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Fig. 3  Contour surface for a constant
force. When the subject touches the
stimulus shape with constant force F, the
locus of the cursor follows the surface
shown in solid lines.
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Fig. 1  Sectional image of the stimulus.
Angle α defines the size of each tangent
plane that approximates the cylindrical
surface. Black dots denote cursor
positions and dark gray arrows show
feedback force directions for Cylindrical
(left) and Linear (right) conditions.

Fig. 2  Results. (Error bar: SD)

Fig.4  (RIGHT) d calculated for threshold angle and applied force.

(a) Cylindrical

Introduction
The effect of spatial resolution in haptic rendering [1] 
remains to be well understood or studied. How much 
resolution is actually required? How sensitive are human 
beings?      To answer such questions, we conducted 
psychophysical experiments to measure absolute 
thresholds of haptic smoothness in perceiving curved 
surfaces presented by two point-contact type force 
feedback devices with different spatial resolutions.

Experiments
Apparatus :The stimulus (Fig.1) was a polygonal 
approximation of a cylindrical surface by tangent planes. 
It was displayed haptically using PHANToM 1.0 T 
(nominal positional res.: 0.07mm) and A (0.03mm) 
(SensAble Technologies, Inc.). Subjects touched the 
stimulus and responded "yes" if they felt it to be a 
smooth cylindrical surface and "no" if not. Resolution 
angle α was varied in 1-degree increments and 
threshold angles of surface smoothness were measured 
by the method of limits. To avoid the effect of haptic 
bump mapping, the direction of feedback force was force 
shaded.[2]

Parameters : Radius of stimulus: {30, 60, 90, 120} (mm); 
Surface stiffness: 0.5 (N/mm); Force shading: 
{Cylindrical, Linear}. In the "Cylindrical" condition, the 

feedback force vector magnitude was the surface stiffness 
(0.5 N/mm) times penetration depth of the cursor into the 
stimulus (mm) and its direction was that of an actual 
cylinder. In the "Linear" condition, the feedback force vector 
was a linear interpolation of two vectors to the first and 
second tangent planes nearest to the cursor (Fig. 1). Force 
applied by subjects was also recorded at several points on 
the stimulus.

Results
Fig. 2 shows that the threshold angle is positively 
proportional to the curvature (1/radius) (R=0.7-0.9). The 
analysis of covariance on their regression lines showed that 
(1) inclinations do not differ statistically (p<0.4), (2) two lines 
for the Linear condition do not differ (p<0.9), and (3) line 
pairs {T-Cyl., A-Cyl.} and {T-Cyl., T-Linear} are different 
statistically at 1% level. The magnitude of applied force was 
almost constant over the surface (about 0.7-1.0 N), but 
depended strongly on the individual subject. It is weakly 
positively proportional to the radius.

Discussion
Since the applied force has a constant magnitude, the 
shape that the subject actually touches should be a "contour 
surface" for force magnitude F (Fig. 3). Let d be the 
maximum difference between the contour surface and a 
cylindrical surface inscribed in it. Fig. 4 shows d calculated 

for measured threshold angles and their force 
magnitude. In conditions other than T-Cyl., d is 
independent of curvature and nearly equal to 
0.1mm. Interestingly, their distribution shown by 
SD seems to be "digitized" by the spatial 
resolution of equipment.

Conclusion and Future Wor k


When the direction of feedback force is C1 or 
more continuous, perception of haptic 
smoothness of a cylindrical surface is defined 
by the height of "bumps" on the surface, and its 
absolute threshold is about 0.1 mm. The value 
is useful for haptic display design and shape 
simplification. Our future work includes 
experiments on perceiving doubly curved 
surfaces and human sensitivity in the time-
domain. 
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