
Chapter 11Chapter 1 
On the Detection and Quantification of Nonlinearity via Statistics 
of the Gradients of a Black-Box Model 

Georgios Tsialiamanis and Charles R. Farrar 

Abstract Detection and identification of nonlinearity is a task of high importance for structural dynamics. On the one hand, 
identifying nonlinearity in a structure would allow one to build more accurate models of the structure. On the other hand, 
detecting nonlinearity in a structure, which has been designed to operate in its linear region, might indicate the existence 
of damage within the structure. Common damage cases which cause nonlinear behaviour are breathing cracks and points 
where some material may have reached its plastic region. Therefore, it is important, even for safety reasons, to detect when 
a structure exhibits nonlinear behaviour. In the current work, a method to detect nonlinearity is proposed, based on the 
distribution of the gradients of a data-driven model, which is fitted on data acquired from the structure of interest. The 
data-driven model selected for the current application is a neural network. The selection of such a type of model was done 
in order to not allow the user to decide how linear or nonlinear the model shall be, but to let the training algorithm of the 
neural network shape the level of nonlinearity according to the training data. The neural network is trained to predict the 
accelerations of the structure for a time-instant using as input accelerations of previous time-instants, i.e. one-step-ahead 
predictions. Afterwards, the gradients of the output of the neural network with respect to its inputs are calculated. Given that 
the structure is linear, the distribution of the aforementioned gradients should be unimodal and quite peaked, while in the 
case of a structure with nonlinearities, the distribution of the gradients shall be more spread and, potentially, multimodal. 
To test the above assumption, data from an experimental structure are considered. The structure is tested under different 
scenarios, some of which are linear and some of which are nonlinear. More specifically, the nonlinearity is introduced as a 
column-bumper nonlinearity, aimed at simulating the effects of a breathing crack and at different levels, i.e. different values 
of the initial gap between the bumper and the column. Following the proposed method, the statistics of the distributions of 
the gradients for the different scenarios can indeed be used to identify cases where nonlinearity is present. Moreover, via the 
proposed method one is able to quantify the nonlinearity by observing higher values of standard deviation of the distribution 
of the gradients for lower values of the initial column-bumper gap, i.e. for “more nonlinear” scenarios. 

Keywords Structural health monitoring (SHM) · Structural dynamics · Nonlinear dynamics · Machine learning · Neural 
networks 

1.1 Introduction 

In the pursuit of making everyday life safer, humans have extensively tried to model the environment around them. Structures 
are an important part of the environment, in which humans live. They are man-made and should be safe throughout their 
lifetime. Structures are exposed to numerous environmental factors, which may cause them to fail. Moreover, during 
operation, structures are subjected to dynamic loads, which, in time, may cause failure. Such failures will most probably 
result in economic damage to society and may even result in loss of human lives. Therefore, for the purpose of maintaining 
structures safe, the field of structural health monitoring (SHM) [1] has emerged. 
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Seal Whisker-Inspired Sensor for Amplifying Wake-Induced
Vibrations in Underwater Marine Animal Monitoring

Yuyan Wu, Sanjay Giridharan, Leixin Ma, and Hae Young Noh

Abstract Underwater marine animal monitoring is essential for assessing biodiversity, evaluating ecosystem health, and
understanding the effects of offshore structures. Traditional approaches such as tagging, sonar, and camera systems are often
invasive, energy-intensive, or limited by poor visibility and water turbidity. Inspired by the hydrodynamic sensing of seal
whiskers, wavy whisker vibration sensors have been developed for flow velocity and angle-of-attack detection. However,
most prior work has focused on sensor characterization and only forward modeling, with limited exploration of the inverse
problem of inferring animal movement. Moreover, current sensor sensitivity to vortex street wakes generated by swimming
animals remains insufficient for practical monitoring. To address this gap, we develop a whisker-inspired sensor with a spiral-
perforated base that amplifies vibrations within frequency ranges relevant to animal-induced wakes. We further characterize
the influence of spiral parameters on the sensitive frequency band, enabling adaptation of the design to specific species. We
evaluated the amplification effect of the spiral-perforated design using frequency response simulations of the whisker-base
structure under harmonic water pressure. Results show up to 51× enhancement in root mean squared displacement at the
target sensor location within frequency bands associated with animal-induced wakes compared to the baseline design, con-
firming the effectiveness of the amplification.

Keywords Underwater marine animal monitoring · Bio-inspired sensing · Seal whisker · Vibration amplification structure ·
Wake-induced vibrations

Introduction

Underwater marine animal monitoring, including tracking their populations and behaviors, is essential for understanding bio-
diversity, assessing ecosystem health, and evaluating the ecological impacts of offshore infrastructure. Keystone species [1]
such as whales and sharks play critical roles in maintaining the underwater food web balance [2, 3, 4]. Monitoring their pop-
ulations is important for detecting early signs of ecological imbalance. In addition, many marine animals, such as corals, fish,
and mammals, are sensitive to temperature shifts, ocean acidification, and oxygen depletion [5, 6, 7]. Monitoring changes in
their distribution, migration, and behavior provides critical insight into the effects of climate change on marine ecosystems.
Furthermore, marine animal monitoring is crucial for understanding how offshore infrastructure, such as wind farms and oil
rigs, affects marine fauna. Construction and operational noise can disrupt communication, navigation, and foraging [8, 9].
Infrastructure may also create artificial reefs that attract certain species or disrupt migration routes of sea turtles, fish, and
marine mammals [10, 11]. Animal monitoring identifies ecological changes and reveals how animals adapt to offshore in-
frastructures, enabling governments to implement adaptive management strategies that minimize harm.

Existing methods for monitoring marine animals include tagging, camera-based systems, acoustic sensing, and arti-
ficial lateral lines (ALL). Tagging involves attaching archival biologgers or transmitting biotelemetry to record individual
movement and behavior [12, 13]. This method provides detailed, long-term data but is invasive and impractical for large pop-
ulations. Cameras offer a non-invasive alternative, capturing images to monitor species population and behavior [14, 15, 16].
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However, its effectiveness is constrained by underwater lighting conditions, making it unsuitable in dark or turbid envi-
ronments. Acoustic sensing, mainly including sonar, transmits sound pulses and analyzes returning echoes to track the
population and movement of marine animals and identify species [17, 18, 19]. It is non-invasive, effective in turbid or dark
waters, and covers large ranges. However, its active sensing mechanism is energy-intensive. ALL systems, inspired by the
sensory organs of fish and amphibians, detect flow velocity and pressure gradients through arrays of pressure or flow sensors
(e.g., MEMS-based or piezoelectric) mounted on underwater robots [20, 21, 22]. They are non-invasive, energy-efficient,
and robust in dark or turbid waters. However, ALL sensors exhibit limited sensitivity to wakes generated by marine animals
and are highly susceptible to turbulence and background currents in complex underwater environments, which reduces their
effectiveness for long-distance detection [23, 24].

To overcome these limitations, we introduce seal whisker-inspired sensors for underwater marine animal monitoring.
These sensors emulate the mechanism by which seals detect prey using their whiskers. Swimming marine animals generate
vortex street wakes through body movement, and these wakes induce vibrations in seal whiskers at their characteristic
natural frequency. Seals then detect these vibrations to localize and track prey [25]. Seal whiskers have a wavy morphology
to suppress self-induced vortices and thereby enhance the signal-to-noise ratio for long-distance wake detection [26, 27].
Compared to other methods, whisker-inspired sensing is non-invasive, passive, energy-efficient, and independent of lighting
conditions. By reducing self-motion noise, it enables more reliable detection of animal-induced vortex street wakes over
long distances. Seal whisker-inspired sensors have recently been used to measure hydrodynamic parameters, such as flow
velocity, angle of attack, and pressure [28, 29, 30, 31]. However, existing whisker-inspired sensor works primarily focus on
characterization and only forward modeling, using wavy morphologies to suppress self-induced vortices [32, 29, 30, 31]. The
inverse problem of inferring marine animal movement remains challenging, as animal-induced wakes are small in amplitude
and difficult to detect. Swimming marine animals typically induce velocity fluctuations on the order of several centimeters
per second [33, 34], corresponding to dynamic pressure variations of roughly 1 Pa (according to the Bernoulli relation).
This magnitude falls below the sensitivity threshold of current underwater pressure-sensing arrays [35]. Furthermore, these
vortices dissipate rapidly [36], making detection even more challenging.

We address this challenge through a novel sensor hardware design of a spiral perforated base that amplifies whisker vi-
brations within targeted frequency ranges. By adjusting the base geometry, the design can be tuned to amplify whiskers with
different natural frequencies, enabling customization for specific target frequency bands. This amplification enhances the
signal-to-noise ratio for underwater marine animal monitoring by amplifying the desired vibration response while suppress-
ing noise from self-motion and background underwater disturbances with a wavy shape whisker geometry. Furthermore, we
characterize how geometric parameters of the whisker base influence amplification rates and frequency-band shifts. This
characterization provides guidelines for tuning geometry parameters to optimize amplification for different target frequency
bands.

We evaluated the effectiveness of the whisker base design by conducting frequency-response simulations and comparing
the results with a conventional whisker sensor design. The simulations demonstrate that our whisker base design amplifies
whisker vibration amplitude by up to 51 times.

The main contributions of this paper are as follows:

• We develop a seal-whisker-inspired sensor for underwater marine animal monitoring through whisker vibrations in-
duced by animal-generated wakes.

• To overcome the challenge of inherently small amplitudes of animal-induced wakes, we design a novel sensor hard-
ware with a spiral-perforated whisker base that amplifies wake-induced vibrations within the target frequency range,
thereby enhancing the sensitivity of the whisker-inspired sensor. We further characterize how whisker geometry pa-
rameters influence amplification rates and frequency bands.

• We evaluated the proposed design through frequency-response simulations of the seal whisker–base system, demon-
strating the effectiveness of amplification.

In the remainder of this paper, we first introduce the background on the mechanisms by which seals detect prey through
their whiskers and the geometric characteristics of seal whiskers. We then present the design of the whisker base and evaluate
its effectiveness through frequency-response simulations. Finally, we characterize how the geometric parameters of the
whisker base affect amplification and the associated frequency ranges.

Background: Mechanisms of Animal Detection by Seal Whiskers

Seals can detect prey over 180 meters away using their whiskers [37]. As marine animals move underwater, they generate
trailing vortices known as reverse von Kármán vortex streets [38]. When these vortex street wakes pass over seal whiskers,
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the whiskers vibrate in synchrony with the wakes (see Figure 1a). Mechanoreceptors at the whisker base transduce these
vibrations into neural signals that provide information about prey location and movement. Moreover, because different
marine animals produce distinct vortex patterns [39, 40], seals can also identify prey species from the wake-induced whisker
vibrations [41]. Seal whiskers exhibit a characteristic wavy geometry with elliptical cross-sections (see Figure 1b). This
geometry can be parameterized by (a, b, k, l,M, α, β) as defined in Figure 1b, where (a, b) and (k, l) the lengths of the semi-
major and semi-minor axes of the maximum and minimum elliptical cross-sections, respectively; M denotes the distance
between the adjacent cross-sections; and (α, β) specify the orientation angles of these cross-sections. The whisker tapers
from a thick base to a gradually thinner tip. Furthermore, seals possess whiskers with diverse natural frequencies, enabling
detection across a broad frequency band (Figure 1c) [42].

Seal

Vortex Street Wake

Wavy Shape
Whisker

Wake-Induced
Whisker Vibrations

(a) (b)

Natural Freq:
 ~ 35 Hz

Natural Freq:
 ~ 260 Hz

(c)

Fig. 1 (a) Seals track prey using wavy shape whiskers that detect vibrations induced by vortex street wakes generated by
swimming animals. (b) Enlarged view of the wavy whisker cross-section, illustrating elliptical geometry with major and
minor axes (a, b, k, l) and orientation angles (α, β). (c) Seals have an array of whiskers with various natural frequencies,
facilitating broadband hydrodynamic sensing across multiple frequency ranges.

Seal whisker-inspired sensors [29, 30, 31, 28] replicate the wavy geometry of seal whiskers, which suppress self-induced
vibrations during swimming and filter out background noise [26, 27]. When a straight, cylindrical whisker moves through
water, it creates strong von Kármán vortex streets, which are the alternating vortices that are shed off the whisker in a regular
pattern [43, 44]. This vortex shedding produces vibrations (self-noise) that mask the tiny water movements caused by prey.
The wavy geometry disrupts these regular vortex streets, breaking them into smaller, less coherent vortices [26, 27]. This
reduces the strength of vibrations transmitted to the whisker base, making them less sensitive to noise induced by self-
motion. These wavy shape whiskers enable seals and whisker-inspired sensors to detect and track hydrodynamic wakes left
by animals over a long distance. However, current studies on whisker-inspired sensors have primarily focused on mitigating
self-induced vortices [32, 29, 30, 31], with limited exploration of mechanisms to enhance sensitivity to animal-induced
vortices.

Whisker-Inspired Sensor Design for Wake-Induced Vibration Amplification

To enhance sensitivity to wake-induced vibrations within the frequency range of the animal-induced wakes, we designed a
spiral-perforated whisker base that increases structural flexibility and amplifies vibration amplitude in the target band. The
whisker is mounted at the base center (Figure 2a), with the bottom view shown in Figure 2b. The sensing point, located on the
opposite surface directly beneath the whisker attachment, is intended for embedding a vibration sensor. This spiral-perforated
design amplifies displacement at the sensing point under harmonic pressures generated by animal-induced wakes.

The spiral perforations reduce the effective stiffness of the whisker base by extended deformation paths, thereby ampli-
fying the vibrations of the whiskers. Modeling the whisker base system as a single degree-of-freedom (SDOF) translational
oscillator, its displacement x(t) under vortex forcing F0e

jωt is governed by

mẍ(t) + cẋ(t) + kx(t) = F0e
jωt, (1)

where m is the combined effective mass of the whisker and base, c is the viscous damping coefficient, and k is the effective
stiffness determined by the spiral-perforated base and whisker structure. The steady-state harmonic response is

X(ω) =
F0

k −mω2 + jcω
, |X(ω)| = F0√

(k −mω2)2 + (cω)2
(2)
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Fig. 2 (a) Design of the whisker-inspired sensing unit and spiral perforated base. The whisker is mounted on a spiral
perforated base, which amplifies vortex-induced vibrations. (b) Photo of the spiral perforated base. The vibration sensing
point is at the middle of the base, where a vibration sensor will be mounted to capture vortex-induced whisker vibrations.

with X(ω) denoting the Fourier-domain displacement amplitude. Modeling the solid segments within the spiral region of
the base as beam elements, the effective stiffness k ∝ EI

L3 , where E is the Young’s modulus, I = bh3

12 is the second moment
of area with b representing the width of the spiral region and h the thickness of the whisker base, and L is the effective
load-path length, positively correlated to the total spiral beam length. The spiral geometry increases L and reduces b, thereby
decreasing k and enhancing the vibration amplitude |X(ω)|.

Vibration amplification occurs through resonance coupling when the whisker and base exhibit closely matched natural
frequencies in a coupled vibration mode. In the case where the exciter frequency lies below the natural frequency of the
coupled system, the whisker and base primarily respond in phase. Under this same-phase condition, resonance coupling
reinforces their motion and amplifies vibration, enabling efficient energy transfer [45, 46]. At resonance, the whisker and
base interact strongly, oscillate coherently, and enhance the efficiency of energy transmission.

The spiral geometry provides multi-directional flexibility, enabling torsional deformation in all three principal direc-
tions (x, y, z). As shown in Figure 3a–c, the whisker base exhibits resonant modes in all three directions, confirming its
capability for lateral, vertical, and rotational deformation. For in-plane lateral flexing in the x- and y-directions, the spi-
ral perforations create space within the whisker base to compress and extend, thereby increasing flexibility in response to
horizontal forces and amplifying vibration. In the z-direction, compared to conventional solid bases, which restrict verti-
cal motion due to their resistance to out-of-plane deformation, the spiral-perforated base behaves as a compliant spring,
allowing greater vertical displacement of the whisker. This multi-directional flexibility is crucial for capturing animal
wake dynamics, which are inherently three-dimensional [47]. Alternating vortices shed from the animal’s tail generate
forces in both horizontal directions, while body undulations and vortex interactions produce vertical and torsional com-
ponents. The spiral-perforated base acts as a multi-axis amplifier, converting these complex 3D vortex forces into measur-
able vibrations across all directions (x, y, z), thereby enhancing the system’s sensitivity to multi-directional vortex-induced
oscillations.

Fig. 3 Mode shapes of the spiral-perforated whisker base showing flexible vibrations along (a) the x-axis, (b) the y-axis,
and (c) the z-axis.
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Characterization of Spiral Base Parameters on Whisker Vibration Amplification

We characterize the influence of spiral-shaped whisker base geometry on vibration amplification and frequency response
through frequency-response simulations in COMSOL Multiphysics. The vibration amplification is represented by the root
mean square (RMS) displacement measured at the sensing point located at the center of the whisker base (Figure 2b) under
harmonic water-pressure excitation at varying frequencies. The geometric parameters investigated include base thickness,
number of spiral turns, spiral growth rate, aspect ratio (minor-to-major axis ratio), and perforation slot width. In addition,
we analyze the frequency response when vortex forces are applied along different directions (x and y axes).

The simulation parameters were configured as follows: the rectangular spiral-perforated whisker base was fixed along all
four lateral surfaces, and a harmonic water pressure of 15 Pa was applied in the x-direction, aligned with the whisker’s major
cross-sectional axis. The whisker geometry for characterization consisted of 33 sections, corresponding to lengths of 73.7
mm. The other whisker parameters were M = 1.3 mm, (a, b, k, l) = (0.7, 0.29, 0.62, 0.33) mm, and α = 8.7◦, β = 13.24◦,
based on the grey seal whisker geometry reported in previous work [37]. The taper factor followed taper factor = (1 −
n/N)0.5, where N is the total number of sections and n is the section index (n = 1 at the whisker base). For the n-th cross-
section, the elliptical dimensions (a, b, k, l) and inter-section spacing 2M were scaled by the corresponding taper factor.
The whisker and base material were selected as PLA with density ρ = 1240kg/m3, Young’s modulus E = 3GPa, and
Poisson’s ratio ν = 0.35. PLA was selected because it is the primary 3D printing material for fabricating the whisker and
base structures. An extra fine mesh was employed in the COMSOL simulations to ensure numerical accuracy. The default
whisker base configuration had a thickness of 2 mm, 5 spiral turns, a growth rate of 0.5, an aspect ratio of 0.6, a slot width
of 1 mm, with harmonic pressure applied along the x-axis.

The whisker base thickness influences both the amplification frequency range and magnitude. Increasing the base thick-
ness shifts the amplification effect to higher frequencies while reducing its magnitude. As shown in Figure 4a, when the base
thickness increases from 1 mm to 3 mm, the peak frequency of the RMS displacement response shifts from 20 Hz to 60
Hz. This occurs because greater thickness increases the structural stiffness of the whisker base, thereby raising the natural
frequency. However, the amplification magnitude at 3 mm thickness is notably smaller than at 1 mm and 2 mm. According to
Equation 2, increased stiffness k reduces the displacement amplitude under constant force, resulting in lower amplification.

Increasing the number of spiral turns in the whisker base shifts the large displacement frequency range to lower frequen-
cies and enhances the amplification magnitude (see Figure 4b). This occurs because additional turns increase the effective
length of the supporting beam, thereby reducing the structural stiffness. According to Equation 2, lower stiffness results in

(a) (b) (c)

(d) (e) (f)

Fig. 4 Frequency response of RMS displacement at the sensing location under an applied pressure of 15 Pa. Subplots
compare the effects of different whisker base parameters: (a) whisker base thickness, (b) number of spiral turns, (c) spiral
growth rate, (d) spiral aspect ratio, (e) spiral slot width, and (f) force direction (x vs. y).
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greater amplification at lower frequency ranges.
Increasing the spiral growth rate shifts the sensitive frequency range to higher frequencies while reducing the amplifi-

cation magnitude. As shown in Figure 4c, increasing the growth rate from 0.3 to 0.7 raises the peak frequency from 24 Hz
to 40 Hz while decreasing the RMS displacement, indicating reduced vibration amplification. This occurs because a higher
growth rate increases the effective width of the supporting beam, thereby increasing the structural stiffness and resulting in
higher resonant frequencies with lower displacement amplitudes.

The aspect ratio of the spiral has a relatively minor effect on both amplification and frequency range. The aspect ratio is
defined as the ratio of the short axis to the long axis of the elliptical spiral. As shown in Figure 4d, increasing this ratio from
0.4 to 0.8 does not significantly affect the peak frequency or the amplification magnitude. This occurs because the aspect
ratio does not substantially alter the dimensions of the supporting beam and therefore has minimal impact on the structural
stiffness.

Increasing the spiral slot width shifts the amplification frequency range to lower frequencies while enhancing the ampli-
fication magnitude. As shown in Figure 4e, increasing the slot width from 0.5 mm to 1.5 mm shifts the resonant peak from
42 Hz to 36 Hz, with a corresponding increase in RMS displacement. This occurs because wider slots reduce the effective
width of the supporting beam, thereby decreasing the structural stiffness k and resulting in lower resonant frequencies and
larger displacements under the same applied force.

Harmonic water pressure applied in the y-direction induces larger vibration displacement at lower frequencies. As shown
in Figure 4f, when the same pressure amplitude (15 Pa) is applied to the whisker surface, the y-direction exhibits greater
displacement amplitude. This occurs because the y-axis is perpendicular to the long axis of the elliptical whisker cross-
section, resulting in a larger contact area and consequently a greater effective force on the whisker structure. Additionally,
due to the elliptical geometry of the whisker base, vibration along the y-direction (corresponding to oscillation along the
short axis) represents a lower-order mode with a lower natural frequency. Therefore, the resonant peak occurs at a lower
frequency than for the x-direction pressure.

Evaluation of Amplification Effectiveness

We evaluate the amplification effect of the developed whisker base design through frequency-response simulations in COM-
SOL Multiphysics. Similar to simulations in characterization, root mean square (RMS) displacement at the sensing point
(whisker base center) is used to quantify amplification. We compare the RMS displacement of our design against a baseline
whisker structure for three whisker morphologies of different lengths, evaluating its effectiveness across various whisker
geometries. Compared to the baseline rectangular-plate support, our design successfully amplifies vortex-induced vibrations
for all three whisker morphologies, achieving amplification factors of up to 51.

We compared the RMS displacement of our whisker base design with the baseline design [30], in which the whisker was
mounted on a single rectangular plate clamped along one short edge, with displacement measured at the opposite free edge.
We evaluated three whisker morphologies with 33, 28, and 23 sections, corresponding to lengths of 73.7, 54.2, and 38.3
mm, respectively (referred to as Whisker 1, 2, and 3). These configurations were selected to represent the diverse whisker
morphologies and natural frequencies observed in seal whisker arrays [42]. The simulation parameter configurations are
identical to those in the characterization section.

To achieve resonance coupling, the whisker base geometry was adjusted so that its natural frequency matched the
whisker’s natural frequency in the coupled torsional mode. The optimized parameters were: for Whisker 1, thickness =
2 mm and number of turns = 5; for Whisker 2, thickness = 4 mm and number of turns = 5; for Whisker 3, thickness =
2 mm and number of turns = 3. All other geometric parameters remained constant: slot cut width = 1 mm, ellipse major
axis = 5 mm, and ellipse minor axis = 3 mm. These configurations were selected to match the whisker’s natural frequency
with the natural frequency of the whisker base corresponding to the torsional mode shape in the x-direction. Figure 5a–c
illustrates the frequency matching for Whisker 1, showing the base torsional mode, the whisker vibration mode, and the
coupled whisker–base system. Figure 5d summarizes the matching of whisker and base natural frequencies across all three
whisker geometries.

Our spiral-perforated base design achieves significantly larger RMS displacement amplitudes for all three whisker ge-
ometries compared to the baseline, demonstrating the effectiveness of the amplification. Figure 6 shows the frequency re-
sponse for both our design and the baseline across all three whisker geometries. Whisker 1 exhibits a sensitive frequency
range of 30–40 Hz with an amplification factor of 51.13. Whisker 2 is responsive to frequencies of 40–100 Hz with an ampli-
fication factor of 3.46, while Whisker 3 demonstrates sensitivity in the 100–150 Hz range with an amplification factor of 4.23.
The amplification factor is calculated as the ratio between the maximum RMS displacement among all the frequency values
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Whisker 1 78.59 Hz 74.18 Hz

Whisker 2 116.10 Hz 133.21 Hz

Whisker 3 256.68 Hz 268.05 Hz
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Fig. 5 Resonance coupling between whisker base and whisker modes. (a) Base torsional mode shape about the x-axis for
Whisker 1 with the natural frequency of 78.59 Hz. (b) Whisker bending mode shape along the x-axis with natural frequency
of 74.18 Hz. (c) Coupled system visualization demonstrating near-resonant interaction between base torsion and whisker
bending modes. (d) Modal frequency comparison for three whisker geometries showing base (fbase) and whisker (fwhisker)
natural frequencies in Hz.

(a) Whisker 1 (b) Whisker 2 (c) Whisker 3

Fig. 6 Frequency response of RMS displacement at the center sensing point for (a) Whisker 1 (33 sections), (b) Whisker 2
(28 sections), and (c) Whisker 3 (23 sections), comparing the baseline design and our spiral-perforated whisker base design.

for each design. These sensitive frequency ranges align with the natural frequencies of biological seal whiskers [42, 30],
which primarily span 30–200 Hz. These results confirm that the spiral-perforated whisker base design effectively amplifies
vibrations across the diverse frequency ranges characteristic of natural seal whisker arrays.

We observe that the peak frequency of vibration amplification for each whisker is smaller than the natural frequency of the
uncoupled whisker or base (fbase and fwhisker). This shift arises because the two systems are fixed together and dynamically
coupled. Once coupled, the combined system no longer resonates at the original single-body frequencies. Instead, its modal
frequencies split into two: one lower than the lowest original natural frequency and the other higher than the highest [45].
The lower mode corresponds to the in-phase response, which reinforces motion and produces the amplification peaks we
observe [45, 46]. Consequently, the dominant amplification appears at a frequency below either of the original natural
frequencies.

Conclusions and Future Works

In this work, we introduce a seal whisker-inspired sensor for underwater marine animal monitoring and develop a spiral-
perforated whisker base design that amplifies weak vibration amplitudes induced by animal-generated wakes. The spiral
perforation pattern increases the structural flexibility of the whisker base and reduces effective stiffness, thereby enhancing
whisker sensitivity within frequency bands corresponding to target animals. We characterize the influence of geometric
parameters on both amplification magnitude and frequency range, providing guidelines for adapting whisker base designs to
target frequency bands. To evaluate the amplification effect, we conducted frequency-response simulations on three whisker
morphologies targeting 30-40 Hz, 40-100 Hz, and 100-150 Hz, respectively. Our whisker base design achieved up to a 51×
increase in RMS displacement compared to the baseline whisker base. The amplification frequency range can be tuned to
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specific detection targets by adjusting whisker morphology and base geometry.
In the future, we will extend our work on whisker-inspired sensing for underwater marine animal monitoring through real-

world experiments. First, we will evaluate the sensor sensitivity and the effectiveness of whisker-inspired sensor design in
detecting animal-induced wakes in natural underwater environments. Additionally, we will develop algorithms for detecting,
classifying, and tracking marine species to enable long-term, non-invasive monitoring. Furthermore, we will design whisker
arrays comprising sensors tuned to different frequency ranges. By optimizing the cooperative behavior of these arrays, we
aim to enhance robustness and adaptability across diverse species and hydrodynamic conditions.
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