
Fingertip Ultrasonic Array for Tactile Rendering
Jace Rozsa

Department of Electrical and Computer Engineering
Carnegie Mellon University

Pittsburgh, USA
jrozsa@andrew.cmu.edu

Sarah Costrell
Department of Mechanical Engineering

Carnegie Mellon University
Pittsburgh, USA

scostrel@andrew.cmu.edu

Melisa Orta Martinez
Robotics Institute

Carnegie Mellon University
Pittsburgh, USA

mortamar@andrew.cmu.edu

Gary K. Fedder
Department of Electrical and Computer Engineering

Carnegie Mellon University
Pittsburgh, USA
fedder@cmu.edu

Abstract—A miniature haptic stimulation device utilizes fo-
cused ultrasound to deliver a tactile haptic sensation to the
finger. The 1-3 piezocomposite device has a 1 cm2 footprint,
which is an order of magnitude smaller than other ultrasonic
haptic devices and is a good candidate for wearable tactile
rendering systems. The device focuses energy to a 1 mm3 voxel.
The current prototype was validated with a small, preliminary
human subject study and requires an average input voltage
of 68.8 V to elicit tactile sensation. The sensory drive voltage
threshold will decrease with future refinement of mechanical
impedance matching and focusing.

Index Terms—haptics, ultrasound, piezocomposite

I. INTRODUCTION

Haptic technologies play a crucial role in many modern
systems, from user electronics to virtual reality. In cooper-
ative robotic applications, haptics is used to communicate
important information to the user about the environment in
which the robot is operating [1], [2]. This information is
typically transmitted in two modes: kinesthetic (larger forces
applied to the user which are felt in joints) and tactile (forces
imparted to the skin, the focus of the current work). For
tactile haptics, the device ideally is able to provide a stimulus
without inhibiting the user’s range of motion. In other words,
tactile devices must be wearable. Therefore technologies that
are lightweight, low-power, and small are desirable [3]. Addi-
tionally, the stimulus must be able to convincingly mimic real
world surfaces and textures. These two requirements have
proven challenging for current technologies [4].

Contemporary tactile devices are still far from recreating
reality in a satisfactory manner [5], [6]. The majority of tac-
tile stimulation technologies rely on actuators which impart
a force to the skin through direct physical contact [7]–[11].
These actuators are typically worn on the finger along with
the electrical components which drive the motors [6], [9],
[12]. Hydraulic [13], shape memory [6], and vibrating motor
[4] actuators have been incorporated into large-scale arrays
and are used to simulate movement across the skin such

as a caress. These devices typically incorporate individual
actuators on the scale of millimeters to centimeters in size.

Such large individual actuators are bulky and awkward to
wear [14]. Miniaturization challenges exist in scaling me-
chanical actuators into arrays for small areas like fingertips.
Many actuators must be physically anchored in order to
produce forces large enough to be sensed [9]. For wearable
applications, this often places a limit on how small individual
stimulators can be, as extra hardware for physical anchoring
takes space. Actuation for haptics also suffers from problems
of localizing the stimulus [10]. If one actuator is triggered it
can often be felt in a larger area beyond the point of actuation.
A spatially imprecise stimulation can reduce the effectiveness
of haptic rendering.

As an alternative to mechanical actuators, ultrasonic waves
can be used to stimulate tactile sensations [15]. In such
applications, energy is transferred from the impinging wave
to the surface of the skin through the acoustic radiation
force [16], delivering a tactile sensation to the user. Mid-air
ultrasonic haptic devices are a common application which
exploits this mechanism [17], [18]. In such applications,
a large array of ultrasonic transducers focuses ultrasonic
power at a given point in space, typically using a phased
array technique [19], [20]. A tactile sensation is felt when
the focused ultrasonic waves impinge on the skin of the
user. Because the frequency range of ultrasound is outside
the sensitive range for human mechanoreceptors, the carrier
signal must be modulated, either spatially or temporally, at
frequencies under 1 kHz [9], [21]. In order to overcome the
high attenuation of ultrasound in air, these devices are large
(typically over 100 transducers are used, with each transducer
having a footprint on the order of a square centimeter) and
have high power requirements, with peak power consumption
reaching 80 W for some systems [22].

One example of an attempt to remedy the limitations
of operating in air involved placing ultrasonic transducers
directly on the back of the hand, driving ultrasonic energy
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through the tissue and bone, and focusing to a point on the
palm [23]. While this technique reduced power consumption,
the device was still quite large and only capable of producing
a single focal point on the hand at a time.

We present an ultrasonic haptic device that focuses ultra-
sound at the skin’s surface using a piezocomposite phased-
array transducer. The high efficiency of the piezocomposite
transducer facilitates sufficient production of ultrasonic en-
ergy to stimulate a tactile sensation without requiring a large
number of transducers. The device is an order of magnitude
smaller than previous similar tactile haptic technologies [23].
It is lightweight and doesn’t require physical anchoring.
Additionally it delivers a spatially precise stimulus, making
the proposed technology a good candidate for scaling to
next generation skin-wearable haptic rendering systems. As
a first experimental validation step, we quantify the efficacy
of ultrasonic phased-array focusing on the skin and self-
report the haptic effects of driving the device with a spatially
uniform voltage.

II. THEORY AND DESIGN

A. Ultrasonics

Gavrilov et al. in the 1970’s performed a series of ex-
periments on human subjects to assess perceived sensations
of focused ultrasound as a function of ultrasonic frequency
[24]. Table I, extracted from a later review publication [15],
provides quantitative guidance on the ultrasonic pressure
levels needed to arouse tactile, heat, and pain sensations
in human fingertips. The threshold level varies between
individuals and is also affected by modulation frequency [16].

In order to keep system power requirements down, it is
imperative that the maximum amount of ultrasonic energy ar-
rives at the target. One important source of loss in ultrasonic
systems is energy reflection due to impedance mismatch [25].
The proportion of wave reflected when an incident wave is
travelling normal to the material interface is:

Γ =
Z2 − Z1

Z2 + Z1
(1)

where Z1 and Z2 are the acoustic impedances of the
originating material and the target material, respectively.
The piezoelectric material used for the transducer in the
current application has an acoustic impedance of roughly
20 MRayl·s/m [26]. The acoustic impedance of human skin
is around 1.5 MRayl·s/m [27]. This produces a reflection
coefficient of −0.86, in other words, 86% of the acoustic
wave incident upon this interface is reflected, only 14%
is transmitted. A way to reduce this loss is to employ a
matching material, as illustrated in Figure 1. While the
approaches to impedance matching are many [25], we employ
the simplest method of selecting a material with an acoustic
impedance in between that of the target and originating
material, where the optimal matching impedance is:

Zm,opt =
√
Z2Z1 (2)

which is 5.5 MRayl for the piezocomposite to skin case.
In addition to selecting a material with the desired acoustic

Fig. 1. Matching material and its effect on the ultrasound transmitted to the
skin

impedance, the reflected waves in the forward direction
through the matching layer must constructively interfere by
setting its thickness to an odd multiple of quarter wave-
lengths, i.e. (2N + 1)λ/4, where integer N ≥ 0. Neglect-
ing attenuation loss in the matching material, the ratio of
transmitted energy with to without the quarter-wave matching
layer is then

γ =

(
4ZmZskin

Z2
m + ZPZTZskin

)2
Zskin

ZPZT
(3)

In this instance we chose poly(methyl methacrylate)
(PMMA), which has an acoustic impedance of
3.2 MRayl·s/m [28], as the matching material. This
common polymer choice increases the transmitted energy
by 2.9 times compared to no matching; however it is
sub-optimal as it lowers the transmitted energy by around
24% of its maximum possible value.

B. Phased-Array Ultrasonic Focusing

Another method for increasing the pressure level at the
user’s skin is through phased array focusing. A simplified
diagram of our 4 × 8 element phased array is shown in
Figure 2 (a). In order to focus the ultrasound at point P , the
drive signal applied to each transducer element is delayed
such that output ultrasonic waves constructively interfere at
P . This phase delay is

ψi =
2πf

vp

√
(xi − xp)2 + (yi − yp)2 + (zi − zp)2 (4)

where f is the frequency of excitation, vp is the speed of
sound in the medium, and (xi, yi, zi) and (xp, yp, zp) are the
center point of the element i in the array and the desired
focal point, respectively.

C. Piezoelectric Transducer

The ultrasonic energy is produced using a piezoelectric
transducer. The transducer material is a lead zirconate titanate
(PZT) 5H2, 1-3 dice-and-fill piezocomposite (Smart Material
Corp., Sarasota FL, USA). The piezocomposite is composed
of high aspect ratio PZT pillars (125 µm x 125 µm x
1.5 mm) spaced 50 µm apart with epoxy between the pillars
and thin-film metal electrodes deposited on opposing sides
of the pillars (see Figure 2 (a)). In this particular case,
the volume ratio of epoxy to PZT is 1:1. This unique

9683



Fig. 2. Illustration of phased array focusing for present device, (a) diagram
of piezocomposite phased-array, (b) image of actual piezocomposite with
etched electrodes, (c) diagram of full material with phased array shaded in
gray.

structure, as compared to a uniform PZT transducer, reduces
the lateral modes at resonance and therefore increases the
efficiency of the transducer. For this reason, piezocomposites
are commonly employed in ultrasonic imaging systems [29].

Unlike in ultrasonic imaging applications, where resolution
requires high signal bandwidth, tactile sensations occur at
frequencies no higher than 400 Hz and so running haptic
stimulation at high quality factor is advantageous. In order
to maximize ultrasonic output, the transducer is driven at
resonance in its fundamental piston mode. The corresponding
resonance frequency is inversely proportional to the thickness
of the piezocomposite (i.e. the pillar length). For the 1.5 mm
thickness, the resonance is nominally 1 MHz.

III. DEVICE ASSEMBLY AND EXPERIMENTAL RESULTS

A. Transducer Patterning

An ultrasonic phased array requires that each element be
driven independently from the others. To this end, litho-
graphic patterning and etching of the 2.5 µm thick copper-
tin electrode on the top of the piezocomposite creates a
uniform grid of electrically independent electrodes that aligns

Fig. 3. Diagram of drive electronics

with the underlying PZT pillars. Each electrode in the grid
connects a 4 × 4 sub-array of pillars to create individual
and independent resonators with a pitch of 700 µm. A
diagram and image of the etched piezocomposite are shown
in Figure 2 (a) and (b), respectively. The footprint of the
complete phased array is 5.5 mm × 2.8 mm. We also note
that due to limited material availability, this phased array was
patterned onto a piezocomposite material that was shaped like
a disk, with inner and outer diameters of 2.5 mm and 10 mm,
respectively (Figure 2(c)). While not ideal, only the 4 × 8
grid of electrodes was driven with a voltage signal. The effect
of the rest of the idle material is minimal.

A flexible printed circuit board (PCB) with a 4 × 8 grid of
electrodes mates to the etched electrodes of the piezocompos-
ite. A device bonder aligned and assembled the PCB to the
piezocomposite with electrical connections established with
a flexible conductive epoxy (Epoxy Technology, EPO-TEK
78-134-5, Billerica MA, USA).

B. Experimental Setup

The drive electronics, shown in Figure 3, comprise a digital
square wave generating board and an analog board that
outputs signals 20 V in amplitude. These electronics boards
generate 32 independent outputs, one for each element in the
array, and have a phase resolution of π/8 radians.

Measuring individual pixel resonance using an impedance
analyzer (Agilent 4294A) verified that all pixels functioned.

TABLE I
ULTRASONIC THRESHOLD LEVELS NEEDED TO ACHIEVE VARIOUS TACTILE SENSATIONS [15]

Sensation Tactile Heat Pain
Frequency, MHz 0.48 0.887 1.95 0.48 0.887 1.95 0.48 0.887 1.95
Intensity, W/cm2 8 15 80 55 90 1420 55 140 2860
Sound pressure, atm 4.9 6.7 15.5 13 16.5 65 13 21 93
Acoustic power, W 2.56 1.35 1.4 17.6 8.1 25 17.6 12.6 50
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Fig. 4. Impedance spectrum of patterned piezocomposite transducer

The electrical impedance spectrum of the device with all
pixels driven in parallel is shown in Figure 4. Resonance
occurs at the dip in the impedance at 1.06 MHz. In or-
der to experimentally verify the focusing capabilities of
our device, we built a test setup, shown in Figure 5, to
systematically measure the ultrasonic wavefront at precise
locations in space. The setup comprised a 3D printer (Mak-
erGear M2, Beachwood OH, USA) that was modified to
hold a hydrophone (HGL-0085, Onda Corp., Sunnyvale
CA, USA). The measurements were taken in water, which
reduced the ultrasonic attenuation and minimized the input
voltage requirement of the system. Additionally, the specific
hydrophone used has an effective diameter of 85 µm, a size
much smaller than the wavelength of the ultrasound in water
(roughly 1.4 mm at 1 MHz). In order to produce ultrasonic
waves in water, an open plastic container of water was placed
on top of the transducer, with the electrically grounded side
of the device in direct contact with a thin polyimide film
sealing the bottom of the container. This polyimide film
was 35 µm thick, far less than the ultrasonic wavelength
by about a factor of 60, making it effectively invisible to
the ultrasonic wave. Ultrasonic coupling gel (Aquasonic 100,
Parker Laboratories, Fairfield NJ, USA) was applied to the
transducer to eliminate air gaps between the device and the
container. The hydrophone was immersed in the water from
the open end of the container.

C. Validation of Phased Array Focusing

For validation of focusing in phased array operation, the
coordinate system is chosen to match that of Figure 2. The
focal point for the phased array was set 0.25 mm above the
surface of the bottom of the plastic water container, and
centered directly above the phased array. The transducer,
described in section III-A, was driven at resonance. No
matching material is placed between the device and the water
tank.

Figure 6 shows the produced wavefronts measured with
the hydrophone (note that this plot only contains amplitude
information, not phase). In Figure 6(a), each element in the

Fig. 5. Test setup used to acquire wavefront data with hydrophone.

array was driven with the same phase, producing a uniform
plane wave. This plot acts as a baseline from which to
compare the focusing plot. Figure 6(b) shows the result
of driving each element in the array with a unique phase
calculated so that the focal point occurs in the plane where
the hydrophone is positioned. As can be seen from the plots,
driving the transducer in the phased array configuration has
a measurable effect on both the shape and amplitude of
the resulting ultrasonic wavefront. Specifically, the amplitude
is increased by about 20% when phased array focusing is
implemented. Figure 7 shows how the focal point can be
steered electronically. In this experiment, the phases were
selected to produce a focal point off-center from the array.

D. Validation of Impedance Matching

The relationship between input voltage and pressure am-
plitude of the ultrasonic wave was established using the
hydrophone setup described above. Using a high voltage

Fig. 6. Ultrasonic wavefronts produced by phased array in A) unfocused and
B) focused drive configurations, white dotted line represents approximate
outline of phased array
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Fig. 7. Focal point in (a) center of array, and (b) shifted off-center due
to alternative phase selection, highlighting the ability for the focal point
to be steered. Data was gathered with a 1.0 mm needle hydrophone from
Precision Acoustics, Dorchester, UK (note: the conditions of this experiment
differ from that which produced the results of figure 6)

amplifier (E&I 2100L, Electronics and Innovation LTD,
Rochester NY, USA), we varied the input voltage from 11 V
to 90 V and measured the resulting pressure amplitude. The
relationship between voltage and pressure amplitude was
linear with an R2 value of 0.9998.

To validate the effect of the matching material, we took
hydrophone measurements of the generated ultrasonic pres-
sure wave with three different matching configurations: 1.
no matching, 2. 3

2λ thickness matching material, and 3.
7
4λ matching material, with results shown in Figure 8. The
transducer used in this instance differed from the patterned,
phased array transducer described above. The material was
1.5 mm thick, with PZT pillars of 200 × 200 µm2 footprint
and 100 µm kerf, and a volume fill factor of 45%. The total
size of the transducer was 12 mm × 12 mm, though only
a 6 × 6 mm2 quadrant was driven. The transducer was
driven at resonance (900 kHz). For each of the tests, the
hydrophone was placed roughly 0.5 mm from the bottom of
the tank, and the transducer was driven with a uniform signal,
i.e. with no phased-array focusing. Because the water in the
plastic container is only a couple of inches deep, driving
the transducer with a continuous wave results in interference
between the waves entering the container and those reflecting
off the water-air interface at the top of the tank causing a
standing wave effect. A pulsed ultrasonic drive eliminates
these measurement artifacts. Specifically, the transducer was
driven for 20 µs, or roughly 20 drive cycles, so that by
the time the reflected wave returns to the hydrophone from
the top of the tank, the drive cycle is over and there is no
incoming wave interference. As shown in Figure 8(b), adding

Fig. 8. Pressure waves measured in water for various matching configura-
tions, steady-state values of 137, 189, and 101 kPa were observed for no
matching material (a), quarter wavelength material (b), and half wavelength
material(c), respectively.

the quarter-wave matching material increases the pressure
amplitude by 40% relative to no matching material. In other
words, the transmitted energy is increased by a factor of 1.9
(theory predicts an increase by a factor of 2.9). By contrast,
the waveform from the 3

2λ matching, shown in Figure 8(c),
indicates a decrease in the amplitude by 27% relative to no
matching material, resulting in an energy attenuation factor
of 0.54 (as opposed to a predicted factor of 0.66). In both
cases, the transmitted energy was lower in experiment than
in theory, suggesting that the the matching material is lossy.
Furthermore, due to variations in the speed of sound in
the matching material, the actual thickness of the matching
material may not be exactly a quarter wavelength multiple,
which would reduce the effect of constructive interference in
the material.

E. Validation of Tactile Sensation

The ultrasound produced from a uniform excitation is
capable of delivering tactile stimulation, despite the small
size of the transducer. A small preliminary validation test
was performed with the same transducer sample used to
obtain the results of Figure 8. We performed a simple
tactile threshold test, in which subjects were exposed to
ever increasing levels of ultrasound until they reported a
tactile sensation. The test ran as follows: with their finger
placed on the PMMA matching material, and while viewing
a graphical user interface displayed on a monitor, the subject
was shown two consecutive screens, labeled ’Interval 1’ and
’Interval 2”, respectively. Each interval lasted 1 second. The
device was turned on during one of the two intervals, and
left off during the other. The interval at which the device
was activated was selected randomly. The subject was then
shown another screen where they were instructed to select
in which interval the sensation was delivered. The subject
could also select ’I don’t know’ or ’replay stimulus’. If the
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Fig. 9. Test setup used to verify haptic stimulation.

participant selected the wrong interval, or if they selected
’I don’t know’, the applied drive signal was increased by
10 volts. Once the participant selected the correct interval,
the experiment was concluded and the tactile threshold was
recorded as the voltage level at which the correct answer was
given. For each of these tests, the drive signal was amplitude
modulated at 200 Hz and the PMMA matching material had
a thickness of 7

4λ. In the setup, pictured in Figure 9, the
transducer was driven with a high voltage using a power
amplifier. Among the 4 people tested, all were able to feel
a tactile sensation. The average tactile threshold was found
at an input voltage of 68.8 V, with a standard deviation of
14.1 V. At the threshold voltage amplitude, the sensation
was a faint vibratory tactile stimulus, according to those who
participated in the preliminary study. Additionally, tests on
the index finger of the authors at a much higher voltage, 240
V, resulted in a notable sensation that had various qualities
which ranged from a fast vibration sensation, to a pin prick,
to heat. We can infer from Figure 8(b) and the linearity of
the pressure-voltage relationship that the ultrasonic pressure
at the threshold voltage was on the order of 7 atm, which is
in agreement with the threshold value predicted by the table
in Table I.

IV. CONCLUSION

We have validated an ultrasonic haptic stimulator that is
capable of focusing and steering ultrasonic energy to a 1 mm3

voxel and has the potential for wearable haptic applications.
Our self-reported tactile stimulation with the device in a non-
focusing drive configuration provides justification for further
refinement of this first prototype system.

While the voltage needed to produce a haptic sensation
is high relative to CMOS electronic levels, we project the
ability to get a reliable haptic sensation with 20% less
voltage, or a signal of around 81 V with the addition of
phased array focusing and refinement of matching. While
still a high voltage level, it is not prohibitive for high-voltage
CMOS drivers. Future work includes design of miniature
electronics that can operate at this level, and can therefore
produce high-pressure focused ultrasound. Additionally there
is much to be learned about how the delivered ultrasonic

haptic sensation is experienced by users. Further investigation
of this phenomenon motivates future human subject studies.
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