
3D Printed Bio-Inspired Hair Sensor for Directional Airflow Sensing

Keshav Rajasekaran1, Hyung Dae Bae2,Sarah Bergbreiter3, Miao Yu1

Abstract— With reduction in the scale of unmanned air
vehicles, there is an increasing need for lightweight, compact,
low-power sensors and alternate sensing modalities to facilitate
flight control and navigation. This paper presents a novel
method to fabricate a micro-scale artificial hair sensor that
is capable of directional airflow sensing. The sensor consists of
a high-aspect ratio hair structure attached to a thin flexible
membrane. When subjected to airflow, the hair deflection
induces a deformation of the membrane. Two pairs of per-
pendicular electrodes are attached to the membrane, which
allow the sensing of airflow amplitude and direction through the
measurement of differential capacitance. The sensor structure
is fabricated by using two photon polymerization, which is
integrated onto a miniature PCB circuit board to allow simple
measurement. The sensor’s responses to static displacement
loading from different directions were characterized, and are
in good agreement with the simulation results. Finally, the
sensor’s capability for directional airflow measurement was
demonstrated with a clear correlation between flow speed and
sensor output.

I. INTRODUCTION

There is a growing interest in developing micro air
vehicles (MAVs). MAVs are commonly defined as being
smaller than 15 cm in any dimension [1]. MAVs are smaller,
lighter, and more agile than traditional unmanned air vehicles
(UAVs). Furthermore, MAVs often have low unit costs and
thus can be deployed in larger swarms. Owing to these
advantages, MAVs find increasing use in tasks like source
localization [2], cooperative surveillance [3], post disaster
surveying [4], geological fieldwork [5] and indoor explo-
ration [6] to name a few. Though the small scale of MAVs
offer plenty of advantages over UAVs, they are at the same
time more susceptible to external disturbances like wind
gusts [7]. They also have smaller payloads [8], which makes
it difficult to equip them with traditional airflow sensors like
anemometers to facilitate flight control. Therefore there is a
need for compact, low-power and lightweight flow sensors
that can be used be used by MAVs.

Many biological systems solve the issue of flight control
under disturbances at this scale through the use of hair-like
mechanosensors to measure fluid flow around an locomoting
organism. For example, fruit flies have been shown to use
their antennae as wind sensors to stabilize their flight in
windy environments [9]. Fish utilize mechanosenors along
their lateral line to measure flow fields [10]. Bats possess
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a wide array of sensory hairs that are spread across the
wing to provide them with information on flow magnitude
and direction [11]. Desert locusts [12], wood crickets [13]
and spiders [14] sense flow using mechanosensors on their
bodies. Most of these mechanosensors take the form of high
aspect ratio hair-like structures. The deflection of these hairs
due to flow is detected by sensitive nerve bundles present at
their roots [15].

Taking inspiration from biology, researchers have devel-
oped various artificial hair flow sensors (AHSs). These vary
widely in working principle and transduction mechanism.
By far the most common methods involve measuring the
flow-induced strain by using either changes in resistance
[16]–[23] or capacitance [24]–[27]. Other sensing methods
including measuring optical wavelength shift with a fibre
Bragg Grating (FBG) [28] or using piezoelectric effect to
generate a voltage [29] have also been explored. To create
sensors at scales similar to biological hairs, researchers often
employ microelectromechanical systems (MEMS) fabrica-
tion techniques. These techniques require long processing
times and multiple steps in a cleanroom environment. Re-
searches have used non cleanroom processes to fabricate
parts of their sensors but have to resort to a clean room
environment to achieve sub mm feature sizes necessary
for other parts of their senors. Integrating these senors to
measurement circuitry or robotic applications can also prove
to be complicated.

Two-photon polymerization (2PP) is a direct laser writing
technique (DLW) that is growing in popularity [30], [31].
It has been used extensively in fields like microfluidics
[32]–[34] and optics [35]–[37], due to its ability to create
free-form 3D structures with high feature resolution. Spatial
resolutions of 80 nm have been achieved by researches [38].
Functional robotic mechanisms with a resolution of 3 µm
have been realised using 2PP [39]. Leveraging this technique
to fabricate AHSs would provide flexibility in geometric
design as well as simplfy and reduced processing steps that
need a cleanroom. This does, however, trade off the batch
processing capabilities of traditional MEMS processes.

In this paper, we report a fully 3D printed micro-scale
AHS that was fabricated using 2PP and a subsequent metal
deposition step. As the sensor fabrication was based on a
one-step printing process, the processing time and complex-
ity were reduced significantly. Integration of the sensor to
measurement circuitry was also simplified by embedding
parts of the sensor into the printed circuit board (PCB)
design. The sensor response to both displacement and airflow
were demonstrated experimentally.
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Fig. 1. Design and working principle of 3D printed artificial hair flow
sensor (a) Isometric view of sensor with dimension, (b) Zoomed in view of
section A-A’ with dimensions of the membrane and the supporting ring (c)
Schematic showing membrane deflection under airflow, (d) The capacitance
change for each electrode under the membrane deflection shown in Fig.
1(c).

II. SENSOR DESIGN AND FABRICATION

A. Working principle

The sensor structure consists a high-aspect ratio pillar
(hair), 120 µm in diameter and 1500 µm in height, placed at
the center of a membrane,5 µm in thickness and a 1000 µm in
radius. A supporting ring 250 µm wide and 15 µm high holds
and suspends the membrane over four bottom electrodes.
So the effective electrode gap was 20 µm. The suspended
membrane acts as a flexible top electrode for four capacitors.
The four split bottom electrodes are built into the PCB,
resulting in two electrode pairs in perpendicular directions. A
handle is included in the sensor design to aid in manipulation
and assembly during fabrication. Fig. 1(a) is a schematic of
the sensor illustrating the important dimensions.

The working principle of the sensor is similar to previously
developed artificial flow sensors. The drag due to airflow
causes the hair to bend. The bending deforms the flexible
membrane that the hair is printed on. This deformation
varies the distance between the flexible top electrode and
the four bottom electrodes that are present on the PCB.
The changes in capacitance caused by this deformation are
measured as the sensor output. By obtaining the differential
capacitance changes between two pairs of capacitors, both
flow magnitude and direction can be determined.

This general operating principle is illustrated in Fig. 1(b-
c). When the membrane deflects towards the bottom elec-
trodes, there is an increase in the measured capacitance,
C1+,C2− in the schematic, and when it moves away, the
capacitance decreases, C1−,C2+ in the schematic. The
differential signal between the two electrode pairs(C1+ −
C1−,C2+ − C2−) is measured as the sensor output. The
direction of flow is measured by comparing the capacitance

change across the perpendicular electrode pairs.

B. Sensor Fabrication

The sensor was fabricated using two photon polymer-
ization with a Nanoscribe Photonic Professional GT tool
(Nanoscribe GmbH, Karlsruhe/Germany). The setup uses a
780 nm pulsed femtosecond laser source. The sensor was
designed using Solidworks and the exported STL file was
converted to General Writing Language(GWL) by using
Nanoscribe’s De-Scribe software (v 2.5.4). The GWL files
were then loaded into the NanoWrite software (v 1.8.13) for
printing. The printing was done by using a 25x/1.4 objective
lens (Zeiss) in DiLL mode, where the lens makes direct
contact with the resin. The sensor was printed with a scan
speed of 50 000 µms−1 and a laser power of 75mW.

The complete fabrication process is illustrated in Fig. 2.
Initially a layer of Dextran was spin-coated onto a clean
ITO slide. The Dextran acts as a sacrificial layer so that
the printed sensor can be released from the slide without
damaging the membrane. The sacrificial layer was made by
mixing Dextran (Sigma-Aldrich) with deionized water in a
1 : 10 ratio by weight.

The complete structure was printed in the next step in
IPS (a propriety Nanoscribe GmbH photocurable polymer)
. After the printing process, the structures were developed
by submerging them in propylene glycol monomethyl ether
acetate (PGMEA; Sigma-Aldrich) for four hours. This step
was intended to remove any uncured polymer that might
have been present after the printing process. Channels were
designed into the sensor to help remove uncured material
from under the floating membrane. The slide was then sub-
merged in IPA for cleaning and dried at room temperature.
The sensor was released from the slide by dissolving the
dextran layer in deionized water.

A layer of silver, 1000 Å thick was deposited on the float-
ing membrane using E-beam metal deposition. The metal
layer functions as the top electrode for the capacitive sensor.

The final step involved assembling the printed structure
with the electrodes that were embedded into the PCB that
held the necessary measurement electronics. The structure
was assembled onto the PCB manually under a microscope
using a UV curable polymer (Dymax OP-4-20641) as a
fastener. The polymer was then cured by exposing it to UV
light (320 nm to 395 nm) for 180 s. Conductive silver paste
was utilized to connect the top electrode to the PCB. Fig. 3
shows a scanning electron microscope (SEM) image of the
completed sensor assembled on the PCB.

III. SENSOR CHARACTERIZATION

A. Displacement Loading Tests: Varying Displacement Am-
plitude

The fabricated sensor was initially tested with a dis-
placement stimulus under a probe station. The experimental
results were compared with COMSOL simulations to better
understand the sensor performance. A electromechanical
forces multiphysics simulation was run with the sensor
design. Material properties for IPS reported in [40] were
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Fig. 2. Fabrication procedure for 3D printed AHS. (a) An indium tin oxide coated glass slide is cleaned using Isopropyl alcohol. (b) Spin coating a 1:10
ratio by weight solution of dextran with deionized water on the slide. (c) Adding a drop of photoresist to the coated slide. (d) The sensor is printed using
2PP. (e) The printed sensor is developed in PGMEA to remove uncured material. (f) Dextran layer is removed and metal is deposited on the membrane
using EBeam metal deposition. (g) The sensor is glued to the PCB using a UV polymer. (h) Final fully assembled sensor.

Fig. 3. SEM image of assembled sensor. The sensor is held down using
a UV curable polymer and conductive silver paste is used to connect the
membrane to the measurement PCB.

used in the simulation. The bottom surface of the bottom
electrodes and the bottom surface of the sensor ring were
fixed and prevented from displacing. The tip of the hair had
a prescribed displacement assigned to it using two global
parameters one to control the displacement and another to
control the direction. Each of the split bottom electrodes
were assigned as a separate terminal with a uniform voltage
of 1V. The top electrode was used as a ground terminal. A
parameter sweep over the desired values for both parameters
was run and the capacitance change across the terminal
were calculated using a global evaluation. The results of the
simulation are plotted in Fig. 5(a).

The experimental setup is shown in Fig. 4. The assembled
device was mounted on a rotational stage. The probe used to
displace the hair was mounted on a 2-axis motorized stage,
one to control the horizontal displacement and another to

control the height of the probe. Each axis was controlled by a
ThorLabs MT1-Z8 motorized stage. The stages were utilized
to align the displacement probe with the tip of the hair. The
capacitance output from the sensor was obtained by using
a capacitance to digital converter (CDC) chip (AD7746,
Analog digital). The CDC chip allows for two terminals to be
read in a single ended mode or four in a differential mode
setup. The differential mode setup was used to obtain the
sensor output for all tests. The hair was displaced from 0 µm
to 100 µm in 1 µm increments, the probe was held at each
position for 5 seconds to ensure the sensor response to reach
a steady-state. The assembled sensor was then rotated by
45 degrees in the anticlockwise direction and the test was

Fig. 4. Schematic of the experimental setup used for performing displace-
ment loading tests. The rotational stage is used to change the direction of
stimulus with respect to the bottom electrode pairs. The 2-axis linear stage
is used to position the probe with respect to the tip of the hair sensor.
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repeated in this new orientation.
The results are shown in Fig. 5(b) with simulation results

shown on top and experimental results on bottom. The
color-coded lines represent the readouts from the respective
electrode pairs. The shaded region surrounding the line in
Fig. 5(b)b indicates the standard deviation from a set of 3
trials with the same sensor and the central line indicates the
mean.

For the initial orientation (0°) represented by the solid
lines, there was no response along the blue electrode pair as
the displacement occurred perpendicular to them. In contrast,
there was a significant linear decrease in capacitance from
the red electrodes as the displacement was applied along
this direction. Since the hair was being pushed towards
C1− the capacitance on that electrode increases while the
capacitance on C1+ decreases. This causes a net decrease
in the differential capacitance readout.

When the sensor was rotated to 45°, the displacement
caused equal capacitance decrease across both electrode pairs
as expected from the simulation in Fig. 5(a).

Although the sensitivity of the physical sensors are found
to be lower than the simulated values, the trend of these
results is comparable. The manual assembly step in the
fabrication process is believed to affect the sensor perfor-
mance as seen in the 45° orientation tests. Ideally, the curves
for both electrode pairs would overlap perfectly as seen
in the simulations Fig. 5(a). Further, the difference in the
noise levels for the electrode pairs could also affect the
sensor performance. The red electrode pair has a higher
noise floor than the blue pair. Other possible contributors
to this discrepancy may include electronics placement and
improper development during fabrication leaving unexposed
resin behind in the printed structure.

B. Displacement Loading Tests: Varying Stimulus Directions

The sensor’s ability to distinguish direction of the stimulus
was examined by using a constant displacement load with
varying directions. The test setup is the same as that used in
the previous test. The sensor was rotated from 0° to 90° in
5° increments. At each increment, the tip was deflected by
100 µm and the response was recorded.

The results of the test are shown in Fig. 6. Again these
results are color coded to differentiate the corresponding
electrode pairs. The diamond markers indicate the sensor
response at each angle. The lines are best fit sine curves
for the experimental data. The see-saw effect across the
best fit curve in the experimental data is due to an artifact
of the printing process. Since the sensor was printed layer
by layer along the Z axis, the layers on the membrane all
aligned along a particular direction. This makes deflection
along some angles easier than others, causing the see-saw
effect. This can be corrected by rotating alternate layers on
the membrane by 90° during the printing process.

C. Air Flow Tests

The sensor’s response to airflow was also evaluated exper-
imentally. The setup remains similar to the previous test. The

Fig. 5. Sensor pair response to displacement (C1 - blue, C2- red) Bold
lines indicate response when displacment is along 0° direction and dashed
lines when displacement is along the 45° directions. a) Shows simulation
results while b) shows results from experiments. Shaded region around lines
indicate standard deviation over 3 trials.

probe was replaced by one end of a polyurethane tube, 5mm
in diameter. The other end of the tube was connected to a
pressure controlled compressor. The tube opening was placed
20mm from the hair sensor. The corresponding velocity
at the sensor position was measured by using a portable
anemometer and finding the mean flow velocity over a
period of 30 s. The flow was directed along the 0° direction.
During the experiment, constant flow pressure was applied
to the sensor with the help of a control valve until the
sensor response stabilized (no more than 5 s. The capacitance
change was measured similar to the displacement tests in the
previous section.

The results of the flow test are plotted in Fig. 7, which
shows the mean capacitance change and standard deviation
averaged over 3 trials. The sensor is found to be only capable
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of detecting the flow above 5m s−1.

IV. DISCUSSION

Utilizing The use of microscale 3D printing enables a rela-
tively complex sensor to be manufactured in one simple step
followed by metal deposition. Integration with measurement
circuitry is simplified by embedding the bottom electrodes
into the PCB. The sensor is able to identify both the mag-
nitude and direction of stimulus by measuring capacitance
change across two independent and perpendicular axes.

The experimental results demonstrate that the sensor is
capable of measuring airflow with speeds between 5m s−1

and 10.2m s−1. Although the experimental results validate
the sensor’s design and working principle, the flow tests are
limited by the use of a compressor to generate flow. The tests
need to be repeated in a wind tunnel to better understand the

Fig. 6. The sensor pair responses (C1 - blue, C2- red) under different
angular deflections. Diamond markers show measured capacitance output
while the solid lines are best fit sine functions.

Fig. 7. The sensor pair responses (C1 - blue, C2 - red) under airflow
along the 0° direction. Bold lines show mean capacitance output across
three trials. Error bars indicate the standard deviation between trials.

sensor performance in more realistic flow conditions.
We believe that the see-saw effect in the sensor’s di-

rectional response seen in Fig. 6 is due to the printing
process where all the layers on the suspended membrane
are aligned in the same direction. Shifting alternate layers
by 90° should alleviate this issue. Therefore, addressing the
imperfections in the fabrication process can help make the
sensor response more symmetric and less noisy. Additionally
designing assembly guides onto the PCB and using a better
gluing process by cotaing the PCB with a uniform layer of
the UV polymer should improve assembly consistency across
multiple devices.

Future work would involve studying the sensor in more
realistic flow conditions, leveraging the 3D printing process
to increases the sensors sensitivity to low flow speeds by
adding structural drag enhancers like fins or feathers.

V. CONCLUSION

This work presents a novel method to fabricate minia-
ture flow sensors. Experimental results validate the sensor’s
working principle and its ability to discern both the direction
and magnitude of a stimulus. The novel fabrication process
holds good promise in producing lightweight, compact and
sensitive sensors at the same scale as biological hairs, which
would greatly benefit the development of future MAVs.
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