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For hand–object interaction in real situations the interplay between the local tactile interaction and force
interaction seems to be very important. In current haptic interfaces, however, two different trends are
present: force feedback devices which offer a permanent invariable grip and a resultant force, and tactile
devices, which offer variable local patterns, often used for texture rendering. The purpose of the present
work is to combine the two types of devices in a coherent manner. In the new device presented here, the
tactile stimulation is obtained from strictly the same interaction loop, and obeys to the same physical
model, as the force feedback, providing the information on the spatial distribution of forces circulating
between the object and the fingertip. An experiment on following sharp edges of virtual object comparing
the force feedback alone and different tactile augmentations is presented and discussed, alone with some
open epistemological issues.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Technological challenges

The aim of this paper is to progress towards haptic interfaces
which integrate force feedback and tactile stimulation.

The human haptic system can be characterized by at least three
important aspects: (1) it encloses in an interdependent manner
several multiform components (kinaesthetic, tactile, thermal); (2)
it is intrinsically reciprocal, i.e., a modification of the state of the
sensing organ modifies the sensed object and vice-versa, which is
not the case with other modalities; and (3) it deals with the topo-
logical and morphological complexity of the body. Thus, the haptic
system is a complex integrated modality, and an apparatus by
which the individual gets information both about the environment
and about his own body. Our main conceptual hypothesis is that
the three above-mentioned aspects are closely linked; and more
precisely, that the tactile-force relationship is closely linked to
reciprocal and spatial aspects of the haptic modality.

These aspects are not fully taken into account in most current
Virtual Environments (VE). Haptic interfaces for VE are seriously
behind the levels of accomplishment of other functionalities of
ll rights reserved.
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VE platforms, such as the ‘‘computer graphics” for modelling and
simulating purely visual aspects of objects. Force feedback devices
(FFD) present considerable technological difficulties and issues
(frequency bandwidth, stability, etc.) which become critical if one
wishes to model highly rigid (large instantaneous forces) or very
soft (very weak but very precise forces) interactions with objects,
as well as ‘‘frictional” interactions where the contact and adher-
ence forces are not necessarily spatially homogeneous. Tactile
devices in HCI have been, up until now, poorly developed and are
not much used.

Thus, integration of these two devices aims to address one of
the major bottlenecks in haptic interfaces, and to progress
towards:

� Overcoming the limitations of force feedback devices, e.g., the
permanent grasping of the end-effector and the absence of mul-
tipoint surface local displacements and forces.

� Overcoming the limitations of tactile devices, e.g., the fact that
the action produced by the tactile device is not necessarily
directly linked to the action of the user; and that there is no cor-
relation between the action of the user and the local forces
which are reproduced by the tactile device.

� Combining local small scale and high spatial resolution multi-
point contact area with the larger spatial scale of the force feed-
back device, which is often limited to one-point interaction.
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http://www.sciencedirect.com/science/journal/09535438
http://www.elsevier.com/locate/intcom


A. Khatchatourov et al. / Interacting with Computers 21 (2009) 26–37 27
Moreover, to improve the effectiveness of touch in computer-
ised environments, an ideal integrated system should be able to
function so that the two devices (tactile and force) work together
in a coordinated manner, in order to reproduce in a coherent man-
ner the physical properties of the virtual object and to respect the
physical consistency of the interaction between the user and the
object. This would correspond to a complete multi-scale mechani-
cal coupling system which could be the symmetric of the human
senses and motricity. At the current stage of technology it seems
difficult to produce an integrated tactile-force feedback device
(T-FFD) which would work as closed-loop device for both compo-
nents (see Section 5 below).

These technological difficulties stem from the complexity of
touch interaction, both in natural and in computerized environ-
ments. The motivation of the present study is to do spadework at
the conceptual, technological and experimental levels in order to
approach this complexity. The aim of the present study is first of
all to work on models of integration and thus to progress towards
an integration which will take into account, in a coherent fashion,
surface force fields, interaction in a highly dynamic closed-loop,
and the tactile modality as an endogenous control for the forces
and displacements exerted by the hand.

1.2. Haptic perception studies and haptic interfaces

Within the general studies on haptic perception, it is usual to
distinguish between the perception of forces (often associated to
the kinaesthetic system) and tactile perception (often associated
to the cutaneous sensing system) (Loomis and Lederman, 1986).

These differential associations are not obvious in real situations,
where the two systems are mostly activated conjointly: during the
haptic perception of an object, there is simultaneously a cutaneous
stimulation and a perception of forces.

Tactile and force perception can only be dissociated in certain
rare conditions. The typical cases are the experiences by Jansson
et al. (1999), Jansson and Monaci (2006) for object recognition,
and by Lederman and Klatzky (1999) in particular for roughness
perception. In all these studies, the experimental conditions vary
the availability of tactile feedback by placing sheaths on the finger.
The spatial tactile information is then not available or is constant,
whereas the sensation of movement and effort is present. Despite
the fact that, even in these cases, the generated vibration may
‘‘activate” tactile perception (Lederman and Klatzky, 1999), for
the purposes of the studies on human perception, the modalities
are considered as in principle separable and studied as such (e.g.
Symmons et al., 2007),

Then, it may seem pertinent to use the VE systems (Loomis
et al., 1999), in particular haptic devices (Jansson, 1998) in which
the components providing force feedback are distinct from the
ones providing tactile stimulation. So it may seem easy to artifi-
cially combine, or dissociate, the two modalities, and thus to study
their functional relation within the general field of haptic percep-
tion. This would permit to acquire new knowledge concerning hap-
tic perception for developing models of functional coupling of the
two components in the human system.

However, this task suffers from several drawbacks:
First, even in highly controlled experimental conditions, and

even if the distinct devices are used, the tactile modality cannot
be rigorously separated from the perception of forces, and vice-
versa, particularly in physical manipulation tasks. Is it reasonable
to suppose that during force feedback interaction the human tac-
tile cutaneous system would not be activated? And conversely,
that in tactile skin stimulation, kinesthetic perception would not
play any role?

Second, the studies of haptic perception are strongly
conditioned by the available haptic devices. As a result, most
implementations can only perform specific aspects of a given task.
Moreover, the degree of resemblance with tactile stimulation in a
‘‘natural” situation will depend on the computer models employed.

Third, the major difficulty resides in the fact that from a func-
tional point of view, the balance between the relevance of tactile
versus force perceptions may vary according to the sensory-motor
loops established during a performance of a task (e.g. Lederman
and Klatzky, 1999).

These points will be discussed in details later on in the last sec-
tion. Suffice it to say for the moment that psychophysics studies
are closely linked to the technological development of both haptic
devices and adjacent computer models, and that such research
needs to implement a specific methodology. The major methodo-
logical difficulties to be addressed for the integration of Tactile
and Force components are symmetrically: (1) on the technological
side, the difficulty inherent to this type of integration at the level of
devices and computer processes of their control; and (2) on the
human side, the lack of knowledge concerning their functional
relations.

1.3. Theoretical and methodological aspects

More generally, as discussed in Cadoz and Wanderley (2000)
and Sheridan (2002), during the manipulation of a physical object
the coupling of the two systems – human and object – leads de fac-
to to consider these two coupled systems as a whole. Together they
form a third system with new emergent properties which should
be taken into account and studied as such. Cadoz and Wanderley
(2000) called such situations ‘‘instrumental situations”, and named
the specificity of this type of coupling ‘‘the ergotic function of the
human-environment interaction”. In the following we will use
the terms ‘‘instrument”, ‘‘instrumental” and ‘‘ergotic” to refer to
that type of coupling. In such situations, the knowledge of human
action–perception system cannot be considered as independent
from the particular situation and particular manipulated object.

This remains true for the computerised situations (Luciani,
2004) (Florens et al., 2006), and especially in manipulation tasks
involving integrated tactile-force feedback devices and computer
simulations. Thus, technological development is not a direct imple-
mentation of the knowledge about human perception, neither is it
the direct means to conduct psychophysics studies without taking
into account the emergence of new properties of the whole system
composed of the human, the haptic device and the manipulated
object. Conversely, the question arises: what degree of technical
achievements and what degree of genericalness in regard to
human performance are really necessary for accomplishing the
tasks that these devices are designed for.

One of the ways to hold together psychophysical studies and
technological development has been proposed by Lenay et al.
(2003). The authors have developed a characteristic approach – a
systematic ‘‘minimalism” – which makes possible, by progressively
increasing the complexity of the technical device and the experi-
mental situation, to identify the ‘‘thresholds” of technological com-
plexity for accomplishing a given task. Another way is to develop a
priori over-scaled and over-performing systems specified to be
used as measurement tools and to be able to catch experimentally
relevant psychophysics features (Castagné et al., 2005; Luciani
et al., 2007). To identify necessary and sufficient level of technolog-
ical complexity these two methodologies have to be thought in
their convergence.

1.4. Research questions

We are particularly focused on the dynamic effects in haptic
manipulation which have not been much explored up until now.
By ‘‘dynamics effects” we mean effects in which temporal features
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play a critical role. For example, in a task of following sharp edges of a
virtual highly rigid object, the wide spatial bandwidth, representing
the spatial discontinuity, creates critical temporal effects such as
very fast variations in velocities. Such properties may make neces-
sary to adopt specific computer architectures (for example, hard
real-time synchronized architectures) and dedicated high resolution
FFD. The temporal effects may play an important role in haptic
manipulation, and can open the way to new investigations on the
role of the tactile component in the haptic modality as a whole.

The integration of the two devices involves at least two distinct
levels: that of their mechanical integration; and that of their inte-
gration at the level of the computer process which controls them.
In this study, we leave aside the question of the co-location of
the two devices and their mechanical integration: the force feed-
back involves one hand and the tactile stimulation the other. The
process of control of these devices is, for a part, a computer model
based on hypotheses about the relation between the two percep-
tual modalities in humans. We argue that the dynamic and spatial
coherence of the behaviour of the two components of the haptic
interaction should be also implemented at the level of the com-
puter model. That’s why our experiments are based on a simple
mechanical hardware association of the devices; and the emphasis
is put on the computer models controlling the devices’ collabora-
tive behaviour.

Three main hypotheses which guide the implemented com-
puter models (see Section 3) are the following:

� Tactile and force stimulations are produced within the same
interaction loop rather than being produced independently.

� Tactile stimulation provides information on the deformation of
the exploratory body.

� Tactile stimulation provides information on spatial configura-
tions of the object.

In line with these hypotheses and our focus on dynamic effects,
we aim to address two research questions:

1.4.1. The role of spatial information
Does the addition of spatially distributed tactile information,

combined with the force feedback through the rigid locally invari-
able end-effector of a FFD, succeed in approaching the spatial dis-
tribution of forces in a real situation? The present work addresses
this question through the tactile information which informs the
user about the spatial configuration of the objects.

1.4.2. The role of the deformability of the exploratory body
The deformability of the exploratory body can play an impor-

tant role in natural (i.e. non-mediated by electrical and computer
systems) haptic interaction, since it creates a mechanical con-
straint for body displacement, and it is also felt as skin stretching.
In VE implementations, the deformation of the exploratory body
can be addressed at two levels: at the level of modelling the defor-
mation of the object which represents the virtual fingertip; and at
the level of the information on this deformation brought to the
user through the tactile and/or force actuators. In the present work,
the implemented computer models (see the Models and Discussion
sections) are designed to inform the user about the deformation of
the virtual exploratory body by the tactile stimulation and partly
by the force feedback.

We compare the model with force feedback only with the var-
ious models of integration with tactile stimulation, in the task of
following highly rigid virtual object. We aim to show three things:
(1) for the dynamic tasks in question, it is relevant to achieve
tactile-force integration; (2) with an identical device, the results
depend on the implemented computer model; and (3) the interpre-
tation of the role of tactile perception also depends on the
computer models and the underlying hypotheses.

2. Previous work on tactile and force feedback integration

The enrichment of force feedback by tactile stimulators has been
initiated in the field of teleoperation for enhancing grip control, for
example by putting the pressure sensors on the slave arm and pin-
like actuators on the master arm; and more recently in the field of
Virtual Reality for surgical simulations and texture rendering.

In the area of surgical simulation, the softness of the modelled
object combined with visual control means that the requirements
for models and force feedback devices are not very stringent in
terms of the dynamics of the coupling. In this field, there are sev-
eral studies on the integration of tactile and force feedback devices,
mainly with the methods of finite elements (Wagner et al., 2005),
but they are limited to models for soft tissues and to the explora-
tion of homogeneous stiffness (there are no high thresholds for
forces, and no conditions on boundaries). Other works address
force feedback interaction with rigid objects with geometrically
based haptic algorithms (Morris et al., 2006) but not in the context
of tactile and force feedback integration. The integration of T-FF
devices in situations with high spatial and temporal bandwidths
is still not sufficiently addressed.

In the area of texture rendering, the accent is put on modelling
relatively homogeneous textures/fabrics mainly using geometrical
haptic algorithms based on collision detection. In this field, the
main limitation of tactile devices coupled to force feedback resides
in the fact that the tactile loop is disconnected from the main force
loop, and functions only in a ‘‘display” mode for rendering texture
(Takasaki et al., 2005; Summers et al., 2005; Allerkamp et al., 2007;
Kyung et al., 2007).

More recently, two other complementary aspects are explored
by research in tactile-force integration: (1) the orientation of the
forces (‘‘shear” and ‘‘tangential” forces) and (2) the spatial distribu-
tion of the stimulation:

(1) Concerning the rendering of ‘‘shear” and ‘‘tangential”
forces, several studies address the questions of friction and slip-
page. Two approaches are used within this aspect: (1a) display
of the tangential forces with encountered contact point (Cini
et al., 2005; Provancher et al., 2005); and (1b) tangential forces
displayed to the user in grasping (Verner et al., 2005) and in slip
interaction (Fritschi et al., 2006; Salada et al., 2005; Webster
et al., 2005). In these systems a critical issue concerns the control
of the motion of the end-effector of the force feedback device, so
that it could follow the finger motion without introducing un-
wanted contact forces as they exist when the finger is tightly at-
tached to the end-effector.

(2) Concerning the spatial distribution of the stimulation, de-
vices such as gloves with air cushions or several vibro-tactile stim-
ulators (Benali-Khoudja et al., 2004) attempt to render the force
fields and thus to combine tactile stimulation and kinesthetic stim-
ulation. However, these devices do not have the reactivity of ded-
icated force feedback devices or dedicated tactile devices. Other
devices combine force feedback and tactile spatially distributed ar-
rays such as (Wagner et al., 2004, 2005).

Finally, we would like to discuss in a more extensive manner
two other works performed on tactile augmentation of a force-
feedback device. In (Declerck and Lenay, 2006), the standard asyn-
chronous PHANToM FFD was equipped with the standard stylus,
and with tactile Braille cells (a 4 � 4 array of piezoelectric pins)
mounted in a box attached to the stylus. The scene was composed
of a virtual bridge and of an avatar (exploratory body) controlled
by the FFD; the avatar’s collisions with the bridge gave rise to
tactile and/or force feedback, the task being to follow the bridge
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without falling. The implemented model of the virtual scene was
based on collision detection approach, and there was no deforma-
tion of the exploratory body. Another study by Kuchenbecker et al.
(2004) addressed the contour following of the resistant rectangu-
lar block with a device composed of PHANToM and encountered
contact thimble-based mechanism attached to its the endpoint
(a cylindrical tactile element moves along the fingertip to indicate
the position of contact). The computer model was based on the
representation of the finger as arc segment and collision detection
in order to bring the tactile element to the wanted contact loca-
tion. These two studies are further discussed in the last section.

To sum up, previous work usually addresses interactions with
soft objects where the forces are weak and where there is no high
bandwidth (and the corresponding implementations are not
always adapted to non-linear closed-loop dynamic interaction);
and the tactile stimulators are mainly used as a display, i.e., to
present information to the user. Notwithstanding the importance
of this work it does not fully embrace the non-linear closed-loop
dynamic interaction with physical objects, where the integration
of tactile and force feedback may also be pertinent. Thus, the pres-
ent study is focused on highly dynamic interaction with rigid
objects.

Two distinct approaches to the technological implementation
can also be deployed: (i) an approach within the ‘‘vis-à-vis” inter-
action paradigm, with the object in-hand. In this paradigm, the
device is in front of the user. It has to be at the scale of the human
hand, and to be portable to some extent; (ii) an approach which is
closer to the immersion paradigm, where the hand is ‘‘encapsu-
lated”. These devices are necessarily heavier and are not meant
to be portable. The present work explores the interactions with
rigid objects within the ‘‘vis-à-vis” paradigm.
3. Technological development

3.1. Computer models of the simulated virtual objects

Following the described approach, a novel device for accurate
haptic interaction has been developed. The computer models have
been developed for the task of following sharp edges of a virtual
highly rigid object. The main novelty of this device is that the tac-
tile stimulation is obtained from strictly the same synchronised
interaction loop, and obeys to the same physical model, as the
force feedback. Thus, it addresses both research questions: it pro-
vides information on the spatial distribution of forces circulating
between the object and the body, and also informs the user about
the physical deformation of the exploratory body.
Fig. 1. (a) The model as implemented (screenshot). (b) Schematic representation of tac
contact with the virtual object, the light ones are not. This situation corresponds to t
transmitted to the FFD (here the resultant force is equal to the sum of the four forces).
The scene (see Fig. 1a) is modelled using physical particle mod-
elling, i.e., basically by masses connected to each other by springs.
This allows easy modelling of multipoint interactions. The explor-
atory body (virtual fingertip) is composed of a rigid grid of 16
masses, each of which is in independent interaction with the object
of the scene (see Fig. 1b). The resultant force of interaction
between the complete set of body masses and the object consti-
tutes a material constraint on displacements of the body, and this
resultant force is transmitted to the user through the end-effector
of the FFD. Distinct tactile stimulations are realized by 16 tactile
pins, each of which corresponds to one of the masses of the explor-
atory body. Each tactile pin is activated whenever there is the force
exerted on the corresponding body mass. The activation of the pins
is integrated in the force feedback calculus loop.

In the present study, the grid of masses representing the explor-
atory body is a rigid non-deformable grid rigidly attached to the
FFD. The orientation of the square grid manipulated by the user
is always the same (the grid is parallel to the horizontal plane of
the user’s workspace, and cannot change its orientation around
the vertical axis: the model has three DoF). This is schematically
represented below. As shown on the picture (Fig. 1a), the grid is
square-on to the user, whereas the bridge has a diagonal orienta-
tion of 45� to the right (first and third segments) or to the left
(second segment).

Four different models have been developed and compared (see
also below, Section 4):

3.1.1. Computer model 1 (CM1)
Each pin is independently activated as soon as there is a force

between a corresponding mass and the object, i.e., as soon as the
contact occurs, without any threshold. The pins are up when there
is a contact, and down when the grid is not in contact with the
bridge.

3.1.2. Computer model 2 (CM2)
Each pin is independently activated as soon as there is a contact

between a corresponding mass and the object, while the force
feedback is only activated above a certain threshold. In practice,
this has the effect of introducing a delay before the force feedback
is felt: when the user is approaching the bridge, she first has a tac-
tile interaction with the object, and then has to make a small addi-
tional displacement (of approx. 0.3 cm in user space) in order to
feel the resistance of the object. The metaphor of this interaction
is similar to the situation of a caress, or gentle stroking of an object
in ‘‘natural” situation, when the tactile can be seen as the ‘‘zero
grade” of kinaesthetic interaction, i.e., where the force is not yet
felt, as in touching soft tissues or hair.
tile and force components: in the model on the left, the black masses (A–D) are in
he activation of corresponding tactile pins (TA to TD), and to the resultant force
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3.1.3. Computer model 3 (CM3)
This model is similar to CM1. Each pin is independently acti-

vated as soon as there is a force between the corresponding mass
and the object, i.e., as soon as the contact occurs, without any
threshold. With respect to the CM1, the pin activation is strictly
inversed, that is the pins are up when there is no contact (and no
force), and are down as soon as the force interaction occurs. The
interest of this model is that the tactile sensitivity may be more
sensitive to the upward movement of the pin which occurs here
when the user begins to fall off the bridge.

3.1.4. Computer model 0 (CM0, also referred to as FFD-only)
Finally, CM0 is the same computer model as CM1 and CM3 but

the tactile feedback is absent.

3.1.5. Deformation effect common to the models
Even though the grid which represents the fingertip is not

objectively deformable, there is a deformation-like effect due to
two features. (1) The variation in the number of masses in contact
with the virtual object leads to a corresponding variation in the
number of tactile pins which are raised and which actively stimu-
late the finger during the course of exploration. This can be consid-
ered as simulating a change in the surface contact similar to the
change that would be produced by an actual deformation of the
exploratory body. Obviously this part of the effect is not present
for CM0. (2) The variation in the number of masses produces a
modulation of the resulting force transmitted to the end-effector
of the FFD, thus inducing an effect of a body which is more complex
than that of a single point, or a rigid homogeneous surface. We call
the result of these two features (see Fig. 1b) a ‘‘deformation effect”
(DE).

3.2. Computer architecture

The implementation was done on the modular hardware plat-
form composed of different units, easily adaptable to any particular
task. Currently, the platform employs three types of components:
multi-processor computers (2 or 4 processors) designed for hard
haptic constraints; Digital Signal Processing (DSP) PCI boards;
and the force feedback devices (Castagné et al., 2005, 2007). In this
experiment, since the requirements were focused on haptic results,
simulation required high reactivity, but did not require great com-
putational power (the model of the scene being only composed of
Fig. 2. (a) The device manipulated in FFD-only condition. (
few masses). Accordingly, the platform was employed using the
‘‘mobile” configuration composed of one general-purpose host
PC, one DSP board on which the simulation runs (Luciani et al.,
2007), and the ERGOS force feedback device (see Fig. 2a and b) in
3 DoF joystick configuration (Florens et al., 2004). The ERGOS
FFD main characteristics are the workspace of 60 � 60 � 25 mm
(in current configuration), max force per slice 200 N (peak)/60 N
(continuous), max velocity 1.8 ms�1, peak acceleration 60 ms�2,
sensing resolution 1 lm.

The DSP board is the TORO board from Innovative Integration
(TMS320C6711) which is characterized by a computation fre-
quency of 150 MHz. This card provides 16 simultaneous analog
inputs and outputs up to 250 KHz each, both at 16-bit resolution
for high quality haptics. A/D and D/A converters are synchronized
on the same clock signal as the simulation process and are used for
the exchange of data with the haptic device. The host PC running
Linux is only used to control the global behaviour. A visual feed-
back is implemented and keyboard input provides parameter
adjustment: these two tasks are accomplished by the host and
do not interfere with the real-time simulation (they are accom-
plished between the two calculus steps, when the DSP has finished
computing one step of simulation and awaits the next). Major
characteristics of this configuration are a high simulation fre-
quency (adjustable between 1 kHz and 44 kHz, 5 kHz for this
implementation) and synchronous real-time architecture.

The standard Braille cells for the tactile component were inte-
grated into the above-mentioned real-time architecture. The
Braille cells from Metec AG are piezoelectric driven actuators, with
dot spacing of 2.45 mm and with dot stroke of 0.7 mm, dot rising
time of 24 ms and max clock speed of 500 kHz. They are connected
through the 32 binary outputs of the TORO board. A routing board
has been designed to adapt the DSP outputs to the analog condi-
tioning of the Braille cells. Up to 32 pins are available, but only
16 pins (4 � 4 matrix) were used.

In the simulation process, the same physical model running on
the DSP controls both the tactile and the FF devices (see Fig. 3). The
bi-directional input–output flow with the FFD is synchronized at
model’s computation frequency and consists in a zero delay
closed-loop I/O digital flow. The refreshment of the simulation is
done simultaneously at the same calculus step for both the tactile
and the force. The tactile digital output flow is down-sampled at a
lower rate. This disposition is due to the specific properties of the
Braille cells whose response time is about 24 ms. This property is
b) The device manipulated in FFD + tactile conditions.
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not limiting in the present case since the tactile device works as a
simple output device. The resulting average delay for this tactile
channel is of 24 ms.

Another important aspect is that in the present development
the tactile and the force components are not mechanically inte-
grated, i.e., the interaction requires a bi-manual manipulation.

4. Experiment

4.1. Experimental design

An experiment has been performed, consisting of following the
contour of a rigid object with the T-FF device described above.

4.1.1. Task
The subjects were asked to follow the bridge, staying as much

as possible on its top surface, in order to reach its end. They were
instructed to make small movements to adhere as much as possi-
ble to the bridge surface. If contact with the bridge is lost, they
were instructed first to make lateral movements to find the vertical
wall; then to follow it up to the top; and finally to reposition the
exploratory body on the top surface. They were aware of the fact
that both their rapidity (total task time) and accuracy (number of
falls off the bridge) were measured, and that in the present exper-
imental set-up there is a trade-off between these two criteria
(Sribunruangrit et al., 2004), i.e., they have to combine both accu-
racy and speed. Subjects sat in front of the device, and manipulated
the FFD stick with their dominant hand while the finger of the
other hand was in contact with the tactile device.

4.1.2. Conditions
There were four experimental conditions corresponding to the

four computer models (CM) described in the previous section: con-
dition 0 (CM0, force feedback only); and for tactile and force feed-
back, condition 1 for CM1, condition 2 for CM2, condition 3 for CM3.

4.1.3. Procedure
At the beginning of each session, the subjects were familiarized

with the device during 25 min, including all the four variants of the
experimental conditions, both blindfolded and with vision.

Then they ran a ‘‘practice test” in a randomized order. In this
practice test the four experimental conditions were present
(3 min each), the subjects were blindfolded and wore earplugs,
but no measurement of the performance was made. The purpose
of this phase was to familiarise the subjects with the temporal con-
straints of the experiments.

Finally the measured session took place, during which condi-
tions were randomized (3 minutes max for each condition). When
the subjects missed one of the right-angled turns of the bridge and
got lost, the experimenter repositioned them at the beginning of
the bridge, in order to preserve the continuity of the task. The task
was considered as accomplished when the subject reached the end
of the bridge. There were 12 subjects altogether; each subject per-
formed one registered trial during this measured session. Each sub-
ject spent about 1 h in the experiment (familiarization + practice
test + trials).

4.2. Experimental results

The results are presented in Fig. 4. The dependent variables
measured were: the number of falls off the bridge (falls); the time
necessary to accomplish the task (time_total); the time of contact
loss (cumulated time of the falls off the bridge) (time_out). We also
compared the ratio (time_out)/(time_total). In addition, the sub-
jects were asked to rank the different conditions in order of their
subjective preference.

The falls which last less than one second are not included in the
cumulative time of loss of the contact; similarly, episodic contact
lasting less than one second is not considered as ‘‘staying on the
bridge”. Thus, when the subject loses contact with the bridge,
‘‘finds” it again but for less than one second, and then loses contact
again, the situation is considered as a single fall.

Friedman test returned significant results for the number of
falls (p = 0.004), time spent off the bridge (p = 0.002) and the ratio
(time_out)/(time_total) (p = 0.015). The pairs were then analysed
with Wilcoxon signed rank test for paired samples. We can not
claim the statistical difference between all the pairs of conditions.
In the next section, the p-values obtained with Wilcoxon test, for
the null two-tailed hypotheses, are given before Bonferroni correc-
tion. The difference between mean values indicates a trend accord-
ing to which the tactile conditions (and particularly the conditions
CM1 and CM3) vs. FFD-only, permit a more accurate following of
the bridge.

5. Discussion

5.1. Discussion of the experimental results

5.1.1. FFD-only (CM0) vs. CM1 and CM3
The mean number of falls is significantly lower in both tactile

conditions (p = 0.016 for CM1 vs. FFD-only, and p = 0.014 for CM3
vs. FFD-only). Also, the time spent out of the bridge is significantly
lower in both tactile conditions (p = 0.02 for FFD-only vs. CM1;
p = 0.03 for FFD-only vs. CM3). Both of this tactile conditions were
preferred by the subjects (p = 0.002 for FFD-only vs. CM3).

This indicates that the addition of tactile feedback can allow a
more accurate following of the bridge. There is however no signif-
icant difference in the total time of task accomplishment. Two
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aspects can be analysed for this comparison: (a) the presence of the
‘‘deformation effect” in FFD-only condition and (b) the overall strat-
egy employed.

(a) Deformation effect in FFD-only vs. tactile conditions.

In the models we have implemented, information on the spatial
discontinuities is already partially available in the FFD-only condi-
tion through the Deformation Effect. The resultant global force
transmitted to the FFD is the sum of the 16 local forces from inde-
pendently interacting masses. When the user makes a movement
and protrudes over the edge, the difference in total force stimula-
tion, resulting from the difference in the number of masses in
interaction with the bridge, can be felt. That is, approaching the
edge and protruding beyond it leads to the distinct levels in the
global resulting force transmitted to the stick of the FFD.

Several participants confirmed a possible use of this strategy
while in the FFD-only condition, but noticed that this strategy
requires very fine and slow manipulation on the edges which is
quite difficult to combine with the relatively rapid global move-
ment required by the whole task. Thus, the benefits of the DE in
FFD-only condition are not fully used by the subjects: the overall
strategy the subjects employed did not seem completely rely on
this effect in FFD-only condition.

(b) Overall strategy employed: number of falls vs. total time of task
accomplishment.

The tactile conditions CM1 and CM3 are better that the FFD-only
(condition 0) in accuracy but not in the total time of task accom-
plishment. This could be explained by the fact that the strategy
employed by the subjects is not the same. In tactile conditions,
subjects seem to rely more on fine movements close to the edge,
which help to avoid falling off the bridge. However, the counter-
part of such a strategy is that the subjects adopt a more cautious
strategy which leads them to move more slowly. In the FFD-only
condition, the gesture seems to deploy a more ballistic strategy
of hand movement, relying on the acquired and remembered pro-
prioceptive knowledge of the spatial configuration of the bridge,
leading to a rapid but inaccurate task execution.

This analysis is confirmed by the subjective evaluation of partic-
ipants. It is also confirmed by the fact that the ratio (time_out)/
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(time_total) is higher in the case of FFD-only (p = 0.005 for FFD-only
vs. CM1; p = 0.037 for FFD-only vs. CM3). This means that, for the
same average time of the task accomplishment, the average time
spent off the bridge is bigger in the case of FFD-only, i.e., once
the bridge is lost in the FFD-only condition it is more difficult to
find it again, which may be due to the higher velocity of the gesture
in this condition. Indeed, in order to attain a same average total
time while spending more time off the bridge, it is necessary to
make faster movements while being in contact with the bridge.
By contrast, in the CM1 and CM3 conditions, the gesture is slower
and relies more on fine exploration, which makes it possible to rap-
idly regain the bridge after a fall.

5.1.2. CM2 condition
The relatively poor performances of the CM2 condition can be

explained by the fact that the addition of tactile was also combined
with the change in the force interaction. This is different from
other three conditions in which the force interaction is the same
(as described in the section ‘‘computer models”).

Indeed, adding the threshold causes the force feedback to be felt
‘‘later” with respect to the user movement; and this is equivalent
to changing the force interaction, as if the bridge had a non-resis-
tant but tactile-sensitive envelope. But this is equivalent to a nar-
rower and wispier resistant bridge which is much more difficult to
follow. Adding the tactile could at best partially compensate this
situation. This consideration tends to demonstrate that what is pri-
mordial in such tasks is the coherent coupling between force and
tactile feedback, and that the results cannot be understood without
examining the interaction as a whole, in all its aspects.

5.1.3. CM1 vs. CM3
There was no significant difference in the performance between

these two conditions, but the subjects preferred the CM3 condition
over the CM1 according to the subjective ranking (p = 0.024 for
CM1 vs. CM3). They reported: (1) that they felt they were guided
by the raised pins, and (2) that they felt more distinctly the upward
movement of the pins than the downward movement when the
fingertip started to leave the bridge.

5.1.4. Issue of learning
The task we explored is obviously strongly related to the issue

of learning. For this experiment, we chose a learning period that
did not clearly reveal the effects of adding tactile stimulation for
the total time of task accomplishment. Further work could investi-
gate if with more learning the difference between FFD-only and
tactile conditions would be bigger, or if on the contrary a shorter
period of adaptation can lead to more significant results. In addi-
tion, we have explored only one spatial form of the bridge, whereas
the ‘‘effect of surprise”, confronting subjects with different spatial
configurations may also result in a greater role of the tactile com-
ponent of the interaction.
Fig. 5. (a) TactPHANToM device manipulation and model (Declerck and
5.1.5. Role of the spatial information and role of the deformability of
the exploratory body (or virtual fingertip)

With regard to these two research questions evoked in the
introduction, we have implemented models that combine them
in a single interaction situation. In these models the ‘‘deformation
effect” of the fingertip (DE) is represented both by the tactile feed-
back and by the force feedback. There is a certain amount of redun-
dancy between the tactile and the force feedback, in the sense that
when the finger starts to leave the edge this produces an alteration
in both components of the interface. The tactile feedback does nev-
ertheless provide additional information, for the following reason.
The grid is always in the horizontal plane, and when the grid is on
the top surface of the bridge the direction of the force feedback is
always orthogonal to this plane, i.e., vertical. This being so, a quan-
titative reduction in this force gives a warning that there is a risk of
falling, but gives practically no indication as to which direction in
horizontal plane should be taken to move fully back onto the
bridge; this is because the force feedback gives no indication as
to which masses are in interaction with the bridge. In this situation,
the tactile component makes it possible to anticipate in which
direction to move in order to stay on the bridge. This is confirmed
by the observation that the number of falls is indeed less in condi-
tions CM1 and CM3 compared to FFD-only.

A computer model of the fingertip as a virtual deformable object
could perhaps give different results. Nevertheless, even if the mod-
el of the fingertip were actually deformable, the rigid end-effector
of the FFD could only ever provide the overall resultant force; and
the tactile feedback could then give a spatial image of this resul-
tant. This could be particularly useful in dynamic situations such
as at sharp edges, when the direction of the force is ambiguous,
or when there are critical temporal effects such as very fast varia-
tions in velocities, i.e., the force direction changes too rapidly.

5.1.6. Conclusion on experimental results
Our findings are in line with the two studies we mentioned in the

second section which address the tactile augmentation of the FFD in
the task of the following the contour of the resistant structure.

In Declerck and Lenay (2006) blindfolded participants were
required to follow the bridge and to maintain contact with it in
three different experimental conditions: (P) force feedback but
no tactile information; (T) tactile feedback but no force feedback;
(PT) both force and tactile feedback (see Fig. 5a). According to
the authors, the tactile display of information improves the con-
tour following (there was a substantial decrease in episodes of loss
of contact): subjects were able to use the tactile information to effi-
ciently guide their displacements along the resistant surface (see
Fig. 5b). Authors assumed that tactile information offers the ability
to anticipate the location of the edges of the bridge (exteroceptive
function); and that tactile information may also play here a propri-
oceptive role as it makes possible to perceive the direction of self-
displacement relatively to the edges of the bridge.
Lenay, 2006). (b) (Declerck and Lenay, 2006) experimental results.
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However in our study the improvement due to the addition of
tactile feedback is less marked than in the pilot experiment per-
formed by Declerck and Lenay (2006). This difference can stem
from the fact that in Declerck and Lenay (2006) the force interac-
tion results from a single-point contact and the tactile stimulation
results from the points surrounding this central single-point (this
leading to a very difficult manipulation in FFD-only condition),
while in our implementation the entire exploratory body is in
physical interaction with the object (this leading to the presence
of the deformation affect (DE).

Kuchenbecker et al. (2004) compared the contour following
under the following conditions: providing the contact location
(the cylindrical tactile element moves to the location of the con-
tact) and providing force feedback only (the tactile element is sta-
tionary). According to the authors, blindfolded subjects employed
different sensing strategies between the two conditions, and they
argue that the adjunction of tactile element prevents from over-
shooting when approaching the edge. They reported that subjects
were 30.0% less likely to break contact with the environment when
provided with contact location feedback, which is similar to our
results. On the other hand, average completion time was 39.8% fas-
ter when subjects were provided with contact location informa-
tion, while in our study we did not find a significant difference in
the total time of task accomplishment. This discrepancy may be
due to the difference in the computer models and in the hardware
implementation. Kuchenbecker et al. (2004) provided the contact
location of the encountered virtual object in order to give the user
the illusion of touching a two-dimensional contour (as if the sub-
ject’s finger was touching it), while we provided the spatial distri-
bution of the contact forces by means of deformation effect and
tactile stimulation. Thus, the similarities in the tasks explored in
Kuchenbecker et al. (2004) and in our study still do not remove
the fact that the analysed aspects of the haptic interaction are of
distinct nature.

Jansson and Monaci (2006) reported that the spatial distribu-
tion of stimulation at the contact area for the haptic identification
of manufactured objects is more important than the number of dis-
tinct contact points. The improvement of the accuracy of the con-
tour following in our experiment is in accordance with these
findings. Although the task was different in this study (identifica-
tion vs. contour following), we may suppose that it included edge
following of the rigid objects. In addition, our FFD-only condition is
almost equivalent to the finger with sheaths condition, where the
information on the contact area was constrained. In this sense, we
think our approach may be more promising and less complex than
a multifinger haptic device. To further address this question, it
would be interesting to compare the two conditions (multifinger
vs. one spatially distributed contact area) within a single experi-
ment with the same T-FFD.

In our experiment, subjects noticed that tactile stimulation pro-
duces an effect of slowing down the gesture when approaching an
edge. We may therefore suppose that the tactile feedback functions
here as a control loop for adjusting the effort applied by the sub-
ject. This is confirmed by a large number of studies where, for com-
plex tasks such as grasping an object, being deprived of tactile
sensitivity leads to applying an excessive effort (Westling and
Johansson, 1984; Masataka et al., 2006). In our opinion this con-
firms that, in future work, it will be advantageous to combine com-
ponents which provide information on the spatial configuration
with other components which provide information on
deformability.

On the basis of this discussion, we argue that the augmentation
of FFD with spatially distributed tactile arrays is indeed of interest.
We further argue that the integration of tactile and kinesthetic
components in interfaces requires a coherent choice of the com-
puter model which controls them. We have shown that with a
well-chosen computer model, the integrated device permits an
improved performance in the task we have studied.

5.2. Some open epistemological issues

The fact that the results of experiments depend on the way in
which the devices are controlled, in other words on the computer
model, is quite obvious (e.g. Choi and Tan, 2003). Nevertheless, it
must not be forgotten that the computer model is an implementa-
tion of underlying theoretical assumptions about the functional
relation between the tactile and kinesthetic modalities in humans.
This leads us to sketch open questions on the relation between
psychophysical and cognitive studies on one hand, and T-FF (tac-
tile–force feedback) devices on the other. In our view, this relation
is in no wise trivial and raises some open issues which deserve
consideration in future research.

Psychophysical studies on the tactile–kinesthetic relation usu-
ally assume that tactile perception can be studied by means of
devices that produce tactile stimulation, and perception of forces
– by means of FF devices. In other words, FF devices are not consid-
ered as stimulating human tactile system (or only to a negligible
extent). Similarly, it is assumed that tactile devices do not a priori
stimulate the kinesthetic system. The studies which seek to differ-
entiate these two modalities can be considered as methodologi-
cally valid only on this condition of ‘‘separability”.

Then, the studies on the functional relationships between the
tactile and kinesthetic modalities in humans, assume that the inte-
gration of the two devices on the side of the machine is equivalent
– or at least closely approaches – to the combination of the two
modalities on the human side. It is thus implicitly assumed that
there is symmetry between two terms: first, the functional relation
between the tactile and force components as it has been imple-
mented in the devices employed; and second, the tactilo–kines-
thetic relations in humans which are purportedly the object of
study.

However, such equivalence is not necessarily possible, even in
principle. Three levels of implementation which seem to intervene
are discussed below: (1) mechanical integration of the devices; (2)
the computer model that controls the devices; and (3) the modal-
ities of this control in terms of input–output relationship.

(1) Mechanical integration is not neutral.

As we have emphasized in the introduction, in the natural situ-
ation of bio-mechanical interaction the two tactile and kinesthetic
modalities cannot a priori be rigorously dissociated (except in very
special cases).

When the interaction is mediated by computerized systems, the
three main configurations of integration are: (a) parallel integra-
tion, one for each hand, without co-location (present study); (b)
parallel kinematics integration for one hand without co-location
(Kammermeier et al., 2004); and (c) serial kinematics integration
with co-location (Kammermeier et al., 2004).

In the configurations (a) and (b) it is clear that the strong sepa-
ration between the tactile and kinesthetic stimulations removes us
from the natural situation. As for the configuration (c), the pros-
pects for a ‘‘neutral” separation between the modalities are scar-
cely improved. In a device with serial integration, tactile
perception is also evoked via the rigid arm or the part of the device
attaching the finger to the FFD end-effector (e.g. Donlin et al.,
2007), which produces tactile stimulation of the parts of the hand
which are not in contact with the tactile stimulator itself.

In other words, whatever the mechanical implementation, tac-
tile stimulation is never absent from a FFD, and vice-versa, even
though the stimulations may be transduced differently. This distor-
tion or reorganisation with respect to the natural haptic interaction
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may be not problematic for achieving the tasks for which the inte-
grated device was designed. However, it raises a methodological
problem when it comes to drawing conclusions concerning the tac-
tilo–kinesthetic relation in humans.

(2) What is meant under the term ‘‘tactile” in a computer interface
is essentially dependent on the implemented model that con-
trols the behaviour of the device.

The ‘‘tactile” in real situations is tightly linked to force percep-
tion but there is manifestly a lack of knowledge on the exact rela-
tion between tactile and force perception in humans. Given that
the tactile device cannot reproduce exactly the natural situation,
the relationship between the tactile and force components as
implemented in the computer algorithm is a model of the relation-
ship postulated to exist in humans. This model can be functional,
or physiological, or a mix of both. For example, the CM2 (Computer
Model 2) assumed that in natural situations (i.e. non-computer-
mediated), tactile perception can be present without a significant
perception of a resistant force, as when a material is softly brushed
before its hard resistance is felt. However, the experiment showed
that this computer model was not adapted for the task studied.

For the very same integrated device, the way in which the two
components are dissociated or combined in the computer model
influences the user’s interaction with the virtual object when using
the device. Thus the results of experiments on the functional rela-
tion between tactile and force components in humans may depend
on the computer model and underling hypotheses. The problem-
atic nature of this dependence is not sufficiently taken into account
in most implementations.

(3) In current integrated T-FF devices, the tactile stimulator part is
based on an open-loop implementation of the input–output sys-
tems paradigm.

In natural interactions, the dynamic attributes of the object ad-
dress simultaneously the tactile and kinesthetic senses via a rela-
tion of mechanical coupling with the hand. Considering the
interface between the hand and the object, there is no privileged
direction of causality, be it from hand to object or conversely from
object to hand (Sheridan, 2002; White, 2006). This is true both for
the kinesthetic system and for the tactile system. The coherent way
to address this type of ergotic situation (Cadoz and Wanderley,
2000) in computerized environments is to consider the joint sen-
sor–actuator couple. For the tactile devices (Wall and Brewster,
2006) and the integrated T-FF devices, the most current approach
is to implement the tactile part as an actuator. If it is legitimate
to consider the energetic coupling between the action (e.g. the
position of the finger, or the pressure exerted by the finger) and
the tactile stimulation produced on the finger in return as negligi-
ble, then the tactile part can be supported by an ‘‘open-loop” imple-
mentation (Fontana, 2007) of the relation between the inputs and
outputs of the device. In the opposite case, if the devices are to be
used for experimental purposes, this approximation might no long-
er be valid and could become a methodological bottleneck.

The integration of T-FF devices is thus a composite situation of
the three levels described above. From a methodological point of
view, this disqualifies the postulate that there is equivalence
between the functional T-FF relations on the side of the machine
and those on the side of the human subject; although this equiva-
lence is implicitly assumed by current studies on perception.

In view of these considerations, we could go so far as to say that
the separation between the tactile and the force modalities can be
accomplished in the mediation devices, rather than in actual
human subjects. In natural perception, tactile feedback and force
feedback always go together, so that at the level of perception their
roles are a priori almost impossible to separate. Thus, the categor-
ical differentiation between these two components in the human
system is largely an artefact of the devices at the disposal, which
aim to explore the role of the tactile dimension by partially sepa-
rating it from kinesthesis.

If the understanding of the sense of the touch itself is condi-
tioned by studies using specific interfaces, then the interfaces play
the role of ‘‘categorisation devices”. In a certain sense, the situation
is similar to the well-known metaphor of the ‘‘telephone
exchange” which was used to ‘‘explain” the functioning of the cen-
tral nervous system (Kirkland, 2002), as well as to the metaphor of
the computer in the computational paradigm of cognitive pro-
cesses. However, the T-FF devices go beyond a simple metaphor
or an explicative model of touch in humans, as they also serve to
quantify measurements of the human sensory-motor and cognitive
system.

This situation is not epistemologically neutral because, as we
have just seen, there is no a priori symmetry between the inte-
grated tactile-force device and the human sensory-motor system.
In addition, precisely in this situation, the behaviour of the devices
and the behaviour of the human who manipulates the device are
interdependent (Florens and Urma, 2006): when a human being
is equipped with an integrated device an entirely new system is
set up. T-FF integration amounts to constructing a new, specific sit-
uation of interaction which is relatively distant from the natural
situation. This requires a shift in the object of study: we are not
studying human beings with the aid of neutral non-invasive mea-
suring instruments; rather, we are studying a typical situation of
instrumental action. The knowledge which may be acquired is thus
not knowledge of human system as such; it is rather knowledge,
local and partial, of situations of interaction which are relative to
the particular T-FF devices.

In this sense, our approach relies on the enactive epistemolog-
ical paradigm. Enaction in a strong sense, as we understand it
(Khatchatourov et al., 2007) – i.e. co-arising of the subject and
the world; grounded on phenomenology as thematisation of lived
experience, and ‘‘completed” by a recognition of the role of techni-
cal artefacts in the process of ‘‘enacting” of a world of lived expe-
rience) – could provide a shift necessary to approach haptic
interaction.

In an enactivist framework, the relation to the environment, as
well as knowledge about this relation, are both constructed. The
senses, understood not only as physiological but also as cognitive
relation to the environment, are the instantiation of structural cou-
pling of the organism and the environment (which is ‘‘a historical
process leading to the spatio-temporal coincidence between the
changes of state” of the participants (Maturana, 1975)). If we con-
sider that the structural coupling can be affected by the means of
such coupling (here the interfaces), then the enactive paradigm
conceives the senses as something constructed, both in the sense
of their historical evolution and in the sense of knowledge about
them. In this way, the epistemological ambiguity between the
use of interfaces in cognitive studies and the necessity of such
studies for the design of interfaces can be resolved; and an episte-
mological coherence of the complementarity between such studies
and the technological development of the interfaces can be
guaranteed.
6. Conclusion

The paper presents the technological development of an inte-
grated tactile–force feedback device. The main novelty of the
device consists in the integration of the spatially distributed tactile
stimulation and the force feedback, obtained strictly from the same
synchronized interaction loop. This implementation addresses the
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particular situation of highly dynamic haptic manipulation, on the
example of the virtual bridge contour following.

Through the analysis of the force feedback alone and three
alternative computer models for tactile stimulation this study
tackles the research questions on the role of spatial information
and the role of deformability of the virtual fingertip. In comparison
with the force feedback alone, for two tactile conditions the exper-
iment showed an increased accuracy while there was no significant
improvement in the rapidity of the task accomplishment. The fact
that only certain computer models of tactile interaction give better
results (with an identical device, the results depend on the imple-
mented computer model) led us to underline the importance of the
work on the computer models which are the key element to guar-
antee the consistency of the interaction with virtual objects.

We argue then that providing the user with the both spatialized
information on the contact surface and deformability (or at least
the deformation effect) of the virtual fingertip is pertinent for the
task under consideration.

Notwithstanding these promising results, we further argued
that it may be difficult to draw more generic conclusions on the
relation between tactile and kinaesthetic components in human
perception from such experiments because the results and their
interpretation are model- and device- dependent. This raises epis-
temological issues on the status of the computer model and adja-
cent devices in psychophysics studies. We believe it is necessary
to carefully take them into account. We think that the adoption
of an enactivist framework in cognitive sciences is a promising
way to hold together psychophysical studies and technological
development.
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