.
The three motors are remotely located in order to reduce

Fig. 4. Kinematics and photo of one arm of the GRAB

Fig. 5. A detail of the force sensor in the GRAB modified version

the overall weight and inertial effects: the first two actua-
tors are mounted on the fixed link (base), while the third
actuator is mounted in the equilibrium center of the sec-
ond moving link. Forces are transmitted from the actuators
to the joints by steel cables routed on idle pulleys. This
modified version was equipped with a new high resolution
three-axial force sensor, purposely designed to read forces
exerted by the fingertip on the HI contact point, as shown
in Fig. 5.

4 Control design

The control loop has been implemented on a 850 MHz
Pentium III, equipped with an ISA I/O board (ServoToGo
Model II – 8 axis); additional 16 bit ADC electronics has
been implemented for converting force sensor data. Mo-
tor power is supplied by 6 PWM drivers (Elmo Violin
10/100).

Figure 6 shows the general scheme of the control ar-
chitecture for each DoF that has been selected for the

Fig. 6. General control scheme
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implementation of the explicit force control: it consists of
an inner velocity loop-outer force loop scheme. This one-
dimensional scheme can be simply generalized for imple-
menting a three-dimensional force control: it is sufficient
to transform the velocity reference, obtained as output of
gain Kf, in a joint speed reference by simply multiplying
it with the inverse of the Jacobian matrix, which describes
the inverse differential kinematics of the device.

This solution allows general control architecture to be
safe and simplifies the interface procedure with user.

4.1 Physical model of the mechanics

The mechanical architecture used for the haptic interface
allows the following schematization for the dynamics of
each DOF: two masses representing the inertia of mo-
tor and link; a spring, connecting the motor and the link
reduced masses, representing the transmission stiffness;
two dampers, connecting the motor and the link masses
to the ground, representing the viscous friction located
in moving parts (mainly bearings); a mass-spring-damper
system, connected rigidly to the link, representing the hu-
man finger dynamic. A schematic representation of the
joint dynamic model is shown in Fig. 7.

All the model parameters and variables introduced be-
low are expressed with respect to the same axis. Moreover,
the linear moving elements indicated in the scheme of
Fig. 7 could schematize also rotating parts. The transfer
function between the motor force Fm and the motor pos-
ition Xm is:
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The frequency sg is called anti-resonant frequency of
a two-mass system while sr is the resonant frequency.

The following assumptions can be applied to this kind
of haptic interface:
1. The motor mass is much lower than the joint mass, so

sg � sr.
2. The motor and the joint damping factors are much

lower than 1, so scg � sg and scm � sr.

Fig. 7. One DOF mechanical model

These assumptions allow to simplify Eq. 1 in:
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Furthermore it is generally true that Ku � Kt. Conse-
quently the transfer function between the force transmitted
to the human finger Fu and the motor position Xm reduces
to:
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In Fig. 8 the asymptotic magnitude Bode plots of Eqs. 1
and 2 are reported.

The frequency of the zero of the human dynamics has
been estimated to be lower than the frequency of the trans-
mission pole. The red arrows shown in Fig. 8 indicate that
a gain peak due to the resonance effect is expected in the
real Bode plot.

Experimental validation. The dynamic response of the
haptic interface has been investigated exciting each DOF
of the HI separately. For each DOF, two separate sets of
experiments have been carried out in order to validate and
identify the theoretical transfer functions described above,
using non-parametric methods, such as spectral analysis.
For both sets of experiments a pseudo-random binary sig-
nal has been selected as an excitation signal for the actua-
tor.

The first set of experiments was devoted to the valida-
tion of the transfer function in Eq. 1. During this experi-
ment it was observed that the location of the poles and the
zero of the transfer function is not significantly affected
by the presence of the user impedance applied at the end-
effector. This is attributable to the negligible value of the
stiffness of the mass of the human finger when compared
to the corresponding parameters of the HI.
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Fig. 8. One DOF theoretical
Bode plot

The second set of experiments was devoted to the val-
idation of the transfer function in Eq. 2. Since in this case
the impedance of the user plays a major role in the pole-
zero location, five different users were involved. The users
were required to apply their own right-hand index finger
in the gimbal of the HI, as shown in Fig. 5. The empirical
transfer function estimation is computed as the ratio of the
output Fourier transform to the input Fourier transform,
using the Fast Fourier Transform (FFT) algorithm. More-
over, a smoothed version of the transfer function estimate
algorithm has been used, obtained by applying a Ham-
ming windowing transformation to the FFT of the output
signal and to the absolute square of the FFT of the input.

Figure 9 shows the Bode plot of Xm/Fm experimen-
tal transfer function. A good agreement between the pre-
dicted asymptotic plot and the experimental one can be
observed. The high resonant peak of double transmission
poles sr and zeros sg confirm the assumption of low damp-
ing factor. The absence of resonances for the pole su indi-
cates a human damping factor close to one.

In Fig. 10 the experimental Bode plots of the trans-
fer function Eq. 2 relating to three of the five different

Fig. 9. Experimental Xm/Fm transfer function

users is shown together with the theoretical asymptotic
plot. The behavior represented in the figure can be in-
terpreted as follows: the general trend is in accordance
with the model only for frequencies over 10 Hz; for
lower frequencies, the mass of the palm of the hand
and the forearm contribute to the measured impedance
and for this reason this cannot be represented by a sim-
ple second-order system; a sixth-order system should be
necessary for representing the real dynamic response.
The differences between the Bode plots demonstrate
significant variability of the dynamic parameters
(Ku, Cu, Mu).

The accuracy of the experimentally evaluated Bode
plot increases with the level of the energy introduced in
the system and with a proper selection of the maximum
frequency content of the exciting signal. For both experi-
ments a force signal switch from 0 to 8 N was used. The
maximum frequency was set at 200 Hz.

Identification of the dynamic parameters. Only a subset of
the model parameters has been estimated by experimental
identification.

Fig. 10. Experimental Fu/Xm transfer function
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The motor and the joint masses can be estimated with
good accuracy by CAD models of the mechanical parts.
Also, the transmission stiffness constant has been esti-
mated using a theoretical model for the cable transmission
(an elastic beam with a proper Young’s modulus). The the-
oretical value has been validated with the experimental
value, obtained by double zero transfer function where:

Sg ≈
√

Kt

Mg

Experimental identification has been performed for the
viscosity coefficients and human model parameters. The
device viscosity coefficients have been determined by fit-
ting the model with the experimental Bode plot of Fig. 10.

Human model parameters have been estimated by
using experimental Bode plots as follows:

Human stiffness could be estimated by considering the
asymptotic value of Fig. 10 for s → 0, in accordance with
the theoretical transfer function Eq. 1, resulting in:

Xm

Fm

∣∣∣∣
s→0

= 1

Ku

Observing the low frequency behavior of the Bode
plots shown in Fig. 10, human damping factor can be as-
sumed to be close to unity.

Human mass can be empirically estimated by corre-
lating the Bode plot of Fig. 9 with the theoretical one.
The measured parameters of the system are reported in
Table 1. The reported stiffness value is the maximum ob-
served among users while the obtained values of the finger
mass remain almost constant for different persons.

5 Dimensioning procedure

For dimensioning the controller parameters of the general
scheme shown in Fig. 6, first the inner velocity loop is di-

Table 1. Experimental values of model parameters

Parameter Value Unit

Mm 0.062 kg
Mg 0.450 kg
Mu 0.050 kg
Kt 37.70×103 N/m
Ku 100 N/m
Cm 4.713 Ns/m
Cg 38.915 Ns/m
Cu 2.683 Ns/m
su 2.1 Hz
sg 43.7 Hz
sr 131.4 Hz

mensioned and then the parameters of the outer force loop
are optimized.

5.1 Velocity loop

Observing the Bode plot of Fig. 9, two possible strate-
gies can be followed: place the bandwidth of the velocity
loop sV below the double transmission zero sg or over the
double transmission pole sr. The first solution has been
adopted since the second one can be used only for systems
equipped with velocity sensors like tachometers or alter-
natively with high resolution position sensors. Indeed in
the case of limited resolution of the position sensors, the
velocity feedback estimated by derivation from the pos-
ition signal has to be filtered to relatively lower frequen-
cies in order to avoid noises incompatible with the final
application. In the case of the selected solution (bandwidth
below sg) the maximum theoretically reachable bandwidth
is sg. In order to achieve this maximum a filter FV1 has to
be inserted in the forward path of the control loop for at-
tenuating the resonant peak in correspondence of sr. This
filter should match the following requirements:

(1) Keep the magnitude above 0 db for frequencies over
the velocity bandwidth sV;

(2) have a minimal phase lag at sV (in order to guarantee
a certain phase margin).

For selecting the best filter for this purpose, an ana-
lytical evaluation of different filters has been carried out:
given the allowable phase lag φP and the desired attenua-
tion at sr, the different filters have been evaluated by con-
sidering the difference sr − sp, where sp is the frequency at
which the filter phase lag is equal to φP. Indeed the min-
imum value of the difference sr − sp indicates that filter
is able to produce the desired attenuation with minimal
phase lag at lower frequency. A filter of a different type,
order and cutoff frequency has been considered: the third-
order Chebyshev Type I filter resulting as the best one.

The Chebyshev filter has been dimensioned in order to
have an attenuation in sr of 30 db and a phase lag of 60
degrees: on the basis of the specifications, the value for
sp was 27.8 Hz. The proportional gain KV is then fixed in
order to obtain the maximum bandwidth (open loop mag-
nitude of 0 db for s = sp) Kv ≈ Mtot

sp
.

Finally, the filter FV2 is introduced for limiting the
noise of the velocity signals derived from the encoder
position. Its pole must be placed on a sufficiently high fre-
quency for limiting its contribution to the phase lag.

Final velocity control parameters and performances are
reported in Table 2.

Figure 11 shows the Bode diagram of open and closed
loop velocity controller.

5.2 Force loop

For a frequency lower than its bandwidth the inner vel-
ocity controller has a transfer function close to the identity.
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Table 2. Velocity control parameters

Parameter Sym. Value Unit

Velocity gain Kv 98.4 Ns/m
Fv1 cut-off frequency fv1 500 Hz
Fv2 cut-off frequency fv2 59.6 Hz

Fv2 ripple R 1 –
Bandwidth sv 20.6 Hz

Phase margin Pmv 60 Degree
Gain margin Gmv 8.2 Db

So, the open loop transfer function of outer force con-
trol is strongly affected by the human response. Referring
to the Bode plot of Fig. 8 the human zero introduces an
amplification which is very important for force control
performance and stability. Asymptotic constant amplitude
for s > sg does not depend on the human stiffness:

Fu

Xm

∣∣∣∣
s=sg

≈ Kt
Mu

Mg + Mu

For this reason, assuming that the mass of the human does
not vary sensibly from subject to subject, the worst case
for the stability corresponds to the condition of maximum
human stiffness. Indeed, the higher the human stiffness,
the higher the human zero frequency is and therefore the
higher the phase lag. Nevertheless, force control perfor-
mances increase if human stiffness increases: this is an
intrinsic characteristic of the chosen control architecture.
The haptic device can reach desired interaction force, by
means of end-effector movement, as much as external en-
vironment offers resistance to end-effector movement. So,
in order to maximize the force control performance in the
worst case, a second-order Butterworth filter is inserted in
the forward side of the controller. Centering the filter cut-
off frequency in su’,max (i.e., for maximum value of Ku),
the asymptotic Bode plot, again, becomes a constant line
till sg. This filter allows to attenuate the open loop mag-
nitude for frequencies over su’,max and so to increase the
force constant gain. Nevertheless, unavoidable variation
of human stiffness modifies the Bode plot as shown in
Fig. 12.

Stabilizing force control loop for Ku,max will ensure
that the control loop will be stable for all subjects with
lower stiffness. In ideal conditions, force constant KF,
which allows a force bandwidth sF equal to velocity band-
width sV, results in:

KF = sV

Ku,max

In general, this is only an upper limit value; in fact, the
phase lag of the inner velocity loop imposes a reduction of
the real force bandwidth.

Final force control parameters and performances are
reported in Table 3 and Fig. 13 shows the Bode diagram of
closed loop velocity controller.

Fig. 11. Open loop Bode plot of velocity

Fig. 12. Bode plot in presence of human

Table 3. Force control parameters in presence of human

Parameter Sym. Value Unit

Force gain Kf 0.52 m/sN
Ff cut-off frequency Ff 7.1 Hz

Ff order Nf II -
Bandwidth sf 23.6 Hz

Phase margin Pmf 54.4 Degree
Gain margin Gmf 5.9 Db

Regarding the force control performances, it’s import-
ant to note that in ideal static conditions (end-effector
speed equal to zero), percentage force error is given
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Fig. 13. Asymptotic Bode plot of transfer function due to presence
of human

by:

Fdes − Fu

Fdes
= 1

Kv Kf
= 1.96%

during the movement at zero desired force, supposing the
mechanical device is completely transparent, the distur-
bance force introduced by the controller is

Fdist = −Ẋu
Kv

1+ KvKf
≈ −Ẋu

1

Kf

For example, a disturbance force of 0.2 N corresponds to
an end-effector speed velocity of 0.1 m/s.

6 Field test

In order to experimentally evaluate the performance of
the explicit force controller dimensioned according to the
methodology described above, two sets of experiments
have been carried out. In both sets, the subjects were asked
to move their finger back and forth at an almost constant

Fig. 14. Force measurements in
field tests

velocity, resting for a while at the reversing of the motion
direction.

The first test was carried out with a zero force control
reference: the forces measured during the test are shown in
Fig. 14a. In the second set the same test was then executed
with a 1 N force control reference (Fig. 14b).

The tests show that the system is highly accurate in
static conditions (as expected, error is less than 2%), while
errors proportional to the end-effector velocity are intro-
duced in dynamic conditions. This is an intrinsic charac-
teristic of the selected basic architecture of the controller.
In order to reduce the values of the resistant forces during
the tracking at constant velocity the force gain KF should
be increased but this would lead to instability of the sys-
tem.

7 Conclusion

In this paper we presented a novel haptic system and the
design of its controller for an optimal combined hap-
tic/tactile rendering in multi-sensory exploration of virtual
textiles. The novel control design methodology is based
on the identification of human and device parameters and
its performances have been assessed both with theoretical
analyses as well as with experimental validation.

An architecture to integrate this system in a multi-layer
architecture that is suited for reproducing interaction with
virtual clothes has been discussed and its implementation
is available in our laboratory.

The overall architecture has proved to performing
enough to support a wide range of feedback forces. Max-
imum accuracy has been assessed in both textile interac-
tion condition: exploration and manipulation. In the first
case, contact force is approximately 0, the force-feedback
accuracy is below 1 gram in static condition while it holds
within 10 grams in dynamic conditions; in the second case
the force accuracy has proven to be within 5% of the over-
all applied force both in static and dynamic conditions.
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