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Abstract

In this paper we consider the detection of small sur-
face features, such as ridges and bumps, on the surface
of an object during dextrous manipulation. First we
review the representation of object surface geometry
and present definitions of surface features based on lo-
cal curvature. These definitions depend on the geome-
tries of both the robot fingertips and the object being
explored. We also show that the trajectory traced by a
round fingertip rolling or sliding over the object surface
has some intrinsic properties that facilitate feature de-
tection. Next, several algorithms based on the feature
definitions are presented and compared. Finally, we
present simulated and experimental results for feature
detection using a hemispherical fingertip equipped with
an optical tactile sensor.

1 Introduction

Haptic exploration is an important mechanism by
which humans learn about the properties of unknown
objects. Through the sense of touch, we are able to
learn about characteristics such as object shape, sur-
face texture, stiffness, and temperature. Unlike vision
or audition, human tactile sensing involves direct inter-
action with objects being explored, often through a se-
ries of “exploratory procedures” [6]. Dextrous robotic
hands are being developed to emulate exploratory pro-
cedures for the applications of remote planetary ex-
ploration, undersea salvage and repair, and other haz-
ardous environment operations.

This paper focuses on a subset of haptic exploration:
the sensing of small surface features such as cracks and
bumps. Brown, et al. [2], define features as “applica-
tion and viewer dependent interpretations of geome-
try.” As we will show, the identification of a feature
is not only dependent on the geometric properties of
the object being explored, but also on the properties
of the robotic finger performing the exploration.

Some of these features cannot be sensed accurately
through static touch; motion is required. To excite
the fast-acting, vibration sensitive mechanoreceptors
embedded in the fingertips, humans roll and/or slide

the fingertips over the surface [6]. Emulating this be-
havior presents a challenge in that manipulation must
accomplish two tasks: (1) move the object to a desired
location with a stable grasp and (2) move the fingers
and sensors over the features.

In this work we consider first how features affect
the path of a round fingertip rolling and/or sliding
over an object surface. Although tactile sensors may
be needed for manipulation control, we show that fea-
tures can be detected using only the path of the fin-
gertip center. We then present several algorithms for
identifying surface features, with and without contact
information from tactile sensors.

1.1 Previous Work

A number of investigators have addressed the prob-
lem of using robotic fingers in exploratory procedures.
Examples include [1, 15, 16]. This work has mainly fo-
cused on the sensing of global object shapes and on fit-
ting shapes to object models. The integration of tactile
sensing and dextrous manipulation with rolling or slid-
ing has also been addressed in recent work [9, 10, 15].

Much work on the identification of surface features
has been done by researchers in the vision commu-
nity. In early work, the definitions of features in ap-
plications such as topography were often ambiguous
because they were based on natural language. More
recently, researchers have developed definitions based
on various mathematical models, including local max-
ima of pixels in a discrete 2D image, height or inten-
sity graphs, and differential geometry (local extrema
of principal curvatures or curvature properties of level
sets of smooth functions) [4]. In another approach,
Kunii, et al. [7] extended the idea of the Medial Axis
Transform to develop skeletons of object shape and
used caustic singularities to determine the locations of
ridges. Applications of ridge detection include medical
imaging [13] and the analysis of topographic data [8].

2 Defining Surface Features

This paper will take a differential geometry based
approach to surface feature definition. In this section,



we will briefly review a mathematical description of
an object surface and define the surfaces associated
with the path of a round finger rolling or sliding over
the object surface. Next, we define several features
in the context of robotic haptic exploration. Finally,
we provide an example of a three-dimensional surface
feature.

2.1 Mathematical Background

Montana [14] defines a Gauss map for a manifold S
as a continuous map g : S — S2 C R? such that for
every s € S, g(s) is perpendicular to S at s. The pair
(f,U), where f is the invertible map f: U — S C R?,
is a coordinate system for S. The normalized Gauss
frame at a point u = (u,v) € U is defined as the
coordinate frame with origin at f(u) and coordinate
axes
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z(u) = g(f(u)). (1)

The curvature form K is the 2 x 2 matrix
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The principal curvatures ki (S) and k2 (S) of the sur-
face are the elements of the diagonalized curvature ma-
trix K4. The principal curvatures correspond to the
x(u) and y(u) directions of the Gauss Frame.

Now consider a robotic finger with a spherical fin-
gertip (surface Sy) with radius ry following the con-
tours of the surface. Using the formulation above, the
curvature form for the fingertip is

L0
Ky = l 7 ] - 3)
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As the finger traces over the surface of an object,
the center point of the finger creates a parallel surface,
Sp. This concept is also related to the offset surface as
defined in CNC toolpath planning and other applica-
tions [17]. Figure 1 shows a 2D slice of a surface with
several features and the parallel surface created by a
spherical fingertip tracing over it.

The parallel surface is defined as the envelope of
spheres whose centers are on the surface. A simple way
to construct it is to draw a normal line (determined by
the z-axis of the Gauss frame, z(u)) with length r; at
each point on the surface. The locus of the end points
is the parallel surface. s,(u) € S, maps U to R*:

sp(u) = f(u) +ryz(u). (4)

where z(u) is the z-direction of the Gauss frame, rf
is the radius of the fingertip, and u parameterizes the
surface.
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Figure 1: 2D slice of a spherical fingertip with original,
parallel, traced, and estimated surfaces

In some cases, however, the actual surface created
by moving a finger over the surface is not described
by this equation. When the curvature of the surface is
greater than that of the finger, the parallel surface has
singularities known as caustics [8], even if the original
surface is smooth. The presence of caustics indicates
that the finger cannot exactly follow the contours of
the object.

As shown in Figure 1, the caustic points bracket
the area of the parallel surface where one of the orig-
inal surface curvatures, k;(S), is greater than that of
the finger, % Due to interference, however, the path
of an actual finger tracing over the surface is limited
before the region bracketed by the caustics. The inter-
ference point is defined as the point where the finger
can no longer follow the parallel surface when entering
a region of k;(S) < —%. Any curve on the parallel
surface that travels in and out of a continuous area

with k;(S) < —% must travel through two interfer-

ence points. We define the traced surface, S, as the
parallel surface without the portions that the fingertip
cannot access due to curvature and interference limita-
tions. A traced surface will always have a discontinuity
at the interference point. Figure 1 shows interference
points (discontinuities in the traced surface) and caus-
tic points (discontinuities in the parallel surface), as
well as the regions of the traced surface that round or
fillet the object surface.

2.2 A New Feature Definition

Using the surface and parallel surface descriptions
developed above, a new feature definition can be cre-
ated for the purposes of feature identification and loca-
tion. The concept of a feature in the context of haptic
exploration with robotic fingers is not only dependent
on the surface of the object, but also on the size and
shape of the finger. In this paper, we assume a spher-
ical fingertip.

We begin by defining a curvature feature, then use
this as a building block to define macro features. Sup-



Figure 2: A bump feature (bottom), with parallel sur-
face (top)

pose that an object can be locally fit with a surface S
with principal curvatures k1 (S) and k2(S). The basic
criterion for defining a feature is maximum principal
curvature:

Definition 1 A curvature feature, as detected by a
spherical robotic fingertip with radius r¢ tracing over
a surface S with curvature K, is a region where one of
the principal curvatures satisfies k; > % or k; < —%.
These are positive curvature (conver) and negative
curvature (concave) features, respectively.

This means that the magnitude of the radius of cur-
vature of the fingertip is larger than that of the feature.
The simple definition above can be extended to define
macro features, which consist of patterns of curvature
features. For example:

Definition 2 A bump feature is an area with one
of the principal curvatures k; following the pattern
{negative curvature feature}{positive curvature fea-
ture}{ negative curvature feature} as the finger travels
over the surface.

Definition 3 A ridge feature is an area with princi-
pal curvature ky following the pattern {negative curva-
ture feature}{positive curvature feature}{negative cur-
vature feature} and ko < % The ends of the ridge
feature are defined when the second principal curva-
ture ko follows the pattern {positive curvature fea-
ture}{negative curvature feature}.

These definitions can be extended to additional com-
pound features, however that is beyond the scope of
this paper.
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Figure 3: Curvature features are identified where
ki(S)] > L

2.3 Example: A Bump Feature

Consider the three-dimensional parabolic surface of
revolution “bump” shown in Figure 2. The bump sur-
face is defined by the set

U={(uv)|-1<u<l,0<v<mn} (5)
and the map

f:U— R3,
1
1+ au?

(u,v) — (ucosv,usinv, ) (6)
for some a € R.

It can be shown that (f,U) is an orthogonal coor-
dinate system and thus the normalized Gauss frame
exists for all u = (u,v) € U. For the bump example,

the Gauss frame is

4a2u?
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y(u) =[ —sinv cosv 0 ]T
z(u) = [ 2% cosv 2siny L ]T. 9)

The curvature matrix is
2ad(1—3au?) 0
K = | cd*+4a2u?) . (10)
0 cd?

Using the simplification variables ¢ and d defined in
Equations (7) and (8), the parallel surface is defined
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Figure 4: Algorithms for feature detection
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To determine the locations of the curvature fea-
tures, we can plot the principal curvatures of the ob-
ject surface and the robotic fingertip with respect to
the variable u. Figure 3 shows the principal curvature
k1(S) (the K1, element of the matrix in Equation 10)
and ﬂ:%, where ry = 1, plotted against u for a = 15.
There are three curvature features: two negative, and
one positive. The pattern of curvature features can be
identified as a bump as presented in Definition 2.

3 Feature Detection

In this section we present algorithms for detecting
features using the surface feature definitions.

Figure 4 shows how position and tactile sensor data
from the fingertip can be used to determine the fea-
tures and global shape of the surface. Different chains
on the diagram result in different identification al-
gorithms. The algorithms can be divided into two
groups: those that use tactile sensor data to deter-
mine the object surface and features, and those that
use finger position data.

3.1 Using Tactile Sensor Data

Using the tactile sensor data and a model of the
robot finger, one can compute the trajectory of the
finger /object contact point in space and build a model
of the surface, which we will call the estimated surface.
This method works for any fingertip shape, as long as
the contact point can accurately be sensed. !

n fact, most tactile sensors are somewhat noisy and of low
resolution and bandwidth compared to joint angle and force
sensors, so the contact location data are not highly accurate.

The first algorithm (1) in Figure 4 calculates the
curvature at each point on the estimated surface using
any numerical difference method. Depending on the
noise in the data, the points on the estimated surface
may first need to be smoothed or fit to an analytical
model before differentiation. Points on the smoothed
or modeled surface with a curvature greater that that
of the fingertip may then be identified as features.

The second algorithm (2) in Figure 4 requires that
the normal of the surface be recorded over time. With
a spherical fingertip, this is easily determined from the
contact point on the finger. Again, due to noise in the
sensor or position of the robot finger, the normal may
need to be smoothed. The normal is then differenti-
ated with respect to arclength, providing a spike at
the location of the feature. This location can then
be mapped to the estimated surface. This method
uses the same information as the first algorithm, but
improves feature detection because it uses a directly
sensed quantity (the surface normal) rather than than
the derivative of a noisy surface estimation.

3.2 Using Fingertip Center Position Data

Feature detection can also be accomplished without
tactile sensor data, using the traced surface. If the
fingertip is spherical (in 3D) or circular (in 2D), the
traced surface created by the center of the fingertip
can be used to estimate the original surface without
tactile sensor data.

Estimation of the original surface can be done in
several ways. Just as the theoretical parallel surface
can be calculated from the original surface as in Equa-
tion (4), the estimated surface points s.(u) € R? can
be determined from the traced surface using

se(u) = s¢(u) — ryz.(u), (12)
where s;(u) are points on the traced surface, z;(u) is
the z-direction or the Gauss frame of the traced sur-



face, ry is the radius of the fingertip, and u param-
eterizes the surface. This method, however, is very
susceptible to noise in z;(u). Before calculating z; (u),
an improved estimation of the surface can be obtained
by fitting a curve to or smoothing the traced surface.

The third algorithm (3) in Figure 4 extracts the
features based only on the curvature of the traced sur-
face. This has an advantage over the previous meth-
ods because the traced surface is likely to be less noisy
than the estimated surface which used tactile sensor
data. In addition, the traced surface will show inter-
ference points, which are a good indicators of features
because they are discontinuities in the traced surface.
This serves to enhance negative curvature features.

The fourth algorithm (4) in Figure 4 is similar to
the previous algorithm, although the order of surface
estimation and feature detection is switched. Now we
use the traced surface to estimate the original surface
first, and then perform feature detection using the cur-
vature of the estimated surface.

3.3 Smoothing Data Using Curvature
Limitations

For algorithms that use only the position of the fin-
gertip, two nonlinear smoothing algorithms based on
curvature limitations can be used to smooth noisy data
in the traced and estimated surfaces. The algorithms
apply the observations in Section 2.1 that the traced
surface must round sharp cusps or corners on the ob-
ject surface and fillet sharp indentations.

At each point on the traced and estimated surfaces,
the principal curvatures are calculated using a numer-
ical difference method. On the traced surface, any
points for which k;(S;) > % are invalid (i.e., they can-
not correspond to motion along an object surface) and
should be deleted. After removing these points, the
traced surface can be smoothed by a standard smooth-
ing method. After the traced surface is smoothed, the
estimated object surface is calculated using the enve-
lope of rf circles centered on the traced surface. In
the estimated surface, the principal curvature k;(S)
must be at least —%. Although the actual object
surface could have regions with larger negative cur-
vature, it is impossible for the fingertip to detect such
regions. Again, such points should be deleted and the
remaining surface can be smoothed using any standard
method.

4 Simulation and Experiments
4.1 Simulated Data

A realistic simulation of a spherical fingertip trav-
eling over a step shows the curvature limitations in
surface estimation. For the purposes of simulation, a
realistic traced surface must be calculated. First, the
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Figure 5: Simulated data of a finger tracing over a step

parallel surface is calculated from the original surface,
then the interference points are identified and the un-
reachable points are removed to form the traced sur-
face. Next, because points on the parallel surface are
not spaced equally, the surface is re-calculated using
equal arclengths between the points. Finally, Gaus-
sian noise with a variance of 0.01 is added for realism.

Now we invoke the nonlinear smoothing algorithms
to limit the curvature to realistic values. The first
curvature limitation algorithm is used to remove un-
reachable points from the traced surface, then it is
smoothed. Then, the original surface is estimated
using the envelope of circles with centers on the
smoothed traced surface. Next, the second curvature
limitation algorithm is used to remove unreachable
points from the estimated surface. As a final step, the
surface can be fit to create an analytical model. Fig-
ure 5 shows a 2D slice of four surfaces in this example:
the object surface, the traced surface with noise, the
smoothed traced surface, and the smoothed estimated
object surface.

4.2 Experiments

4.2.1 Apparatus

Manipulation experiments were performed using two
degree-of-freedom robotic fingers and tactile sensors
developed by Maekawa, et al. [11, 12]. The optical
waveguide tactile sensors on the fingers form a hemi-
spherical fingertip and provide analog signals that can
be used to calculate the intensity and centroid of the
contact point(s). The 20 mm diameter sensors can
be sampled at 5 kHz, and have a field of detection of
+75 degrees from the sensor pole. The error is aproxi-
mately £1 degree, although this can change when the
contact area increases during sliding. A calibration
was performed to characterize and remove the nonlin-
earity of the sensor.

As is typical of many robotic fingers, the workspace
was limited and thus a combination of rolling and slid-
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Figure 6: Experimental Apparatus

ing was necessary to move the fingers over the surface
of the object. A hybrid force/velocity control was used
to obtain smooth sliding over flat surfaces with bump
features (0.5-1.5 mm wires placed on the surface).

During motion, joint angle potentiometers were
used to determine the position of the center of the
hemispherical fingertip. The location of the contact
point on the fingertip was then used to determine the
direction of the contact normal, which was filtered to
reduce noise. The center of the fingertip can be sensed
to within £0.2 mm and the contact location can be es-
timated within £0.5 mm. A tension differential-type
torque sensor is used to measure torque in the joints
and calculate the cartesian force at the fingertip.

Because the fingertip is spherical, the contact loca-
tion on the finger gives the tangent and normal of the
rigid surface. The velocity of the fingertip tangent to
the surface and the force normal to the surface were
controlled using a simple proportional law. The fin-
ger moved with an average speed of 0.03 m/sec and a
normal force of 1+ 0.01 N.

4.2.2 Results

Each of the algorithms outlined in Figure 4 was tested
using the data from these experiments. Algorithm (1)
often resulted in false negative identifications because
the estimated surface was obtained directly from the
contact point. Concave curvature features on the ob-
ject were overlooked because of curvature limitations;
the data are these points are automatically smoothed
to the radius of curvature of the fingertip. Using al-
gorithm (2), spikes in the contact normal indicated
the presence of negative curvature (concave) features.
This method does not provide good detection of pos-
itive (convex) features, because the normal direction
does not change as quickly at those points.

Using algorithm (3), features were extracted using
the curvature of the traced surface, then mapped to
an estimated surface. This algorithm performed the
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Figure 7: Feature detection with a robotic finger
rolling/sliding on a 45° surface with a 0.65 mm bump
feature
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Figure 8: Close up of estimated object surface data

best for our application of small bump features on a
flat surface. Figure 7 shows the traced and estimated
surfaces and features detected for a bump on a flat
surface angled at 45 degrees, with a 0.65 mm diame-
ter wire stretched across the surface. Figure 8 shows
a close up view of the unsmoothed estimated object
surface data in a region with no features. The orien-
tation of the object is the same as that in Figure 6.
Algorithm (4) resulted in false negatives for the same
reason as algorithm (1): using the estimated surface to
determine locations with high curvature is not feasible
because of the curvature limitations.

5 Conclusions and Future Work

In this work, we have defined features for the con-
text of robotic haptic exploration with curved finger-
tips. Features may be identified using the curvatures



of traced or estimated surfaces, without tactile sensor
data. In particular, the traced surface described by
a rounded fingertip accentuates concave features on
the object surface. This is an interesting result be-
cause, while we may need contact location data for
stable manipulation control, we do not need them to
recreate the object shape or to identify small surface
features with round fingertips. We also presented defi-
nitions for curvature and macro surface features in this
context and methods for smoothing data based on the
inherent curvature limitations of the physical system.
One area for future work is the development of 3D
haptic exploratory procedures that take advantage of
the feature definitions. For example, if a fingertip en-
counters a ridge, some specific strategies may be used
to determine the size and extent (length) of the fea-
ture. Another possible direction for this work is fitting
the features onto a global object model. If the general
shape of the object is fit to some simple surface, it
should be possible to add the details of fine surface
features using a simple data structure. Finally, we are
studying the display the object global shape and fine
surface features using force- and vibration-feedback.
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