




Fig. 3. Fingers’ actual area of contact with glass illuminated via frustrated
total internal reflection (FTIR). Shown clockwise from top left are the
TangoPlus, Dragon Skin, human, and BioTac fingers.

glass plate mounted in a frame attached to a 6 axis load cell
(Nano17, ATI Industrial Automation Inc., Apex, NC, USA).
The apparatus can move on a linear slider tangentially to the
fingertip surface, and the finger can move perpendicular to
the glass on another slider. Fingers are mounted at an angle
of 45 degrees normal to the glass surface. During quasi-
static experiments, the finger platform moves towards and
then away from the glass plate at a speed of 1 mm/s. For
friction measurements, the finger is fixed to a position for
which the normal force is 0.5 N and the plate is moved back
and forth against the surface of the finger at a speed of 1
cm/s using a servo-controlled linear stage.

During friction sliding experiments, the glass is vibrated
in the direction normal to the finger at a frequency of
32.112 kHz using a ±200 V signal sent to piezoelectric
actuators glued to the glass. This frequency corresponds to
the resonant frequency of the glass plate which maximizes
transverse displacement of the surface reaching ±2.1µm.
Vibration amplitude is monitored during experimements with
another peizoelectric actuator to ensure that differences in
friction levels are not due to damping of the amplitude.

C. Impact Restitution Measurement

As the friction reduction effect is likely to involve short
transient with large relative velocities, an experiment was
performed to measure dynamic behavior of each fingertip
under similar conditions. For this purpose, a second ex-
perimental setup, shown in Fig. 5, was constructed. A 15
g weight was dropped down a linear guide to strike the
finger at a speed of approximately 35 cm/s, on the order of
magnitude of the speed at which the vibrating plate moves in
the friction reduction experiments [25]. The position of the
weight was tracked via a high-speed camera (EX-F1, Casio,
Tokyo, Japan) recording at 600 fps and calibrated against a
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Fig. 4. Friction force measurement setup. Fingers are fastened to a
manually moving linear stage. The glass plate provides transverse ultrasonic
vibration, and is mounted on a servo-controlled linear stage. Interaction
forces are measured by a force sensors.

ruler. The coefficient of restitution was calculated from the
ratio of velocities before and after the initial impact.

III. RESULTS

A. Slow Deformation Experiment

Under slow deformation by contact with a planar surface,
the human fingertip exhibits a highly non-linear hysteretic
relationship between deformation and resulting normal force,
as shown in Fig. 6. In contrast, the stiffer BioTac finger
exhibits a relatively linear force versus deformation relation-
ship with little dissipation. The TangoPlus and Dragon Skin
fingers exhibit quasi-static behavior somewhere in-between.
While still slightly stiffer than the human fingertip, they
exhibit a similar degree of hysteresis, and unloading resem-
bles the hysteretic force-deformation relationship observed
in human fingers [12].

B. Fast Deformation Experiment

Under faster impacts, two different types of behavior are
observed, see Fig. 7. Both the BioTac and Dragon Skin
fingertips cause the weight to bounce upon impact and to
settle after approximately three collisions. Conversely, the
impact on human and TangoPlus fingertips is attenuated and
little rebound is observed. When the weight hits these fingers
it stops abruptly.
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Fig. 5. Impact restitution experiment. The position of the mass impacting
the finger is measured via a high speed camera.
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Fig. 6. Quasi-static response of each finger. Each shows different stiffness
and hysteresis behavior. Due to the same core components, the TangoPlus
and Dragon Skin fingers behave similarly to a quasi-static deformation.

C. Friction Reduction Experiment

To explore the effects of plate vibration on the friction
properties, the friction coefficient was measured for all four
fingers sliding on the glass plate, with and without vibrating
the glass. Significant decreases in the friction coefficient were
observed for both the human and TangoPlus finger, while the
Dragon Skin and BioTac finger exhibited negligible changes.
The coefficient of friction values are shown in Fig. 8.

IV. DISCUSSION

Several past studies have shown that a heterogeneous con-
struction of a fingertip model using the right combination of
material properties closely approximates the deformation of a
human finger, as well as friction properties when in contact
with a non-vibrating surface. However, this low frequency
behavior does not appear to be a good predictor of friction
reduction properties observed when the plate is vibrating at
ultrasonic frequency. The two artificial fingers constructed
for this study had highly similar force displacement curves
under slow deformation, yet exhibited markedly different
trends in friction reduction. And even though the human
finger and the TangoPlus finger did not have identical stiff-
nesses or shapes of their force displacement curves, they both
experienced a significant reduction in friction while the other
two fingers, with even more dissimilar force displacement
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Fig. 7. Vertical position of the weight during collision for each finger.
BioTac and Dragon Skin fingers show highest energy restitution after impact.
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Fig. 8. Effect of ultrasonic vibration on the friction force experienced by
each finger.The human and TangoPlus fingers show the highest reduction
when transverse vibration has a large amplitude.

curves, had a similar lack of friction reduction, see Fig. 7
and 8.

However, at speeds an order of magnitude faster than
the quasi-static conditions, the deformation behavior of the
TangoPlus and Dragon Skin fingers diverge and better predict
their frictional properties. Both the BioTac and Dragon Skin
fingers produce some bouncing in a weight dropped on them
at higher speeds, while the TangoPlus and human finger
dissipate the impact from the first collision. These trends
correlate well with the friction reduction effects on a TPad.
The fingers that absorb impact also experienced higher fric-
tion reduction, while the more elastic fingers, i.e. the BioTac
and Dragon Skin, exhibit almost no reduction of friction.
Figure 9 highlights the relationship of impact dissipation to
the effectiveness friction reduction via ultrasonic vibrations.
In contrast, the stiffness measured in quasi-static conditions
does not show any correlation to friction reduction.

These results suggest that while filling material necessarily
affects slow deformation shape, it has a smaller impact on
friction reduction. Skin material, conversely, played a large
role in susceptibility to friction reduction; the TangoPlus and
Dragon Skin fingers differed only in skin material properties
and had the same thickness and durometer scale stiffness,
yet exhibited markedly different friction reduction behavior.
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Fig. 9. Friction reduction effectiveness compared to quasi-static stiffness
and coefficient of restitution (ratio of weight’s speed after and before impact)
for each finger. Relationship between coefficient of restitution and friction
reduction power is monotonic for the sample of fingertips tested.
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Unsurprisingly, high speed impact behavior predicts be-
havior on a high speed vibrating plate better than slower
deformation properties. Perhaps less intuitively, these pre-
dictions suggest that bouncier fingers are not as strongly
affected by a transversely vibrating surface. An examination
of how a finger might dynamically interact with a TPad
offers a possible explanation of these results. Friction of skin
against glass is known to be principally due to adhesion, and
therefore to scale with true area of contact [26]. Accordingly,
a TPad must, through some mechanism, reduce the time-
averaged area of contact. While it has long been thought
that a squeeze film of air is responsible for this reduction,
the present results suggest a more nuanced picture. The
pumping action that leads to formation of a squeeze film
stems from rapid oscillation of the air gap (indeed, the
classical theory [4] assumes that one surface is fixed while
the other oscillates, ensuring oscillation of the gap itself). In
the case of an elastic skin, it is probable that the skin can
essentially track the vibrations of the surface itself, leading
to a gap that does not oscillate. Added damping, however,
slows the response of the skin, enabling an oscillating gap to
develop. It is also important to understand that the motions of
the TPad surface have extremely small amplitudes (≈ 1µm)
so that elastic effects should be minimal, but rather large
velocities (≈20 cm/sec) so that viscous damping effects are
significant. Ongoing work in our lab is aimed at one, imaging
the gap directly via frustrated total internal reflection (FTIR)
techniques, and two, making measurements in various levels
of vacuum. It is our belief that these measurements will lead
to a more complete understanding of the friction reduction
mechanism.

V. CONCLUSIONS
Two types of artificial fingers were built consisting of

bone, tissue, skin, and outer skin layers. Both were tested for
deformation properties and presence of friction reduction on
a high frequency vibrating plate, and results were compared
to a human fingertip and the BioTac finger. Changes in the
elastic properties of the artificial skin had little effect on
slow deformation, but large effects on both rapid deformation
and friction reduction properties of the fingers. These results
suggest that high speed viscoelastic properties of the shell
of a heterogeneous artificial finger play a large role in the
friction reduction observed with a TPad. Artificial finger skin
with high damping provides a closer approximation of the
frictional behavior of a human finger on a vibrating plate.
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