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Abstract— Nature surrounds us with many bizarre and
inspirational mechanisms. Insects are miniature organisms
that can have exceptionally efficient and functional sensory
receptors. Acoustic and air flow mechanoreceptors, commonly
called trichoid sensilla or trichobothria, are used in different
shapes and sizes by several insect species. The goal of this work
is to develop hair-like sensor structures inspired by the
Barathra brassicae caterpillar and adult Buthus occitanus
scorpion. An early version of the sensor has been developed
and realised using additive manufacturing. Mechanical
analysis shows that the sensor design can be altered to move at
different frequencies by changing its structure. Early
development to convert mechanical displacement into an
electric signal has begun and an electric response is recorded,
albeit signal conditioning is required to be usable.
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L INTRODUCTION

Nature has been a significant inspiration for human
technological development in past centuries. Countless
sensing methodologies have been inspired by the way
sensory mechanisms occur in nature. In the past century,
thorough biological studies on insects allowed a better
understanding of how their different acoustic sensory
systems work [1]. Albeit much work still needs to be done,
the way insect mechanoreceptors function has been
described by several authors [2-9]. One of these fascinating
structures, the hair shaped Trichoid Sensilla (TS), also
known as trichobothria, allows insects to sense and react to
airflow and low frequency, near field sound. Moreover, it is
speculated that from this structure other sensing
mechanisms are derived [10, 11]. From a change in the hair
structure insects sense odors, temperature, acceleration,
touch, and utilize gyroscope-like mechanisms [5, 10-12].

This paper describes the use of digital light processing
(DLP) additive manufacturing (AM) to create a novel sensor
inspired by the TS of adult Buthus occitanus scorpions [4],
which have a flattened hair (instead of rod-like) structures
and are not hinged at the basal area. The aim of this work is
to develop a sensor that responds to different frequency
bands based on the dimensions of the hair structure.

Similar sensors have been previously produced using silicon
based microelectromechanical systems (MEMS) techniques
by taking inspiration from the cerci of the crickets [13-19].
However, the use of AM for sensor production promises
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faster and less wasteful prototyping compared to
conventional sensor fabrication techniques. Additionally, it
also provides the opportunity to integrate arrays of sensors
within a single structure and adapt it to different shapes and
materials.

The future goal of the work is to use arrays of different
iterations of the described sensor, where each iteration
reacts to different frequencies. This would allow frequency
content measurement without using digital processing
techniques. This could make the system consume less
power, have low latency, and low data overhead.

II. METHODOLOGY

The sensors were designed with the computer-aided
design (CAD) software Shapr3D and 3D-printed via an
ASIGA MAX X27 DLP 3D printer. Two different materials
were used for the realisation of the sensor. The structure of
the hair sensor is shown in Fig. la. The hair and body are
3D-printed using two materials to emulate the difference in
stiffness shown by hair structures in nature: lower stiffness
at the basal area and higher for the hair shaft [20, 21]. This
maximizes mechanical energy transmission: the hair
deflects the mechanical energy to the nervous tissue to
generate a signal, instead of losing it while bending [21].

The hair structure was printed using Formlabs’s Grey
Resin (V4) and the rest of the structure is 3D-printed using
a poly(ethylene glycol) diacrylate (PEGDA) based resin,
with photoinitiator phenylbis (2,4,6-trimethylbenzoyl)
phosphine oxide (Irgacure 819, 1% w/w) and photoblocker
orange dye Sudan I (S1, 0.2% w/w). PEGDA, Irgacure 819
and S1 were purchased from SigmaAldrich, used as
delivered. The solution was sonicated in an ultrasonic bath
(Clifton SW3H) for 30 minutes prior to use. Once the
sensors were 3D-printed, they were cleaned in isopropanol
for 1 minute to remove resin residues. Before conducting the
experiments, the sensors were left to rest for at least 2 days.

The mechanical response of the sensors was investigated
using a Polytec MSA-100 3D-Laser Doppler Vibrometer
(LDV). A loudspeaker (Visaton WS 17 E) was held by a
flexible articulating arm from a platform separated from the
one where the LDV was situated. The speaker was
positioned at ~13 cm from the sensor, producing a periodic
chirp generated by the LDV internal function generator at
10 V, and amplified by a Onkyo A-9010 amplifier. A
reference signal was acquired by using Briiel & Kjer 4138-
A-015 microphone and Briiel & Kjer WH-3219 amplifier,
positioned 13 cm from the speaker (Fig. 2). The LDV
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Fig. 1 : (a) Basic structure of the hair sensor used for mechanical testing.
(b) Proposed final version of the hair in 2D, to allow for mechanical
displacement to electric signal conversion. The external case with plates is
printed separately and slid in around the sensor structure. (c) Structure used
for shape comparison.
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Fig. 2: Visaton WS17 E sound pressure response of the periodic chirp used
to test the sensors acquired by a microphone.

acquisition is done in FFT mode with an averaging complex
value of 5, 1600 FFT lines and a rectangular window. The
multipoint scans were done using a point density of ~0.48
points/mm in both X and Y axes.

The sensor structures are named after their dimensions
in millimeters; Height, H, Width (squared hair), W,
Depth/Thickness (squared hair) or Diameter (cylindrical
hair), D, and Base/Spring Height, B.

III. RESULTS

A. Mechanical Response

The following results represent the displacement
obtained through the LDV by testing of the sensor’s
mechanical response to a periodic chirp from 50 Hz to 2
kHz. Three different experiments were made on the
mechanical structure and for this, three different structures
were produced inspired by different shapes found in nature.
The first experiment, Shape Comparison, was made to
understand the response of the sensor to different hair

shapes (Fig. 3). On the same base four different sensors were
3D-printed, one cylindrical, H4DI, and three squared,
H4WIDI1, H4W2DI1 and H4W3D1. A base height B1.7 was
used for all hairs. The cylindrical hair and its nearest squared
version (WIDI) have a similar response, albeit they have
slightly different resonant frequencies (360 Hz and 330 Hz,
respectively). For the squared hairs the wider the hair the
lower the resonant frequency and the higher the
displacement. For smaller hairs, the displacement of the
resonant frequency is equal to other structural noise; this
might compromise the conversion of the mechanical
displacement into an electrical signal.

The second experiment, Spring/Base Height
Comparison, was conducted to determine the effect of
different spring heights on the sensor’s response. The same
hair (H4W3D1) was 3D-printed on bases with five different
heights, B1.7, B1.5, B1.3, B1.0 and B0.5. The results (Fig.
4) indicate that for a lower spring height there is a lower
displacement at the tip and a higher resonant frequency.
Moreover, for higher springs, the band of frequencies at
which the hair produces cantilever-like movements is
narrower. The cantilever-like movement of the B0.5 sensor
is the region comprehended from 580 Hz to 1250 Hz, while
for the B1.7 sensor it was recorded from 150 Hz to 200 Hz.

The third experiment, Hair Size Comparison,
investigated the sensor’s response when changing sensor
height and depth/thickness, while having the same width
and spring height (W3B1.7). Six different sensors were
tested, a combination of three different heights H5, H4 and
H3, and two different thicknesses DI and D0.5. The results
(Fig. 5) showed that the higher the hair the higher the
displacement and the lower the resonant frequency. An
interesting observation is the fact that by halving the
thickness of the hair, the frequency response resembled the
one of the next 1 mm shorter hair with 1 mm thickness, but
with higher displacement (see H5D0.5 compared to H4D1
and H4D0.5 compared to H3DI).

Fig. 6 shows the H4W3D1B1.7 sensor response from the
previous experiments in one plot to investigate the
reproducibility of the sensor. The resonant frequency and
displacement are comparable, but with small differences.
These discrepancies may depend on some or a combination
of the following factors. Time of experiment after
printing, the polymerization reaction continues after
printing, changing its material properties [22]. Further study
is needed to understand the time taken by the sensor to settle
its response. Cross-contamination between the two
different materials when changing the trays while printing,
this can be improved by cleaning the tray and support
between tray changes. Time of immersion in isopropanol,
in our past experiments it was ascertained that longer
immersion times made the sensor brittle. Timing
consistency between each print is fundamental to decrease
inconsistency. Misalignment of the tray, when changing
tray in our early work it was noticed that, in some instances,
the plate and the hair were not properly aligned to the spring
as per design. More attention from the operator when
inserting the resin trays can reduce this issue. Slight
variation in light intensity in DLP might occur while
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Fig. 3: Displacement magnitude collected by the 3D LDV at the tip of the

hair. Only X-axis displacement shown (parallel to the speaker). Results for

same spring height (1.7 mm) and different hair shapes.
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Fig. 4: Displacement magnitude collected by the 3D LDV at the tip of the

hair. Only X-axis displacement shown (parallel to the speaker). Results

for same hair structure (Height 4 mm, Width 3 mm, Thickness 1 mm) and

different spring/base heights.
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Fig. 5: Displacement magnitude collected by the 3D LDV at the tip of the

hair. Only X-axis displacement shown (parallel to the speaker). Results for

same hair width (3 mm) and spring height (1.7 mm) and different hair

height and thickness.

printing, this can slightly affect the sample’s properties and
it is outside user control. Dimensional variations might
occur during the printing process, these might be mitigated
by a better selection of the print parameters.
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Fig. 6: Displacement magnitude collected by the 3D LDV at the tip of the
hair (X-axis) for the H4W3DI1B1.7 (Height 4 mm, Width 3 mm, Thickness
1 mm, Spring Height 1.7 mm) sensor from the comparison experiments.

B. Electrical Signal

To make the sensor conductive, the upper side of the
internal plate and the bottom side of the external ones (Fig.
1b) were hand painted with Agar Scientific’s Quick Drying
Silver Paint (G302). The purpose is to turn the two sides into
capacitive plates. To improve precision, future iterations
will instead use a deposition system, similarly to [23]. In a
similar setting to the one used for the LDV experiments an
electric signal was acquired through an oscilloscope.
Nevertheless, conditioning is required for it to be usable.

C. Design Optimization

Numerical models based on insects’ hair have been
developed and they could be used for development of
artificial hair sensors [6, 24-26]. Nevertheless, they require
an accurate measurement of the torsional stiffness to work.
Finite element analysis (FEA) can be useful for this task, but
appropriate settings for the simulation are needed. Once a
numerical method has been developed optimization
techniques can be included to optimize displacement and
help designing higher frequency operation [27, 28].

IV. CONCLUSIONS

The aim of this work was to develop a bio-inspired hair-
like acoustic sensor fabricated via AM that can react to
different frequency bands. This objective was achieved on
the mechanical side as shown in Fig. 3-Fig. 6, albeit with
room for improvement. Fabrication of the sensor using two
different materials to mimic insect hair-like structures was
successful and provided a satisfactory response. Meanwhile,
appropriate structural changes provide designs with
different frequency responses, from 170 Hz to 1.2 kHz. The
next step was to convert the mechanical displacement of the
hair to an electric signal. In the early experiments, an electric
response was recorded but conditioning is required to
properly acquire it. Improvements in manufacturing have
been stated. Further work will include the development of a
tool to aid in the design of the sensor and conversion of the
mechanical displacement into an electric signal. Once this is
accomplished the sensor structures can be tailored to
specific applications providing low-power, low-latency, and
low-data overhead system capabilities.



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Additive manufacturing of an insect bio-inspired hair acoustic sensor

REFERENCES

D. D. Yager, "Structure, development, and evolution of
insect auditory systems," Microscopy Research and
Technique, vol. 47, no. 6, pp. 380-400, 1999, doi:
10.1002/(sici)1097-0029(19991215)47:6<380:: Aid-
jemt3>3.0.Co;2-p.

A. Reissland and P. Gorner, "Trichobothria," in
Neurobiology of Arachnids, F. G. Barth Ed. Berlin,
Heidelberg: Springer Berlin Heidelberg, 1985, pp. 138-161.
A. ReiBland and P. Gorner, "Mechanics of trichobothria in
orb-weaving spiders (Agelenidae, Araneae)," Journal of
Comparative Physiology, vol. 123, no. 1, pp. 59-69, 1978-
01-01 1978, doi: 10.1007/bf00657344.

K. MeBlinger, "Fine structure of scorpion trichobothria
(Arachnida, Scorpiones)," Zoomorphology, vol. 107, no. 1,
pp. 49-57, 1987-06-01 1987, doi: 10.1007/bf00312129.

T. A. Keil, "Functional morphology of insect
mechanoreceptors," Microscopy Research and Technique,
vol. 39, no. 6, pp. 506-531, 1997, doi: 10.1002/(SICI)1097-
0029(19971215)39:6<506::AID-JEMT5>3.0.CO;2-B.

N. H. Fletcher, "Acoustical response of hair receptors in
insects," Journal of Comparative Physiology ? A, vol. 127,
no. 2, pp. 185-189, 1978-06-01 1978, doi:
10.1007/b£01352303.

H. Markl and J. Tautz, "The sensitivity of hair receptors in
caterpillars of Barathra brassicae L. (lepidoptera, noctuidae)
to particle movement in a sound field," Journal of
Comparative Physiology, vol. 99, no. 1, pp. 79-87, 1975-03-
01 1975, doi: 10.1007/bf01464713.

U. Wolfrum, "Cytoskeletal elements in insect sensilla,"
International ~ Journal of Insect Morphology and
Embryology, vol. 26, no. 3, pp. 191-203, 1997/07/01/ 1997,
doi: https://doi.org/10.1016/S0020-7322(97)00021-4.

T. A. Keil, "Comparative morphogenesis of sensilla: A
review," International Journal of Insect Morphology and
Embryology, vol. 26, no. 3, pp. 151-160, 1997/07/01/ 1997,
doi: https://doi.org/10.1016/S0020-7322(97)00017-2.

T. Vondran, K. H. Apel, and H. Schmitz, "The infrared
receptor of Melanophila acuminata De Geer (Coleoptera:
Buprestidae): ultrastructural study of a unique insect
thermoreceptor and its possible descent from a hair
mechanoreceptor," Tissue and Cell, vol. 27, no. 6, pp. 645-
658, 1995/12/01/ 1995, doi: https://doi.org/10.1016/S0040-
8166(05)80020-5.

S. R. Hill, B. S. Hansson, and R. Ignell, "Characterization of
Antennal Trichoid Sensilla from Female Southern House
Mosquito, Culex quinquefasciatus Say," Chemical Senses,
vol. 34, mno. 3, pp. 231252, 2009, doi:
10.1093/chemse/bjn080.

T. A. Keil and R. A. Steinbrecht, "Mechanosensitive and
Olfactory Sensilla of Insects," in Insect Ultrastructure:
Volume 2, R. C. King and H. Akai Eds. Boston, MA:
Springer US, 1984, pp. 477-516.

A. M. K. Dagamseh, R. J. Wiegerink, T. S. J. Lammerink,
and G. J. M. Krijnen, "Towards a high-resolution flow
camera using artificial hair sensor arrays for flow pattern
observations," Bioinspiration & Biomimetics, vol. 7,no. 4, p.
046009,  2012/09/06 2012,  doi:  10.1088/1748-
3182/7/4/046009.

N. a. J. Izadi, R. K. and Floris, J. and Krijnen, G.,
"Optimization of Cricket-inspired, Biomimetic Artificial
Hair  Sensors for Flow Sensing," 2008, doi:
10.48550/ARXIV.0802.3768.

G. Krijnen, T. Lammerink, R. Wiegerink, and J. Casas,
"Cricket Inspired Flow-Sensor Arrays," in 2007 I[EEE
Sensors, 2007-01-01 2007: IEEE, doi:
10.1109/icsens.2007.4388455.

R. J. Wiegerink, A. Floris, R. K. Jaganatharaja, N. Izadi, T.
S. J. Lammerink, and G. J. M. Krijnen, "Biomimetic Flow-
Sensor Arrays Based on the Filiform Hairs on the Cerci of
Crickets," in 2007 IEEE Sensors, 2007-01-01 2007: IEEE,
doi: 10.1109/icsens.2007.4388591.

A. Dagamseh, C. Bruinink, M. Kolster, R. Wiegerink, T.
Lammerink, and G. Krijnen, "Array of biomimetic hair

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

sensor dedicated for flow pattern recognition," in 2010
Symposium on Design Test Integration and Packaging of
MEMS/MOEMS (DTIP), 5-7 May 2010 2010, pp. 48-50.

A. M. K. Dagamseh, T. S. J. Lammerink, M. L. Kolster, C.
M. Bruinink, R. J. Wiegerink, and G. J. M. Krijnen, "Dipole-
source localization using biomimetic flow-sensor arrays
positioned as lateral-line system," Sensors and Actuators A:
Physical, vol. 162, no. 2, pp. 355-360,2010/08/01/ 2010, doi:
https://doi.org/10.1016/j.sna.2010.02.016.

N. Izadi, M. J. de Boer, J. W. Berenschot, and G. J. M.
Krijnen, "Fabrication of superficial neuromast inspired
capacitive flow sensors," Journal of Micromechanics and
Microengineering, vol. 20, no. 8, p. 085041, 2010/07/28
2010, doi: 10.1088/0960-1317/20/8/085041.

B. D. Saltin, Y. Matsumura, A. Reid, J. F. Windmill, S. N.
Gorb, and J. C. Jackson, "Material stiffness variation in
mosquito antennae," Journal of The Royal Society Interface,
vol. 16, no. 154, p. 20190049, 2019-05-01 2019, doi:
10.1098/rsif.2019.0049.

C. Zhang et al., "High-aspect-ratio deflection transducers
inspired by the ultra-sensitive cantilever configuration of
scorpion trichobothria," Journal of Materials Chemistry C,
vol. 8, no. 18, pp. 6093-6101, 2020-01-01 2020, doi:
10.1039/d0tc0024 1k.

A. Vitale, M. G. Hennessy, O. K. Matar, and J. T. Cabral, "A
Unified  Approach  for  Patterning via  Frontal
Photopolymerization," Advanced Materials, vol. 27, no. 40,
pp. 6118-6124, 2015-10-01 2015, doi:
10.1002/adma.201502607.

B. Zhu, J. M. F. Guerreiro, Y. Zhang, B. P. Tiller, and J. F.
C. Windmill, "Additive Manufacturing (AM) Capacitive
Acoustic and Ultrasonic Transducers Using a Commercial
Direct Light Processing (DLP) Printer," IEEE Sensors
Journal, vol. 20, no. 4, pp. 1770-1777,2020-02-15 2020, doi:
10.1109/sen.2019.2950089.

J. A. C. Humphrey, F. G. Barth, and K. Voss, "The Motion-
Sensing Hairs of Arthropods: Using Physics to Understand
Sensory Ecology and Adaptive Evolution," in Ecology of
Sensing, Berlin, Heidelberg, F. G. Barth and A. Schmid,
Eds., 2001// 2001: Springer Berlin Heidelberg, pp. 105-125.
J. A. C. Humphrey, F. G. Barth, M. Reed, and A. Spak, "The
Physics of Arthropod Medium-Flow Sensitive Hairs:
Biological Models for Artificial Sensors," in Sensors and
Sensing in Biology and Engineering, F. G. Barth, J. A. C.
Humphrey, and T. W. Secomb Eds. Vienna: Springer
Vienna, 2003, pp. 129-144.

R. Devarakonda, F. G. Barth, and J. A. C. Humphrey,
"Dynamics of arthropod filiform hairs. IV. Hair motion in air
and water," Philosophical Transactions of the Royal Society
B, vol. 351, no. 1342, pp. 933-946, 29 July 1996 1996, doi:
https://doi.org/10.1098/rstb.1996.0086.

J. R. Martins and A. Ning, Engineering design optimization.
Cambridge University Press, 2021.

A. R. Parkinson, R. Balling, and J. D. Hedengren,
"Optimization methods for engineering design," Brigham
Young University, vol. 5, no. 11, 2013.



	Abstract
	I. INTRODUCTION
	II. METHODOLOGY
	III. RESULTS
	A. Mechanical Response
	B. Electrical Signal
	C. Design Optimization

	IV. CONCLUSIONS
	REFERENCES



