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Soft Finger Tactile Rendering for Wearable Haptics
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AbstracP This paper introduces a tactile rendering algo-
rithm for wearable cutaneous devices that stimulate the skin
through local contact surface modulation. The ®rst step in the
algorithm simulates contact between a skin model and virtual
objects, and computes the contact surface to be rendered.
The accuracy of this surface is maximized by simulating soft
skin with its characteristic nonlinear behavior. The second step
takes the desired contact surface as input, and computes the
device con®guration by solving an optimization problem, i.e.,
minimizing the deviation between the contact surface in the
virtual environment and the contact surface rendered by the
device. The method is implemented on a thimble-like wearable
device.

I. INTRODUCTION

Haptic rendering stands for the process by which desire
sensory stimuli are imposed on the user in order to conve
haptic information about a virtual object [27]. Haptic render-
ing has been implemented mostly using kinesthetic device
where the problem can be formulated as the simulation
a tool object in contact with other environment objects, anc
feedback is displayed by either commanding the con®guri
tion of this tool object to the device (in admittance display),
or by computing coupling forces between the tool object an
the device (in impedance display) [17].

In recent years we have witnessed the advent of multipl
cutaneous haptic devices, using a variety of stimuli to conve
haptic information (vibrotactile feedback, local contact sur
face modulation, skin stretch, or even ultrasound feedbac'ﬂg. 1. Compression of a ®nger pad against a “at surface. With our tactile
Currently, haptic interaction with virtual environments isrendering algorithm, the device reproduces the contact and deformation
mostly limited to tool-based interaction, but the progresgomputed in the virtual scenario.
on cutaneous opens the door to direct hand interaction
too. Moreover, cutaneous feedback, which operates with
smaller forces than kinesthetic feedback, does not need to, o . @ step, we follow a strategy similar to tool-
be grounded on an external support, and can therefore P

ble. As the hard technol b ilab Ssed kinesthetic rendering algorithms: we simulate the
wearable. As the hardware technology becomes avallabifo o tion between a model of the user's skin and the virtual
the question then arisesiow should haptic rendering be

f lated f ¢ devices? environment. For optimal estimation of the contact surface
ormulated for cutaneous devices: with the virtual environment, we model the skin using a

In this paper, we propose a tactile rendering algorithm folrlonlinear model [20]. As a second step, we optimize the

wearable cutaneous devices that stimulate the skin th_rouggvice con®guration to minimize contact surface deviation.
local contact surface modulation (LCSM). Our algorithm

is based on the principle afontact surface matching.e., In-our current d_evelopme_nts, presented here, we app_ly our
minimizing the deviation between the contact surface in th@lgorithm for tactile rendering of ®nger pad contact using a
virtual environment and the contact surface rendered by ti¢earable device, similar to the one described in [22]. We

device. have tested our rendering algorithm on a variety of contact
con®gurations. We show that, with our algorithm, the de-
! URJC Madrid, ¢/ Tuli@n s/n, 28933 Mstoles (Madrid), Spain. vice successfully replicates compressive motion (Fig. 1) and

2 Department of Information Engineering and Mathematics, Universit ; ; ; ; ;
of Siena. Via Roma 56, 53100 Siena. ltaly. Ythe exploration of smooth surfaces with varying orientation

3 Department of Advanced Robotics, Istituto Italiano di Tecnologia, Via(F'g' 7). Bu'_[ it also approximates well interactions with sharp
Morego 30, 16163 Genova, Italy. features (Fig. 2).



Fig. 2. An exploratory motion of the ®nger pad over an edge. Notice how the platform reorients to exert a force only on the portion of the ®nger pad
that is under contact.

Il. RELATED WORK For kinesthetic rendering, two decades of research have led
As of today, there is no standardized skin stimulatiofi© an accepted algorithm standard: a tool object is simulated

method for cutaneous haptic rendering. Vibratory feeds_ubject to contact constraints with the virtual environment,
back has been successfully used for conveying informatigif'd forces are rendered as a function of the deviation
through the tactile sensory channel. The most comm tween the constrained tool and the con®guration of the
example nowadays is the use of vibrotactile displays [3[}@Ptic device [38], [16], [21], [17], [35].

but vibratory feedback has also been integrated in wearable™©" cut.aneous rendering, on the other han.d, algor_lthmlc
devices, e.g., on the user's back [33], using an arm suit [1 esearch is scarce. In the case of data exploration and interac-

on the foot [10], or as a bracelet [29]. on on tagtile displays, there are thorough.re'ndering met.hods
The stimulation method we adopt in our work can bé)o-th for wbrotgctllg feedback [2] and for friction modulation

referred to as local contact surface modulation or LCSM'S!N9 electrovibration [11]._Inthe case of LCSM, Teseamh on

It consists of displaying a virtual object by imposing on th ardware aspects has typically been accompanied by proof-

skin a contact surface that approximates the one of the virtuoalfl'COnCEpt demonstrations not capable of rendering arbitrary

object. LCSM can be achieved using pin arrays [36], [37]contact. The thimble-like device presented by Prattichizzo et

[28], a mobile platform located under the ®nger pad [6], [22 ,,l' [22] quulates contact a“?a by pressing and orienting a
or using a exible membrane to control the ratio betwee mall mobile platform. But this device also supports force

contact force and contact area [30]. Dostmohamed aﬁan(:]eri%g' by co;troginﬁ t:}e forche exertefd by tt}i-platfﬁrm
Hayward [4] studied the perception of shape by controlliné’n td e ngtlar p"?‘h’ which allows the use of typical kinesthetic
the trajectory of the contact region, while Frisoli et al. [5] endering algorithms.

studied the effect of cutaneous feedback on the perceptiﬁncmane.ous rgnderln\g/;v.er:l Joysk.an m;pc')rt?nt dabdvell(ntigehover
of contact surface orientation. Inesthetic rendering. Without kinesthetic feedback, the hap-

LCSM can be considered an extension of contact IocatiothC loop is intrinsically passive [23]. As a result, stability of

display. Provancher et al. [24] designed a device that c:ontro%Itaneous rendering does not impose impedance or update

the position of a tactile element under the user's ®nger par&‘,te restrictions.

and they demonstrated the ability to discriminate surface I1l. TACTILE RENDERING ALGORITHM

curvature as well as moving objects. Later, they extended the g tactile rendering algorithm consists of two major
device to control both tangential skin stretch and normal coRgymponents: a simulation of a skin model in contact with
tact force [25], and they also designed a rendering algorithtie virtual environment, and an optimization that computes
to faithfully account for edge sharpness in the optimizatioghe device command based on contact surface matching. We
of contact location [18]. ®rst summarize the simulation of the skin model, and then

Skin stretch is yet another possible stimulation method. fye describe in detail contact surface matching.
precursor for this type of stimulation method was to modulate

slip between the ®nger pad and a rotating object [26f\- Simulation of Skin Contact
Other example implementations include the application of For the purpose of rendering cutaneous feedback to the
distributed and modulated local stretch at high frequenciasser, the ®rst step in our algorithm aims at computing
to simulate texture exploration [19], applying stretch with aaccurate contact information between a model of the user's
strap on the ®nger pad [14], 2D tangential displacement skin and the virtual environment. Without loss of generality,
the ®nger pad [8], [32], or fabric-based bracelets [1]. let us assume that contact takes place between a ®nger
Finally, a recent alternative is the use of ultrasound foand a virtual objecO. At every simulation step, we wish to
mid-air cutaneous stimulation [31], [13]. identify the contact surfac8y betweenF andO.
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) ) o ) Fig. 4. The cost functions are different for points in contact or not in
Fig. 3. Schematic depiction of Contact Surface Matching. Left: Contactontact. For points in contact (left), we penalize equally the distance to

between a ®nger modeland a virtual objecO produces a set of points in the device. For points not in contact (right), we only penalize those that
contactC, shown in red, and a set of points not in contiicin blue. Right:  penetrate the device.

Contact Surface Matching aims to optimize the con®guration of the device

D such that the sets of points in contact and not in contact are preserved.

The ®gure shows an unoptimzed device con®guration. To compute signed

distances for points not in contact, we extend the device as a 90-degrsdrfaceSp. Our goal is to determine the device DoFs such

truncated cone (shown as dotted lines). that the contact surface®, and So match best.
One key element in our rendering algorithm is a descriptor

of contact surface deviation. Conceptually, given two sur-

Using the cutaneous device, we will try to reproduce thg, .oq \ve want the sets of points in contact in both surfaces
contact surfaceSo on the real ®nger of the user. As theb

. ) h ) h ; ‘ 0 be the same, and we also want the sets of points not in
device moves against the users ®nger, the surface of t Gntact to be the same. In our application, points in contact

skin will change. Therefore, to compute a correct Surfacﬁetween the ®ngeF and the virtual objeciO have zero
matching, .th_e S|mulat|9n of contact betwe!érando must distance, and we wish the same points to have zero distance
be as realistic as possible, and must predict how the surfaﬁgtween the ®nger and the deveBut for points not in
of the rgal ®nger wil ,be affected by.co.nta.u?t. ___contact between the ®nger and the virtual object, we simply
We simulate the skin using a strain-limiting deformation ¢ them to have positive distance between the ®nger and
modgl [291’ W.h'Ch IS capgble of reproducing the eXUreMehe device (where negative distance means that the points
nonlinearities in human skin. At low forces, we compute dest the @nger penetrate the device); in this case the values
formations using a regular linear corotational ®nite element Jistances do not need to match. as shown in Fig. 3. Our
model (FEM) [15]. With a low Young modulus the ®nger pad;;tace deviation descriptor is more relaxed than surface-to-
deforms even W'th, low forces, hence replicating t.he behaviQy, 2 ce distance metrics (e.g., Hausdorff distance). But, at the
of true skin. At high forces, we augment the linear corogame time, it ensures that both points in contact and points

tational FEM formulation with strain-limiting constraints. not in contact are relevant when determining the deviation
Constraints are de®ned on the principal components of the ...t surfaces.

deformation gradient, and they are activated locally on €ach ye formajize the contact surface deviation in the following

elemen_t of the FEM. model when its defor.mation exceeqﬁay. Given a set of sample poirttig on the surface of the
a certain value. In this way, parts of the skin that reach tr@ngen:, we split them into a se€ of points in contact with
deformation limit start acting rigidly. The deformation of thethe virtual objectO, and a seiN of points not in contact.

®nger pad saturates at high forces. The original work in [2G}is information is provided by the skin contact simulation
demonstrates that this nonlinear model replicates the forcga g rined in the previous section. For points in coni&C
area response of the ®nger pad. . _ we wish their distance to the devi@to be zero. To favor
To couple the skin simulation to the user's motion, Wepis fact, we design a quadratic cost function as shown in
follow the same overall archltecture as in [7]. For thq:ig_ 4-left. For points not in contact,2 N, we wish their
case of a ®nger, we track the motion of the users ®nggfsiance to the devich to be positive. To favor this fact, we
in the real world, set a viscoelastic coupling between thgegjgn an asymmetric cost function as shown in Fig. 4-right.
tracked con®guration and a simulated rigid body in thg, hractice, we want the distance of points not in contact to

virtual world, and set stiff spring connections between thig larger than a small toleranee Altogether, we de®ne the
simulated rigid body and the nodes of the FEM model ofyntact surface deviation metric as:

the skin. As a result, when the user moves the ®nger, the

motion is transmitted to the FEM model. Due to the lack F = @ dist(x;; D)%+ § min(0; disfx;; D) e)% (1)

of kinesthetic rendering, it is not possible to constrain the i2¢ i2N

user's motion upon virtual contact, but the excess of user Now we are ready to formulate tactile rendering with an

motion is absorbed by the viscoelastic coupling betweebnCSM device as the minimization of the contact surface

tracked con®guration and rigid body simulation, and doefeviation metric betweeSy and Sp. The variables of this

not affect the quality of contact and skin simulation. minimization are the DoFs of the devicg, Then, the
optimization problem is formally posed as:

. . . = argminF(q): 2
Let us consider a generic LCSM devibe whose surface q 9 @ @
is described by a set of degrees of freedom (Daf-€§)ontact The estimation of the contact surfaBg between device
between the device and the ®nderproduces a contact and ®nger should use an accurate model of the ®nger skin,

B. Contact Surface Matching
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Fig. 6. Joint anglegds;d»;d3) control the DoFs of a disk platform (two

. . . rotational: pitchq, and rolly ; and one translationaDz), and determine the
Fig. 5.  We use a wearable cutaneous device with a ®xed part mountgshiact surface exposed to the ®nger pad.

on the nail and a mobile part in contact with the ®nger pad. The parallel
structure allows controlling the distance and the orientation of the mobile
part.

of the platform. In addition, our device is actuated using three
servomotors with greater stall torque and position control
and deform accordingly to the con®guration of the deviceapabilities. When all three servomotors are actuated in the
But computing this deformation as part of the optimizatiorsame direction, the disk platform may exert a force of up to
process would not be computationally feasible. Instead, w&7 N.
exploit the same skin simulation we use to compute the The external control loop of the device is executed at a
contact surfaceSo with the virtual object. If the device rate of 30 Hz, while an internal loop performs the position
succeeds to produce a similar contact, we can safely assunmtrol of the mobile platform.
that the real ®nger will be deformed similar to the simulateg
®nger. Based on this observation, on every simulation step
we take the deformed ®nger mogieland use this deformed ~To simulate the deformation of the ®nger, we use a

Algorithm Implementation

®nger to compute distances to the device model. tetrahedral mesh with 347 elements. And we sample the
surface triangle mesh with 120 vertices for the purpose of
IV. IMPLEMENTATION ON A WEARABLE DEVICE representing contact surfaces. In every simulation step, we

We have implemented our general tactile rendering abplit this set of vertices into those in contaCt,and those not
gorithm on the robotic wearable thimble shown in Fig. 5in contact,N. Given this data, we are ready to compute the
In this section, we ®rst provide a description of the maison®guration of the deviog= (q;y ;Dz) using the contact
characteristics of the device. Then, we describe the speci®aface matching algorithm described in Section I1I-B.
implementation of the contact surface matching algorithm The evaluation of the objective function Eq. (1) requires
for this wearable thimble device. the computation of distances from the vertidesg to the
A The Device device platform. Since the device is not formed by a closed-

' surface, signed distances are not well de®ned. This is not

The device is composed of a rigid and a mobile part. Thgn issue for points in contact, i.e.,2 C, because their
rigid part is grounded on the middle phalanx of the indexost function is symmetric and works ®ne with unsigned
®nger, on the nail side, and holds three servomotors, wiffistances. But for points not in contact, i.e2 N, the cost
joint angles(dy; dz;dz). The rigid and mobile parts are con-fynction is not symmetric, hence they require the de®nition
nected using three limbs with an RRS (Revolute-Revolutesf a signed distance function. We follow a simple heuristic:
Spherical) structure, which leads to a parallel mechanisge extend the device as a 90-degree truncated cone, as shown
with two angular and one translational DoFs [34]. The tw@n Fig. 3, and for points not in contact we compute signed
angular DoFs are pitchg, and roll, y, angles, and the gistances to the surface of this cone.
translational DoF is a displacemebg, shown in Fig. 6. To optimize the objective function and compute the device
The mobile part is formed by a disk-shaped platform placegoFs as in Eq. (2), we have used a Levenberg-Marquardt
under the ®nger pad, and its motion exposes a localjynlinear least-squares optimization, speci®cally the min-
controllable surface to the ®nger pad. Following the notatigfack implementation in Eigen [9]. We approximate the
in Section 1II-B, its DoFs are denoted &= (q;y;D2). gradient of the objective function through ®nite differencing
With the proposed parallel mechanism, joint angles can kg Eigen's built-in module.
computed from the DoFs using a closed-form solution of Once the device DoFs are optimized, we compute the joint
inverse kinematics. angles(dy; dy; d3) using the inverse kinematics model of the

The structure of our device is similar to the one present%vice’ app|y Workspace limits to these ang'eS, and send the
by Prattichizzo et al. [22], but we substitute cable linksendering command to the actual device.

between the rigid and mobile parts with the RRS limbs.

The 3RRS parallel structure overcomes the underactuation V. EXPERIMENTS AND RESULTS

problems of the cable-driven device, and the use of rigid We have executed all the experiments on a PC with an
links enables a controllable contact vs. no-contact conditioimtel Core-i7 2600 (3.4GHz) and 8GB of RAM. To track



Fig. 7. Exploration of a sphere with the ®nger pad. Notice how the device preserves the relative orientation between the ®nger pad and the surface being

touched.

the user's ®nger, we have used an OptiTrack system withfé& future work. The virtual environments that we have
infrared cameras. tested are computationally simple, the demonstrators show
Our simulations ran at an average of 60 Hz, with th@nly ®nger tracking instead of full-hand tracking, and the
simulation step taking around 16ms and the optimization stémplementation is currently limited to the ®nger pad and
taking less than 1ms. one particular LCSM device. The performance of the opti-
We have tested a variety of contact interactions againstization is roughly linear in the number of vertices, although
different surfaces, as shown in the video accompanying thibis could be accelerated by reducing computations for far
paper. vertices. But the main performance bottleneck is the number
Fig. 1 shows a compressive motion of the ®nger paef DoFs of the device. Currently, with just three DoFs, this is
against a “at surface. We can clearly observe how the planot a problem, but more complex devices might need faster
form is barely under contact with the ®nger pad right wheaptimizations.
pressing on the surface. During the compressive motion, theAs a ®nal remark, the central idea of our paper, i.e., posing
platform moves towards the ®nger, generating an increasiggtaneous rendering as a contact surface matching problem,
normal force on the ®nger pad. admits extensions too. Ideally, one would want to match
Fig. 2 shows an exploratory motion of the ®nger over agontact forces, or even internal stress in the ®nger, not just the
edge. When only part of the ®nger pad is in contact witgeometry of contact surfaces, but the computation of contact
the surface, the optimization yields a platform con®gurdorces and deformations in the context of an optimization
tion that exerts a force only on the contacting part. Thifamework would be far more complex. Indeed, the contact
behavior is coherent with the real-world scenario, and showgl!rface matching approach is valid only for virtual objects
that our algorithm takes into account non-contacting noddbat are rigid or stiffer than the ®nger pad. With a soft object
when computing the optimization. The device used in théhe contact area would grow fast even for very low forces,
experiments cannot exactly replicate contact against an edged an LCSM device with a rigid mobile platform would fail
but our algorithm successfully approximates this interactiot® render such effects correctly.
by smoothing the edge.
Fig. 7 shows an exploratory motion of the ®nger over the

surface of a sphere. We can observe how the orientation of '€ authors wish to thank the anonymous reviewers for
the platform successfully approximates the relative orientd?€ir helpful comments. This project was supported in part by

tion between the ®nger pad and the surface under contaddrants from the EU FP7 (project no. 601165 WEARHAP),
the European Research Council (ERC Starting Grant no.
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