
IEEE SENSORS JOURNAL, VOL. 21, NO. 24, DECEMBER 15, 2021 27947

Invasive Sea Lamprey Detection and
Characterization Using Interdigitated

Electrode (IDE) Contact Sensor
Ian González-Afanador , Member, IEEE, Hongyang Shi , Member, IEEE, Christopher Holbrook ,

Xiaobo Tan , Fellow, IEEE, and Nelson Sepúlveda , Senior Member, IEEE

Abstract—The ability to monitor invasive sea lamprey
(Petromyzon marinus) populations in the Laurentian Great
Lakes is critical to protecting the region’s $7 billion USD fish-
ing industry and preserving its biodiversity. Monitoring these
invaders requires considerable fieldwork and human power,
making remote lamprey detection systems attractive for their
continuous monitoring capabilities and potential for workload
reduction. However, a lack of available methods for detecting
sea lamprey hampers development of such systems. Here we
present a sensor composed of two exposed planar interdigi-
tated electrodes (IDE) along with a DC measurement system
for the detection of lamprey attachment underwater. Measuring voltage instead of impedance, reduces cost and signal
processing complexity, making the device more attractive for field deployment. The system is calibrated to a baseline
output voltage and deviations from this baseline occur when objects touch the IDE. Validation was done through testing on
live adult sea lampreys using video recordings to correlate lamprey attachments to the sensor response. Three response
types were identified corresponding to different attachments: sustained, short and sliding-sustained. Sensor response
to sustained and sliding-sustained attachments showed a characteristic exponential decay whereas the response due
to short attachments was indistinguishable from measurement noise. Lamprey size was found to have a weak linear
correlation with both response parameters, positive for the voltage drop and negative for the time constant of voltage drop.
A representative circuit for the lamprey-sensor interaction is proposed and simulated using element values calculated
from the response parameters. The response of the model shows agreement with experimental data.

Index Terms— Interdigitated electrode sensors, wildlife detection, correlation analysis, underwater biological contact
sensing, invasive species control.
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I. INTRODUCTION

NATIVE to the Atlantic Ocean, sea lampreys (Petromyzon
marinus) are an invasive fish species in the Laurentian

Great Lakes region. As parasitic organisms, they feed by
attaching to other fish using their suction cup-like mouth and
scraping a hole through the skin to suck on the prey fish’s
blood and other bodily fluids [1]. While it is debated whether
sea lampreys are native to Lake Ontario, they have been
reported in the lake since at least 1888 [2]. It is believed they
spread from Lake Ontario to Lake Erie, and later to the rest
of the Great Lakes, through the Welland Canal which began
operation in 1829. The presence of sea lampreys in Lake Erie
was first confirmed in 1921 [3], and by 1938 they had spread
to the remaining Great Lakes [4]. They quickly exploded
in number and contributed to a decline in large fish stocks
causing a devastating decrease in commercial fishing yields,
which resulted in the effective collapse of this industry in many
parts of the region [5]. Lake trout (Salvelinus namaycush),
lake whitefish (Coregonus clupeaformis), and burbot (Lota
lota), which were lampreys’ preferred prey, were depleted or
extirpated from much of the Great Lakes [6].As these were
the main predators in the region, their disappearance opened
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the door for other invasive species such as rainbow smelt
(Osmerus mordax) and alewife (Alosa pseudoharengus) which
created intense competition for species not directly threatened
by sea lampreys [7], further destabilizing the ecological bal-
ance of the region. While their numbers have been brought
under control through the use of lamprey selective pesticides
and other control measures implemented by the Sea Lamprey
Control Program (SLCP) [8], monitoring sea lamprey popula-
tions is still critical to avoiding catastrophic population growth,
which would threaten a fishing industry employing around
75,000 people and valued at $7 billion USD annually [9].

Current monitoring approaches rely extensively on
fieldwork, requiring capturing lampreys in each lake’s
tributary system to perform mark-recapture studies and get
local population estimates, which are then combined to
obtain a population estimate for the entire lake [10], [11].
One drawback of this approach is the significant effort and
equipment needed to execute it. Traps must first be placed in
strategic, often remote, locations to capture sea lampreys and
must then be checked daily, requiring considerable human
power and resources be dedicated to this task. Recently, the
use of environmental DNA (eDNA), a molecular surveillance
technique that uses polymerase chain reaction (PCR) to look
for species- specific genetic signatures in water samples
taken from the areas of interest, has been tested in the field
with some success and suggested as a possible alternative to
trap-based monitoring [12]. However, this approach remains
sensitive to flow rates in the collection area and has yet to
be widely adopted. Remote lamprey sensing systems present
another alternative surveillance technique; these systems could
factor in environmental disturbances in their measurements,
enhancing operational capabilities by allowing for continuous
population monitoring. Moreover, by exploiting the behavior
of the species during the design of these systems, it results
in a less disruptive assessment technique than tagging as
well as reduces dependence on traps. In addition to workload
reduction for conservation agencies like the SLCP, trap-free
detection could provide greater insights into the behavior
of these fish at times and locations where capture or direct
observation has been historically limited. However, the lack
of commercially available sensors which can detect lampreys
and the necessary scale of deployment for these systems to
be effective are major hurdles in the development of such
systems. There have been efforts to develop capacitive pressure
sensing arrays capable of detecting positive and negative
pressures [13], which could detect sea lamprey by taking
advantage of their tendency to use their oral disks to attach to
objects underwater. Laboratory testing of these sensors using
a polymer suction cup produced promising results; however,
the quickly changing pressure exerted by the lamprey proved
difficult to capture with the implemented measurement
system [14]. Additionally, capacitive interference due to
the dielectric nature of biological material may have also
contributed to difficulties with these measurements.

The development of the sensing system presented in this
study took inspiration from the interdigitated electrode (IDE)
electrode structure, which is widely employed in electro-
chemical sensors. The working principle behind these devices

uses the change in impedance seen across the electrodes,
caused by the surface accumulation of the compounds, as the
sensing signal [17]. These sensors have been widely utilized
as chemical detectors [18] and biosensors [19]–[21] and they
use electrochemical impedance spectroscopy (EIS) analysis to
perform label-free detection and concentration measurements.
As the surface accumulation that drives the sensing signal
could be described as the aggregate of multitudes of incredibly
small discrete “contact” events [21], it is possible this sensing
principle could be adapted on a larger scale for the task of
underwater biological contact sensing. This work presents a
novel use of the IDE structure as an underwater contact sensor
for invasive sea lamprey detection.

The sensors are composed of two separate planar electrodes
with interlocking fingers in close proximity, but electrically
isolated when in air. They are encapsulated in a way that only
the sensing electrode area is exposed to water (see Fig. 1-A).
The sensing mechanism applies a direct current (DC) bias
to a voltage divider formed by a reference resistor and the
IDE sensor, monitors the voltage across the electrodes and
relates its abrupt changes to electrode impedance caused by
attachment/detachment of the lamprey, effectively working as
a type of electric switch/indicator. This approach was selected
over more sophisticated impedance measurement schemes,
which require additional components and signal processing,
that would increase the cost and complexity of the device
making it less suitable for the large-scale deployments nec-
essary for the system to be effective at monitoring sea lam-
prey populations. While electrochemical IDE sensors use an
alternating current (AC) probing signal to directly determine
the impedance/capacitance (or its frequency response) during
EIS [22], the approach taken here is akin to an indirect
impedance measurement; since the probing signal is DC, the
steady state value of the response is assumed to be due to the
effective resistance between the electrodes with any capacitive
behavior being captured in the transient response of the
sensor. When the sensor is submerged in water, an electrical
connection is formed between both electrodes resulting in a
measurable baseline, which can be disturbed during interaction
with a foreign object, e.g., lamprey contact. This mechanism
introduces a degree of selectivity in the contact sensing, as the
system will react differently to contact sources with different
conductivities, relative to the conductivity of the surrounding
medium —in this case, lake water. This behavior opens the
door to characterization of the contact source which is impor-
tant as the American brook lamprey (Lampetra appendix) [23],
northern brook lamprey (Ichthyomyzon fossor) [24], chestnut
lamprey (Ichthyomyzon castaneus) [25] and the silver lamprey
(Ichthyomyzon unicuspis) [26] are all native to the region and
share behavioral patterns with sea lamprey that may lead to
their interaction with these sensors.

Electrochemical IDE sensors enforce selectivity by func-
tionalizing the electrode surface to have an affinity for bonding
with the target molecule [27]. In the case of the device
presented here, selectivity is partially enforced simply by the
detection mechanism, as non-lamprey species are not likely
to interact with the sensor for sustained time. During the
adult life stage targeted by this work, the major distinction
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Fig. 1. (a) Schematic of IDE sensor geometry and dimensions; (b) Final manufactured device; (c) Measurement system schematic; (d) Implemented
measurement system attached to an acrylic panel; (e) Device manufacturing process flow.

between native and invasive species of lamprey is their size,
with adult sea lamprey typically being twice as large (35 – 60
cm) as the native species (10.3 – 32.6 cm) [28]. Therefore, the
sensor response must be analyzed to determine if there is a
correlation between the size of the lamprey and the response
parameters.

This paper covers the design and manufacturing process for
an underwater IDE contact sensor for sea lamprey attachment
detection, including an overview of the testing methodologies
used to validate the device through experiments with live
sea lampreys. Data from the experiments were analyzed to
characterize the disturbance caused by lamprey attachment on
the sensor and observe whether it was distinguishable from
measurement noise. The experimental results are presented
along with a correlation study between the identified response
parameters and lamprey size parameters with the goal of
enhancing the utility of the sensor by exploring the charac-
terization of lamprey size from the sensor response. Finally,
a simple representative circuit modeling the lamprey-sensor
interaction is proposed and simulated using component values
extracted from the sensor response data.

II. APPROACH

A. Device Design and Fabrication
Clear acrylic panels were used as the substrate for the

IDE sensor to allow visual monitoring of lamprey attachment
events and correlate these to the electrical measurements of
the system. The specified operating conditions of the sensor
preclude utilizing any conductive materials that are prone to

corrosion, as this would not only hamper its functionality
but also lead to unintended contamination of the freshwater
systems where it is to be deployed. Marine-grade conductive
carbon spray paint (838AR - Total Ground Carbon Conductive
Coating by MG Chemicals) was selected as the electrode
material for our protypes due to its low cost, relatively high
conductivity and ease of application. The electrodes were
patterned onto the acrylic substrates using 0.6 mm thick
3D-printed stencils developed in AutoDesk’s Solidworks 3D
modeling suite. This fabrication process allowed for an iter-
ative approach at the device design stage, where we tested
different geometries, overall size, electrode finger length and
width, and distance between the electrical lead attachments and
noted the effect on the magnitude of sensor response to contact
from a conductive probe and a human hand. Multiple prototype
generations were tested until reaching the final design which
showed the best response magnitude under test conditions.

A schematic of the final proposed device is shown in
Fig. 1-A. The design consists of a small rectangular inter-
digitated electrode (sensing area of 32 mm × 49.50 mm)
with wingtips to allow for attachment of electrical leads away
from the sensing area. During preliminary experiments, it was
observed that the sensitivity of the sensor increased with
decreasing distance between the electrical leads (see Fig. 1-E);
and the sensor design/configuration used (Fig. 1-A) allowed
for the smallest possible distance that will still allow enough
sensing area to include the lamprey’s oral disk. Wingtips were
added to the design to facilitate protection of the sensor-lead
connection without having to sacrifice sensing area. It was
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TABLE I
SEA LAMPREY SIZE PARAMETER MEASUREMENTS

found that a gap of 2 mm between electrodes would facilitate
stencil fabrication and any post-processing of the deposited
traces, while also providing a detectable change in resistance
upon lamprey’s attachment. Trace width was selected to opti-
mize the fill factor of the device under the area and separation
constraints. Fig. 1-B shows the final manufactured device used
for testing, and Fig. 1-E shows the device fabrication process
beginning with a square acrylic panel substrate (approximately
102 mm × 102 mm), on which the 3D-printed stencil was
attached using repositionable craft adhesive. A coat of con-
ductive carbon paint was then deposited, allowed to cure for at
least one hour, followed by a second coat which was cured for
at least 12 hours. By following the manufacturer’s instructions
each coat should be approximately 25 μm thick, giving the
device a total thickness of approximately 50 μm. After the
paint was completely cured, the stencils were separated from
the acrylic and any excess paint between the traces was
removed using a cotton swab applicator with small amounts
of isopropyl alcohol. Holes were then drilled just outside
of the wingtips, which served as feedthrough vias for the
electrical leads. A small piece of copper tape was soldered
onto the leads and used to create a conductive contact between
the carbon trace and the leads. This connection was then
secured, first by fixing it to the acrylic plate using Kapton
tape, followed by an encapsulation using polydimethylsiloxane
(PDMS) for waterproofing, finishing with strapping and use of
high-strength tape for a robust attachment to the acrylic plate.

To fix the position of the leads on the backside of the plate,
small amounts of hot glue were utilized. Finally, two velcro
tabs were attached to the back of the acrylic panel, so that it
could be attached to a larger panel housing the measurement
system for testing.

After the devices were manufactured, the sensor response
to open and short-circuit tests was confirmed in air using
a handheld multimeter. For the open-circuit test, an infinite
resistance across the two separate IDEs was measured. For the
short circuit test, both electrodes were connected using a piece
of copper tape; and the test confirmed a very low resistance
(∼100 Ohms) between both copper tape leads. After validating
the device’s operation ex-situ, their integration in a system for
underwater deployment and testing followed.

B. Measurement System
In order to measure the sensor response, a DC voltage

divider circuit was used, which converted the change in
impedance across the electrodes to a change in voltage.
This measurement approach is viable because the precision
requirements for simple contact detection are lower than those
for electrochemical characterization and detection. We utilized
an Arduino microcontroller platform (MCU block in Fig. 1-C)
to provide the 5 V DC bias (VDC) to the voltage divider circuit
and measured the output voltage at a 10 Hz sampling fre-
quency using its integrated analog-to-digital converter (ADC)
module. The schematic for the system is shown in Fig. 1-C.
This configuration also allows for the calibration of the mea-
surement system in the presence of water through the reference
resistor (Rref). To this end, the device is submerged in water
and the reference resistor is adjusted until the output voltage
of circuit is approximately half of the DC bias, in this case
∼2.50 V. This results in an approximate value of the baseline
resistance between the electrodes (RIDE) due to water and
enables a relationship between the output voltage and the
change in resistance. Using a voltage divider analysis for the
circuit shown in Fig. 2-A, the output voltage (Vout) can be
calculated as:

Vout = VDC ∗
(

Rre f

RI DE + Rre f

)
. (1)

This equation only holds at all time instances if the circuit is
purely resistive, and since water and animal flesh are dielectric
materials, it is reasonable to expect some capacitive behavior
from the IDE sensor. However, since the probing signal is
DC, the capacitance will come into play only in the transient
behavior of the response, meaning that (1) will still be a
valid description of the steady state of the signal measured
by the MCU unit. It should be noted that Rref has a fixed
resistance value, whereas RIDE has a variable resistance that
depends on any contact between the two isolated electrodes.
In the performed experiments, the background RIDE value
(i.e., resistance before lamprey’s contact) represents the water
resistance between the electrodes (Rwater). By selecting Rref =
Rwater and expressing RIDE = Rwater ± �R (where �R
represents the magnitude of the change in resistance across the
electrodes and its sign indicates whether RIDE is increasing or
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decreasing) we can re-write (1) as:

Vout = VDC ∗
(

1

2 ± �R
Rwater

)
. (2)

It should be noted that the addition or subtraction of the
�R/Rwater term occurs when RIDE increases or decreases,
respectively. Thus, an increase in the resistance across the
electrodes (+�R) will correspond to a drop in the measured
output voltage (Vout); and, correspondingly, a decrease in RIDE
(−�R) will result in an increase in Vout. This allows for the
distinction between two general types of contact: 1) when
�R is negative, meaning RIDE is lower than the surrounding
medium (i.e., RIDE < Rwater), and 2) when �R is positive
corresponding to an RIDE which is higher than the medium
(i.e., RIDE > Rwater). Further characterization within those
two categories is possible by examining the magnitude of the
change in �R.

Fig. 1-D shows how the system was implemented for
testing. The microcontroller platform and a small circuit proto-
board housing the reference resistors were attached to the top
of a larger acrylic panel measuring 304.8 mm × 304.8 mm
using velcro tabs for easy replacement/modification if nec-
essary. The sensor was then attached at the bottom of the
acrylic panel, in order to allow for submerging the system
without exposing the rest of the system to moisture – i.e.,
waterproofing.

C. Test Procedures
Experiments were performed at U.S. Geological Survey,

Great Lakes Science Center’s Hammond Bay Biological Sta-
tion (HBBS) in Millersburg, MI. HBBS staff provided 20 male
sea lamprey specimens, each tagged with a unique identi-
fier for tracking purposes between experiments. The length,
weight and mouth diameter of the lamprey were measured
and recorded as they were tagged (see Table I).

As explained later in Section IV, the physical characteristics
of the lampreys shown in this table were used to determine
strength of correlation between the sensor response and each
lamprey size parameter. Such correlation is of particular inter-
est, because it would enhance the monitoring capabilities of the
developed system from simple detection, to characterization
of an attached lamprey’s size, which may allow distinction
between species or life stages.

Experiments were conducted in a 200 L rectangular aquar-
ium tank (Fig. 2-A) supplied with aerated water from Lake
Huron. The sensing panel was submerged in the tank and
fastened using clamps before tests started. The sensor was
calibrated to an output voltage of approximately 2.5 V, and
a baseline measurement was recorded for several minutes
before testing to ensure this baseline did not drift significantly
due to water turbulence. The test procedure consisted of
placing a lamprey into the tank and coaxing it (manually)
into attaching to the sensor (see video S1 in Section 1 of the
supplementary material). A closeup of how the sea lamprey’s
mouth looks while attaching to the sensor during testing
can be seen in Fig. 2-B; as the image was taken from the
opposite side of the sensor, through the tank wall, the lamprey

Fig. 2. (a) Sea lamprey holding tanks with sensing panel installed;
(b) Lamprey attaching onto sensor during testing; view of the lamprey is
obstructed by sensor traces as image was taken from the outside of the
testing tank.

is partially obstructed by the electrodes. Video and voltage
measurements were recorded until the lamprey detached from
the sensor. An audio cue was triggered in the video in order
to synchronize the recording and the data offline. On the
first day of testing, 20 experiments were completed on the
sensor, one with each lamprey of the cohort, with additional
baseline measurements taken after halfway through testing.
The baseline measurements were taken again, after all tests
were completed for validation purposes. On the second day,
10 additional tests were completed with the lamprey cohort
for validation purposes. Voltage data were then processed in
OriginLab using a lowpass filter with a cut-off frequency
of 0.25 Hz to filter out high frequency measurement noise
associated with ADC readings such as input- referred noise
and voltage regulation noise. Finally, a time offset was applied
to the data in order to synchronize voltage measurements and
video recording. Voltage data and video recordings from these
tests were then cross-referenced to determine which distur-
bances in the baseline were caused by lamprey attachment
events (see videos in Section 1 of the supplementary material).

III. RESULTS

A. Sensor Response
Three distinct types of responses were identified from the

sensor, each corresponding to a different type of attachment.
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Fig. 3. (a) Sensor response to a sustained sea lamprey attachment event; (b) Sensor response to short sea lamprey attachment events; (c) Sensor
response to a sliding attachment event; (d) Compilation of baseline measurements taken throughout testing.

The following discussion is focused on three tests that are
representative of these responses, but Section 2 of the supple-
mentary information of this manuscript contains the remaining
experimental results. Fig. 3-A shows a representative measure-
ment of the sensor response to a sustained lamprey attachment.
It can be noticed in the video for this test (see supplementary
material video S1), the lamprey’s attachment to the sensor at
t = 37.29 s and detachment at t = 212.38 s, denoted on the plot
through colored markers with green indicating attachment to
the panel and red indicating release. The output voltage of the
sensor (Vout) shows a clear exponential decay to a DC value
below the original baseline when the lamprey attached, corre-
sponding to an increase in the resistance observed between
the IDEs (RIDE), with a sudden change back to baseline
when it detaches. The observed response suggests that the
system is not a purely resistive circuit. Instead, it includes
reactive components that result in a time-dependent response
characteristic of a first-order transient circuit, which is to
be expected as water and living tissue are known dielectric
materials. This behavior presents an opportunity to model this
type of interaction using discrete circuit components, which
will be discussed in Section 4.

The next plot shown in Fig. 3-B is representative of the
sensor response to brief attachments. During this test, the

lamprey was visually observed to be attaching to the sensor
multiple times for period of less than 10 seconds (see video
S2 in Section 1 of the supplementary material). Each of
these attachment periods is highlighted on the plot using
colored data markers. While there appear to be transients in
the data at these instances, the magnitude of the response
of the sensor is not enough to be clearly distinguished from
measurement noise. This observed behavior suggests that a
minimum attachment time is needed for the sensor response
to be detectable, which supports the time dependency of the
exponential decay response represented in Fig. 3-A.

Fig. 3-C shows the sensor response when the lamprey slid
onto the sensor traces after attaching partially or completely
outside of the sensing area. In the video recording of this test
(video S3 in Section 1 of the supplementary material), two
quick attachments directly onto the sensing area are observed,
before a third attachment occurs where the lamprey only
partially covers the sensor. At this point the handler slid the
lamprey across the device to bring it to a central position
on the panel. As seen in Fig. 3-B the quick attachments did
not generate a response distinguishable from measurement
noise. However, while the characteristic exponential decay of
a sustained attachment seen in Fig. 3-A is still observed, it is
now preceded by a large transient spike caused by the lamprey
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Fig. 4. (a) Correlation study between sea lamprey size parameters and voltage delta response parameter; (b) Correlation study between sea
lamprey size parameters and time constant response parameter.

sliding on the sensor. This transient indicates that this attach-
ment method somehow reduces the resistance seen across the
IDE sensor for a very brief period before it begins to increase
– resembling the observation for a direct, sustained lamprey
attachment. The mechanism behind this phenomenon is still
not fully understood; though it may be that the movement of
the lamprey is contributing to a quick discharging of the double
layer capacitance that naturally forms between a conductor
and ionic liquid in contact when subjected to an electric field,
briefly creating a current path with resistance smaller than the
ionic solution’s bulk resistance.

B. Response Validation
Since the responses of the sensor to the three attachment

types that were identified during testing have been presented,
it is also necessary to examine the baseline measurements of
our device to determine its reliability and susceptibility to false
positives. The plot shown in Fig. 3-D contains the results of
each baseline measurement test taken throughout our experi-
ments. For easier viewing, the individual plots are available to
reader in the supplementary material’s Section 3. While there
exists measurement noise in the baseline, there is a clear and
stable average Vout value for each of the tests. This value does
vary slightly from test to test, indicating some drift, but these
could be attributed to variances in water temperature as the
water in the tanks is taken directly from Lake Huron, which
experiences some slight temperature variations throughout the
day. Regardless of the cause, these variations not only appear
to be much smaller than the sensor response to a lamprey
attachment event, but they also occur over a timescale of hours
meaning they could be easily distinguished from the sensor’s
characteristic exponential decay response. Additionally, this
stability of the measured baseline was maintained even after a

total of 30 experiments across two days, thus providing strong
support to the robustness of the device.

IV. ANALYSIS

As explained in the previous section, whenever there was
a sustained lamprey attachment on the developed sensor
(whether by direct attachment or sliding) an exponential decay
was observed at the output voltage of the sensor (Vout). This
type of response can be characterized by the time constant of
the decay along with the steady state value of the response.
Considering the sea lamprey attachment time period, the
response voltage can be modeled as

Vout = Vbaseline − �V
(

1 − e− t
τ

)
(3)

where τ is the time constant of the decay and Vbaseline-�V
is the value of Vout at steady state. These parameters can be
extracted from an exponential fit to the measurements where
a sustained lamprey attachment was observed, and then used
to explore their correlation to sea lamprey characteristics,
such as length, weight, and mouth diameter. The exponential
fit tool from OriginLab was used, which uses the following
exponential relationship

y = y0 + AeR0x (4)

Seventy percent of the first day’s tests presented the char-
acteristic exponential decay corresponding to the sustained
attachment and sliding attachment cases. With a few excep-
tions, detailed in the supplementary material Section S2, these
tests were used for the correlation study. The other remaining
tests showed behavior that resembled that of intermittent
contact – i.e., not sustained mouth attachment – to the sensor
(see Fig. 3-B). The baseline voltage (Vbaseline) was obtained
on a test-by-test basis, by taking the average of the response
before the exponential decay occurs. The change in voltage
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Fig. 5. (a) Schematic of representative electrical circuit; (b) Comparison
on simulated circuit output with measured response.

(�V) was calculated by subtracting the steady state value
(y0) from the exponential fit from the baseline value. Fig. 4-A
shows the result of the correlation study between �V and the
lamprey size parameters.

In order to reduce spread on the x-axis, the size parameters
are normalized with respect to the median value of each
parameter of the entire 20 lamprey cohort. value of each
parameter of the entire 20 lamprey cohort. The values of �V
are plotted along with the corresponding error bars obtained
from the fit. The plots shown in Fig. 4-A show a weak positive
linear correlation between all size parameters and the �V of
the measured response, indicating that larger lamprey had a
larger response magnitude than smaller lampreys.

The next parameter that was studied is the time constant,
which was obtained from the fit equation as τ = −1/R0 sec-
onds. The results of the correlation study between the lamprey
size parameters and τ are shown in Fig. 4-B. The plots show
a weak negative correlation between the time constant and
the lamprey size parameters, indicating that larger lampreys
within our sample produce sensor responses with smaller time
constants, implying smaller capacitance, which correspond to
a faster decay to the attachment baseline. Although these are
promising results toward a contact sensor that can distinguish
between invasive and native lamprey species, it is important
to recognize that the relatively small sample size (20 male

sea lamprey) used in this study is not sufficient to establish a
generalized relationship between the lamprey size parameters
and the response parameters. Additionally, we are not consid-
ering if there exists any cross-correlation between the lamprey
size parameters themselves. Because of the pattern observed
between oral disk size and sensor response parameters, partial
attachment cases where the lamprey is not completely covering
the sensor, could also be problematic; in these cases, the sensor
could respond as if a smaller lamprey was attached allowing
for possible misclassification. However, this effect may be
mitigated by using an array of these sensors, rather than a
single unit. As mentioned in the results, the exponential decay
suggests the lamprey-sensor interaction can be represented by
an RC circuit lumped model. A finite element model (FEM)
simulation of the lamprey-sensor interaction corroborating the
parallel RC circuit behavior is provided in the supplementary
material (Section 4). The simplest circuit that would result in
the observed behavior is shown in Fig. 5-A.

In this circuit, the attachment of the lamprey is represented
as a normally-closed switch (NC Switch in schematic) that
opens upon lamprey attachment, forcing the series connection
of a simple parallel RC circuit to the conduction path. When
the switch is triggered (i.e., switch is opened), the capacitor
initially behaves as a short circuit, causing the current to
bypass the parallel resistor (RLamp); but after that initial
transient behavior, the capacitor begins to accumulate charge
and behaves more like an open circuit, thus sending more
current to the parallel resistor. This has the effect of gradually
introducing the resistor into the current path, which results in a
wave form like the one observed during testing. The effective
values of the electric lumped model shown in Fig. 5-A can
be extracted from the exponential fit shown in Fig. 3-A. Since
a sudden change in Vout is not observed at the instant the
lamprey attaches, it is reasonable to assume that the baseline
resistance somehow stays in the conduction path. Therefore,
the steady state voltage is the result of the following voltage
divider:

Vout = y0 = VDC ∗ Rre f

Rre f + Rwater + Rlamp
(5)

Note that the value of the resistance due to water is different
from Rref , as the baseline output voltage before the lamprey
attaches was not exactly 2.50 V. However, Rwater can be readily
obtained by solving for RIDE in (1) using the measured values
of Vout before any lamprey activity is initiated. Once the
value of RLamp is obtained, it can be used to determine the
corresponding capacitance value, since τ = RlampClamp .

Simulation of the proposed circuit using the values obtained
from this analysis was performed using LTspice XVII and the
response of the circuit is shown in Fig. 5-B, along with the
experimental measurement. The simulation shows the expo-
nential decay behavior when the switch opens (corresponding
to the lamprey attachment) and a sudden return to baseline
when the switch is closed (corresponding to the lamprey
releasing from the panel). The simulation, however, does
not capture the behavior of the sensor response to a sliding
attachment, which could be viewed as a ramp input to the
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system and would require a more complex circuit lumped
model.

V. CONCLUSION

A simple and effective IDE sensor for lamprey attachment
detection was demonstrated. Three different categories of sen-
sor response were identified, corresponding to different attach-
ment types: sustained, short, and sliding-sustained. Whereas
the response due to short attachments was not distinguishable
from measurement noise, the other two response categories
showed a characteristic exponential decay shape. The mea-
sured voltage at steady state and the time constant of the
response were identified as parameters that may be used to
obtain information about the lamprey’s physical characteris-
tics, which could allow classification of the attached lamprey,
although confirmation would require further testing with larger
samples sizes. The correlation study performed between the
response parameters and the lamprey size parameters showed
a weak linear correlation between them. The voltage change
appeared to have a positive correlation with all the lamprey
size parameters studied (length, weight and mouth diameter),
i.e., bigger lamprey generated a sensor response with a larger
change in voltage, whereas the time constant had a negative
correlation with every lamprey size parameter. Expansion of
the system into an array of these devices may help mitigate
possible issues that arise in the case of partial attachments,
by expanding the effective sensing area without sacrificing
device sensitivity. We proposed a representative circuit to
model the lamprey-sensor interaction and simulated it using
element values extracted from the parameters of the measured
experimental response. The simulated circuit matched the
behavior observed in the experimental data for the case of
sustained lamprey attachment. The case of sliding-sustained
attachment would require a more complex circuit lumped
model that can account for a ramp-type response, which is
the subject of future work.

The device presented in this work could serve as the
basis for a remote sensing system to continuously monitor
lamprey populations in the tributaries of the Great Lakes
without the need to physically capture individual animals.
Like the current trap-based assessment program, the value
of such a system would invariably depend on the degree of
interaction between sea lampreys and these remote sensing
devices during spawning migration. Though sea lampreys are
commonly observed attached to both natural and artificial
substrates during the adult life stage, little is understood about
the factors that influence attachment during migration, such
as whether attachment rates vary by season, maturation, time
of day, or substrate. Future work directed at those critical
uncertainties will be needed to determine the size, number,
and distribution of sensors to detect a desired number or
proportion of sea lampreys in a tributary and to determine
if detected lampreys are representative of each population
therein. Further improvements to the system hardware will also
be necessary, including additional ruggedization of the sensor,
expansion into sensor arrays, waterproofing for supporting
electronics, and adding data storage/transmission modules.
Software enhancement of the system through the use of

machine learning to improve identification of invasive sea
lamprey is also possible. Additionally, flexible conductive
materials could be explored to create sensors which could
conform to places lampreys naturally attach to and allow
for more versatile placement of these sensors throughout the
tributary systems.
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