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ShiverPaD: A Glass Haptic Surface That
Produces Shear Force on a Bare Finger
Erik C. Chubb, Student Member, IEEE, J. Edward Colgate, Member, IEEE,
and Michael A. Peshkin, Member, IEEE
Abstract—We discuss the design and performance of a new haptic surface capable of controlling shear force on a bare finger. At the
heart of the ShiverPaD is the TPaD variable friction device. It modulates the friction of a glass surface by using 39 kHz out-of-plane
vibrations to reduce friction. To generate shear forces, the TPaD is oscillated in-plane (i.e. “shivered”) while alternating between low
and high friction within each cycle. In previous research, the ShiverPaD produced shear forces using in-plane vibrations below 100 Hz.
In this research, we develop a new ShiverPaD that produces force using 854 Hz vibrations, where human sensitivity to vibration is
diminished. The new device is used to display a virtual toggle switch and a variety of virtual edges. A human subject study is conducted
to demonstrate that users can easily trace virtual edges displayed on the surface of the ShiverPaD.
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I NTRODUCTION

T

HE increasing prevalence of touchpad and touchscreen
interfaces in cars, kiosks, personal computers, and mobile
devices has led to growing interest in haptic interaction associated with touch-input devices. The human fingertip is wellsuited to touching, manipulating, sensing and perceiving on
surfaces. The challenge has been to create interface modalities
that exploit natural human fingertip capabilities, but are also
flexible and programmable. Here we use the term “haptic
surface” to describe any device that can display virtual effects
on a physical surface. We review some of the previous work
in “surface haptics” and then present our contribution, the
ShiverPaD.

1.1 Vibrotactile Displays
Perhaps the most basic and ubiquitous haptic surface is a
cell phone vibrated by an eccentric-mass motor. The vibrating
surface can communicate a few bits of information about
incoming calls and button press confirmation. Kim et al.
broadened this concept by using piezoelectric actuation to
present non-sinusoidal profiles [1]. Others have developed
similar haptic interfaces but with different actuation techniques
[2], [3].
Poupyrev et al. [4] introduced a hand-held device with
piezoceramic actuators placed at the corners of the touch
screen. They indicate that a single-cycle sinusoid can create
the haptic illusion of the “click” of a button. Artificial Muscle
Inc. has demonstrated a similar device, but using dielectric
elastomer actuation [5].
1.2 Shape Changing Surfaces
Another category of haptic surfaces can alter their shape.
A dynamic braille display is a classic example. Yang et al.
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created a 6×5 pin array actuated by piezoelectric bimorphs,
capable of 700 µ m displacement [6]. Their haptic experiments
proved that edge shape could easily be communicated through
the array. Kato et al. reduced the space needed for such a
device by creating a 1 mm thick film capable of displaying
braille [7].
The STReSS tactile display developed by Pasquero and
Hayward uses a 10×10 array of piezoelectric actuated contactors that move laterally to create compressive and tensile
strains in the skin of the fingertip [8]. This device can apply
tensile and compressive stresses to different areas of the fingertip simultaneously. Levesque and Hayward’s research indicates
that the fingertip experiences similar stress distribution when
it encounters edges or small bumps [9].
On a larger scale, Harrison and Hudson [10] created a device
that can “pop out” a preset array of buttons for commonly used
features (such as an alpha-numeric keyboard) and then merge
them back into the plane when the display is being used as a
continuous, flat touch screen.
1.3 Variable Friction Devices
A third category of haptic surfaces relies on the principle that
lateral forces can be used to create the illusion of texture and
surface features. This idea was originated by Minsky [11] and
furthered by Robles-De-La-Torres and Hayward [12], both
of whom worked with kinesthetic displays. It has served as
inspiration, however, for a number of variable friction devices.
Yamamoto et al. [13] created a display that uses electrostatics to control frictional forces on the fingertip. The user rests
his finger on a thin-film slider (or thimble) and the frictional
forces between the slider and the substrate are controlled.
Takasaki et al. [14] created a transparent device with a
similar slider-based interface, except that friction modulation
was achieved through 15 MHz surface acoustic waves. The
vibration created a vertical motion on the order of 10nm
that resulted in periodic contact with the hard spheres on
the underside of the slider. The periodic contact reduced the
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perceived friction. A disadvantage to these devices is that they
do not operate on a bare finger.
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1.3.1 The TPaD variable friction device
Watanabe and Fukui [15] developed the first ultrasonic vibrating plate capable of controlling the surface roughness
displayed to a bare finger using the squeeze film effect. A
squeeze film is high pressure air that forms between two
relatively flat surfaces when one is vibrated at high frequency.
If the high pressure overcomes the normal force, then the
objects will be separated by a “cushion” of air. The 76 kHz
vertical motion in Watanabe’s device created a squeeze film
of air that was shown to mask the roughness of fine-grit sand
paper. Biet et al. [16] used an array of piezoelectric actuators
glued to the underside of a metallic sheet. They measured the
amplitude of the out-of-plane vibrations to be about 1 µ m.
Frictional forces can be modulated continuously by adjusting
the amplitude of the vibration.
In a similar approach, the Tactile Pattern Display (TPaD)
variable friction device, is composed of a piezoelectric actuator
glued to the underside of a glass plate [17]. There is convincing
preliminary evidence that a user actively exploring the surface
of a TPaD can experience the haptic illusion of textures and
surface features such as smooth bumps.
One disadvantage of all variable friction devices is that they
can only produce force antiparallel to the direction of motion.
1.4 Tractive Devices
Again leveraging the idea that lateral forces can be used to
create the illusion of surface features, Wang et al. introduced
a Haptic Overlay Device (HOD) for touchscreens [18], [19].
The user operates the HOD by bringing a finger into contact
with the overlay material. The overlay is connected to drive
rollers which can translate the overlay and create surface haptic
effects. One difficulty with this device is that the overlay must
be made significantly larger than the touch surface to prevent
it from running out of travel. For the same reason, the display
must be quickly returned to the home position after the finger
is lifted. With the ShiverPaD we hope to display haptic effects
similar to the HOD, but without the issues associated with
limited travel.
1.5 The ShiverPaD: A new Haptic Surface
The ShiverPaD is a device comprised of a TPaD (discussed in
Section 1.3.1 and 2) and the mechanisms required to “shiver”
it in-plane. It creates a net force on a finger by alternating
between low and high friction at the same frequency that the
TPaD is oscillated in-plane. During each low friction phase
the TPaD slips beneath the finger without applying significant
force. During each high friction phase an impulse is provided
to the finger. The time average of these impulses creates a nonzero net force. In Figure 1 the process for creating a rightward
net force is illustrated.
The original ShiverPaD (introduced in [20]), used vibrations
below 100 Hz, which created a strong “vibration artifact” in
addition to the net force. In an effort to reduce this artifact,
we have increased the frequency. As predicted by Bolanowski

(a) Rightward movement
with high friction

squeeze film
of air

(b) Leftward movement
with low friction

Fig. 1. The method for generating a rightward net force.
[21], we experienced peak sensitivity around 300 Hz, and
consequently moved to higher, less perceptible, frequencies.
The ShiverPaD described in this paper runs at 854 Hz. The
perception of vibrations has not completely disappeared, but
is significantly reduced compared to the previous device.
Like the Haptic Overlay Device discussed above, the ShiverPaD can actively apply force to a finger regardless of the
direction of finger motion. This is in contrast to variable
friction devices that can only produce forces antiparallel to
the direction of finger motion. Unlike the HOD, the ShiverPaD
can do this without the issue of running out of travel. Like pinarray-type shape changing surfaces, the ShiverPaD is capable
of creating the haptic illusion of edges and surface features, but
can be made transparent and does not require the mechanical
complexity.
In this paper we discusses the design and performance of a
1DOF ShiverPaD (Section 2 and 3), demonstrate some virtual
environments (Section 4 and 5), and report on a short human
subject study (Section 6) to show that users can easily find
and trace virtual edges displayed on the ShiverPaD.

2

T HE S HIVER PA D D EVICE

The four components of our ShiverPaD prototype are labeled
in Figure 2, and defined here,
1) The voice coil provides the actuation for the in-plane,
or “shiver”, motion.
2) The linear slide ensures that the motion is constrained
to the x-direction.
3) The “shiver spring” together with the mass of the TPaD
creates a simple harmonic oscillator. The amplification
at resonance is leveraged to achieve greater lateral
oscillation amplitudes.
4) The TPaD is a variable friction display capable of
altering friction on the millisecond time scale or better.
The final component of the ShiverPaD (not shown in
Figure 2) is the finger position sensor. This laser based system
is capable of reporting both x and y finger position. The
construction and capability of the finger positioning sensor
are discussed further in Section 2.1.1.
The voice coil provides sinusoidal forcing at the resonance
of the system causing the TPaD to oscillate in the x-direction
at 854 Hz with an amplitude of approximately ±20 µ m.
The voice coil is an Equipment Solutions VCS10H, capable
of 6.7 N max continuous force and 25 W max continuous
power, but most experiments were run at approximately 70%
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ratio between the lower mass (2.4 kg) and the upper mass
(0.063 kg). Therefore the amplitude of vibration of the upper
half is 38 times greater than the lower half, making the lower
half’s vibrations negligible.
Figure 3 is a line drawing of the actual device. Here it
can be seen that the conceptual springs shown in Figure 2 are
actually leaf springs. The natural frequencies of the system can
be adjusted by changing the thickness of the leaf spring. Also
note that the force sensor height is adjustable and compliant
in order to reduce off-axis loads on the force sensor.
Force sensor

Fig. 2. Conceptual schematic of the ShiverPaD. The
purpose of the components outside of the dashed gray
rectangle is to measure the forces applied to the finger.
Force Sensor Height Adjustment

of maximum power. The position of the TPaD is measured
by a sub-micron resolution linear displacement sensor integral
to the voice coil. This displacement sensor was used only for
post-process analysis, and is not necessary for the real-time
control of the ShiverPaD.
The value of 854 Hz was chosen because the combination of
moving mass and structural compliance did not permit a significantly higher resonant frequency, regardless of the choice
of shiver spring. Using the mass and natural frequency, it can
be calculated that the combined stiffness of the shiver spring
in series with the spring attachment structure is 1.8 kN/mm.
Friction is modulated on the glass surface of the TPaD
by applying a 39 kHz sinusoidal voltage to the piezoelectric
element mounted on the underside of the glass. The 39 kHz
signal is generated by a AD9833 waveform generator chip
and amplified to ±40 V using an audio amplifier. When
applied to the piezoelectric, it causes resonant vibrations of
the glass plate. As discussed earlier, these vibrations produce
a squeeze film of air underneath the fingertip, leading to a
reduction of friction. Winfield et al. [17] found that at high
excitation voltages the friction between the glass and a finger
is approximately µ = 0.15, while at zero voltage, the surface
has the friction of normal glass (µ ≈ 0.95).
The purpose of the remaining components illustrated in
Figure 2 is to measure the force applied to the finger. The
entire ShiverPaD assembly is placed on an ultra-low friction
sled. The sled consists of 3 steel balls sandwiched between
two precision-ground steel plates. When the ShiverPaD applies
force to the finger, the reaction force that keeps the sled from
moving is supplied through the force sensor. Therefore, the
DC component of the force sensor reading is equivalent to
the DC force on the fingertip. The force sensor is a 1DOF
tension/compression load cell with ±250 g range. The brass
mass and the low stiffness spring shown in Figure 2 act as
a mechanical low-pass filter to the force signal. Since their
resonant frequency is approximately 13 Hz, force readings
with frequency content well below 13 Hz are reliable.
The brass mass serves a second function. Since the lower
half of the ShiverPaD is not grounded, it oscillates in reaction
to the upper half oscillating. The brass mass ensures a high

Low-stiffness spring
Shiver spring
Linear slide
TPaD
Voice
coil

Fx

Ø25mm
75mm
Brass mass
Sound insulating foam

Precision ground steel plates

Fig. 3. The ShiverPaD device and the force sensing
system.
Since the device vibrates at 854 Hz, it emits audible sound
at the same frequency. The foam sandwiched between the mass
and the sled reduces the transmission of vibration to the table
and the surroundings.
The ShiverPaD in Figure 3 has significant surface area
transverse to the axis of shiver motion. Like a speaker, the
transverse area is effective at radiating sound. Ear protection
is not needed, but lengthy exposure is tiresome. During the
human subject trails (Section 6), the subjects were offered the
use of ear protection. All subjects declined.
We predict that the sound volume could be significantly
reduced by minimizing the transverse area of the vibrating
parts. Since the parts set into shiver motion could theoretically
be reduced to a sheet of glass, a piezoelectric, and a miniature
actuation device, it is conceivable that the transverse area could
be reduced by an order of magnitude or more.
2.1 Electronics and Control
A PIC chip used for controlling the ShiverPaD generates the
854 Hz sinusoidal signal for the voice coil, and issues the
command to the wave form generator to start/stop the 39 kHz
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signal. Since it provides both functions, it can dictate the phase
relationship between the TPaD’s friction level and the lateral
motion. The PIC’s loop-time is not constant, and depends on
the length of the code branches executed, but is typically less
than 60 µ s.
The output of a laser-based finger positioning system (Section 2.1.1) is passed to the control algorithm in the PIC chip.
The force applied to the finger can be altered in real-time
based on the finger position.
2.1.1 The finger positioning system
At any instant in time, the entire ShiverPaD surface is forcing
in one direction and magnitude. In other words, it displays
a spatially constant force field. To create the illusion of a
spatially varying force fields, finger position is used to vary
force as a function of location.
The finger positioning system for the ShiverPaD must have
high spatial resolution to ensure that virtual environments can
be consistently rendered. Commercially available IR devices
had resolutions too low to be useful, therefore, we developed
the laser-based finger positioning system shown in Figure 4.
It has a workspace of 49mm×49mm, an update rate of 2 ms,
and a resolution around 0.1 mm. The workspace of the finger
positioning system is placed 2 mm above and parallel to the
ShiverPaD’s glass surface.

Workspace

49mm

49mm

Laser line
generator

2.1.2 Achieving fast transitions between low and high
friction levels
To create a net force, the transition between friction levels
must occur in much less than one half of a shiver oscillation.
Therefore, as shiver frequency increases, both the low-tohigh and high-to-low friction transition speeds must increase
similarly. We were able to improve the low-to-high friction
transition with the addition of electrical damping. We accomplished this by connecting a tuned inductor-resistor circuit to
the piezoelectric actuator [22] [23]. With this circuit, the ring
down time of the TPaD glass was reduced by a factor of 7.
By intermittently connecting the circuit, we are able to increase the damping during the ring-down period, while leaving
it unaffected otherwise. The increase in damping improved the
rate of transition from low to high friction, without affecting
the amplitude or energy consumption during the low friction
phase. The circuit is described in detail in [24].
To determine the efficacy of the inductor-resistor network,
we ran tests on three different systems.
1) In the Open Circuit (or baseline) condition the TPaD
glass is allowed to ring down without control.
2) In the Resistor Only condition an optimally tuned
resistor is switched in and out of the circuit.
3) In the R-L Circuit condition the full R-L circuit is
switched in and out of the circuit.
The plots in Figure 5 demonstrate how the three different
damping methods affect the decay of the TPaD oscillations.
The amplitude data is the voltage generated by a second,
smaller piezoelectric glued to the glass and used exclusively
for sensing. This data comprises a little less than a full shiver
cycle (854 Hz vibration in the x-dirction), but it is possible to
see one instance of the TPaD turning on and one instance of
it turning off – these time points are indicated.
TPaD On

Volts

10

Linear
array of
photodiodes

0
−10
Resistor Only
10

Volts

Sheet of
parallel light

Open Circuit

TPaD Off

Fresnel lens

0
−10
R−L Circuit

Each laser line generator creates a planar “fan” of laser
light. The cylindrical Fresnel lens redirects the divergent fan
of light into a sheet of parallel light which travels just above
the haptic surface and strikes a linear photodiode array.
A dedicated PIC chip is used to acquire and analyze the
data from the linear photodiode array (TAOS TSL1406R). The
light intensity at each pixel along the linear array is transmitted
to the dedicated PIC as an analog value. The PIC calculates
the centroid of the finger’s shadow and outputs an analog
voltage proportional to the finger position, which is read by
the ShiverPaD’s primary control PIC.

Volts

Fig. 4. The laser-based Finger Positioning System.

10
0
−10
−0.1

0

0.1

0.2

0.3
0.4
Time (ms)

0.5

0.6

0.7

Fig. 5. The effect of the damping circuit on the unforced
ultrasonic TPaD oscillations. The oscillations are damped
by the “resistor only” circuit, and even more heavily
damped by the R-L circuit.
Adding the inductor-resistor network was found to improve
the ShiverPaD’s ability to generate net force at the fingertip by
31% at 854 Hz [24]. All of the data presented in this paper use
this optimized R-L circuit to improve the peak force capability.
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It should be noted that the data in Figure 5 are taken
without a finger in contact with the TPaD. As the normal force
between the finger and the TPaD increases, the damping of
the ultrasonic vibrations increases. At especially high normal
forces, the net effect of the R-L circuit may be reduced below
31%.

3

C HARACTERIZATION

OF

F ORCE G ENERA -

TION

As described in Section 1.5, to produce a net force, the TPaD is
set to high friction while its velocity is in one direction and set
to low friction when its velocity is in the other direction. Here
we broaden that concept and demonstrate that by changing the
duration and phasing of the TPaD on/off signal, we are able
to control the direction and magnitude of the net force.
3.1 Definition of Φdur (Duration) and Φcen (Phasing)
Changing the fraction of the cycle for which the TPaD is on
changes the magnitude of the net force. We define Φdur as the
fraction of the full cycle where the TPaD is on (low friction),
and measure it in degrees. It is defined graphically in Figure 6.
Changing the phase delay between the lateral velocity and
the TPaD on/off signal can change both the direction and
magnitude of the net force. In this paper we use it only to
change the force direction. It is most convenient to characterize
the phase delay by the phase angle of lateral velocity at the
center point of the TPaD-on pulse. This point is defined as
Φcen , and is also defined in Figure 6.
150

0

To determine how duration and phase affect the magnitude
of the net force, 256×25 points were tested in the Φcen Φdur domain. Figure 7 summarizes the data. To determine
if the TPaD was in the high or low friction state, voltage
from a dedicated sensing piezoelectric was rectified and then
a threshold applied. This is advantageous because the sensing
piezoelectric only produces a voltage once the TPaD is truly
oscillating. Therefore, the Φcen and Φdur values reported are
free from the influence of both control latencies and TPaD
dynamics.
As expected, when the TPaD is in its high friction state for
the whole cycle (Φdur = 0◦ ), zero force is produced because
the finger is pushed leftward as much as it is pushed rightward.
Similarly, when the TPaD is in its low friction state for the
whole cycle (Φdur = 360◦ ), the squeeze film isolates the finger
from the lateral movement of the TPaD for the entire cycle
and no appreciable force is applied to the finger. As predicted,
the peak force values occur when duration is near half of the
full cycle (Φdur = 180◦ ).

Force (mN)
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glass surface is positive and absent when the lateral velocity
is negative (or vice versa). If there are no delays in the
system, we would expect that (Φcen , Φdur ) = (90◦ , 180◦ ) would
produce the greatest rightward force, and (270◦ , 180◦ ) would
produce the greatest leftward force.
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Fig. 6. Φdur is the fraction of the cycle when the TPaD
is on. Φcen is the phase angle of lateral velocity half way
between the TPaD on and off points. In this example, the
TPaD turns on at 20◦ and remains in the on state for a
little over half of the cycle (Φdur = 220◦ ) and turns off at
◦
◦
.240 . Therefore, Φcen = 130

3.2 The Effect of Phasing and Duration on Force
We hypothesize that maximum force will be produced if
the squeeze film is present when the lateral velocity of the

0

0

0

90

0

180
Φcen (deg)

0

0

270

360

Fig. 7. The contours are the equa-force lines measured
in mN. Peak force values occur near Φdur = 180◦ . As
Φcen is changed, the net force shifts from rightward to
leftward and back again. The thick dotted lines indicates
the subset of the Φcen -Φdur domain used in the control
strategy.

Moving along the x-axis of Figure 7 we see that the
optimum leftward force is produced at Φcen ≈ 50◦ , which is
40◦ less than expected. In fact, the whole surface is shifted
40◦ in the negative direction. We speculate that the need for
this phase advance compared to our expectations is due to the
time required for the squeeze film to form or decay.
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3.3 The Control Strategy

3.4 Discussion of Normal Force

To control the force produced by the ShiverPaD in real-time,
it is best to create a mapping from the desired force to the
values of Φcen and Φdur that produce it. To create maximum
magnitude forces, we use the peak points from Figure 7.
To create zero force, we get to choose among the many possible zero-valued points in the Φcen -Φdur domain. By choosing
Φdur = 360◦ to create zero force, the squeeze film continually
isolates the user from the underlying shiver vibrations making
them nearly unnoticeable.
Joining the peak and zero points creates the subset of
the Φcen -Φdur domain we use to control the direction and
magnitude of force. The subset is denoted by the dotted line
in Figure 7.
To keep the real-time code simple we use linear interpolation between the peak and zero force values. Figure 8(a) is
the mapping used to translate the virtual environment force
requests to the low-level ShiverPaD control parameters, Φcen
and Φdur . Figure 8(b) is the actual force produced by this
mapping.

Since the ShiverPaD leverages frictional forces, the normal
force between the finger and the glass can affect the production
of lateral force. For example, in [20] we used a proxy finger
to find that the upper bound on the lateral force production is
a function normal force. The ShiverPaD device used in this
paper measures the forces on real fingers rather than a proxy
finger, but does so at the expense of losing the normal force
information.
For simplicity we have said lateral force is controlled, but it
is probably more accurate to say that the ShiverPaD controls
“normalized lateral force” (Fx /Fz ). We have not noticed a loss
of control capability due to this difference, perhaps because
people tend to scan the surface with relatively constant normal
force [25].
For most of the results in this paper, normal force is irrelevant, but for the data in Figure 7, it was important to maintain
a constant normal force throughout the experiment. The data
collection for this particular experiment was performed with
a finger support device. It kept the finger stationary, and
supported the weight of the arm and hand, making the control
of normal force easier. By using the peak force values from
Figure 7, the equation developed in [20], and the coefficient
of friction values found in [17] we can estimate the normal
force used to be approximately 300 mN.
In an effort to wash out the normal force effects, the plotted
surface in Figure 7 is the average of several runs. While
variation from run to run occurs, the standard deviation in
force is less than 20 mN over the entire Φcen -Φdur domain, and
the overarching shape of the surface is consistent in every trial.
Some of the standard deviation data can be seen in Figure 8(b).

360

Degrees

270

180

90

Φdur (deg)
Φcen (deg)

0

−Fmax

0
Force Request

Fmax

(a) The mapping used to translate a force request to the low-level
ShiverPaD control parameters, Φcen and Φdur . When these values of Φcen
and Φdur are plotted against each other they form the subset indicated
Figure 7.

Actual Force (mN)

100

0

Mean Force
±1σ

−100
−Fmax

0
Force Request

Fmax

(b) The actual forces produced when the mapping in (a) is used. The Mean
Force is extracted from the data in Figure 7 by taking the values along the
subset used for control.

Fig. 8. The control strategy and the actual force it produces.
In summary, as the finger moves through a virtual environment, Φcen takes on one of two discrete values depending
on whether the requested force is leftward or rightward. To
change force magnitude, Φdur is modulated between 180◦ and
360◦ .

3.5 Discussion of Finger Velocity
Theoretically, as the finger’s velocity approaches the ShiverPaD’s peak velocity, no force can be applied in the direction
of motion. If high finger exploration velocities are expected,
then higher oscillation velocity will be required to achieve the
target force.
Since the ShiverPaD oscillates at 854 Hz and ±20 µ m,
the peak surface velocity is roughly 10 cm/s. In our experiments there was no indication that finger velocity affected
the perception of forces. This is probably a result of the
ShiverPaD’s small workspace (roughly 15 mm in diameter),
which tended to limit finger exploration velocities. Over the
course of the entire human subject trial in Section 6, the
subjects’ exploratory finger motion exceeded 3.0 cm/s for only
0.4% of the experiment.

4

D ISPLAYING

A

TOGGLE S WITCH

Since the ShiverPaD is effectively a source of force, it is
possible to display any arbitrary force field. To provide an
example of this capability, we have chosen to display a virtual
toggle switch.
In [20] we use 40 Hz shiver motion to demonstrate the
implementation of line sink force fields (where all forces point
towards a line) and line sources (where all forces point away
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from a line). On the 864 Hz ShiverPaD, we have created a
new force field that is a collection of two line sinks and one
line source (see Figure 9(a)). Like a toggle switch, this field
has two low potential positions with an unstable high potential
position between them.
2 line-sinks

y
x

1 line-source

(a) The toggle force field as displayed on the surface of the ShiverPaD.
100
Force (mN)

50
0
−50
−100

Raw data
Averaged data
−4

−2

0
X position (mm)

2

real edge, the guiding forces keeping the finger constrained
to the edge are roughly orthogonal to the direction of travel.
Since variable friction displays cannot create forces orthogonal
to the direction of travel, the haptic illusion of edge following
is not possible. On the other hand, the ShiverPaD is capable
of creating forces orthogonal to finger motion so it has the
potential to display edge-like features.
In Figure 10 we show how two different contours (or
“edges”) can be displayed using the ShiverPaD. The line-sink
force field can also be viewed as a vertical line (Figure 10(a)).
Since the entire dashed line has the same low potential, it
is easy to run a finger along its length. The notch contour
(Figure 10(b)) would likely be best displayed by creating a
force field always normal to the dashed line, but this is not
possible because the ShiverPaD is limited to left-right forcing
directions (a limitation that future prototypes will not have).
We found that lines greater than 45◦ from the vertical did not
produce convincing edge effects. For this reason, all of our
contours are composed of line segments which are less than
37◦ from the vertical.

4

(b) Real force data generated by repeatedly moving a finger through the
toggle force field. Four times left-to-right and four times right-to-left.

Potential (µJ)

20
0
−20
−40

(a) The line contour

−60
−4

−2

0
X position (mm)

2

4

(c) The potential function here is the integral of the averaged data in (b).

Fig. 9. Three different ways to view the force field used to
display the toggle switch.
When a finger is on the surface, it tends to be pushed away
from the high potential line source, and naturally gets pulled
into a stable position in one of the line sinks. Therefore, when
trying to move the finger back and forth smoothly, it naturally
“flips” between the two low potential areas. It approximates
the feel of flipping a toggle switch.
By slowly sweeping a finger back and forth across the
virtual toggle switch several times, we find force as a function
of position (Figure 9(b)). To provide a more intuitive idea
for the tactile experience, Figure 9(c) is the integral of the
averaged force data. This integral isR called the “potential
function”, and is defined as V (x) = F(x) dx, where F(x)
is the force on the finger as a function of position, x. In
Figure 9(c) we see the two stable positions of the toggle switch
as the two minimum points of the potential function (located
at approximately ±2 mm).

5 I NTRODUCTION
S HIVER PA D

TO

E DGE T RACING

ON THE

The edges of a button give us important information about the
shape and location of the button. During the exploration of a

(b) The notch contour

Fig. 10. The force fields used to display two edge-like
contours.
Although the deviations in some of the contours we display
on the surface of the ShiverPaD are quite small (0.5 mm), they
can be distinguished easily because of the way the ShiverPaD
displays its force. As discussed in Section 2.1.1, at any instant
in time, the ShiverPaD has a constant force field across its
surface. An interesting consequence to this method of force
generation is that features much smaller than the finger pad
are experienced across the whole fingerpad. A real-life analogy
to this experience is described in Figure 11.

Fig. 11. The authors’ interpretation of the ShiverPaD
experience while edge following. Here a magnet on the
fingertip interacts with a strip of ferromagnetic material
embedded below the surface of the glass

TRANSACTIONS ON HAPICS, VOL. X, NO. X, MONTH 2010

6 H UMAN S UBJECT
E DGE S HAPE

T RIALS :

8

D ETECTING

To demonstrate that the ShiverPaD improves edge-following
capability, an experiment was conducted to show that subjects
are faster at finding, and more accurate at tracing contours with
the ShiverPaD when compared to the TPaD variable friction
device.
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6.1 Experimental Protocol
The protocol was reviewed and approved by Northwestern
University’s IRB. All subjects gave informed consent. Five
subjects participated in the experiment. They were male members of the authors’ lab between the ages of 19 and 25. Three
subjects had little or no experience with the ShiverPaD before
the experiment and two had a moderate level of experience.
6.1.1 The learning trials
During the learning trials, contour numbers 0, 4, and 8 from
Figure 12 were displayed to the subject using both the TPaD
and the ShiverPaD. The experimenter indicated the contour
being displayed by pointing to it on a paper printout of
Figure 12. The subject explored the contour until he was
confident that he could trace it. The experimenter then checked
that the subject found the contour by overlaying the subject’s
x-y finger position on the contour (creating a plot similar to
those in Figure 13). If it was clear that the subject had not
successfully found the contour, the experimenter asked the
subject to attempt it a second time. No subjects required a
third attempt. This process was completed for both the TPaD
and the ShiverPaD.
6.1.2 Primary experiment
After the learning trials, the print-out of Figure 12 was hidden
from view. Each of the subjects was asked to trace the 10
contours shown in Figure 12 using both the ShiverPaD and the
TPaD. The 10 contours were presented in randomized order.
In total, 50 paired trials (100 trials) were conducted. In each
pairing the subject and contour shape were the same, but the
guidance method was different (either TPaD or ShiverPaD).
Before the trials began, the subjects were given the following instructions,
1) At the beginning of each trial, you will be given a verbal
indication that you can place your finger on the surface.
2) Explore the surface until you feel sufficiently able to
trace the contour.
3) Trace the contour 4 times (e.g. trace it up-back-up-back).
4) Remove your finger from the surface.
Three of the subjects were presented with the 10 ShiverPaD
contours followed by the 10 TPaD contours. The order was
reversed for the other 2 subjects.

10mm
9

Fig. 12. The 10 contours displayed to the subject in
random order. The small circle is a surface mounted
sensing piezoelectric and the large circle is the edge of
the TPaD.

(a) TPaD

2mm

(b) ShiverPaD

Fig. 13. Data from a single subject. The randomization
has been removed for easy comparison.

6.2 Results
It is evident from the visual inspection of the raw data,
that there is an improvement in accuracy when using the
ShiverPaD. Figure 13 is the data from a one of the subjects
naive to the ShiverPaD.

Two metrics were used to determine the subject’s ability to
trace the contour.
1) t f ind (sec) is the time when the subject begins tracing
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the contour for the last 4 times before lifting his finger.
The timer starts when the subject first places his finger
on the surface (t = 0).
2) SSES (mm) is the Square
q root of the Sum of the Error
Squared. It is defined as (Σe2xi )/n where exi is the error
in x-position for each time-step, and n is the number of
time-steps. It is calculated between t f ind and the time
when the subject lifts his finger off of the surface.
It can be seen in the aggregate data in Figure 14 that when
using the ShiverPaD, there was a 35% decrease in the time to
find the feature (t f ind ) and a 47% improvement in the tracing
accuracy (SSES). A paired t-test was used to find the p-values.
The pairing and the calculated p-values are indicated in the
Figure. Their extremely low values indicate a high level of
statistical significance.
EffectOnMean=−47%
p<0.001

EffectOnMean=−35%
p<0.001

1.5
50

40
tfind (sec)

SSES (mm)

1

30

20

0.5

10

0

TPaD

ShiverPad

0

TPaD

ShiverPad

Fig. 14. The aggregate results from 5 subjects. The pvalues were computing using a paired t-test. The pairings
are shown by the light gray lines. The raw data, the mean,
and the ±1σ are plotted.
To determine if the order of presentation had an effect on
performance, the data was split into two groups: those who
were presented with ShiverPaD contours first, and those who
were presented the TPaD contours first. Analyzing the data in
this way did not affect the conclusions. In both groups, the
percentage decrease was similar to the aggregate data, and the
p-value indicated significance in all cases.
Out of the 50 paired trials, there was one ShiverPaD trial
with an extremely high SSES. It was the first ShiverPaD trial
for this particular subject. In the trial, the subject never found
the contour and made a guess that was a long distance from
the actual displayed contour. The outlier has been removed
from the data in Figure 14 leaving 49 paired trials. Inclusion
of the outlier does not drastically effect the p-values.
The subjects were not explicitly asked to discuss their
experience, but two of the naive subjects commented that they
were very uncertain about their ability to trace the contours
on the TPaD and three of the subjects commented that they
thought they successfully found the ShiverPaD contours.
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C ONCLUSION

The ShiverPaD is capable of applying and controlling shear
force on a finger. As with any controllable force source, it
allows us to display force fields of our choosing when coupled
with finger position feedback. We have demonstrated this
by implementing a virtual toggle switch composed of line
sources and sinks, which are perceived as 3D protrusions and
depressions.
We have also demonstrated that the ShiverPaD is capable
of displaying edge-like contours and that subjects naive to the
device are able to locate and trace contours with only minimal
training. An extension of the ShiverPaD technology could be
used to display the edges of buttons on touch-screens and
touch-pads – allowing people to find the location and shape
of buttons through haptic exploration.
The concept of the ShiverPaD is easily extended to a second
axis of force production by moving the TPaD in both in-plane
directions. One means of achieving this is to “swirl” the TPaD
in small, in-plane, circles. Since the velocity vector passes
through all 360◦ during the swirl, it is possible to create forces
in any in-plane direction. Work on a two-axis version, called
the SwirlPaD, has already produced forces in both in-plane
directions.
Other future work for ShiverPaD technology includes,
• Creating larger TPaD surfaces.
• Reducing audible noise.
• Further reducing the perception of vibration.
• Increasing force magnitude.
There are still challenges, but our ShiverPaD prototype is
a significant step towards a visually transparent haptic surface
capable of applying any arbitrary shear force to a finger. This
device would have the capability of displaying 2D worlds
composed of springs, dampers, masses, and force fields; it
would enable the creation of illusory 3D features like bumps
and toggle switches; and allow the user to trace the virtual
edges of buttons and other features.
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