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Abstract—Flapping wing micro aerial vehicles face chal-
lenges in sensing and reacting to disturbances like wind gusts.
This work introduces a new microscale bio-inspired digital
strain sensor to detect these perturbations. The sensor is
designed to change logic states when a specified strain threshold
has been reached. The sensors are 3D printed on a flexible
Mylar wing using two-photon polymerization. Three digital
sensors with varying strain thresholds demonstrate differences
in activation timing due to different design parameters. The
sensors are tested at the 25 Hz flapping frequency of a
hawkmoth, an insect with comparable wing size. A perturbation
was added to the flapping wing by subjecting it to a 3 m/s
wind gust. A single digital sensor is able to identify the wind
disturbance by comparing the time of the first strain threshold
crossing. A separate approach looks at the change in sensor
’on’-time for each flap cycle and provides a clear indication of
the wind disturbance.

I. INTRODUCTION

Microscale flapping wing robots and flying insects suffer
similar constraints in size, weight, and power (SWAP) [1].
However, biology presents thousands of species that have
overcome these barriers and demonstrate mastery of flight
in a dynamic environment. Insect-scale flapping wing micro
aerial vehicles (FWMAVs) range in size from a large butter-
fly such as the DelFly Nimble [2] to an order of magnitude
smaller, as small as a bee [3]. One of the major challenges
these micro-robotic systems face in moving outside of the
lab is their inability to sense disturbances like wind gusts
with sufficient time to recover. Due to their small size and
low inertia, flapping wing MAVs are extremely susceptible
to these perturbations. But we can look for inspiration from
flying insects to develop new sensing strategies to handle
fast-acting perturbations.

In this study, we model wings and sensors based on the
properties of the hawkmoth (Manduca sexta). The hawk-
moth takes advantage of multiple sensing modalities, such
as vision and mechanosensory feedback, for use in flight
control. For instance, the moth’s antennae are able to sense
Coriolis forces [4] and detect wind gusts [5]. The moth’s
vision is used for flight stability and is useful in slower
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Fig. 1. Fabricated wing with 7 strain sensors. The inset shows a microsope
image of the 3D printed digital strain sensor.

flight maneuvers [6]. To respond to fast perturbations such as
wind gusts, the hawkmoth, and other flying insects are richly
equipped with biological strain sensors called campaniform
sensilla (CS) on the top and bottom of their wings [7]. During
wing deformations, the CS deform and activate neurons that
generate action potentials in response to strain [8]. These
neurons are extremely fast, and fire with sub-millisecond
precision [9]. In this work, we draw inspiration from these
mechanosensors to develop bio-inspired digital strain sensors
capable of detecting wind gusts within a single flap cycle.

The use of sensors on the wings of aerial vehicles to
detect disturbances and aerodynamic forces has been demon-
strated on larger fixed wing [10], and rotary aircraft [11].
However, there are significant challenges when designing
sensing systems for insect-scale FWMAVs. To achieve full
autonomy, sensors must be integrated with the FWMAV’s
control system [12]. An ideal sensor would be low latency
and easily integrated with a microcontroller unit (MCU)
without additional hardware. In previous work, a discrete
analog strain sensor was developed but was still relatively
large and stiff for small flapping wing MAVs. This paper
builds on this idea to provide a completely digital strain
threshold sensor that is ~ 500 um in length and can easily
be integrated onto flexible wings.

The primary contribution of this paper is a digital, bio-
inspired strain sensing design. These novel temporal sensors
can be used to infer the magnitude of disturbances without
directly encoding strain itself but instead by encoding the
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Digital strain sensor concept. a) The chevron beams are lifted off the substrate with risers. Overhangs are directly incorporated into the design

and provide electrical isolation. The sensors are directly 3D printed on a PET wing. Gold is deposited to provide electrical conductivity. b) The sensor is
normally open and acts as a switch, closing at a specific strain threshold. The beams of the sensor can be configured to detect tensile and compressive
strains. ¢) During the flapping cycle of the wing, the sensor is activated at a designed strain threshold. This provides mechanical filtering of the wing’s

strain and generates a digital signal.

timing at which a particular strain value is reached. An ana-
lytical model of the sensor’s strain threshold is presented as a
general guide for sensor design. A secondary contribution of
this work is the fabrication of microscale sensors on flexible
moth-sized wings (Fig.1). Rapid prototyping of the wing and
sensor is accomplished through a novel fabrication technique
that employs the use of microscale 3D printing. When the
wings with printed sensors are flapped and subjected to
wind gusts, the signal generated by the sensors can easily
distinguish the onset of a wind gust within a wingbeat by
analyzing changes in the digital signal.

II. METHODS
A. Sensor Design

The sensor was designed to detect and output a binary
response to a strain threshold being crossed in a flapping
wing . This required developing a sensor that could be
incorporated into the wing and withstand strains throughout
the flapping cycle when the wing is flapped at 25Hz. In
addition, the sensor should be sensitive enough to detect the
relatively small strains experienced in thin, flexible wings
and should not affect the stiffness and overall performance
of the wing.

The sensor design (Fig. 2) is comprised of two chevron-
shaped fixed-end beams that provide a mechanical gain with
respect to displacement [13]. This mechanical amplifica-
tion is needed to turn small strains in the wing into a
detectable displacement. The chevron beams are lifted off
of the substrate with risers to allow motion unconstrained
by the substrate (Fig. 2a). The risers will also provide an
additional mechanical gain on bent surfaces by extending
the distance from the neutral axis of the bent wing. When
the substrate undergoes a longitudinal strain, the beams

amplify this displacement causing the contacts centered on
each chevron to touch once a given displacement has been
reached. The beams can be configured to detect a strain
threshold due to either tensile or compressive strain in the
substrate (Fig. 2b). All results in this paper utilize the tensile
strain configuration.

The flapping motion of the wing causes large strains in the
substrate that are cyclical based on the flapping frequency.
The sensors are designed to open and close around a specific
strain threshold. The sensor is coupled with a pull-down
resistor to output a square wave (rising edge when closed,
falling edge when open). The main benefit of using a contact-
based sensor over traditional analog sensors is the signal-to-
noise ratio. Traditional strain sensing approaches capture an
analog signal using a Wheatstone bridge circuit and amplify
it along with noise in the system. The noise must be filtered
to obtain a usable signal. This amplification and signal
processing takes up space, time, computational power, and
electric power. The digital strain sensor, on the other hand,
has a binary output, and the signal can be measured directly
using the digital pin on a microcontroller where the sampling
rate is not limited by an analog-to-digital converter (ADC)
but instead by the clocking speed of the MCU’s processer.
This unique approach to measuring dynamic strain in a
substrate creates a type of mechanical filtering in response
to the flapping strain as shown in Fig. 2c.

B. Analytical Model

A kinematic model of the sensor provides a target strain
as a function of the sensor’s geometrical design parameters.
A schematic of the kinematic relationship between the de-
sign parameters is shown in Fig. 3. Assuming no shrink-
age/extension in chevron-shaped beams during fabrication,
the length of a half of the beam, L, can be expressed in
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Fig. 3.

Side View

Sensor schematic. a) The kinematic movement of the sensor beam relates displacement in the longitudinal (x) axis to the transverse (y) axis. b)

A side view (along y+ axis) of the sensor demonstrates bending strain in the substrate that affects the longitudinal displacement of the sensor.
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Sensor fabrication. a) The PET wing is laser cut and adhered to a glass wafer. b) The sensors are printed in IP-S photoresist directly on the

PET using two-photon polymerization. ¢) Gold is sputtered to add electrical conductivity to the sensors and wing. d) The UV laser is used to pattern the
gold providing electrical isolation between the sensors. The call-out illustration shows a cross-section of 3D printed overhangs that are used for electrical

isolation during the deposition of gold.

terms of xo, yo, Xy, and y; as follows,
L =xg+y5 = x5 +7 (1)

We write xy and y; as functions of xp, yo and the changes
in those components, Ax and Ay as shown in Eq. 2 and 3.

szxO—Ax (2)

yr=yo—Ay 3)

L can also be expressed in terms of its initial angle, c,

and x¢ as in Eq. 4.
X0

L= “

"~ cosa

Finally, using the definition of strain and Eq. 1- 4, we
obtain the following expression for strain at the top of the

sensor in terms of initial geometrical parameters and Ay.

ST v AV
Ax  xo—+/L*— (yo — Ay) )

Esensor = -
X0 X0

The strain in the substrate can be related to the strain
detected by the sensor using Eq. 6, where p is the radius of
curvature of the bent susbtrate.

c c+h
p=- =- ©)

Esubstrate Esensor
Combining Eqgs. 5 and 6, we get an expression for the
strain measured in the substrate in terms of the sensor’s

design parameters.

o/ cos a2~ (o~ Ay)?

(c—i—h) o
X0 C

Eubstrate = |1
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Fig. 5. Circuit diagram and sensor outputs a) The sensor acts as a switch
and is incorporated into a voltage divider to generate a digital signal. b)
The timing of the leading edge of a single sensor’s square wave is similar
to neural spikes from biological mechanosensors. ¢) The pulse width of the
‘on’-time of the sensor during each flap cycle can also provide a measure
of disturbances on the wing.

C. Fabrication

Fabrication is especially challenging because the sensor
must be easily incorporated into a flexible substrate. In
addition, the speed of fabrication is important to iterate
through sensor designs. The first step in the fabrication starts
with a 175 um thick Indium tin oxide (ITO)-coated PET
(polyethylene terephthalate) (Sigma-Aldrich) wing. The PET
(sometimes referred to as Mylar) serves as the flexible wing
and is similar to previous wings used for flapping flight [14].
The PET is cut and patterned using an LPKF U4 UV laser. In
this case, 25 mm x 50 mm rectangular wings are cut to match
previous computational work focused on strain sensing in
hawkmoth wings [15]. Holes are cut to mount the wing to
fixtures for the experimental setup (Fig. 2a). Three fiducials
are laser patterned on the top (non-ITO) side of the PET.
The fiducials are used as alignment markers during various
stages of the fabrication process.

Next, the PET is cleaned using acetone and IPA. A drop of
IP-S 2PP resin (Nanoscribe) is placed on a 100 mm diameter
500 um thick Borofloat 33 glass wafer (University Wafer).
The wing is placed ITO side down directly on the IP-S.
Capillary forces of the IP-S pull the PET flat for printing. The
ITO/IP-S interface provides a contrast of refractive indexes
and ensures a strong interface for the Nanoscribe to find [16].
The edges of the wing are secured to the glass wafer using
polyimide tape to prevent shifting during printing. Another
drop of IP-S is placed on top of the PET to print the sensors.

The sensors are printed using the Dip-In Laser Lithog-
raphy (DiLL) process with a 25X objective. The ITO/IP-S
interface that the Nanoscribe finds is on the bottom of the
substrate. Thus, a z-offset must be added to the structures so
they print on the top of the PET. The z-offset is dependent
on the film thickness and the refractive index at the interface.
The z-offset can be easily found by printing alignment cross-
hairs until they no longer adhere to the PET surface and float
away. The z-offset used with this substrate is 182 um. To
ensure proper print quality in between print movements, the
settling time of the piezo stage used to adjust to this z-offset
was increased to 50 ms. This ensures printing does not start
before the piezo is settled. Additionally, the stage velocity
was reduced to 50 ums~! to reduce viscous flow in the resin
that can arise from fast stage movements.

Next, a coordinate transformation is completed by using
marker alignment to the laser patterned fiducials. The struc-
tures are printed, and the PET wing is removed from the
glass wafer and developed in PGMEA for 20 min. After
development, the wing is rinsed with IPA and dried with
a nitrogen spray gun.

To make the wing and 3D structures electrically conduc-
tive, gold was sputtered to a thickness of 75nm using a
Perkin Elmer 6] Sputtering System. Electrical isolation is
achieved using two different methods. Overhangs are printed
directly on the 3D structures that add local electrical isolation
(Fig. 2a). Sputtering gold is predominantly a line-of-sight
deposition process; during sputtering, the overhangs provide
a self-mask that gives local electrical isolation to the sensors
(Fig. 4 inset). After sputtering, the sensor is placed in the
LPKEF laser cutter and aligned to the fiducials. The gold is
removed from the PET with a laser power of 0.4 W. This
ablation process is used to pattern the larger electrical traces
and create global isolation separating the sensors for signal
acquisition.

This novel rapid fabricatoin process allows for quick
design interation in addition to a robust sensor that has
demonstrated a cycle life of greater than 50,000 cycles at
25Hz.

D. Experimental Setup

To generate a signal, the sensors were coupled with a
10kQ pull-down resistor to output a square wave during
wing flapping (Fig. 5a). A power supply provides 5V to
the circuit. When the switch is open, the output is low, and
when a strain threshold has been reached, the switch closes,
and the signal changes to a high state.

A quasistatic test of one sensor was carried out to validate
the model and ensure the strain threshold was within the
maximum strain during flapping. A cantilever deflection test
was done to calculate the strain in the PET at the sensor’s
location. The sensor was printed 2 mm from the base of the
wing. A displacement was then applied at a distance L, =
6 mm from the base of the wing to bend the wing until a
change in the digital signal was observed, indicating that
the switch was closed and the strain threshold had been
reached. Photos were taken of the wing before and after

3393



Fig. 6. Wind disturbance experimental setup. A hair dryer was used to generate a wind gust of 3 m/s to provide a disturbance to the flapping wing. The
call-out shows the flapping wing setup. The wing was mounted to an Aurora motor, and a 25Hz + 50Hz flapping signal activated the motor.

the displacement to photogrammetrically calculate the total
applied displacement, §. The strain was calculated at the
sensor displacement using the following equation:

. 38L1t

o ®)

Where L; = 4mm is the distance from the point of
displacement to the sensor and ¢ is the thickness of the
substrate (175 um). It should be noted that this linear elastic
model is not accurate for large deflections.

Next, three sensors with different designed thresholds
were used to test the general response of the sensor on a
flapping wing and demonstrate how the signal timing can
be affected through sensor design. The three sensors were
centered along the chord and placed 2 mm from the base of
the wing. The sensors were connected to the digital pins on
an Arduino UNO microcontroller, and the wing was flapped
at a frequency of (5 Hz).

The third experiment was designed to demonstrate the
effect of wind disturbances on the sensors’ activation timing.
A PET wing was designed with a sensor centered along the
chord of the wing. This wing was then attached to the shaft
of an Aurora Scientific Model 300C-LR Dual-Mode Lever
Arm system (Fig. 6). The flapping motion of a hawkmoth’s
wing can be modeled as the sum of two sine waves [15]. A
signal was generated with a primary frequency of 25 Hz with
a 15° flapping amplitude (A;) and a secondary frequency of
50Hz with 20% of the primary amplitude, A,.

signal = Ay =sin (27 % 25t) + A xsin (2w« 50t)  (9)

The signal was generated in MATLAB and output to
the Lever Arm’s length driver via a National Instruments
X-Series DAQ (Fig. 6b). To sample the sensor’s signal, a
spring-loaded connector was used to make contact with the
conductive traces. The signal was read with the digital input
on the NI DAQ at a sampling rate of 1 MHz.

A hair dryer was used to create a 3ms~! wind disturbance
(Fig. 6). The hair dryer was attached to a tripod and placed

level with the wing. A hot-wire anemometer was used to
measure the average velocity of the wind gust. A barrier
was placed in front of the hair dryer and removed during the
flapping wing cycle to produce a wind gust.

Sensor data was collected from one sensor during flapping
only as well as flapping plus a wind disturbance. Two
methods were used to evaluate timing differences when a
disturbance was added. In the first, the timing of the rising
edge was noted as may be captured using a microcontroller
interrupt function (Fig. 5b). This approach is also similar
to the spiking in the campaniform sensilla. The second
approach simply measured the pulse width of the ’on’-time
of the sensor to look for changes that might indicate a
disturbance (Fig. 5c).

III. RESULTS AND DISCUSSION
A. Quasistatic test and Model Comparison

After gold is deposited during the fabrication process,
residual stresses remain in the substrate and the sensors. This
residual stress adds an unwanted pre-strain to the wing and
the sensors. As a result, the dimensions of the fabricated
sensor can be significantly different from the design. Instead
of using the designed parameters of the sensor in this test
to confirm the accuracy of the analytical model, the sensor’s
fabricated dimensions were obtained using a confocal mi-
croscope (Zeiss LSM400). These dimensions were used in
the analytical model and gave a theoretical strain threshold
of 3.25 millistrain. The results from the quasistatic test
indicated an activation at 3.4 millistrain. These numbers
show agreement between the model and the experimental
results and provide a general guideline for sensor design. It’s
important to note that there is no mapping between the sensor
and strain threshold, but instead the focus is when changes
are happening through the modulation of pulses generated
by the sensor.

B. Three Sensor Threshold

The timing of the output of the sensor can be varied
using different sensor designs to target different strain thresh-
olds. Three sensors were designed with theoretical strain
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Fig. 7. Digital signals from three sensors designed with different strain

sensing thresholds. The changing pulse widths indicate that the threshold
strain is sensed at different points within the flap cycle.

thresholds of 3000, 3500, and 4000 microstrain, although
as indicated in the quasistatic results, the fabricated strain
thresholds differed significantly from the designs. The sen-
sors were tested on a wing with a flapping frequency of 5 Hz.
Fig. 7 shows the effect of changing the target threshold to
achieve pulse width modulation of the sensor output. Even
though the strain thresholds in the fabricated sensors differed
from the designs, the trends remained.

C. Detecting disturbances with rising edge

A single sensor was tested with flapping only and flapping
with a 3 m/s wind disturbance. The timing of the rising edge
of the square wave was measured and plotted to emulate
the action potentials of the hawkmoth (Fig. 8)a. When the
wind gust is introduced, the flapping cycle of the wing is
changed, which affects the timing of the sensor responses
and can be seen as a shift from the expected timing of the
sensor activation.

D. Detecting disturbances with pulse width

Next, the pulse width of the sensor’s digital output was
plotted. In this case, the pulse width represented approxi-
mately one third of a total wingbeat period at approximately
14ms when no disturbance was applied. The applied wind
disturbance is shown as a clear deviation from the nominal
pulse width in Fig. 8b.

IV. CONCLUSION AND FUTURE OUTLOOKS

This work presented a novel digital strain sensor to evalu-
ate the strain threshold timing of a flapping wing. The sensor
was inspired by campaniform sensilla found on the wings
of insects that generate neural spikes in response to strain
in the wing. The bio-inspired sensor acts as a switch and
outputs a low latency digital signal when used with a pull-
down resistor. Furthermore, the microscale sensors can be
easily incorporated on relatively large (2.5 cm x 5 cm) wings
using microscale 3D printing via two-photon polymerization.
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Fig. 8. Wind disturbance data. a) The spike timing of one sensor is shown
with a 3 m/s wind gust. The wind gusts cause slight changes in the activation
timing of the sensor. b) The gust is detected by analyzing the pulse width
timing from the strain threshold sensor. The wind gust causes a noticeable
change in this pulse width timing.

An analytical model was used to target a particular strain
threshold based on the design parameters. While film stress
introduced during fabrication changed the dimensions of
the fabricated sensors, trends in the model were validated
through testing. Future work can focus on compensating for
this film stress in either the model or fabrication process.
The sensorized wing was flapped at 25 Hz and subjected to
a 3ms~! wind disturbance easily detected using only one
Sensor.

Using this novel approach of digital sensing to evaluate
timing may provide low latency detection of flight distur-
bances providing event based that is usefule in rejecting these
disturbances through feedforward control. Biologists hypoth-
esize that flying insects may use the campaniform sensilla to
detect inertial forces due to movements during flight [17].
Future work will include strain threshold characterization
and testing of the sensors bandwith. In addition, we will
evaluate the timing difference between sensors on a flapping
wing when subjected to the principal flight rotations of yaw,
pitch, and roll to determine if digital strain sensors can be
used to distinguish between these inertial movments.
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