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Miniaturised acoustofluidic tactile haptic actuator

Asma Akther, a Jasmine O. Castro,a Seyed Ali Mousavi Shaegh,bc

Amgad R. Rezk *a and Leslie Y. Yeo a

Tactile haptic feedback is an important consideration in the design of advanced human–machine inter-

faces, particularly in an age of increasing reliance on automation and artificial intelligence. In this work,

we show that the typical nanometer-order surface displacement amplitudes of piezoelectric

transducers—which are too small to be detectable by the human touch, and constitute a significant

constraint in their use for tactile haptic surface actuation—can be circumvented by coupling the vibration

into a liquid to drive the deflection of a thermoplastic membrane. In particular, transmission of the sound

energy from the standing wave vibration generated along a piezoelectric transducer into a microfluidic

chamber atop which the membrane is attached is observed to amplify the mechanical vibration signalling

through both the acoustic radiation pressure and the viscous normal stress acting on the membrane—the

latter arising due to the acoustic streaming generated as the sound wave propagates through the

liquid—to produce 100 mm-order static deflections of the membrane, upon which approximately 0.5 mm

dynamic vibrations at frequencies around 1 kHz are superimposed; both these static and dynamic

responses are within the perception range for human finger sensation. The large static deformation, the

relatively fast response time, and the ability to incorporate a dynamic vibrotactile response together with

the small size and potential for integration of the device into large scale arrays make this mechanism well

suited for driving actuation in devices which require tactile haptic responses.

Introduction

The human sensory function is central to our interactions with
the surrounding environment. The growth not just in our reliance
on modern machines but also in their corresponding complexity
has therefore necessitated the development of increasingly
sophisticated human–machine interfaces that enhance our
experience during their use, and, in many instances, our ability
to use them more effectively. While these interfaces have
primarily been focused on facilitating feedback via visual and
auditory cues, there is an increasing emphasis on the development
of tactile haptic devices that artificially create the sensation of touch
through pressure, shear or vibration as a feedback mechanism
to the user, particularly for interactive computing, flight/vehicle
simulators, mobile phones, remote surgical instrumentation
and robotics.1–3

Haptic surfaces, for example, can be controlled to arbitrarily
deform as a means of transferring tactile information via

localised stimuli to sensitive mechanoreceptors in the skin.
Various mechanisms can be used to drive such deformation of
a variety of materials, including different types of polymer4–6 and
elastomer7,8 films, through the use of pneumatic,9,10 electrostatic5,7

and piezoelectric11 actuators, among others. Pneumatic platforms
can provide large displacement and hence impressive force feed-
back, but require large auxiliary equipment such as pumps and fans
that make integration into portable consumer devices difficult.
Electrostatic displacement schemes, on the other hand, usually
require large kV order potentials which render them potentially
hazardous for certain applications.5,7 In addition, these schemes
suffer from poor displacements (typically tens of microns).5,12

Piezoelectric actuators, in contrast, are typically small in size (with
chips on the millimeter scale), require significantly lower input
voltages and offer the possibility for precise displacement tun-
ability since the surface vibration can be localised. Nevertheless,
the displacement magnitude that can be achieved with these
actuators, especially when triggered at MHz order frequencies, has
traditionally been limited to several tens of nanometers at best.11

In this work, we attempt to exploit these advantages of piezo-
electric actuators, namely, their small size, low voltage require-
ment, and ability to tune the displacement they generate,13 but
also circumvent their limitations by coupling the vibration, i.e.,
the sound energy, into a liquid phase in order to simultaneously
provide a vibrotactile response as well as achieve a displacement
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magnitude that is sufficiently large for the requirements of both
static (E100–200 mm) and dynamic (E0.1 mm in the sub-kHz to
1 kHz frequency range) feedback.14–17 We also show that the
platform can, in principle, be parallelised into an array and
integrated onto a printed circuit board (PCB) for use in a mobile
phone or for haptic Braille perception (e.g., V-Braille) wherein
device portability and mobility are critical design specifications.

Experimental setup

A schematic depicting the conceptual set-up of the proposed
haptic device is shown in Fig. 1 in which a 1.1 mm-high liquid
chamber, fabricated by micro-machining a through-hole of
varying inner diameter (2–5 mm) in poly(methyl methacrylate)
(PMMA; GF13025652, Sigma-Aldrich Pty. Ltd, Castle Hill, NSW,
Australia), chosen due to its lower rate of acoustic energy absorption
compared to other soft materials such as poly(dimethylsiloxane)
(PDMS),18 was bonded using pressure-sensitive adhesive (OCA8146;
Thorlabs, Newton, NJ) onto a 1 mm-thick 20 mm-diameter double-
side aluminium-coated lead zirconium titanate (PZT; SOAR Piezo,
Guangdong, China) disc. The inner walls of the chamber were
hydrophobically coated (NeverWet; Rust-Oleum, Vernon Hills, IL)
and subsequently filled with a 50 : 50 wt% mixture of water and
glycerol (77067; Sigma-Aldrich Pty. Ltd, Castle Hill, NSW, Australia)
and confined from above by a 25 mm- or 100 mm-thick flexible and
transparent circular thermoplastic polyurethane (TPU, PT9200;
Covestro Pty. Ltd, Cheltenham, VIC, Australia) membrane, cut

from a sheet using a hole puncher to match the dimensions of
the PMMA chamber and bonded along the 2 mm-thick peripheral
walls of the chamber using the same pressure-sensitive adhesive
(parenthetically, we note that the transparency of both TPU and
PMMA makes them attractive materials particularly for display
applications). We elected to use this method of bonding over the
conventional method of high-temperature (60–80 1C) vacuum
bonding,19,20 as we found the latter to weaken the membrane,
resulting in low durability, for this particular application,
particularly over prolonged exposure to the vibration that
resulted in leakage of the fluid. Moreover, the adhesive allowed
us a fast (1–2 seconds, as opposed to 32 hours with high-
temperature vacuum bonding) and easy way of bonding the
materials. Prior to bonding, we ensured that no air bubbles
were trapped between the liquid and the membrane via visual
inspection under a microscope and high speed camera, and
that the membrane was, as a starting point prior to the sound
wave excitation (Fig. 1a), as flat as possible. Conceptually, the
actuator is then potentially able to induce a tactile sensation to
a human finger (as depicted in Fig. 1b) when a long burst of AC
voltage is applied to the piezoelectric substrate (Fig. 1c).

Bulk waves were excited through the thickness of the PZT disc
by applying a sinusoidal electric signal with an input voltage
range between 24 and 54 Vpp at its resonant frequency (6.9 MHz),
as measured using a vector network analyser (ZNB 4, Rohde &
Schwarz, North Ryde, NSW, Australia) in Fig. 1d, using a signal

Fig. 1 (a and b) Side view schematics of the acoustofluidic actuator platform comprising a glycerol/water solution confined within a PMMA liquid
chamber that is enclosed at the bottom by a PZT disc and at the top by a TPU membrane for generating tactile haptic feedback. Bulk waves are excited in
the PZT disc upon (c) application of an AC electrical pulse in order to drive the membrane deformation. (d) Insertion loss parameter S11, as measured
through a frequency sweep using a vector network analyser, showing the resonant frequency of the PZT disc at 6.9 MHz. (e) Experimental set-up
employed to measure the mechanical response of the membrane under the imposed vibration.
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generator (N9310A, Keysight Technology Pty. Ltd, Mulgrave, VIC,
Australia) and RF amplifier (Electronics & Innovation Ltd, West
Henrietta, NY, USA) (Fig. 1e). To monitor the current and voltage,
we employed current (P6022, Tektronix, Beaverton, OR) and
voltage probes with a 10:1 built-in attenuator (ZP10, Rohde &
Schwarz, North Ryde, NSW, Australia) connected to an oscillo-
scope (RTM 1054; Rohde & Schwarz, North Ryde, NSW, Australia).
The vibration displacement amplitude along the PZT, typically
between 1.3 and 3 nm, was measured in the absence of the liquid
loading using a laser Doppler vibrometer (LDV, UHF-120; Polytec
Inc., Irvine, CA). The dynamic deflection of the TPU membrane
was then measured with the LDV as well as observed using a high
speed camera (SA5; Photron Ltd, Tokyo, Japan) at frame rates
between 4 and 9.3 kfps connected to a telescopic lens (K2 with
CF-4 objective; Edmund Optics Inc., Barrington, NJ) under LED
illumination (RS-232, Nathaniel Group Inc., Vergennes, VT).

Results and discussion

Fig. 2a shows the displacement amplitude of both the PZT
surface and the membrane as a function of the input voltage to
the PZT, the former measured via an LDV (a typical surface scan
is shown in Fig. 2b) and the latter via visual inspection from the
high speed camera images. It can be seen that despite the small
nanometer amplitude vibrational displacement on the PZT
surface—undetectable to the human touch, which is consistent
with the limitations observed for these piezoelectric haptic
actuation schemes—its coupling into the liquid within the
reservoir leads to a significant amplification in the response
of the membrane by approximately ten- to fifty-thousand fold,
such that the 100 mm-order deflection is now well within the
100–200 mm comfortable detection range for human tactile
sensation.14,15,17 Moreover, the force produced by the membrane

deflection—estimated from its mass and acceleration, which we
measure as it deforms—is nearly 2 mN, which is comparable with
the range required for human perception.21,22

Besides the static deformation, we also observe the membrane
to dynamically oscillate at frequencies in the kHz range, as can be
seen by the LDV measurements directly on the membrane in the
inset of Fig. 2c; this is consistent with the subharmonic broadband
capillary response of liquid droplets excited by MHz frequency
vibrations on similar piezoelectric substrates reported elsewhere.23

More importantly, we note that the dynamic membrane behaviour
is within the sub-kHz to 1 kHz frequencies required to induce a
vibrotactile sensation to touch by a human finger, especially
given that the 0.5 mm displacement magnitudes observed for
this frequency range are higher than the requisite 0.1 mm
threshold.24 Similar sub-kHz oscillations along the membrane
can also be seen for the membrane at rest, although these arise
due to noise and interference from the surrounding equipment,
and are too small (around 0.5 nm) to be detected by touch.

In the absence of the TPU membrane altogether, we observe
the liquid deformation to be considerably larger—several mm as
can be seen in Fig. 3a. This can be attributed to the dampening
effect that the membrane, with its associated stiffness, imposes
on the sound energy in the liquid phase.25 In order to minimise
this effect and hence optimise the performance of the actuator,
we turn to examine the effect of the membrane geometry on its
deformation amplitude. Fig. 3b shows, for example, that the
membrane thickness, as expected, has a considerable effect on its
ability to deform—the thinner the membrane, the greater the
deformation amplitude for the same input parameters—whereas
the effect of the lateral dimension of the liquid chamber (as well
as that of the membrane) shown in Fig. 3c and e is less intuitive,
although quite revealing of the fundamental mechanisms by
which the membrane deflection is coupled to the substrate
vibration through the liquid.

Fig. 2 (a) Nanometer-order vibration displacement amplitude along the PZT surface (% right axis) compared to the 100 mm-order displacement in the
25 mm thick TPU membrane (’ left axis), the latter driven by the coupling of the sound energy into the liquid, as a function of the applied voltage (0.5 s pulse)
to the PZT transducer. The top inset shows an image of the membrane atop a chamber prior to and upon acoustic excitation for an applied voltage of 52 Vpp

and the bottom inset shows the temperature rise inside the chamber (4 mm-diameter) for an applied voltage over a range of 0 to 60 Vpp. Error bars denote
the standard error in the measurements; the standard error for the PZT surface displacement amplitude is below 1% and hence is not apparent. (b) 3D LDV
scan showing the surface vibration displacement on the PZT disc (3 mm � 4 mm) for an applied voltage of 24 Vpp. (c) Vibrational spectra of the membrane
both in the absence and in the presence of the acoustic forcing. The inset shows a magnification of the displacement amplitudes in the 1 kHz frequency
range, revealing appreciable displacements of around 0.5 mm under acoustic excitation—which are above the 0.1 mm detectable threshold for a human finger.
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The dominant forces acting on the membrane are illustrated
in Fig. 3d; the observation that the temperature rise in the
liquid throughout the duration over which the acoustic forcing
is applied is limited to under 5 1C, as shown in the inset of
Fig. 2a, suggests the negligible role of heating effects in the
deformation of the membrane. The acoustic radiation force
Fa

26,27 and also the viscous normal stress due to the acoustic
streaming in the liquid Fv, both of which are generated as a
consequence of the coupling of the sound waves into the liquid
due to the substrate vibration and which act to deform the
membrane upwards, are balanced by the tension along the
membrane T. For a thin, axisymmetric and isotropic membrane
at equilibrium, assuming the deformation to be quasistatic, a
dominant balance between these forces assumes the form

pa

2dk
� m

U

R
; (1)

where d is the deformation of the membrane and kB 1/R is the
membrane curvature. The expression on the left of the equation
above comprises a generalised expression of the normal stress
exerted on a membrane28,29 that deforms under a uniform
time-dependent acoustic radiation pressure pa B ro2x2, in
which r is the liquid density, o is the frequency and x is the
vibrational displacement amplitude of the substrate, whereas
the expression on the right constitutes the normal viscous
stress wherein m is the liquid viscosity and U is the characteristic

streaming velocity. We note the relationship above to be relatively
insensitive to variation in the physical properties of the membrane
and hence the exact constitutive stress–strain relationship, at least
for small deformation amplitudes d, which is not an unreasonable
assumption in the present system. In order to explicate the
dependence of U on R, we consider the acoustic streaming force
in the fluid30,31

Fs B ru�ru B ro2x2a exp(�2aR), (2)

wherein u is the time-averaged streaming velocity field with
characteristic order-of-magnitude U as the sound wave propagates
through the liquid and a the attenuation coefficient of the sound
wave. Given that a is typically small, it follows from eqn (2) that
U2/R B 1 or U B R1/2 for constant r, o and x. Substituting this
dependence into eqn (1) wherein d B R2/U then suggests

d B R2/U B R3/2, (3)

which is in reasonable agreement with the scaling obtained in
Fig. 3e. We note that the deviation of the data from this scaling
relationship could potentially arise due to the fairly rapid
response of the membrane, which may not be fully compatible
with the quasisteady assumption. Additionally, the membrane
response can be seen to exhibit considerable hysteresis (Fig. 4a)
arising due to the nonlinear ferroelectric effect inherent in
PZT32 (around 20%,33,34 which is close to the 24% hysteresis

Fig. 3 (a) Displacement amplitude of the free liquid surface in the 4 mm chamber in the absence of the TPU membrane as a function of the applied
voltage. Effect of (b) membrane thickness and (c) chamber diameter on the ability of the membrane to deform under an applied voltage. The chamber
dimension is 3 mm in (b) and the membrane thickness is 25 mm in (c). (d) Schematic depicting the dominant forces acting on the membrane.
(e) Membrane deformation amplitude d as a function of the chamber radius R for a membrane thickness of 25 mm. In each of the experiments, the pulse
duration is fixed at 0.5 s.
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observed), although we note that the response is approximately
linear between 25 and 55 Vpp, which is sufficiently adequate for
applications involving precision manipulation.35

A typical response curve of the membrane over one excitation
cycle (50 Vpp 0.5 s pulse over a 2.8 s duration window) is shown in
Fig. 4b, in which we observe the membrane to attain its full
displacement amplitude within a rise time Tr of 0.16 s. In a
separate experiment in which the chamber was left uncovered
(i.e., no membrane was present), we noticed a similar rise time
for the deformation of the liquid–air interface (not shown), thus
suggesting that the TPU membrane tension and the presence of
the membrane itself do not appreciably alter the response
dynamics despite dampening the deformation amplitude. We
also note from Fig. 4b an interaction time Ti—the period over
which the actuator can sustain the membrane at its maximum
deformation amplitude—of 0.34 s, which we found to be propor-
tional to the pulse width of the signal (see the inset of Fig. 4b).
Following removal of the input signal, a fall time Tf of 0.3 s was
required for the membrane to relax to 20% of its maximum
deformation amplitude, although the period over which the
membrane returned to its original state was prolonged,36 which is

not uncommon for piezoelectric materials such as PZT due to
the slow changeover in the crystal domains over time following
relaxation of the applied voltage, which is commonly known as
piezoelectric creep.32 Even so, we note that the current actuator
performance, together with the relatively fast response time and
extended interaction capacity, falls within the accepted standard
required for tactile haptic actuators (0.08–40 s for relaxation to
its initial state following removal of the applied voltage32,36,37).

To briefly show the possibility for multiplexing, and to demon-
strate the possibility to localise the vibration, we diced 9 PZT
elements using a wafer dicer (DAD 231; DISCO Corp., Mesa, AZ)
and embedded each within a 3D printed housing arranged into
a 3 � 3 array (Fig. 5a). The housing was printed (Markforged,
Watertown, MA) with two small holes at the bottom to allow the
vertical pins from the underlying PCB—designed to align with
the array and routed to a 9 end-pin plug—to electrically contact
the bottom electrode of each PZT disc. Thin wires were then
soldered to the corner of the top electrode and fed through a
small hole to contact one pin for each PZT. Care was taken to
ensure that the soldering height did not exceed 1 mm and
therefore does not protrude beyond the liquid reservoir height.

Fig. 4 (a) Membrane displacement amplitude measured through a cyclic input voltage sweep, showing the hysteresis present in the system with a
25 mm-thick TPU membrane atop a 2 mm-diameter PMMA chamber. (b) Displacement–time curve (black dots) in response to a 50 Vpp pulsed (0.5 s)
input signal showing the characteristic rise Tr, interaction Ti and recovery Tf times. The inset graph shows the displacement–time curve for different pulse
widths. In all of the cases, the data are shown for a membrane thickness of 25 mm and for a 4 mm-diameter chamber, although we observe the response
to be similar.

Fig. 5 (a) 3 � 3 array of PZT elements integrated with TPU-membrane-covered (25 mm-thick) PMMA chambers (3 mm-diameter), confined within 3D
printed housing and electrically excited from beneath through a PCB as a proof-of-concept demonstration of the possibility of individual, sequential and
simultaneous actuation for (b) mobile phone or (c) electronic braille applications.
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The soldering was also placed at the corner of the PZT to avoid any
interference with the reservoir. The actuation was then performed
manually with the use of 9 switches or can be programmed through
an Arduino configuration connected to 9 relays to facilitate the
possibility for individual, sequential or simultaneous addressability
for mobile phone (Fig. 5b) or electronic braille (Fig. 5c)
applications.

Conclusion

In this work, we demonstrate that the transmission of the
standing wave vibration generated along a small ultrasonic
transducer disc into a liquid couplant within a microfluidic
chamber can give rise to both static 100 mm-order amplitude
deformations and dynamic vibration in the kHz frequency
range with 0.5 mm displacement amplitudes in a thermoplastic
membrane atop the chamber as a potential actuation mechanism
in tactile haptic feedback devices. The system therefore circum-
vents the limitation of small 10–100 nm order deformations that
can be typically achieved with direct piezoelectric tactile haptic
actuators, whilst retaining their advantages of relatively fast
response times and relatively low energy input. In addition to
briefly elucidating the role of the acoustic radiation pressure
and viscous normal stresses arising from the acoustic streaming
that are generated as a consequence of the propagation of
sound waves in the liquid, we show that the miniaturisability
of the setup makes it amenable for integration into parallel
arrays for multiplex haptic touch operations, for example, in
mobile phone and electronic braille applications.
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