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Abstract

Digital Clay is a term that signies a computer-
cortrolled physical surface,capableof taking any of a
wide variety of possibleshapesin responseto changes
in a digital 3D model or changesin the pressureex-
erted upon it by bare hands. The physical properties
of such a deviceimposedesignand user-interface con-
straints not encourtered in traditional, tracker-based
software for the manipulation of virtual models. This
paper describes the interaction techniques we have
deweloped to work with this future medium. In par-
ticular, we presert our solution for tracking the user's
ngers using a local deformation of the surface,which
we call a blister, that senseghe tangenrtial and nor-
mal displacemerts of the nger. Wealsopresert a so-
lution for creating variable-height bossesand creases
with the simple sweep of a nger. Sincethe Digital
Clay hardware is not yet operational, we have have
implemented a haptic simulation framework basedon
a PHANTOM device.

Figure 1: Sculpting with real clay



Figure 2: Mock-up using \Pinhead" sculpture toy . The clay raisesa blister (seeSection 4.3) to follow the
user's nger asa ridge is raised from the surface (seeSection5).

1 Intro duction

Shape is a key elemert in successfulcommunication,
interpretation, and understanding of complexdata in
virtually ewvery area of engineering,art, science,and
medicine. While in recen yearsthe communication
of both form and complex data have been greatly
enhancedby visualizations basedon planar images,
computational power and manufacturing technolo-
gieshave reachedthe point whereit is possibleto con-
sider interactiv e three-dimensional tactile input and
output devices. The NSF/ITR Digital Clay project
[1] aims at dewveloping a medium that allows this
sort of interaction; it is an instrumented, actuated,
computer-controlled physial volume bounded by an
actuatablesurface that acts asa haptic interface. We
freely abbreviate \Digital Clay" to \clay" throughout
the paper.

Digital Clay is conceived asa collaborativetool: as
one manipulates the surface, the shape change can
be sensedand transmitted to another piece of clay
or other computational device. For example, a geo-
graphically dispersedteam of engineerscould inter-
actively explore various shape modi cations to a part
they are designing.

The goal of the researt preseried here is to de-
velop userinterface techniquesthat areagood t for
the a ordances and constraints of Digital Clay; the
challengesinherent in the fabrication of such a de-
vice are beyond the scope of this work, and will be
discussecdelsewhere.Sincethe Digital Clay hardware

is not yet operational, we have implemented a haptic
simulation framework basedon a PHANTOM device.
We are carefulto ensurethat our clay simulation does
not have accessto more information about the user
than the nal hardware will. For example, the clay
hardware will only be able to sensethe position of
the user's nger by the deformationsit causesin the
clay's surface. We usethe PHANTOM only to sim-
ulate the e ects of the nger on the clay surface;the
information available to the clay model is the same,
regardlessof whether the nger is real or virtual.

Physical interaction betweenuserand clay consists
primarily of the forcesapplied by ead to the other.
In addition, the user can inspect the shape visually,
and by touching it lightly without modifying it. We
decided against multimo dal strategies such as com-
bined touch and voice input, instead opting to limit
ourselhesto \ nger sculpting”: interactions that con-
sist of touching the surfacewith one or more ngers.
The focus of this researd is to learn how to inter-
act with a medium whosea ordances and limitations
are not yet understood. At this early stage, exper-
imenting with multimo dal interactions would more
likely hinder than facilitate insight into the essetial
nature of interactions with Digital Clay. The tem-
porary restriction to single- nger interactions rather
than whole-hand manipulations results from both the
desire to simplify the interaction spacethat we are
exploring, as well as the nature of the PHANTOM
device.

It should be emphasizedthat the clay metaphor



is imperfect. Digital Clay o ers manipulation possi-
bilities beyond those of common modelling clay. For
example, Digital Clay may change its volume, pro-
vide for multiresolution shape editing [7], or allow
cut-and-pasting and procedural generation of surface
features [19]. By taking advantage of its ability to
change shape, Digital Clay can facilitate completion
of a task by actively responding to the user. We be-
lieve that the most interesting and useful techniques
for interacting with Digital Clay will be of this type.

The researd cortributions of this paper canbe cat-
egorized as either interaction elemers, or complete
interactions composed of these elemens. The rst
category includes our solution for tracking the user's
ngers using a local deformation of the surface,which
we call a blister, that senseghe tangential and nor-
mal displacemeits of the nger. Other cortributions
in this categoryinclude detecting the user'sintent to
begin or end an edit operation. The secondcategory
contains our methods for accomplishingspeci ¢ user
tasks, such as creating variable-height bosseson the
clay surface. In his thesis[17], Pierce arguesthat by
taking a principled approad to exploring the possi-
bilities of a new medium, we can more quickly build
up a lexicon of interactions for that medium. We
believe that our techniquesrepresen a rst step to-
wards such a lexicon for Digital Clay interactions,
analogousto the rich toolkit available for creating
GUI applications.

1.1 Kinematic
pated Initial
Clay

Prop erties of Antici-
Protot yp e of Digital

Many of the designproblemsencourtered during this
researt could not have beenresolved without consid-
ering the physical properties of Digital Clay. Further-
more, se\eral designsfor clay prototypes have been
proposed;our researd hasfocusedon the onedubbed
the \Bed of Nails", sinceit is most likely to be the
rst one fabricated. We describe aspects of this de-
sign that have relevanceto the researd preseried in
this paper.

The Bed of Nails design consists of a rectangular
matrix of individually actuated rods. It may be help-

ful to imagine a Pinhead toy (shown in Figure 2)
modi ed sothat ead pin is computer-cortrolled. We
model the clay as a heighteld S(x;y), and usethe
term grid point to referto (x; y) positionsin a height-
eld's domain.

The motive power for eac rod comesfrom a shared
hydraulic resenwoir, and is cortrolled by a hydraulic
actuator. Using hydraulics allows higher actuator
density (and therefore, surface resolution) and gen-
eration of stronger forcesthan achievable by minia-
turized electrical motors. These actuators are able
to generate forces approximating a damped spring,
described by the equation F(d) = kd+ rd® The co-
e cien ts k and r represen the spring and damping
characteristics of the surface, and d is the displace-
ment of the actual, measured surface con guration
from the internal model of where the surface should
be. Furthermore, eat rod has an individually spec-
ied equilibrium height e from which the value of d
is computed. Manipulating the values of k, r, and
e allows us to cortrol the shape of the clay and the
forcesexerted by the clay on the nger. Constraints
on the acceptablevalues for k, r, and e depend on
other designdecisionswhich are not discussedhere.

1.2 Organization of Remainder of Pa-
per

Section 2 describe the work of other researtiers that

is similar to, or has provided inspiration for our re-
seard. Section 3 describes layering, which is useful
both for describingthe desiredbehavior of the clay, as
well asfor implementing this behavior. The next two
sectionscorntain our primary researt contributions.

Section 4 explores how our system handles interac-
tion elemerns such as deciding whether the user is
touching the surfaceto feel or to modify its shape,
and tracking a nger asit pushesinto, slidesalong,
or pulls away from the surface. These basic building

blocks can be combined to create entire operations
for nger sculpting. Section5 describessewral suth

operations, as well asthe task scenariosthey are de-
signedto address.We alsopreseri solutionsto issues
uniqueto ead task. Section6 describesaspectsof the
architecture of our simulation, in order to facilitate

replication of our researt. Finally, Section 7 sum-



marizesour contributions, and suggestdirections for
further researd.

2 Previous Work

Many haptic systems have been created to manip-
ulate virtual surfacesand volumes. Physical accu-
racy is important for someapplications, sud as tis-
sue simulation for web-based surgical training [5].
Physically-basedvolumesare also used for sculpting
becauseof their intuitiv e behavior, but tend to be
computationally expensive. Recert researt seeksto
enableinteractive responserates by using multiscale
techniques|[4, 7, 16], or by deweloping material mod-
elsthat lend themselvesto precomputation [14].

Other sculpting systems (including ours) choose
not to use physically-based deformations either be-
causeof the computational expense,or becausecer-
tain characteristics (for example, volume presena-
tion) are undesirable. Free-form deformation [3, 18]
is an early and very successfulpproad of this type.
It has since been extended to allow the use of dif-
ferent deformation \to ols" [6], and to allow direct
manipulation of the surface instead of by adjusting
a control lattice [11]. Haptic feedbadk is added in
[1Q]; aswith our system,forcesare generatedusing a
spring model.

Several researters have noted that human touch
perception is actually comprised of a number of dis-
tinct mechanoreceptive systems|[15, 2]. Haptic de-
vices such asthe PHANTOM only target the kines-
thetic channel which gathers information from sen-
sory receptorsin the musclesand tendons. The cu-
taneous channel which sensespressureinformation
with medanoreceptorsenbeddedin the skin, is ig-
nored by most haptic devices.

Sudh obsenations have motivated researders to
dewelop hardware that can take advantage of the cu-
taneouschannel. A devicethat laterally stretchesthe
nger's skin is described in [9]. Shape memory alloy
is usedasa tactile output deviceby [20]. Digital Clay
canalsobeincluded in this category, sinceit provides
an actual surfacethat can be felt with bare hands.

FEELEX [13] describes a hardware device that
bears a striking resenblance to the Bed of Nails

design, although the latter will have a signi cantly
higher resolution. However, few details are given
about the implemertation of specic interactions
with their system.

3 Layered Clay Representation

In this section, we introduce layering, which is piv-
otal to both conceptualizing and implemerting the
clay's behavior. We discusshere only the layers of
conceptual signi cance; layers existing only for im-
plemertational reasonsare discussedn Section6. An
understanding of layering is assumedby the discus-
sionsin Sections4 and 5.

The mathematical representation of the volume
is decomposedinto n layers Lip..n 1(X;y), eat of
which is a height eld. The height S(x;y) of the clay
surfaceis the sum of the heights of the layers:

K 1

S(x;y) = Li(x;y)
i=0

Another way to look at this is that ead layer rep-
reserts a delta function to be applied to the layer
beneathit. Thesedelta valuesmay be either positive
or negative.

We also de ne intermediate heights S; asthe sum

Physical Deformation
‘ UI Surface Feature

Base Surface (base, L)

(touch, L)
(UL L)

Figure 3: Conceptual and Architectural Layering.
Physical deformations are speci ed aso sets from Ul
surface features. Similarly, the Ul surface features
are speci ed as o sets from the base surface. The
namesin parenthesesare those by which the layers
are denotedin the rest of the paper.



of the heights of L; and all of the layers beneathit:

Li(x;y)
i=0

Sj(x;y) =

Figure 3 shaws the three main conceptual layers
in our system, which play a large role in the follow-
ing sections. The haselayer Ly re ects the shape of
the surfaceasit wasjust beforethe last time it was
touched. The Ul layer L is usedto locally and tem-
porarily changethe shape of the surfaceto facilitate
user interactions with the clay. The touch layer L;
represens deformationsin the surfacecausedby user
pressure;in physical clay, valuesfor this layer would
be computed by measuring the di erences between
the sensedphysical state of the surfaceand the model
of what the surfacewould be if no external force were
being applied (given by L, in this example).

Extra functionality can easily be added by adding
new layers. Section 6 describes one example of how
layers have aided in the implementation of our sys-
tem.

4 User Interaction

Section 1.1 describes the physical characteristics of
Digital Clay. When the clay is not being edited, the
spring and damping coe cien ts are xed, and it feels
like an elastic surfacethat always returns to the same
equilibrium shape. Once an edit operation begins, it
actively changesshape in responseto the user'sinput
as described in the following subsections.

4.1 How doesthe clay know where it
is being touc hed?

Digital Clay has no direct way of obtaining the po-
sition of the user's nger, and must compute this in-
formation basedon deviations betweenthe measured
and expected surface con gurations. Although our
simulation has accessto the location of the PHAN-
TOM, we refrain from using this information directly
in order to remain true to the constraints inherert in
Digital Clay. Instead, we deform the touch layer to
simulate the reaction to nger pressure.

Force

;"’I

d.  Displacement d, Displacement

(a) discontin uous tran-
sition

(b) continuous transi-
tion

Figure 4: Two force pro le transitions for switching
from touch mode to edit mode(damping e ects are
omitted for simplicity). Blue (resp. red) curves de-
scribe the force pro le before (resp. after) the tran-
sition. d; is the threshold displacemen at which the
transition occurs, and f is the corresponding force.
Note that in both diagrams, the edit mode pro le
has a minimum force of f,; even for negative dis-
placemerts; this is discussedin Section4.3.1.

Since we are concernedonly with single- nger in-
teractions, we are able to use a simple algorithm to
determine where the useris touching the clay. When
the user presseson the surface,the heights of seweral
rods will be displaced from the heights dictated by
the internal model of the surface'sshape. The posi-
tion of the user'stouch is computed as the certroid
of the aected rods. The certroid is calculated by
summing the weighted (x; y) coordinates of ead rod,
where the weight for ead rod is proportional to the
magnitude of its displacemen.

4.2 How doesthe user indicate an in-
tent to edit?

When touching the surface, the user will in some
casesintend to modify it and sometimesonly wish
to feel its shape. The clay maintains a nite state
machine that determines how to react to ead of
thesecases.For example,in touch mode, the clay be-
haveselastically, resisting with a spring force without
changing its desiredequilibrium shape. In edit mode,



the clay's surfaceis modi ed in responseto the user's
touch. There are many types of modi cations that
can occur; a few of them are described in Section 5.

How doesthe userindicate whento make the tran-
sition from touching to editing, or vice-versa? We
discussthe rst casehere, and the secondin Sec-
tion 4.4. The transition betweentouching and edit-
ing mode occurs when the user pressesdeeper into
the surface than a threshold displacemen d;. The
useris noti ed to the transition by a changein the
clay's force pro le. The surface becomessofter, and
the userfeelsasthough shehasbroken through some
resistance into editing mode. In Figure 4, we de-
pict the two force pro le transitions that we experi-
mented with. We name them the discontinuous and
continuous transitions, accordingto whether there is
a changein applied force at the instant of the tran-
sition. During the discortin uous transition, only the
slope of the force-displacemeh curveis changed. As a
result of the force discortin uity, the useroften pushes
unexpectedly far into the surface. This prompted us
to develop the contin uoustransition, wherethe slope
and o set of the force pro le are simultaneously ad-
justed sothat the curvesof the editing and touching
pro les crossat d;. Usersof the systemwerestill dis-
tinctly aware of the transition, but did not suddenly
push deeper than intended, as they tended to with
the discortin uous transition.

4.3 How can the user specify input
\ab ove the surface"?

In Section 4.1, our discussionof how to determine
the position of the user's nger assumeghat the user
wants to specify input points beneath the surface of
the clay. Howewer, it is easyto devise a scenario
wherethe userwishesto specify an input point above
the surface. In onesucd scenario(explored in greater
depth in Section 5) the user desiresto raise a ridge
whose height follows the trajectory of her nger as
it moves above the surface. Sincethe clay can only
locate the user's nger when they are in contact, it
must actively seekto maintain contact as the user
moves her nger toward a point above the basesur-
faceLyp.

We call our solution a blister: a temporary bump,

raisedarti cially from the surfaceto follow the user's
nger. The blister is created by modifying the o sets
in the Ul layer L, and is cylindrical in shape.

The following subsectionsdiscussthe vertical and
horizontal behavior of the blister separately before
describing how they are combined in the full behav-
ior.

4.3.1 Vertical blister behavior only

We begin our discussionby keepingthe promise made
in Figure 4 to explain why the edit force pro les,
depicted there in red, extend to negative displace-
ments. The magnitude of a negative displacemen is
the height above the baselayer L,. However, this
doesnot imply that the nger is not in contact with
the clay, sincethe blister is de ned in a layer above
Ly, namely the Ul layer L. The blister adjusts its
height to maintain contact with the userin such a
way that the force applied to the nger matchesthe
force required by the pro le.

This section describes how the height of the blis-
ter variesin the simplied casewherethe nger may
only move vertically. Our goalisto derive an expres-
sion for the blister height that is general enoughto
accommalate the edit force pro les for both the con-
tinuous and discortin uous cases.We proceedby rst
nding an expressionthat generatesheights matching
a very simple force pro le. This expressionis twice
generalizedto encompassmore complicated pro les,
resulting in an expressioncapable of describing the
casesof interest. Figure 5 depicts these force pro-
les, eadt of which will be discussedin the following
paragraphs. The gure alsoshows the blister heights
corresponding to ead pro le.

We start with the simplest force pro le, which has
the equation f = kd (drawn in red). Sincethe clay
cannot stick to the nger, it cannot apply a negative
force; we therefore restrict the domain of this pro le
to d 0. Sincethe curve passesthrough the origin,
the force pro le canbe satis ed by adjusting only the
spring constart k. No blister is necessary

Next, we modify the force prole to f = kd+ fy
(drawn in green). This is nearly the same as the
cortinuous pro le, exceptthat we extrapolate along
the sameslope (dashed line) instead of clamping to



Force

Blister Height

dn Displacement

Figure 5: Three force proles (solid lines), and
the corresponding blister heights (dashed lines). fy
raisesthe blue and greenforce pro les by a constart
amount, and f, is the minimum force allowed by
the blue pro le; Section4.3.1usesthesevaluesto de-
rive the blister height for a given displacemen. The
shadedarearepreseits negative displacemerts: posi-
tions above the original surfaceheight. The scalesof
the \F orce" and \Blister Height" axesare suc that
the height of a blister is equivalert to the extra force
applied for a given displacemen from the basesur-
face.

a minimum force. Since the surface can only apply
spring forces,we must add a blister to the surfaceto
apply the extra forcef, = fy  kd;. Dividing by the
slope k givesus the height of the blister:

h1: ft:k dt

Finally, we considerthe cortinuous pro le (drawn
in blue), which is the sameasthe last, exceptthat the
minimum force is clamped to f,. The displacemen
dm , wherethe minimum forceis rst seen,is found by
dividing the force by the slope. To seethe e ect that
fm hason the blister height, considersomed < dp,
and look at the di erence betweenthe minimum force
and the extrapolated (dashedline) force:

f =

fm (kd+ fp)

Equilibrium

Finger moves

Blister adjusts

Figure 6: Tracking of Finger by Blister. The user's
nger starts in the certer of the blister (top), and is
moved to the left and up (middle). The clay detects
that the blister is no longer certered on the nger,
and adjusts the position and height of the blister ac-
cordingly(b ottom).

This extra force must be generatedby raising the
blister by the appropriate amount; dividing by the
slope k and rearranging terms gives h = be d.
The diagram shows that the blister is not a ected for
d > d,, sowe can write the e ect of the minimum
force constart as

o
k

hy, = max(fm d;0)

The total height of the blister is then given by
h= hl + h2
It is evident from the gure that the discortinuous
caseis the sameasthe cortin uouscasewith the added

constraint f, = 0. Therefore, the expressionfor h is
capable of describing both cases.



4.3.2 Combined horizon tal and vertical blis-

ter behavior

In order to track the nger horizontally, the blister
comparesits certer with the position of the nger as
described in Section 4.1. If there is a discrepancy
then the blister is moved sothat it is certered on the
nger position.

After the blister is certered on the nger position,
the height of the blister may need to be adjusted
so that the force applied by the blister to the n-
ger matchesthe chosenforce pro le. Note that even
completely horizontal nger movemert can result in
a changeof the height of the blister, since horizontal
movemen will changethe displacemen of the nger
with respect to a non-horizontal clay surface. If the
blister height needsto be adjusted, the new height is
computed as though the nger motion is purely ver-
tical. Figure 6 shavs how the blister tracks the nger
when it is moved diagonally.

4.4 How doesthe user end an edit op-
eration?

If the clay is cortinually maintaining contact with
the userwith a raised blister, how doesthe user no-
tify the clay that the edit operation should end? The
answer is to set a maximum rate of change for the
blister height. If the usermovesher nger up rapidly
enough, the blister is unable to follow. As soon as
the clay no longer sensesthe user's touch (see Sec-
tion 4.1), the edit operation is ended.

Since the user cannot instantaneously break con-
tact with the clay, the last part of the input trajec-
tory will consist of positions that the user does not
intend to be part of the edit operation. Our solu-
tion is to discard the last part of the input. We have
found that discarding 0.2 secondsworks quite well;
the userneedonly pausefor an instant beforeraising
her nger in order to ensurethat no desiredinput is
discarded.

5 Applications

We now suggestseeral applications of the techniques
described in the previous section. The rst two have
been implemented in our system, and the last two
show the broad applicability of our techniques.

Before proceeding, we introduce notation for as-
signing values in layers. We write L;(X;y) h to
assiate a new value with a grid point in a particu-
lar layer. We alsode ne assignmen for intermediate
heights:

Si(x;y) h Li(xy)

We refer to theseasthe default assignmentbehaviors
for layers.

h S w(xy)

5.1 Raising Bumps and Digging Holes

The user wishesto dig a hole or raise a bump with
a circular cross-sectionof radius r. After entering
the editing mode by pressinginto the surface, the
position of her ngertip is tracked as described in
the previous section. Once a satisfactory position
Po = (Xo;Yo; Zo) has beenchosen,the edit operation
is completed by quickly raising the nger from the
surface.

The new shape of the basesurfaceis determined as
follows. Let d = zg Lp(Xo;Yo) be the height dier-
encebetweenthe nger and its projection on the base
layer. Also, let p be an arbitrary grid point no far-
ther than r from (Xo;yo). The baselayer heights are
modi ed by a Gaussianfunction whose steepnessis
determinedby , sothat Sy(p)  Sp(p)+e Ko PK*.
We call this o set function a Gaussian bump Note
that raising and digging are accomplishedidentically;
if d is positive, a bump is raised, otherwise a hole is
created.

5.2 Embossing

Instead of creating a single bump or hole, the goal
is to raise a ridge or dig a ditch. Once can switch
between digging a ditch and raising a ridge simply
by changing whether the input position is below or
above the surface. As with bumps and holes, ridges



New Ridge in L,

Base Surface, L,

Figure 7: Result of immediately incorporating o sets
into basesurface. The user has speci ed a level tra-
jectory for the apex of the ridge, but the resulting
surfaceis above this trajectory. Note that the sewer-
ity of the undesirede ect is exaggeratedby the large
distance betweenthe two adjacert bumps.

and ditchesare created similarly; this obsenation al-
lows us to simplify our presenation by allowing a
mertion of oneto referto both whenewer the intended
meaningis clear.

Our rst attempt at an embossingoperation mod-
i ed the basesurfaceonly after the ertire trajectory
wasknown. This proved unsatisfactory, asuserscom-
plained loudly about the lack of intermediate feed-
badk. We addressedthese concernsby incremertally
raising the ridge as the trajectory is specied. The
following discussionis concernedonly with the re-
vised behavior.

While de ning a trajectory of sampled points, the
userwill occasionallymove quickly enoughthat there
is a signi cant gap between points. To avoid the
jaggy ridge that would result, we add additional
points along the line segmen betweenwidely spaced
points, until there are no points that are morethan a
single grid unit apart. This works fairly well because
when the user moves quickly, the motion is usually
quite linear. Had this assumption proved to be in-
correct, it would be straightforward to sample new
points from a spline t to the sensedpositions.

As points are addedto the trajectory, we compute
their e ect onthe ridge by applying a Gaussianbump
basedon the displacemen of the point from L. How-
ever, we do not take the naive approac of merging
the e ect of ead point into the base surface before

the next point is handled. Figure 7 shows that doing
soresultsin aridge that is higher than the tra jectory
provided by the user. Our solution involves adding
a new layer, the emlossing layer L, which stores
surface modi cations that have not yet beenincor-
porated into the basesurface. The embossinglayer
ts betweenLp and L, (ie. 0= b< e< u<t),
and di ers from the previously introduced layers in
two ways. The rst isthat it overridesthe default as-
signmert operator, and the secondis that it merges
surface modi cations into the base layer once they
exceedsomethreshold age.

5.2.1 Overriding
Op erator

the Default Assignmen t

We modify the default assignmem behavior (de ned
at the beginning of this section) sothat the newvalue
h is only assignedf its magnitude is greaterthan that
of the existing value. This is formalized in the follow-
ing equation, where o and ¢ respectively denote
the overridden and default assignmem operators:

jhj > jLe(xy)i) Le(Xy) ah
jhj jLe(X;y)j) unchanged
@
Regardless of whether the assignmen makes a
change, the age assaiated with L¢(X;y) is resetto
zero.

Le(X;y) o h

5.2.2 Aging of Surface Mo di cations

Before discussingthe details of how surface modi -

cations are aged,we rst justify why we do it at all.
Figure 8 depicts the desired behavior when a ridge,
after being reducedin height, intersectsitself. As the
lower part of the ridge encourters the higher part, a
furrow is cut through the higher part. In other words,
we want the older part of the ridge to be treated asif
it were part of the basesurface,even though we have
discussedwhy this is unsatisfactory for the leading
edgeof the ridge. Our solution hastwo componerts.
First, we incremert the ageof all edited grid points,
and merge the o sets into the baselayer when the
ageexceedsa threshold t,. Next, we resetthe age of
any grid point to which we attempt to assigna new



Height reduced here

Figure 8: Desired behavior of self-intersecting ridge
when the height of the ridge is lower at the time of
intersectionthan at the start of the manipulation. On
the left is a top-down view of such a ridge. On the
right is a cross-sectionaliew of the intersection. The
height of the ridge is reducedin the areaboundedby
the blue rectangle.

value h, ewven if the assignmen does not a ect the
height eld becausemagnitude of h is lessthan the
existing value of L¢(X; Y).

5.2.3 Fixing Mistak es

The user will sometimesraise a ridge higher than
desired, and be unable to lower it becausethe de-
sired height has a smaller magnitude than the exist-
ing height. We solve this problem by not resetting
grid point ageswhen the input position is station-
ary. We allow a small amourt of leeway, since the
user will not be perfectly steady Let ps represen
the stationary point: the point that other points are
compared to to determine whether the user is sta-
tionary. ps is initially setto the rst input point. We
use a threshold ts to de ne the region in which the
nger is consideredto be stationary. If kps pk < tsg,
then no agesare reset with the edit region. Other-
wise, the agesare reset, and the value of ps is set to
p. If the input point remains stationary for longer
than t,, then this aging behavior will have the result
of incorporating the entire ridge into the baselayer.
ps is now beneath the basesurface.

Does this give the desired behavior? Consider a
bump raised to a height h; that is higher than the
desired height h,. For simplicity, the height of the
base surface is initially zero. The desired height
of the bump at a point p in the neighborhood of
P2 = (XoYo;hy) is given by hy(e kPo PK*). |f we
rst raise the bump too high to h; and then correct
it asdescribed, the result will be

hi(e ¥ Py + (h, hy)(e KPo Pk

which simpli es to the desiredresult:

ho(e KkPo pkz)

After experimenting with a variety of valuesfor t,,
we found 0.5 secondgo be satisfactory. This provides
the stated bene t of aging without making the user
wait anngyingly long to x a mistake.

5.3 Finger Painting

The 3D haptic painting functionality of [8] allows the
user to paint directly on a virtual clay-like surface.
Digital Clay could act asan input mecanismfor n-

ger painting, wherethe color of the clay is changedby
drawing on it with the nger. Asinthe FEELEX sys-
tem [13], a projector directed at the clay could show
the results of the painting. Alternately, advancesin
LEP (light emitting polymer) and OLED (organic
light emitting device) allow us to imagine a future
version of Digital Clay that can changethe color of
its surface;suc a devicewould be perfect for digital

nger painting.

5.4 Extrusion of Region

Teddy [17] interprets the user's freeform 2D strokes
to de ne plausible 3D models. Of particular interest
to us are the multi-step operations such asextrusion.
The user rst draws on the surfacethe outline of the
baseof the region that is to be extruded. A second
stroke de nes how region is raised from the surface.

Multi-strok e operations can also be implemented
for Digital Clay. We again use extrusion as an ex-
ample. The area surrounded by a closedridge could
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Figure 9: The simulation in use by a user, who has
just nished raising a serpertine bossfrom the sur-
face.

beinterpreted asthe basefor an extrusion operation.
The shape of the extruded volume could depend on
the point at which the extrusion is initiated, aswell as
the subsequen trajectory of the nger. Such multi-
stroke operations will allow greater cortrol over the
shape of Digital Clay.

6 Implemen tation

6.1 Control Flow: Haptic and Control
Loops

GHOST, the standard framework for deweloping
PHANTOM applications, structures applications by
splitting executioninto two loops. The haptic loop is
in charge of generating feedbad forces. The control
loop is responsible for updating the graphic display,
and for computing the clay's responseto userinput.

In order to maintain the illusion that a surfaceex-
ists, the haptic loop must have an update rate of at
least 1000Hz. This strict performance requiremert
meansthat the computations done by this loop must
be kept simple. For example, operations that mod-
ify ertire regions of the surface run too slowly for
the haptic loop. Sudch computationally intensive op-
erations are instead processedin the cortrol loop,

which has a frequency of approximately 20Hz. Un-
fortunately, changing the surface'sheight at this rel-
atively low rate results in perceptible jerkiness. The
next sectiondescribesa new layer that addresseghis
problem.

6.2 Layers Revisited

The layers described thus far have both a conceptual
and an implementational role. Each plays a part in
describinghow the clay behaves,and ead is included
in our implementation in a straightforward manner.
Other layers do not have a place in the concep-
tual understanding of Digital Clay, and exist solely
for implementation reasons. For example, we have
implemerted a type of layer that linearly interpo-
lates betweentwo referencesurfaceshapes. This layer
addresseghe problem of jerky height transitions by
storing the previous and current surfaceheights, and
blending them. The interpolation parameter ranges
from zeroat the instant that the current height is set,
to onejust beforethe next height is set. The percep-
tion is now that the height is changing smoothly.

7 Conclusion

This paper has introduced the concept of Digital
Clay, and described the saliert characteristics of the
planned physical prototype. We have described our
PHANTOM-based haptic simulation of a nger inter-
acting with Digital Clay, emphasizingthat we have
refrained from using any information that the physi-
cal prototype will not have accesgo; in doing so, we
are con dent that the techniques we have developed
can be smoothly transferred to the physical proto-
type.

We have coined the term nger sculpting to de-
scribe interactions that involve manipulation of the
surfacewith one or more ngers. Due to the hard-
ware at our disposal, we have developed techniques
that work with a single nger.

Our researd represents the rst stepstowards an
interaction lexicon for Digital Clay. We have de-
scribed interaction elemerns that allow the clay to
sensethe position of the user'stouch, and to deter-
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mine when the userintends to start and end editing.
We also preserted the blister, which allows the clay
to maintain corntact with the nger, even when the
nger is raised above the original level of the surface.

Theseinteraction elemeris were combined to form
two complete clay manipulation operations. We de-
scribe how we have implemented digging holes and
raising bumps, aswell asa variable-heigh embossing
operation.
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