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Abstract While moving a fingertip over a fine surface weskin and this global sensory system communicates to us all
experience a sensation that gives us an idea of its propéie time comprehensively the mechanically felt sense of our
ties. A satisfactory simulation of this feeling is still an-u very physical existence. All our senses work together in or-
solved problem. In this paper we describe a rendering strder to communicate to us relevant information that helps us
egy based on vibrations which play an important role in the construct and update the internal model of us and our lo-
tactile exploration of fine surfaces. To produce appropriatal habitat. Clearly that internal model together with tke-p
excitation patterns we use an array of vibrating contactoranent update enables us to be actively operational includ-
pins. Similar to the colour model in computer graphics wie&ag motion planning and performing very basic actions like
simulate arbitrary vibrations as a superposition of onlg twgrasping and touching and actively exploring any object we
sinewaves. Each sinewave is intended for the excitationericounter.
a specific population of mechanoreceptors. We carried out Probably we are still at the very beginning to under-
first tests of our rendering strategy on Brownian surfaces sfand and model appropriately all the involved complex cog-
different fractal dimension. nitive systems being relevant to accomplish the aforemen-
tioned basic orientation tasks. Here the problem to under-
stand the basic cognitive systems may be split into several
subtasks. One of them may concern the function and mean-
ing of the local receptors of the outside world the other per-
haps even harder subtask may concern models explaining
1 Introduction the global system functions that integrate the perceptfon o
the incoming signals to a global impression or global image.
It is little known that the haptic sensory organ is the firsthis paper having the focus on tactile perception employs
one among the senses to be developed in a human embgyal summarises some partly recently established knowledge
However it is well known that in the virtual reality field sys-on functions of the tactile receptors in the human skin in
tems supporting human tactile and haptic perception wegection 2. For the experiments described in this paper some
the last ones to be investigated with some success and itisights concerning those receptors are especially irapart
whole field is far away from having reached some maturity. Tactile perception is usually considered being crucial to
Our haptic and tactile sensory system having receptorsddmplement the visual perception by confirming the feeling
every part of the human skin covers our body completelyf what we see. Understanding that this interaction between
Opposed to the visual and the hearing sense the tactile sefjsgal and tactile perception is extremely important thas p
can not be shut down by blocking incoming signals as vsr reports on experiments where visual information con-
can do it with the visual or acoustic senses by closing @ined in surface textures has been transformed into esgect
covering the eyes and by using ear plugs. In any case @étile signals conveying equivalent or at least compatibl
haptic perception system is always active in all parts of ogctile perceptions occurring when touching those surface
textures. Hence that part of this paper deals with the gen-
eration of tactile signals creating the perceptions bejpg a
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geometric structures. Namely we assume that the repetito@our is determined by the sum of the stimulation inten-
structure is created by a periodic parallel transformatibn sities experienced by all three receptors (cf. [4]). This im
an elementary parallelogram that will be detected automatiies the validity of the well known RGB-model. In the lat-
cally. To this end section 5.1 describes strategies emmipyiter model the total stimulation intensity is created by us-
a combination of geometrical and stochastic methods udad light signals built up with three different colours cor-

to discover the elementary shape parallelogram. The lattesponding to three basis frequencies only where each of the
basic geometric structure may then be used in repetitionttoee frequencies must be chosen with an appropriately ad-
create a simplified periodic structure. This may e.g. happgrsted energy. The model assumptions lead here to a three-
by creating a dent texture using e.g. a shape from shaduligpnensional model space describing all possibly percédvab
method as to describe e.g. a basic ovoid cap whose repetilours. All those colours can be generated by "equivalent
tion creates the periodic structure. combinations” of any three different light sources each of

A generally accepted taxonomy of textures (cf. [16]) adlem radiating a different type of light with an appropri-
sumes that apart from ordered components we can also re@gly chosen power depending on the power associated with
nise disordered unstructured components in surface extutn€ frequency distribution of the given three light sources
Considering the grey value image representing a surface t8 this context it is relevant only that the three generated
ture then according to our model: In our human visual pe?pwer/frequency distributions correspond to three lihear
ception the unstructured parts of the latter grey value enajidependent vectors (basis colours) representing equizel
are associated with different degrees of roughness that &sses of basis vectors in a 3-D vector space defined by vec-
would expect to feel if one would touch the physical sufors representing power/frequency distributions. Thignse
face creating the particular surface texture. Those differ that scaling each of the latter basis colour (light souree) v
degrees of expected roughness are classified by a parami@¥dr With one appropriate positive real number will create
defined by a fractal dimension of the grey value image reply given total stimulation intensity perceived by the ére
resenting the surface texture. Employing the stochastie c6€ceptors. This additive vector space concept useful fer de
cept of Brownian motion it is possible to create height fun&Sribing colour models is in section 5.4 applied for mod-
tions describing Brownian surfaces whose specific fradtal ¢!ling tactile sensations using two generating frequesncie
mensions can be prescribed by some stochastic paramef@¥/: Analog to the RGB model we assume here that a "tac-
The Brownian surface representing a surface with a spetie colour” impression created by any vibration frequency
fied roughness (fractal dimension) is finally used to creatéligtribution can be generated equivalently by the appropri
tactile signal experienced by a person probing the Browni&tf!Yy scaled intensities of two generating vibration fregu
surface with a stylus. More precisely the person moves wigifs (40 and 360 Hz) only. This is our current hypothesis in

a stylus over a virtual surface created by a Phantom i.etf4s paper that still needs further experimental validatio

force feed back system that makes the user feel some resis-
tance in case the probing stylus touches the virtual surface
located in 3-D space. Itis quite interesting that some preli
inary experimental studies indicate that the perceivedimeu 2 Human Tactile Perception
ness intensity appears to increase strongly monotonougly w
the increase of the fractal dimension of the generated Browhe skin being the biggest perceptional organ gives us the
nian surface. sense of touch. In contrast to our dominant senses likervisio
The tactile receptors in the human skin include the g#d hearing, touch requires an active exploration of the sur
called Pacinian and non-Pacinian receptors. It is wellbestgounding environment. By touching an object and moving
lished that those two different receptors can be stimulateder its surface, we receive information which is not obtain
by vibrations. Moreover it is well known that the excitatiorfble by other senses. We can, for instance, assess the small-
intensity of that stimulation depends on the vibration frescale roughness of the surface, its softness and friction.
guency. According to our model in section 5.4 there exist Located in the dermal and epidermal layer of the glabrous
two different curves for the Pacinian and non-Pacinian réaairless) skin, four different types of receptors are seqgd
ceptor respectively describing for each vibration freqryenimpulses to the somatosensory cortex giving us the ability
the corresponding excitation intensity of the specific peceto estimate tactile quantities. Although each type of rémep
tor type. The latter phenomenon has a counter part in visuahcts differently on mechanical stimuli applied on thenski
perception. In the tristimulus model (cf. [6]) the eye or mor(see Table 1), similarities have been observed in the rate of
specifically the retina has three different receptors radpo adaptation to a stimulus. The rate of adaptation represents
ing with different intensity to light with a given frequencythe fall-off of neural activity during the presentation of a
For each of the three visual receptors there exists a furmnstant stimulus applied to the skin. A classification into
tion obtained from measured data describing the stimultvgo groups has been found: the fast adapting (FA) or rapid
intensity depending on the respective power associatéd waidapting receptors and the slow adapting receptors (SA).
a specific frequency of the light. Practically valid model¥he FA receptors are mostly sensitive to transients in skin
describing the type of colour perceived as stemming frodeformation whereas the SA also respond to sustained de-
the light reaching the human eye assume that the perceifednation.
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receptor type

rate of adaptation

receptive field

function

Merkel discs

SA-I

small, well de-
fined

indentation, curvature

Ruffini’s corpuscles SA-II large, undefined| static force, skin stretch

Meissner corpuscles RA-I small, well de-| velocity, edges, slip de
fined tection

Pacinian corpuscles RA-II large, indistinct | acceleration, vibration

Table 1 Characteristics of mechanoreceptors.

Many experiments related to the sensitivity and firingf textiles. The target scenario is depicted in figure 1. The
rate of the receptors have been conducted in order to fividtual cloth is attached to a fixed stand. The user can touch,
out the functional role of each receptor type in tactile pesqueeze, rub and stretch the fabric with his thumb and index
ception, the results are summarised in [12]. An additionfihger, feeling appropriate tactile stimulation at the firge
property which differentiates the receptor types is the sitips.
of the receptive field, i.e. the area of skin associated with a
particular receptor within which a mechanical stimuluslwil
excite that receptor. The correspondence between the-recep
tive field and the spatial acuity has been studied extensivel
in order to investigate the mechanisms for texture discrimi
nation.

Based on studies of the psychologist David Katz (see
[14]), it is generally believed that two mechanisms are in-
volved in the task of texture discrimination and roughness
judgement. Depending on the size and distance of surface
features one mechanism should dominate the other. The first
mechanism is used on coarse textures where large skin dis-
placements with relatively small changes over time are oc-
curring. It is therefore believed that the Merkel discs as a
SA-receptor are playing an important role in discrimingtin
these textures. The second mechanism should be relevant for
fine textures where the skin experiences small displacesnent
with many changes. Hence, it is assumed that vibrations in-
side the skin mediated by FA-receptors are responsible fag- 1 HAPTEX final scenario
discrimination of fine textures. This two-mechanism hypoth
esis, the duplex theory, has been supported by experimentsypeg fing| goal is a very challenging task, because it must
performed by Hollins et al. (see [10]). These suggest thategrate force-feedback and tactile simulation posingemo
vibratory perception in the Pacinian channel is respoesiby, a5’ only mechanical difficulties. Therefore, an intermedi
for surface roughness judgements at structure sizes Smallg, scenario has been defined as a test bed for the tactile
than 10Qm, but this channel is not responsible for roughzengering (see figure 2). Here the fabric is completely fixed
ness perception at structure sizes greater thap00 on a rigid support. The user can tactually explore the fabric

By presuming a detection mechanism of vibrational comgyace with one fingertip. Force-feedback is not available
ponents for microscopic structures, several experimeats h oiher that to define the plane of the surface.

been conducted from the acoustic point of view to investi- rigre 3 gives an overview of the tactile rendering. Be-

gate the mediation and detection of frequencies on the slﬁgpe any rendering can be done the real fabric has to be con-
(see [3]). As a result, threshold curves have been foundyByted into a virtual tactile fabric. Unlike the real-timerr
[7] and [8] for each receptor, where every point describes @@ying this preprocessing is not time critical. Thus it iside
amplitude and frequency at which the stimulus was detectgghie 1o do as much precomputation as possible to speed up
Idealisation of those measurements result in the curves @es time critical rendering. A source of information abdug t
picted in figure 13. We use the latter curves in section Sedyic's surface are the appropriate Kawabata measurament
for the development of a model to describe "tactile coloursys qescribed in [15]. A way to convert these pure measure-
employing only two generating frequencies. ments into an appropriate virtual tactile fabric is desedin
[11]. Information regarding the fabric’s surface can algo b
obtained from a high-resolution photography of the fabric.
The latter task is described in more detail in section 5.1.
Basically, the tactile renderer needs two ingredients to
The goal of the HAPTEX project is the development of work properly: a computer representation of a fabric and
virtual reality system for the visual and haptic preseoiati the trajectory of the fingertip on the fabrics surface. As de-

3 System Overview
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e topology of "real” surfaces: It aims to produce an appropri-
/’\ ate excitation pattern over the various populations of me-

chanoreceptors in the skin.
Figure 4 shows an example of an earlier design — an
array with 25 contactors over 1 éwn the fingertip. This

i { (‘H-mm s forms part of a 125-contactor, 5-digit stimulator for oneta

\&d\. 4(\;\ The contactor array, in the centre of the top surface, isetriv
NN Q}(ﬁ\\ by piezoelectric bimorphs (which appear black in the pic-
N ey ture). Figure 5 shows an outline diagram of an array de-

o signed for the HAPTEX project. The finger is represented
: by the cylinder towards the top of the picture. Note that the
mechanism is placed around the back of the finger so that
Fig. 2 HAPTEX tactile scenario there is minimum interference to manipulation.

real fabric

1. measurement of surface properties
2. analysis and processing of measured data

virtual fabric

3. extraction of relevant trajectory ) ) . )

4. computation of resulting vibrations Fig. 4 Single-digit stimulator with 25 contactors over 1 €mon the
5. decomposition of vibrations into base frequencies fingertip.

6.

transfer of signals to the skin

tactile device

Fig. 3 Overview of the tactile rendering.

scribed in section 2 vibrotaction plays an important role i
the perception of fine surface textures. Therefore, we co
pute the vibrations occurring in the fingertip while moving
along the trajectory. These are decomposed in only two b
sic frequencies intended to directly stimulate the Paainie
and non-Pacinian receptors. We describe this processin s
tion 5.

The stimulator hardware is described in section 4.

4 Stimulator Hardware

The stimulator U”‘?'er deYe'OPm?”t for the HAP_TEX proJe(?—tig. 5 Design for an array with 24 contactors over the fingertip.
incorporates a pair of vibrotactile arrays, designed to- pro

duce touch sensations on the tips of the index finger and the

thumb. These arrays are based on devices produced previ-The spatial resolution required for the contactor array is
ously at the University of Exeter [19] [18] [20], with mul-related to the density of mechanoreceptors in the skin,hwvhic
tiple contactors on the skin whose vibration waveform is on the order of 1 mr? on the fingertip, or to the spatial
under software control. The intention is to produce virtualcuity on the fingertip, which is around 1 mm [13]. In a pre-
touch sensations — edges and corners of objects, surfamris investigation [19], using a 100-contactor array véth
textures and contact area — by producing an appropriageatial resolution of 1 mm on the fingertip [18], we have
spatiotemporal variation of mechanical disturbance over tshown that it is difficult to discriminate between moving vi-
skin. An array of this type does not aim to reproduce tHaratory stimuli presented at resolutions of 1 mm or 2 mm.
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This suggests that a 1-mm pitch array may offer little advar " f T T

tage over a 2-mm pitch array in some contexts. The propos _
design for the arrays in the HAPTEX project has a contactt i
spacing of around 2 mm. 100 ‘ N 3

4.1 Electromechanical design

>
.
v
1

Electromechanical design may be facilitated by a mathem:
ical model of the piezoelectric drive system and the mecha
. . . E —4— Unloaded response k|
ical load presented by the skin. For example see Figure ] o Loaded with finger ]
where the principle resonance of the system is represent i
by a simple mass-on-a-spring model. It is convenient to a

sume a linear model for the piezoelectric material and fer tr

skin load — at large amplitudes both components are signit-
icantly non linear, but for amplitudes less than @®the
linear assumption appears to produce valid predictions.

Displacement (um)
T
/’
|
\
¥

01k , , 5
10 100

Fig. 7 The effect of skin load on the system frequency response.

around 250 Hz and a few tens of microns at frequencies
around 50 Hz.

4.2 Stimulus design

10n

0.001 A significant problem for the operation of an array stimu-
lator is the need to specify multiple parallel waveforms —
there is essentially infinite choice within the system band-
width. In an attempt to provide a user-friendly system, each
waveform is constrained to be a specified mixture of 40 Hz
and 320 Hz sinewaves, i.e., the output is a superposition of a
0.0001 |- i spatiotemporal distribution of vibration at 40 Hz and a spa-
. ] i I L . . . . . .
tiotemporal distribution of vibration at 320 Hz.

0 100 200 300 400 The 40 Hz output is intended to stimulate primarily non-
pacinian receptors and the 320 Hz output is intended to stim-
ulate primarily pacinian receptors. This scheme was fiist pr
posed by Bernstein [2] in the context of single-channel vi-
Fig. 6 Modelling of system frequency response, in the case of fmadiprotactile stimulation. The two-frequency system may be
by the skin, for different lengths of piezoelectric driveelent. (Labels considered as analogous to a 3-colour video display — the
indicate length in mm.) . . A

stimulator produces a sequence of frames in two tactile "col

ours”. Psycho-physics experiments have been performed to

Figure 7 shows real, not model, data which were olzompare the perception of moving stimuli at the two dif-
tained via a miniature accelerometer from a single contacferent stimulation frequencies [18]. Data were obtained on
in an array of the type shown in Fig. 4. The high-frequendje masking of 40 Hz or 320 Hz stimuli by a uniform vi-
limbs of such curves are dominated by the effective masshwofting background at 40 Hz or 320 Hz. The two different
the system (plus any load), and the low-frequency limbs asmulation frequencies produce different results, sstgg
dominated by the effective stiffness. The skin adds signithat different receptor populations have been targeted-as i
icant stiffness £100 N n71) and resistance~0.1 N nT! tended.
s) to the system, but adds negligible effective mass(° For stimuli at 40 Hz and 320 Hz to have the same subjec-
kg), so the resonant frequency of the system is increased &imd intensity, stimulus amplitude at 40 Hz must be around
the Q-factor is reduced. (The Q-factor relates to the width @0 times greater. For stimuli with components at both 40
the resonance: a high Q-factor means a narrow resonancel? and 320 Hz, measurements have been made to determine
In order to evoke "realistic” touch sensations an arrayne component amplitudes required to achieve constant sub-

must operate over most of the tactile frequency range @dctive intensity as the amplitude ratio is varied. Figure 8
say, 10 to 500 Hz. Stimulation in the upper part of this freshows component amplitudes at 40 Hz and 320 Hz for con-
guency range is expected to stimulate mainly pacinian recepant subjective intensity. The data were averaged ovdr5 su
tors. Stimulation at lower frequencies is expected to stimjects, from a comparison between various 2-component test
late mainly non-pacinian receptors. To produce "comforstimuli and a 2-component reference stimulus. The data have
able” sensation levels requires a few microns at frequencleeen fitted with an expression of the fOI[I(rg)” + (%)”] =1,

Transfer funct

Frequency (Hz)
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wheren = 1.23 gives the best fit. Also shown are best-fit
lines for a linear model(= 1; addition of normalised com-
ponent amplitudes) and for an elliptical model=£ 2; ad-
dition of normalised component powers). This experiment
provides useful information for the control of subjective i
tensity in two-frequency stimuli. For stimulus components
of 40 Hz and 320 Hz to have equal subjective intensity, the
amplitude at 40 Hz must be approximately 20 times greater @
USB controller I:>
40— — —
56.3-0,3450¢ g:&)f.sm

than the amplitude at 320 Hz (at least, for the array and stim-
jsrsfo 177047 5 ]
R ;229 5-0.44x 1 __l OPA DAC <):|

f“H iL

®

uli used in this experiment).

snq ereq

'- | opa  pac (T

320 Hz amplitude (units of 0.04 micron pk-to-pk)

80

40 Hz amplitude {units of 0.4 micron pk-to-pk)
Fig. 9 Schematic of the drive electronics.

Fig. 8 Component amplitudes at 40 Hz and 320 Hz for constant sub-
jective intensity.

5 Stimulator Software
5.1 Analysis and Processing of Measured Data

As a surface is two-dimensional by nature, we represent a
fabric’s surface as a two-dimensional property nfdp, v).
. . The description of these properties depend on the mechani-
4.3 Drive Electronics cal model chosen for the virtual fabric. For simplicity, het
following discussion we represent the surface as rigidhwit
For each of the contactors on the fingertip an appropriadespecified height profile.

driving signal has.to b.e generated. We use a USB (;ontroller We describe a method that reconstructs a height function
to produce the stimuli at the wo dlf'fe'rent stmjulano'n. frefom a grey value image. The first step in this reconstruction
quencies. This has two advantages: first, the intensities 4¢,o«q is the detection of symmetry in the grey value image.
termined by the stimulator software can be simply transmijg,, definesymmetry with regard to a se#” C &2 (&2 denot-
ted to the controller via USB and second, as the generatimla the Euclidean plane) as a bijective map &2 — &2
of the signals is implemented as a software program rufy, a(P) = 2. Every symmetry 062 is a translation,
ning on the USB controller the format of the stimuli can be,ation, reflection or glide reflection. The symmetries of
changed easily. most fabrics are a combination of two nonparallel transla-
The created signals are transmitted to digital-to-anadogtions. These translations define a basic element called tile
converters (DAC) via a bus system (see figure 9) which makest is repeated in the translational directions (see figQje
the system scaleable in the number of contactors being sép-algorithm for finding such a tile was implemented based
ported. We use high-voltage operational amplifiers (OPAn [9] at the Welfenlab. As the symmetries are not perfect
to amplify the output of the DACs to the levels (up to 40Mn general, stochastic methods are used to find an idealised
r.m.s) required by the bimorphs. tiling.
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/ / / / / 5.2 Extraction of Relevant Trajectory

/ / / / / In our model (see figure 12) every contactor of the tactile ar-
ray is assigned a two-dimensional device coordir(a\}xb)
|

Let (8:8) denote the position of the origin of the de-

/ ta f / / / vice coordinate system on the fabrics surface (trajectomg)
/ / n 7 / / ¢ (t) the angle between theaxis and thas-axis at the time
1

t, then the position of the contactors on the fabric’s surface
can be computed with

Fig. 10 Tile with translationg; andt,. (\lj: 8) - <83§3>

L (cosp(t) —sind (1)) (x
sing(t) cosp(t) )\
Since the tile is repeated on the grey value image we use

the average of these repetitions to create a new synthetic tiy!"d the property map(u,v) we can now define the time
age of the surface, that way being cleaned from noise. THEPendent property functidh(t) := P(ui(t), vi(t)) along the
image in turn is used as input for a shape-from-shading ald&R/€ctory-
rithm (see [21]) that computes an appropriate height profile

See figure 11 for an example.

Fig. 12 Tactile contactors on the fabrics surface.

As we are rendering the device signals for the next 25-ms
time frame we presumably need to extrapolate the trajectory
beyond the current time.

5.3 Computation of Resulting Vibrations

For each contactor we need to compute the vibrations occur-
ring due to the movement of the fingertip over the surface.
This computation depends on the model used in section 5.1.
Since we represent the surface as a height funcBon), de-
scribes the height under theh contactor as a function of
time. As a start we act on the simple assumption that the vi-
bration at the contactor position on the finger directly eerr
sponds td3 (t). We want to express a vibration as a function
F assigning to each frequencya corresponding amplitude

F (w), which is done by Fourier transformirigyt). Since we
need to render the device signals for the next 25 ms, this time
segment becomes our window for the Fourier transform. We
smoothed the boundaries of this segment with a Blackman
window.

43.5504

Fig. 11 Photograph of a fabric and the corresponding height profile.
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10000

5.4 Decomposition of Vibrations into Base Frequencies

The previous steps result in a frequency spectiifw), 1000 £
which now has to be decomposed into amplitudes at only
two base frequencies that will then be reproduced on the 10
tactile stimulator. We use 40 and 320 Hz as base frequen-
cies (see section 4). The function mapping the spectrum §o
these two amplitudes has to ensure that the resultingeact!
sensation is very similar to the sensation which would tesul
from reproducing the whole spectrum on the tactile stimu-
lator. This approach is analogous to the approach used for
multicolour video displays which produce almost arbitrary o
colours as mixture of only three fundamental colours.

Similar to the colour model of computer graphics (e.g. oo ; s

1
10 100

10

1k

see [6]) we assume the existence of two functibigs and Frequency (Hz)
H320 such that the two amplitudes for 40 and 320 Hz can be
computed as integral of a convolution: Fig. 13 The functionsT, andTyp.
auo = [ Hao(e) - F (@)de Let
) _
az0 = /Hszo(w) -F(w)dw R L forw=w
S%5a(@) =10 else

This hypothesis still has to be verified with appropriate eenote a simple sinusoidal vibration with frequeriayand
periments. Nevertheless, in the rest of this section we Wipjitudea. Our goal is to replace a given vibratiéhby
show the reasonableness of this approach and we will ¥y vibrationsSyga,, andSspqa,,, Such that
derive first approximations of the functiokig andHszo. Io(F) = 4, (847 )+ (S )

With .7,(F) and .%np(F) we denote the stimulation in- = P\"/ = " P\=0a40 P1=8203520
tensity caused by a vibration with spectrum functioatthe  ~np(F) = Fnp(Sa0.a10) + /np(Sa202520)
Pacinian and non-Pacinian channel, respectively. Note tAdese equations are equal to a two-dimensional linear equa-
these intensity functions are subjective and thus hard 1o di®n system (with equation (2)):

fine. Our suggestion for an approximation of these functions; F () q auo as20

'S / To(@) © 7~ Tp(40) ' To(320)
F(w) F(w) 340 a320

Fo(F :/ dw / dw = +
p(F) Tp(w) @ Top(w) Tnp(40) * Thp(320)

F(w) The solutions of this system have the form

Inp(F) :/T—((;))dw -B F(w) F(w)
np 0 = 11'fﬁdw+ BlZ'fmdw

(0
Since the channels react depending on the frequency (&g = 821-f%dw+ Boo- f%dw
the Pacinian channel is most sensitive around 300 Hz Wf;# tting
the non-Placinian crllannel is most sensitive around 50 z% Bt B
we use o anql (@ 25 freguency dependent dampingH,q(w) := T | Tolw)
factors. The assignment of a linear factor to each frequency P np
seems to be a reasonable approximation suggested by spg;z%( W) = B21 B2
curves of equal sensation magnitude plotted as a function 0 To(w)  Thp(w)
stimulus frequency (see [22]). Furthermore, the approdchwe obtain equation (140 andHsyg are depicted in figure
using an integral is supported by assumirg 1, i.e. alinear 14,
model in section 4.2.

In [7] thresholds of the tactile channels as functions of
stimulus frequency were measured (see figure 13 for &Brownian Surfaces
proximating curves). These thresholds refer to the sntalles
perceivable amplitude of a stimulus with only a single frdn order to test our rendering strategy, we carried out a pre-
guency. Along these measured curves the intensity is cdiminary experiment using a tactile array to present syithe
sidered to be constant, making these functions suitableieally generated Brownian surfaces with varying fractal di
frequency dependent damping functiofgw) and Thp(w) mensions. It is shown in [1] that there exists a strong corre-
that normalise the intensity to 1 at threshold level. lation between the fractal dimension of a haptic texture and
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6.2 Generation of Brownian Surfaces

We show how textures with given fractal dimension are gen-
erated.

A Brownian surface Xy (x,y) (X4 : R? — R) with index
H (0 < H < 1) is a stochastic process with:

1. X4(0,0) =0.

2. X4 (x,y) is continuous.

3. Let g, T > 0. Then the increment§y (x+ o,y +T) —
Xu (X, y) are normally distributed with expectation 0 and

variance(o?+12)" =: p, i.e.
s 1 1 1 1 1 PXu(Xx+0,y+1T) = Xu(xy) <2) =
o 100 200 300 400 500 600 ya 2
Frequency (Hz) 1 1 r
- (2m)~2(p) 2 /exp(i) dr.
Fig. 14 The functionsHo andHs2o. —0

Xu (x,y) itselfis also normally distributed with expectation 0

the impression of roughness perceived by tactually explgind variancéx? +y2)". Figure 15 shows some examples of
ing it with a pen-like probe. We will get back to this later ingrownian surfaces with different indices. It is shown in [5]
this section. First we will present one of the various ways ¥4at a Brownian surfacéy (x, y) with indexH has Hausdorff
define fractal dimension, the Hausdorff dimension. and box dimension dimX (X,y) = dimg Xp (X,y) = 3—H.
In the following we refer to these dimensions shortly as{rac
tal dimension dinxy (x,y).

A Brownian surface with(x,y) € [0,1] x [0,1] can be
constructed with the following algorithm (see [17]):

6.1 Fractal Dimension

LetF C R", F # 0 with d(x,y) denoting the euclidean dis-
tance in R. Then dianfF) :=sup{d(x,y)|x,y € F} is called 1. SetX4(0,0) = 0 and randomly drawy (0, 1), X4 (1,0)
thediameter of F. andXy (1, 1) from a normal distribution with expectation
Letd € R and{U; },. be a countable set of subsets of 0 and variance 1. o
R" with diam(U;) < 8. Then{U;},_y is called ad-cover of 2. Iterate ovefi, j) and randomly drawy (k2~',1271) from
Fif FcUZ.Ui. a normal distribution with expectation
Letse R". For everyd € R™: 1 _ .
[ Xa(k=127,(1-1)27))

Hg(F) = 4
o +Xu((k—=1)27 (1 +1)27)
inf {Zl(dian”(ui))ﬂ{ui}ie,\, o-cover ofF} +Xq((k+21)277 (1 = 1)270)

+ X ((k+1)27 (1 +1)270) |
and variance
2(=i=iH

Then thes-dimensional Hausdorff measure is defined as
% = lim A5 (F).
5—0 6( )

Hausdorff proved the existence of a numberfulfilling The variables |, i and] have to satisfy

%S(F):{W for s< Dg 0<k<2,i>1 koddand
0 fors> Dg. 0<I1<2, j>110dd

Now we can define thelausdorff dimensiondimy (F) as  Because of the continuity €, (,y) the resulting surface is

dimy (F) :=inf{s|#5(F) = 0} completely determined.
=sup{s|.#"*(F) = o}

The Hausdorff dimension dig(F ) has some basic prop-
erties:

— If F C R, thendiny (F) <n. The correlation between fractal dimension and impression o
— If F C G, then dimy (F) < dimy (G). roughness was investigated in an experiment at the Welfen-
— If F is countable, then dim(F) = 0. lab, using a single-point contact with the virtual surfabiee

6.3 Fractal Dimension Determines Impression of
Roughness
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Fig. 16 Results of the experiment with the indicdsof the Brownian
surfaces on the abscissa and the impression of roughnedse ar-t
dinate (with 20 corresponding to the roughest and 1 to theosimest
surface).

6.4 First Results Using a Tactile Array

We used the generated Brownian surfaces to test our vibro-
tactile rendering strategy described in sections 5.2, BB a
5.4. Since the system was not yet fully operable for active
exploration of a surface in real time, we used a passive pre-
sentation — stimuli were presented to the stationary finger-
tip, computed for the case of the virtual surface moving over
the fingertip at a constant speed of 8 ent. As expected
from the single-point-contact experiment, different Brow

ian surfaces could be distinguished on the basis of rough-
ness corresponding to the fractal dimension. Howeverether
was little or no sensation of movement over the fingertip
(presumably because individual surface features were not
sufficiently identifiable to allow them to be tracked as they
moved over the array). In the case of active exploration en-
visaged for the fully operable system, the sensation of move
ment would be available from kinaesthetic and visual cues,
and so the results would presumably be more convincing.

Fig. 15 Brownian surfaces with index 0.1 (red), 0.5 (green) and 0.9

(blue).

7 Conclusion

PHANTOM® device was used to simulate the feel of sUiyith careful attention to design it is possible to produce

faces with different indiceB!. The test subjects could use &ffective array stimulators. These may be used in conjunc-
pen like probe to explore the surfaces. To permit compafgsn with force-feedback devices to provide multipoints(di

bility the smoothest and the roughest surface were prede
and they were given fixed roughness values of 1 and 20. T,

"fouted) tactile stimulation as an enhancement to single-
nt display of gross mechanical properties. The principa

test persons were asked to rate randomly chosen surfaceiigmem in implementation derives from a lack of informa-

side this range.

tion about the relation between the surface topology of an

Figure 16 shows some results of this experiment. As oobject being touched and the consequent time-varying-distr
can see there exists a strong correlation between the fratiation of mechanical excitation over the various populagio

dimension of a haptic textur&, (X,Y), i.e. dimXy(x,y) =

of mechanoreceptors in the skin. A possible model of this

3—H and the impression of roughness received by tactualigiation is presented in this paper, allowing drive wavefer

exploring it.

for an array to be derived from real-time information about



A Vibrotactile Approach to Tactile Rendering

11

the user's movements and prior knowledge of the (virtualp.

surface being explored. The model awaits full experimental

validation within the HAPTEX project, in terms of its abifit 17-

to produce realistic virtual sensations, but the overaltam

incorporates sufficient flexibility for the model to be devel;g

oped as required.
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