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Abstract—We describe a flexible multisite microelectrode for in-
sect flight biasing using neural stimulation. The electrode is made
of two layers of polyimide (PI) with gold sandwiched in between
in a split-ring geometry. The split-ring design in conjunction with
the flexibility of the PI allows for a simple insertion process and
provides good attachment between the electrode and ventral nerve
cord of the insect. Stimulation sites are located at the ends of pro-
truding tips that are circularly distributed inside the split-ring
structure. These protruding tips penetrate into the connective tis-
sue surrounding the nerve cord. We have been able to insert the
electrode into pupae of the giant sphinx moth Manduca sexta as
early as seven days before the adult moth emerges, and we are
able to use the multisite electrode to deliver electrical stimuli that
evoke multidirectional, graded abdominal motions in both pupae
and adult moths. Finally, in loosely tethered flight, we have used
stimulation through the flexible microelectrodes to alter the ab-
dominal angle, thus causing the flying moth to deviate to the left or
right of its intended path.

Index Terms—Biomedical electrodes, insect, neuromuscular
stimulation.

I. INTRODUCTION

THERE is considerable interest in creating insect-based mi-
croair vehicles (i-MAVs) that would combine the advanta-

geous features of insects—small size, effective energy storage,
navigation ability—with the benefits of microelectromechanical
system (MEMS) and electronics—sensing, actuation, and infor-
mation processing. The two basic components of the i-MAV are
the telemetry system and stimulation system, as shown in Fig. 1.
The telemetry system provides a communication link between
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Fig. 1. (a) Conceptual illustration of insect-based i-MAVs. i-MAVs require a
communication link to send and/or receive data and a bioelectronic interface,
which is the focus of this manuscript. (b) Schematic of the FSE insertion process,
showing how the split ring can be opened to fit around the nerve cord.

the insect and the base station, while the stimulation system in-
terfaces with the nervous system of the insect to bias the insect’s
flight path. Several groups have developed telemetry systems
that can be glued onto insects [1]–[3]. Our group has previously
developed a wireless stimulation system for i-MAVs, which is
light enough to be carried by the moth and is able to gener-
ate various voltage pulses for neural stimulation using tungsten
wires [4].

The other basic component of an i-MAV is the stimulation
system. Various stimulation schemes, such as optical stimula-
tion [5], muscle heating [6], drug injection [7], and electrical
stimulation of the muscle and nervous systems [5], [8] have
been proposed to bias the flight of the insect. Among these stim-
ulation schemes, electrical stimulation is especially promising
because of its low power consumption, ease of integration with
electronics, and fast response time. Within the realm of electri-
cal stimulation, direct stimulation of the insect’s central nervous
system (CNS) is likely to be more robust than stimulation of the
musculature in real-world applications because CNS stimula-
tion allows the insect’s natural flight-control circuitry to process
the applied inputs, thus minimally perturbing the insect’s flight-
control system and allowing the insect, for instance, to avoid
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obstacles en route to a destination. Although direct CNS stim-
ulation through a tight neural-electrode interface is preferable,
most existing neural probes (such as insertion electrodes or cuff
electrodes [9]) focus on applications for mammals, whose neu-
ral systems are significantly larger than those of insects. The
small size and limited operating space of insects preclude direct
application of these designs to insects.

Classically, insulated (except at the tip) thin metal wires
[1]–[4] or hand-made clip electrodes [10] have been employed
for neural studies on freely moving or loosely tethered in-
sects. Although significant insights have been obtained using
these electrodes, the number of stimulation sites, production
efficiency, and reproducibility of these electrodes are intrinsi-
cally limited due to their manual nature. The advancement of
MEMSs opens a window to multisite and consistently produced
neural probes for small neural systems. 3-D shape-memory al-
loy microelectrodes [11] and silicon- or polymer-based flexible
insertion microelectrodes [12], [13] have been used in insect
applications. All of these electrodes, however, are designed for
neural recording rather than stimulation. Moreover, they are dif-
ficult to implant and attach to the CNS of the insect because of
the small size of the nerve cord in insects (∼ few hundred mi-
crometers in diameter), as well as the limited operating space
within the insect cuticle.

Here, we introduce a flexible split-ring electrode (FSE) for
insect flight biasing that uses electrodes arranged in a spoke-like
manner to provide circumferential stimulation around an insect’s
ventral nerve cord. The electrodes are fabricated by standard
MEMS processing, allowing for efficient large-scale production.
We show that the electrodes can provide multisite electrical
stimulation of the CNS of the moth Manduca sexta and that we
are able, using a ∼20 min insertion procedure, to implant them
into pupae as early as seven days before emergence of the adult
moth without rejection of the implant or damage to the insect.
We characterized the electrical properties of the FSE in saline
solution in vitro and characterized the stimulation efficacy of the
FSE in vivo in both pupae and adult moths. We demonstrated
that stimulation with the FSE can elicit multidirectional graded
abdominal motions in both pupae and adult moths, and these
abdominal motions can cause ruddering to alter the flight path
of the adult moth.

The hawkmoth, Manduca sexta, was chosen for this research
for several reasons. These moths have been continuously reared
in colonies for more than 20 years at our universities, and meth-
ods for surgery and implantation of electrodes are well estab-
lished. The moth is commonly used in research, and much is
known about its neurobiology, physiology, and flight-control
mechanisms.

II. METHODS

A. Electrode Fabrication and Packing

The FSE is composed of two layers of polyimide (PI) with
gold sandwiched in between [see Fig. 1(b)]. We provide a de-
tailed description of the FSE dimensions in Fig. 2. The main
steps of fabrication are shown in Fig. 3. First, a 1.0-µm-thick
aluminum layer, which acts as a sacrificial releasing layer, is

Fig. 2. FSE dimensions: (a) entire device; (b) split-ring region; (c) tip region.

Fig. 3. Electrode fabrication process: (a) deposit Al as sacrificial layer;
(b) coat and cure base PI layer; (c) deposit and pattern Ti/Au/Ti layer as the
electrical conductive traces; (d) coat and cure top PI layer; (e) deposit and pat-
tern Al layer as hard mask for dry etching; (f) pattern the FSE structure by
O2 /CF4 plasma etching; (g) release the FSE from the substrate by dissolving
the sacrificial Al layer in HF.

evaporated onto a piranha-cleaned 150-mm silicon wafer using
physical vapor deposition [see Fig. 3(a)]. A base layer of PI (HD
4110, HD Microsystem) is subsequently spun onto the wafer to
yield a layer thickness of ∼15 µm. The base PI layer is then
partially cured at 320 ◦C in N2 for 0.5 h to provide a chem-
ically and physically stable surface for the further processing
while leaving some unterminated bonds for attaching the top PI
layer [12] [see Fig. 3(b)].

The PI-coated wafers are then spin coated with a 1.5-µm-thick
layer of photoresist (AZ 5214, Clariant). A negative image of
the electrode traces is created using image-reversal photolithog-
raphy. Electron-beam evaporation allows for the deposition of
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a 10-nm-thick titanium adhesion layer followed by a 250-nm-
thick gold conduction layer and finally a 20-nm-thick titanium
protection layer onto the substrates, followed by liftoff in ace-
tone [see Fig. 3(c)]. The top layer of the PI is spun onto the
substrate using the same protocol as the base PI layer, and then
the whole structure is fully cured at 360 ◦C in N2 for 1 h to
complete the imidization process, leaving the structure in its
final state [see Fig. 3(d)]. The final structure is ∼16-µm thick
owing to vertical shrinking of the PI layers during the curing
process.

Next, we deposit and pattern a 0.5-µm-thick aluminum layer
to be used as the hard mask for the final PI etch by e-beam and
positive photolithography with wet etching, respectively [see
Fig. 3(e)]. We define the shape of the electrode and open win-
dows for the stimulation sites with an O2/CF4 plasma. During
the etching process, the unwanted PI material is removed by the
plasma, while the Au stimulation sites and the PI structure are
protected by the top titanium protection layer and aluminum lay-
ers, respectively. The plasma-etching process is performed by
an electron cyclotron resonance-enhanced reactive-ion etcher
(gas flows of 70 sccm for O2 and 15 sccm for CF4 , source
power of 300 W and RF bias power of 50 W, with a cham-
ber base pressure of 50 mTorr, resulting in a PI etch rate of
∼0.67 µm/min) [see Fig. 3(e)]. Finally, the electrode struc-
tures are released from the wafer substrate by dissolving the
aluminum layers (hard mask and sacrificial layer) in a 0.5%
hydrofluoric acid solution [see Fig. 3(f)].

To connect the devices for testing, we manually attach
1.5-m-long ultrathin stainless steel wires (50 µm in diameter and
covered with Teflon, A-M Systems, Inc.) to the electrode pads
using silver epoxy (CW2400, ITW Chemtronics). The connect-
ing regions are further sealed with insulating epoxy (Scotch-
Weld 2216 B/A, 3M), to enhance the mechanical attachment
between the electrode and wires.

B. Electrode Implantation

Most FSE implantations are performed in stage-16 pupae,
two days prior to adult moth emergence (eclosion). Animals are
anesthetized in ice for 1–2 h, the pupal cuticle is removed, and
an incision is made in the underlying adult cuticle at the position
of the ventral fourth abdominal segment, just posterior to the
folded developing wings (see Fig. 4). A glass probe is used to
isolate the ventral nerve cord and position it for FSE insertion.
The FSE is brought onto the nerve cord so that the glue tabs sep-
arate and the bundle of nervous tissue slides between them and
into the split ring. Medical device adhesive (Loctite 3211, RS
Hughes) is applied to the glue tabs and polymerized. The FSE
is then positioned with the linked glue tabs extending below the
nerve cord and the PI body of the FSE extending through the
incision. A small amount of absorbable gelatin sponge (Phar-
macia Gelfoam, Fisher Scientific) is placed into the incision on
both sides of the FSE. The incision is closed using 3M Vetbond
glue (Animart) with an outer layer of Loctite 4013 adhesive (RS
Hughes). Moths are housed in incubators at 24 ◦C and 80%
humidity and allowed to recover overnight prior to stimulation
experiments.

Fig. 4. Overview of device implantation surgery. (a) Electrode implantation
site in pupa; (b) open window in pupal cuticle; (c) make incision in underlying
adult cuticle; (d) isolate nerve cord on glass probe; (e–f) place split-ring portion
of electrode onto the nerve cord; (g) add glue to the glue tabs and polymerize;
(h) insert electrode into incision and seal using surgical glue.

C. Electrical Characterization

The charge-transport properties of the FSE were studied by
electrochemical impedance spectroscopy (EIS) in phosphate
buffered saline solution (PBS). The measurements were per-
formed via a potentiostat (VersaSTAT3, Princeton Applied Re-
search) with a microcell kit (Model K0264, Princeton Applied
Research). The EIS measurements were performed using a two-
electrode configuration with a Pt wire as the counter electrode.
The measurements were taken between 1 Hz and 100 kHz, us-
ing a 10-mV ac signal and used to fit with an equivalent circuit
model using Zview (Scribner Associates, Inc.).

D. Electrical Stimulation

Electrical stimulation experiments were performed on both
stage-18 pupae (one day prior to emergence) and adult moths.
A train of bipolar voltage pulses was applied across each of
the 15 pairs of stimulation sites using an isolated pulse stim-
ulator (Model 2100, A-M Systems, Inc). The duration of the
individual voltage pulses and of the pulse train were fixed
to 1 and 500 ms, respectively. The frequency and the magni-
tude of the voltage pulses varied in the ranges 50–333 Hz and
1–10 V, respectively. Moreover, the 1.5-m-long stainless steel
wires (total six) were light enough not to hinder the moth’s flight
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behaviors and therefore allowed us to conduct loosely tethered
flight-control experiments with the flying moth.

III. RESULTS AND DISCUSSION

A. Electrode Design and Implantation

It is well known that insects maneuver their flight not only
through rapid adjustments of their flapping wings, but also
through dynamic control of their center of gravity [15]. They
flex their abdomen to effect center-of-gravity shifts and conse-
quently their flight attitude. Prior research has shown that stim-
ulation of the ventral nerve cord of the moth with tungsten-wire
electrodes elicits abdominal motions [16], presumably by acti-
vating motoneurons or interganglionic interneurons. The iden-
tity and functional characteristics of these neurons are still un-
clear. To ensure localized activation of axons, we designed the
FSE to provide multisite stimulation circularly around the nerve
cord of the moth. The procedure for insertion of the FSE is il-
lustrated in Figs. 1 and 4 along with a detailed description of the
FSE dimensions in Fig. 2. We determined the FSE dimensions
based on anatomical measurements of the abdominal connective
in the fourth abdominal segment in stage-16 pupae, which was
found to be ∼450 µm in diameter.

We initially developed FSE designs with four, six, or eight
stimulation sites. We found that the four-site FSEs had insuf-
ficient multistimulatory capability to achieve multi-directional
abdominal motion, while the eight-site FSEs required very small
protruding tips (25 µm × 175 µm), which made the FSEs too
delicate for electrode implantation. Hence, we adopted the six-
site design for the experiments presented in this paper. Images
of the fabricated FSEs are shown in Fig. 5. We chose to use PI
for the FSE mechanical material due to its flexibility (Young’s
modulus: 3.5 GPa and elongation: 45%), biocompatibility, and
thermal stability (during processing). Although PI is known to
be able to absorb water, we did not observe any changes in
performance due to water absorption [see Fig. 6(b)] nor did
absorption affect fabrication. Moreover, PI is widely used for
neural probes [8], [14], [17]. The split-ring design of the FSE
allows us to split open the ring of the FSE during insertion [see
Fig. 1(b)]. In addition, the protruding tips penetrate into the
connective tissue surrounding the nerve cord after insertion of
the FSE. Hence, the stimulation sites, which are located at the
ends of the protruding tips, could directly stimulate the nerve
cord. The two glue tabs at the head of the FSE acted as “han-
dles” to manipulate the implant, and, after the FSE had been
inserted on the nerve cord, we applied glue to the tabs to lock
the FSE in place. We chose gold for the electrode metal even
though its more limited charge-injection capability compared to
other popular electrode materials (e.g., iridium oxide) results in
a relatively high-stimulation voltage. This is because our focus
here was on the development of the split-ring electrode geome-
try, and so we wanted to minimize fabrication complexity while
using a biocompatible metal [17], [18]. Extension to other ma-
terials with higher charge-injection capability, such as platinum
black, iridium oxide, or carbon nanotubes, is straightforward by
coating with a postfabrication electroplating process.

Fig. 5. (a) Image of the FSE with color-coded wire connections; (b) close-up
image of the FSE at the split-ring region; (c) image of a pupa with inserted
FSE; (d) eclosed adult moth with FSE inserted at the pupal stage; (e) image of
dissected adult moth showing the growth of connective tissue around the FSE.

Fig. 6. (a) EIS spectra of a representative FSE in PBS (circles) along with the
fit (lines) to the equivalent circuit model for charge conduction. (b) Variation of
impedance of the FSE at biologically relevant frequency –1 kHz for immersed
at PBS solution over a week.

We have been able to implant FSEs into adult moths as well
as pupal stages 12–17 (7–2 days prior to eclosion), with the
most successful pupal implantation surgery achieved in stage-16
pupae. Images of a pupa just after insertion of the FSE and after
adult emergence are shown in Fig. 5(c) and (d), respectively. The
total surgical time for the implantation was ∼20 min, and the
results are summarized in Table I. The successful eclosion rate
of the pupae after FSE insertion was 75% to 94 %, depending
on the stage of the pupa. Although the glue tabs provide some
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TABLE I
SURGICAL RESULTS OF FSE INSERTION

stability to the implanted FSE, one advantage of implanting
electrodes in pupae is the potential for tissue to grow around and
onto the PI surface, further securing the FSE. Indeed, images of
dissected adult moths with FSEs implanted in stage-16 pupae
show growth of connective tissue around the FSE PI and within
the split-ring portion of the FSE (see Fig. 5). This new growth
of peri-implant tissue appears to be derived from the dorsal pad,
a thick band of connective tissue attached to the nerve cord.

B. Electrical Characterization

Prior to in vivo characterization of the FSE in the moths,
the electrical connections between the FSE and the manually
assembled wires were verified by EIS measurement in saline
solution. Moreover, the charge-injection capability and the ion-
transport conductivity of the electrode are proportional to the
interface capacitance between the electrode and the solution,
which could be estimated from the EIS spectrum with an equiv-
alent circuit model. The EIS spectrum of a representative FSE is
shown in Fig. 6 along with a standard equivalent-circuit model
for the electrode. In the model, the interface between the FSE
and PBS is represented by a constant phase element (CPE,
with impedance Zdl = 1/Cdl(jω)n ) in parallel with the Faradic
impedance Rf , while Rs is the spreading resistance of the so-
lution. The fitted values of Rs,Rf , and Cdl are 4.3 kΩ, 5.5 GΩ,
and 68µF·sn−1/cm2 , respectively. The value of n is determined
to be 0.92, which is close to the value of 1 for an ideal capacitor
and the value of Cdl(68µF·sn−1/cm2) is similar to the reported
value (72µF·sn−1/cm2) of gold wire (area: 5 × 104 µm2) [19].
This suggests that the interface between the FSE and the solu-
tion can be accurately represented by a polarizing charge double
layer at the electrode–electrolyte interface and implies that the
charge transfer of the FSE is attributed to charge injection at the
stimulation sites rather than current leakage from the interface
of the top and base PI layers.

As it is well known that the PI can absorb water, which
could in turn alters its properties, we studied the long-term
electrical stability of the FSE in saline. We did not observe
any significant change in the electrical properties of the FSE
after it was immersed in saline over a week. The variation of
impedance of the FSE at the biologically relevant frequency of
1 kHz is less than 10% after a week of immersion, as shown

Fig. 7. Fully tethered abdominal stimulation: (a) images of a pupa as seen
along the abdomen–thorax axis before and during electrical stimulation, show-
ing that the tip of the abdomen (dot) moves with respect to the moth (circle),
thus changing the abdominal angle. (b) Analogous stimulation of an adult.

in Fig. 6(b). The lifespan of the adult moth is typically around
a week; therefore, these results suggest that the FSE is stable
enough for our application.

C. Electrical Stimulation

To demonstrate the stimulation functionality of the FSEs, we
first used them to evoke abdominal motions of pupae and adult
moths in fully tethered preparations (see Fig. 7). A total of ten
pupae and ten adult moths were employed in the experiments;
four of the pupae and adults were the same individuals at differ-
ent developmental stages. We assigned the abdominal responses
of the animals to eight distinct directions, and the statistical re-
sults are shown in Fig. 8(a) and (b) for the pupae and adult
moths, respectively. Moreover, to investigate whether responses
to stimulation were variable across developmental stages, we
also measured abdominal flexion in fully tethered preparations
of the same animal at pupal and adult stages [see Fig. 8(c)
and (d)]. Stimulation through the FSE could elicit multidirec-
tional abdominal movements in both pupae and adult moths. As
anticipated from prior research [16], the directions of abdomi-
nal movement depended on the specific electrode sites selected
for stimulation. The six-site FSEs contain 15 possible stimula-
tion site pairs, in all animals at least two (and as many as six)
distinct abdominal movements were observed in response to
stimulation of the various electrode combinations. The elicited
movements of the pupal abdomen were predominantly dorsolat-
eral [see Fig. 8(a)], whereas those in adult moths [see Fig. 8(b)]
were mainly ventral.

Interestingly, although the responses of animals were individ-
ually repeatable at a single developmental stage, the responses
differed between animals and changed as the animal developed
from pupa to adult. In one example in which the responses to
FSE stimulation were compared in pupa and adult [see Fig. 8(c)–
(d)], stimulation site pair (5, 6) evoked abdominal flexion to
the right at the pupal stage, but stimulation through the same
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Fig. 8. Variation of stimulation with developmental stage. The statistical dis-
tribution of the directions of stimulated abdominal response (illustration of
moth head) on the (a) pupae and (b) adult moths with the FSE stimulation. The
outer ring signifies the resulting direction of abdominal flexion, while the color
gradation indicates the percentage of animals that had motion in the specified
direction due to stimulation, using any combination of electrodes. For example
80% of pupae had at least one electrode combination that would elicit motion to
the left, while 70% of adults had at least one electrode combination that would
elicit motion to ventral. In (c) and (d), the abdominal responses of a particular
moth with respect to four distinct pairs of the stimulation sites at its pupal and
adult stage are reported. The inner ring depicts the stimulation sites (labeled
with number) with respect to the axis of the animal (illustration of moth head).
For example, stimulation site pair (5, 6) evoked abdominal flexion to the left at
the pupal stage and stimulation through the same pair elicited abdominal flexion
to the right in the adult.

pair elicited abdominal flexion to the left in the adult. Such
differences among experiments might reflect variation in the
orientation of electrodes relative to the nerve cord in different
preparations, movement after implantation, or anatomical vari-
ability among insects. The differences between pupal and adult
responses likewise might be due to movement of the FSE but
probably also reflect developmental differences in the location
and identity of axons in the nerve cord and changes in the me-
chanical articulation of the abdomen [19]. On the other hand, the
responses to FSE stimulation for each individual animal were
repeatable for successive stimulations (>10) and were consis-
tent at various time periods within a single developmental stage
(e.g., day 1 and day 4 of the adult moth) (data not shown).

Generally, we observe an increment in the magnitude of the
abdominal movements of the pupae and adult moths for in-
creases in either voltage magnitude or pulse frequency of the
stimulation signal, as shown in Fig. 9. In addition to the multidi-
rectional abdominal movements, these graded abdominal move-
ments are also needed to bias the moth’s flight path smoothly.
Therefore, we have investigated quantitatively the change of ab-
dominal flexion angle of adult moths versus the magnitude and
the frequency of the stimulation signal [see Fig. 9(b)–(c)]. The

Fig. 9. The magnitude of the abdominal flexion with respect to the magnitude
and the frequency of the stimulation signal: (a) image of the pupa without and
with FSE stimulation. The tip of the abdomen was labeled by (•), (�), (�),
and (�) for the stimulation signal of (0 V), (3 V, 250 Hz), (5 V 250 Hz), and
(5 V, 350 Hz) using FSE sites (3,5), respectively. (b) Image of the adult moth
without and with FSE stimulation. (c) Dependence of the abdominal flexion
angle against the magnitude and the frequency of the stimulation signal; insert
shows the definition of the abdominal flexion angle.

wings of an adult moth were removed to permit clear observa-
tion of abdominal flexion. The stimulation signal was applied
to site pair (1, 2) of the FSE, resulting in abdominal flexion in
the dorsal/ventral plane. For this particular moth, the threshold
voltage to elicit abdominal movement was ∼2.5 V. The flexion
angle increased with increasing magnitude or frequency of the
voltage pulses. To interpret these results, we see from the EIS
spectrum of the FSE (see Fig. 6) that the impedance of the FSE
decreases with increasing frequency. Hence, increases in either
voltage magnitude or pulse frequency imply an increase in stim-
ulation current (for a voltage-controlled system). The stronger
abdominal motion evoked at high-frequency/voltage levels is
presumably due to the higher stimulation current exciting more
axons in the nerve cord, which would in turn recruit more ab-
dominal muscle fibers, though this hypothesis must be tested
directly.

In flight-control experiments, we used the FSE to control ab-
dominal ruddering in a loosely tethered forward-flying moth
leading to a change in flight direction. As shown in Fig. 10, we
were able to cause the flying moth to perform left and right turns
following FSE stimulation. A total of seven loosely tethered
moths were employed in the experiments; more than 70% (5/7)
of them showed individually consistent turning motions during
the flight with the repeated and successive FSE stimulations.
Hence, these experiments indicate a good correlation between
flight motions of the moth and the FSE stimulations. Although,
these results are preliminary, they demonstrate the ability of the
pupa-implanted FSE to alter the trajectory of a flying moth and
are a significant step toward the i-MAVs application. Together,
our results demonstrate the ability to robustly implant electri-
cal stimulation devices into moths and subsequently perform
multisite stimulation that evokes behavioral responses. These
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Fig. 10. Images showing the loosely tethered moth as it performs (a) left
and (b) right turns, following stimulation using FSE sites (4, 6) and (5, 6),
respectively.

techniques and technology set the stage for the ability to both
stimulate and, presumably, record from the nervous systems of
freely moving insects, providing new understanding of insect
neurophysiology in more natural environments.

IV. CONCLUSION

Neural probes for insect applications are constrained by dif-
ficulties relating to the minimization of existing mammal-based
microelectrodes and the small size of the insect’s nervous sys-
tem. Here, we present an FSE for insect flight control, us-
ing multisite stimulation around the nerve cord of the moth
Manduca sexta. To our knowledge, this is the first microfab-
ricated neural probe for electrical stimulation of an insect’s
CNS. We demonstrate that the FSE is able to stimulate mul-
tidirectional (by changing stimulation sites) and graded (by
altering voltage or frequency) abdominal movements in both
pupae and adult moths. Using abdominal flexion/ruddering,
we were able to cause flying moths to perform right and left
turns. Future work will focus on improving the design of
the FSE to achieve consistent results across animals and to
optimize the stimulation properties of the FSE by employ-
ing alternative materials and geometries for the stimulation
sites.
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