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Abstract— We propose a new scalable, non-contact haptic
actuation technique based on a speaker in a ported enclosure
which can deliver air pulses to the skin. The technique is
low cost, low voltage, and uses existing electronics. We detail
a prototype device’s design and construction, and validate a
multiple domain impedance model with current, voltage, and
pressure measurements. A non-linear phenomenon at the port
creates pulsed zero-net-mass-flux flows, so-called ”synthetic
jets”. Our prototype is capable of 10 mN time averaged thrusts
at an air velocity of 10.4 m/s (4.3W input power). A perception
study reveals that tactile effects can be detected 25 mm away
with only 380 mVrms applied voltage, and 19 mWrms input
power.

I. I NTRODUCTION
Haptic devices are incredibly diverse. They come in all
shapes and sizes and can be designed to interface with any
of the numerous kinesthetic or cutaneous haptic modalities
that humans possess. This is evidenced by the equally diverse
range of research which all falls under the name ”haptics”.
A haptic device can be a high powered robot arm or a tiny
stimulating electrode on the skin. When it comes to haptic
interfaces in the everyday world, however, vibration actuators
dominate. This typically means eccentric rotating masses
(ERMs), in devices such as game controllers, or linear
resonant actuators (LRAs) in devices such as smartphones
and wearables. These actuator types are so successful that
they have reached near ubiquity.
Part of the reason for this is because the barriers to implementing these devices are incredibly low. They are simple in
concept (shaking or rotating mass), and do not require much
power, voltage, or electronics to drive. Most of the time less
than a watt, 2-5 volts, and an audio type amplifier suffices.
This translates to low cost with high enough performance for
basic functionality, such as notifications.
While ERMs and LRAs have taken over the world of
mobile touchscreens and other contact based interactions,
there is a growing number of non-contact interactions which
we believe are under-served by current haptic devices. These
interactions are based around midair hand and finger gestures, and have application use cases such as automotive
dashboards, retail kiosks, extended reality (XR) systems, and
internet of things (IOT) devices [1]. The most promising
approach to date to serve these use cases has been ultrasonic
midair haptics [2]–[4], however we believe that this area,
as a whole, can benefit from additional novel actuation
techniques.
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It is with this context in mind that we propose LRAir, a
non-contact haptic actuation method that uses zero-net-massflux (ZNMF) jets of air (also known as ”synthetic jets”) [5]
to direct mechanical energy to the skin. This new class of
haptic actuator uses a seemingly simple design, an oscillating
membrane in an enclosed cavity with a hole in it, to generate
localized impulses of high velocity air. These impulses, when
felt by a user with their hand over the air jet, readily produce
sensations of impact, vibration, pressure, and cooling.
This paper discusses the underlying principle of LRAir,
and outlines the design, construction, and characterization
of a prototype. A multiple domain lumped impedance model
is used to discuss the various factors which influence the
pressure and velocity of air exiting the LRAir port, such as
the applied voltage, speaker parameters, speaker and cavity
resonances, and port dimensions. The 4th order system is
linear for small signals, and drives a non-linear synthetic
jet phenomenon at the output of the port under large signal
conditions. This non-linear behavior is quantified with time
averaged velocity and thrust measurements. Finally, we probe
the low power capability of this design with an absolute
detection threshold psychophysical experiment. Our aim is
for this work to provide a solid foundation for future research
in synthetic jet based haptics.
II. BACKGROUND
We were unable to find any mentions of using synthetic
jets as a haptic interface in the literature. Instead we review
the major contributions from midair haptic interfaces and
synthetic jets separately.
A. Midair Haptic Interfaces
As the name implies, most midair haptic devices use air
as the coupling medium to transfer energy to the user. Air
has a number of disadvantages for transferring energy to
skin, namely the large impedance mismatch between air
and the body. However, in many use cases it is extremely
advantageous, or even necessary, for haptic devices not to be
worn, grasped, or touched by the user, and thus air coupling
remains one of the only options.
A few works used conventional air compressors and tubing
to generate air jets [6]–[8]. These are bulky devices which
rely solely on steady thrust generation for force feedback.
Other devices have opted to use vortex rings to transmit
haptic sensation [9], [10]. The morphology of vortex rings
allow them to keep their shape over large distances. Stable
vortex generation could be considered type of ZNMF flow,
where the volume of ejected air is over 4x less than the
device discussed here. Because of this, vortex devices require
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Fig. 1. Frames from a 240 FPS video of our synthetic jet prototype device. The first two oscillations are shown (driven at 60 Hz, T = 16.7ms). The
cavity was filled with glycerin smoke for illustration purposes only (jets are invisible in normal operation). Phase was not synchronized exactly with applied
voltage, therefore, this only gives a qualitative sense of jet structure. Distance scales shown in first frame.

significant pressure be applied to the expelled air in a brief
stroke period. This leads to large impulsively driven devices
with a limited dynamic frequency range (1-30 Hz).
The most widely researched type of midair interface uses
ultrasonic acoustic radiation pressure generated by a beamforming array of ultrasonic (40 kHz) transducers [1]–[4].
Superposition of transducer outputs leads to high intensity
nodes, which, when interrupted by the skin, are rectified,
leading to a localized vibration. These devices achieve
moderately sized workspaces and can employ a variety of
modulation techniques, however they are large, complexly
engineered systems — an array of 10x10 actuators takes up
a surface area of 100x100mm, and can cost over $100 in
parts alone. State-of-the-art commercial devices, such as the
UltraLeap STRATOS Inspire1 , offers a 0.15m3 workspace,
uses 90W max power, weighs 3.1kg, and costs $3750.
We believe this paper contributes a new actuation method
to the toolbox of midair haptic techniques that researchers
and practitioners can draw upon in their work.
B. Synthetic Jets
The phenomenon of acoustic streaming near orifices was
first reported in the 1950s by researchers Ingård and Labate
[11]. It was quickly applied to the theory of resonators
[12], and used to create pumps with loudspeakers [13].
It remained in relative obscurity until the 1990s, where
a string of papers were published in fluid mechanics and
other scientific journals, e.g., [14], [15]. This work was
furthered by researchers who applied these jets primarily for
compact cooling purposes [16], [17], replacing conventional
impellers. Jets can be formed out of different working fluids,
such as air or water, and the cavity can be driven with
a variety of actuator types: commonly piezoelectric discs,
electromagnetic speakers, or pistons. The effect persists over
a wide frequency range, 10s of Hz to over 20 kHz. We detail
jet behavior in the next section insofar at it is relevant to
LRAir, and refer the reader to a recent review article for
more information [5].
III. LRA IR P ROTOTYPE D EVICE
A. Haptic Synthetic Jet Approach
The aim of our midair haptic device is to deliver a volume
of air to the skin at locally high velocity and pressure.
1 https://www.ultraleap.com/product/stratos-inspire/

Synthetic jets achieve this by taking advantage of the flow
separation that occurs when air is ejected from a confined orifice at high velocity. What results is a spatially concentrated
jet that contains non-zero momentum, even though there
is zero-net-mass-flux through the system. This is possible
because, during the intake of the synthetic jet, air is drawn
from all directions, while during the ejection phase, air flow
is concentrated in one direction (See Fig. 2c). This causes a
slip boundary layer, where high and low velocity air separate,
at the edges of the jet [17]. A visualization of the resulting
jets from our prototype (using glycerin smoke for illustration)
can be seen in Fig. 1.
B. Primary Characteristics
The primary factors which determine the characteristics of
a synthetic jet are the Reynolds number (i.e., the relative flow
velocity), and the slug length (a measure of the equivalent
length of the volume of air which is ejected per-stroke) [17].
Reynolds numbers are typically >1000, meaning that inertial forces dominate over viscous forces. High air velocities
are thus a necessary condition for synthetic jets to form, but
the Reynolds number primarily controls the strength of the
jet, rather than its structure. Holding everything else constant,
a higher velocity jet will only have higher strength [5].
The jet flow regime is determined by the slug length.
This parameter is taken from an air slug model [15] which
assumes that a finite volume of air (a slug) is expelled from
the orifice during one stroke (oscillation). The stroke length
is defined as l0 = 4Vslug /(πD2 ) where Vslug is the volume
of air expelled, and D is the orifice diameter. This quantity
is made dimensionless by dividing by D, yielding the stroke
ratio:
4Vslug
l0
=
(2)
D
πD3
Haptic vortex devices [9], [10], which have a similar
actuator configuration, have focused on low stroke ratios
(≈ 4) as they sought the formation and ejection of a vortex
ring for feedback. In general, l0 /D = 4 achieves maximum
vortex strength, while 4 < l0 /D ≤ 8 sees a trailing jet begin
to form from the additional volume expelled air. This concept
is illustrated in Fig. 2c.
It is this trailing jet which we appropriate for haptic
feedback. For 8 < l0 /D ≤ 16 the synthetic jet begins to
dominate the flow, destabilizing the vortex with its additional

energy. By l0 /D > 16 the jet flow totally overtakes the
vortex [17]. We contend that, for given a device size, the
jet regime is more versatile than the vortex regime for high
energy midair haptics.
While discussing device size, it should be noted that
synthetic jets (and vortex emitters) easily scale with size. The
most important parameter for scaling is the orifice diameter
D. The synthetic jet generally maintains a spatial diameter
on the order of D until approximately 4-8x D away from the
port orifice, see Fig. 1. Beyond this the jet transitions to a
turbulent, dispersed flow. Volume flows and other parameters
must also be adjusted to account for larger size.
C. Design and Construction
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When designing our haptic device, we first started by
selecting a speaker. We chose a 5-watt-rated, low profile speaker with a resonant frequency at 220 Hz and a
cone diameter of ≈37mm (Peerless by Tymphany PMT37N28AL01-04). The resonant frequency and size of the
diaphragm are two critically important engineering factors, as
they determine the frequency range and volumes of expelled
air. The speaker can be seen in Fig. 2a.
The cavity was designed around the dimensions of the
speaker cone and the desired output orifice diameter. We
initially tried multiple orifice diameters, ranging from 14mm, but settled on 4mm. This gives a good trade off
between distance the jet travels and the diameter of the jet.
We also found that, at small orifice diameters, there becomes
a large amount of damping introduced in the system. We
return to this topic later.
With the diameter set, we chose a port length and box
cavity volume which corresponded to a Helmholtz resonance
frequency equal to that of the speaker, 220 Hz. The cavity (or
box) resonance can be estimated using the following formula:
c
fb =
2π
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s
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Vb lp

(3)

where c is the speed of sound in air, Sp is the port crosssectional area, lp is the port length,
p and Vb is the box
volume. This corresponds to the K/M formula, where
K represents the stiffness of the enclosed air, and M is the
mass of air contained in the port. The cavity housing was
made of stacked laser cut acrylic, and was bonded together
using an acrylic welding cement (Weld-On 4). The cavity
diameter was 35.7mm, and both the port length and cavity
length were 31mm. The cavity was sealed to the speaker by
press fitting it against the rubberized gasket of the speaker.
Important to note, the cavity resonance does not have to
equal the speaker resonance; this is done here for peak efficiency and extended range into the lower frequencies (below
220 Hz). The cavity resonance does, however, determine the
maximum frequency at which air will be expelled from the
orifice. Beyond this frequency, there is a steep decline in
synthetic jet output.
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Fig. 2.
a) Front, perspective, and side view of the LRAir prototype.
b) Schematic representation of the device, showing functional parts. c)
Illustration of air flow during intake and exhaust of the device.

D. Linear Model
We introduce a linear impedance analogy model to help
understand how energy flows through this system. This
model guided the construction of the device, and illuminates
various aspects of system performance. The model utilizes
lumped Thiele/Small elements, modified from the canonical
research on loudspeakers in ported boxes [18], [19]. These
parameters are especially helpful as many manufacturers
publish a subset of T/S parameters with their speakers.
However, as these numbers are only a general guide, we
also measured them ourselves. The model is shown in its
entirety in Fig. 3. A mechanical impedance model and more
thorough electrical impedance model are described, as well
as the domain transfer equations.
The system is a 4th order linear system, with 4 energy
storage elements and multiple sources of dissipation. The
resonances in the system are determined by the speaker cone
effective mass and compliance, Mms , Cms , the box compliance, Cab , and port mass, Map . We use a gyrator to model
the electrical to mechanical conversion, and a transformer
for mechanical to acoustic conversion. The system relates
the input voltage to all of the other system variables. Most
importantly, it gives predictions of the output pressure and
volume velocity of the port air mass. It is beyond the scope of
this work to detail the entire model, and we refer the reader
to works by Thiele [18], Small [19] and Berkhoff [20].
IV. L INEAR C HARACTERIZATION
A. Data Collection
We performed electrical impedance and pressure measurements to determine the system parameters and validate
our model. Data was collected on a 100 MHz 4 channel
digital oscilloscope (Siglent SDS 1104X-E) set to a sampling
frequency of 50 kHz. Voltages were measured directly using
a 1x probe, while current was measured using a low side
series shunt resistor. Pressure was measured by directly
probing the output of a reference microphone (Behringer
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Fig. 3. Comprehensive impedance model of LRAir device, excluding non-linear phenomenon. The electrical model shows how an applied voltage relates
to all internal system variables, while the mechanical model shows how an applied force to the speaker mass results in an applied force and velocity on
the air mass in the port. A legend describes parameters and subscripts.

ECM8000), which was calibrated with an SPL meter (Extech
407730). Linear swept sine signals were applied to the
system (13s long), and spectra were generated via the FFT.
First, we determined the majority of the T/S parameters
(following the procedure of [21]) using two measurements
of speaker impedance, one with the speaker hanging freely
in air, and another in a test enclosure, which added stiffness.
We used first approximations of the remaining complex
impedances Cab = Vb /ρc2 and Map = ρlp /Sp . The DC
resistance of the speaker coil was measured with a 4-point
Kelvin probe, while the generator resistance was neglected,
as we measured voltages on the generator output.
The total system input view from this model can be seen
in Fig. 4 (top). This defines the electrical impedance looking
into the speaker terminals. Speaker inductance was removed
since its effect was negligible in this range. The acoustic
equivalent output view is shown in Fig. 4 (bottom). This
circuit relates the applied electrical voltage to an output
volume flow rate through and pressure across the port air
mass. After incorporating the effects of the gyrator, a source
transformation was used to convert the volume flow rate
source back to a pressure source.
The estimated model was compared against a real measurement of electrical impedance and output port pressure.
Data was collected with the reference microphone positioned
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B. Results and Discussion
Results are shown in Fig. 6. The measurement was truncated to between 30-800 Hz to remove noise spikes in the
spectra. As can be seen in the input impedance magnitude
and phase plots, Fig. 6 (top/middle), the linear model does
a good job at capturing the overall shape and magnitude of
the system, including a double peak, a characteristic of split
resonant systems. It can be seen that the model is best fit
above resonance (220 Hz), and there is a deviation below.
This deviation is suspected to result from port damping,
Rap , not being incorporated into the final model, as increasing port damping decreases the lower resonance peak. We
attempted to fit Rap , but left it out until future work, as the
literature suggests it changes significantly with velocity [22],
[23], an aspect that we observed as well. Also note that the
lower resonance seems to be slightly lower than expected,
suggesting an end correction of the port may be needed.
Looking at the output port transfer function, Fig. 6 (bottom), we see a band-pass behavior, with cutoff frequencies
roughly associated with the splitting of the two resonances
(100-400 Hz). By design, this frequency range aligns with
peak vibrotactile detection range. Once again, the model fits
well above resonance, and deviates below, most likely due to
port damping. Note that the measurement of output pressure
Reference
Microphone
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directly outside the port, yet far enough away as to not impact
the impedance of the system (approximately 1-2mm), see
Fig. 5a. The applied signal had an amplitude of 160 mVrms.
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LRAir

+
-

Fig. 4. Condensed input and output view impedance models used for
linear characterization. The input view (top) lumps the entire system into one
electrical impedance, while the output view (bottom) transforms the applied
voltage into a pressure applied to the port mass. *Note: the port resistance
was not included in the final model, but is shown here for reference.

Electronic
Balance
Port Orifice

Fig. 5.
Equipment setup for linear and non-linear experiments. a) A
microphone placed just outside the port captures small signal pressure
variations. b) The LRAir device was placed on top of an electronic balance
to measure mean thrust force, and a hot-wire anemometer was situated in
the flow output to measure mean flow velocity.
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was normalized to the model amplitude, as we were not
measuring directly inside the port, and thus our reading was
lower than predicted.
V. N ON - LINEAR E XPERIMENTS
A. Data Collection
In order to quantify non-linear behavior, we applied 600
mVrms and 1 Vrms input voltage to the system and recorded
pressure just outside the port, and 30mm away. Above 1
Vrms we used a 0.01g resolution electronic balance and
0.1m/s resolution hot-wire anemometer (TPI SP565) to measure time averaged force and air velocity, seen in Fig. 5b.
B. Results and Discussion
Non-linear output was observed at 600 mVrms input at
200 Hz. A recording of input voltage and output pressure
just outside the port can be seen in Fig. 7a. Soon after the
recorded peak in voltage, a non-linear excursion interrupts
the sine wave pressure response – direct evidence of pressure
rectification, and the initial formation of a ZNMF flow.
At higher voltage input (1 Vrms), the system behaves in
an even more non-linear fashion. A pressure reading in-line
with the port 30mm away, Fig. 7b, shows large peaks of high
amplitude, with wide valleys in-between. The phase of the
pressure with respect to voltage lagged as the distance away
from the port increased. The height of the peaks also became
non-uniform, suggesting turbulence. A gradual transition was
also observed from sine wave behavior to highly non-linear
impulse behavior as distance from the port increased.
Time averaged results are shown in Fig. 7c and 7d at
various input voltages. There is a monotonic increase in force
and air velocity at all frequencies tested. Measurements at
200 Hz showed the highest force and air velocity, as expected
since this was close to the system resonance.
VI. P ERCEPTUAL E XPERIMENTS
A. Data Collection
We recruited 5 participants for a psychophysical study
looking at the absolute detection threshold for our prototype.
Subjects were instructed to place their dominant hand over
the device, and rest it on a provided support with a 75mm
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Fig. 7. Applied voltage and resulting pressure recorded at a) 1-2mm outside
the port, and b) 30mm away from the port. c) Time averaged thrust force
recorded by electronic balance. d) Time averaged air velocity recorded by
hot-wire anemometer.

diameter hole in it (Fig. 8b). The support kept their hand
25mm away from the port output, and centered the synthetic
jet over their mid to upper palm. We used a 2 down, 1
up staircase method, interleaving ascending and descending
staircases. The test was stopped after each staircase reached
10 reversals, and we averaged the last 6 reversals to compute
the 70.7% detection threshold. Frequencies tested were 50,
100, and 200 Hz, with order randomized between subjects.
Only continuous sinusoidal inputs were tested. This led to
repeated pulsed jet stimuli, similar to the waveform seen in
Fig. 7b. Subjects felt all stimuli prior to the tests, and had a
short test trial period to accommodate. During testing they
wore headphones playing pink noise, and were instructed
to focus only on continuous pulse or vibration effects (i.e.,
ignore thermal cooling effects).
B. Results and Discussion
All participants had quickly converging staircases, and
were notably consistent in their judgements. Results are
plotted in Fig. 8a, which shows per subject means, and the
inter-subject means and standard deviation. Mean thresholds
showed a slight trend downward as frequency increased,
but remained nearly identical. This tracks with the results
from the non-linear experiments, Fig. 7, which show nearly
matched force and velocity of 100 and 200 Hz at low voltage,
and slightly less output at 50 Hz.
0.8

Detection Threshold
(Vrms)

Fig. 6. Input impedance magnitude (top) and phase (middle), and the
transfer function from input voltage to output port pressure (bottom). The
model from the linear characterization is plotted against the measurement.
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a) Absolute detection limit thresholds (Vrms). Grey dots are
individual subject means, while blue dots are inter-subject means. The
shaded region represents +/- 1 standard deviation. b) Image showing the
setup for the perceptual experiment. Subjects rested their palm over the
75mm diameter hole.

Future work can look at how perception changes as
voltage increases, yet we found the results of this experiment
compelling for their low voltage, low power potential. The
equivalent input voltage for the mean thresholds was 528,
380, and 381 mVrms for 50, 100, and 200 Hz respectively,
and the equivalent electrical input apparent power was 43.4,
19.1, and 34.5mWrms. This result suggests that users may be
able to sense the non-linearities of the port output almost as
soon as they occur, with one participant recording a threshold
of just 150 mVrms, near the limit of where we observed nonlinear behavior first beginning.
VII. S UMMARY AND L IMITATIONS
In this work we proposed, built, and characterized a new
type of midair actuator that utilizes synthetic jets for haptic
feedback. We described the physics behind synthetic jets,
and introduced a linear model for our device, which we
then compared against measurements of electrical impedance
and output pressure. We found a significant effect of port
damping on device behavior, which we left unmodeled at this
time. Different regimes of non-linear behavior were observed
above few hundred mV, and we presented time averaged
measurements of net thrust and ejected air velocity. Finally,
we quantified the low power detection limit of our prototype
with a psychophysical study, and found participants’ mean
thresholds between 19-43 mWrms input power when the jet
was aimed at their palm from 25mm away.
The primary limitations of this technique, as it stands, is
a trade-off between device size and range of the synthetic
jet. To reach further away from the device requires larger
speakers and increased port diameters (meaning less precise
haptic effects). There is also the issue of audible noise,
which we partially addressed in this work by extending the
range of our device to sub 100 Hz. We found that it is
within this range that the device becomes notably quieter,
yet audible sound is still present. Further quieting the device
is left to future work. Tactile effects are also mainly limited
to sensations of impact, vibration, and cooling. Feelings of
steady thrust, while possible, require high input power, where
the system becomes heavily non-linear, or they require that
the user’s skin is close to the port (<4x the port diameter).
VIII. F UTURE W ORK
We believe this work presents a foundation for future
development of synthetic jet haptic feedback devices. In
follow-up work, we plan on investigating additional capabilities of this class of actuator, for example, by scaling
jet length dimensions both up (>1m) and down (< 1cm),
and exploring infrasonic (<20Hz) and ultrasonic (>20kHz)
jets to reduce audible noise, and devising methods to steer
the jet trajectory. Traditional aspects of haptic device design
and characterization can also be researched, such as further
improving device efficiency, jet range, and strength. Port
damping, in particular, should be investigated rigorously
to see if its effects can be mitigated. We also intend to
quantify and categorize the variety of tactile perceptions
these devices are capable of with additional psychophysical
experimentation.
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