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Coupling between vortex flow and whisker sensor in cylinder wakes
with time-varying streamwise gaps
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The flow-induced vibration of a whisker in the wake of a movable circular cylinder
with time-varying streamwise gaps was experimentally investigated to understand how
whiskers detect the variation of upstream target’s swimming status. A time-resolved parti-
cle image velocimetry was used to characterize the vortex flow dynamics and vibrations of
whisker across various initial gaps and gap growth rates. Results showed that despite the
time-varying gaps, the evolution of vortex flow and whisker dynamics remained overall
synchronized. Due to the nonlinear decaying rate of vortex strength along streamwise
direction, the vibrations of whisker sensor were more sensitive to gap growth rates with
smaller initial gaps. However, the sensitivity of whisker (i.e., the decaying rate of whisker
vibration intensity over unit time) to gap growth rates gradually decreased when such
growth rate became sufficiently high, regardless of initial gaps. Using a physical model
based on the balance between whisker inertial force, system damping, restoring force, and
flow loading with time-varying magnitudes, we well described the response of whisker
sensor in the cylinder wake flow; the model revealed that the reduction of whisker’s
sensitivity under high gap growth rate was attributed to the sufficiently strong vortices
initiated by the fast movement of upstream cylinder, which compensated the influence of
vortex strength decay due to the growth of gap. In addition to cases with whisker vibrating
in the wake centerline, our complementary measurements with the whisker in the cylinder
edge highlighted the time-varying equilibrium vibration positions of whisker sensor due to
the “wake-stiffness” effect.

DOI: 10.1103/PhysRevFluids.8.034701

I. INTRODUCTION

Aquatic animals such as harbor seals have presented their extraordinary abilities in hunting their
prey by utilizing the vibration signals from their whiskers [1–4]. When seals are approaching the
upstream prey, their whiskers can sense the hydrodynamic information induced by the swimming
prey across large gap distances [5]. This capability allows seals to hunt in turbid seawater and other
complex flow environments where their auditory and visual sensing are limited.

The phenomenon of wake-induced vibrations (WIV) plays a key role in the flow sensing of seals
with their whiskers. Different from the vortex-induced vibration (VIV) induced by the unsteady
Kármán vortex shedding from its own body [6], the WIV usually occurs with multiple bluff bodies
located close to each other, where the vibration of the downstream object is highly modulated
by the wake characteristics from the upstream counterparts. To well understand the mechanisms
of WIV, during the last decades, extensive efforts have focused on the interference of two fixed
circular cylinders in cross-flow with various arrangements [7–9], where the velocity deficit, vortex
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shedding frequencies and flow loads of the downstream one are proved to be highly influenced by
the gap distance and incidence angle between the two cylinders. While the maximum oscillation
amplitude of VIV occurs with the vortex shedding frequency approaching the natural frequency of
the structure, the WIV was reported to present a build-up of amplitude persisting to the increase
of incoming flow velocity [10–12]. A systematic experimental investigation by Assi et al. [12]
revealed that WIV of the downstream cylinder is excited by the unsteady vortex shedding from the
upstream counterpart; for cylinders placed in a shear-flow environment without vortex shedding,
their vibration modes returned to VIV. It is worth pointing out that the gap distance between the
two cylinders plays an important role in defining the dynamic modes of the downstream cylinder
vibrations [13]. For two cylinders placed in tandem with small gaps (Sx/dc � 4, where Sx is the gap
distance and dc represents the cylinder diameter), the downstream one may present mixed patterns
with VIV and WIV [14]. Distinct WIV of downstream cylinder occurs with the 4 � Sx/dc � 8
[15], while its behavior gradually converged to VIV with further growth of Sx/dc due to the
decaying of vortex shedding from the upstream cylinder [12]. Following work by Assi [16] showed
that regardless of diameter ratios between two tandem cylinders, the frequency response of the
downstream one presented similar behaviors. In addition to cases with two cylinders aligned in
flow, Hover and Triantafyllou [17] investigated the vibration of the downstream cylinder located
one diameter offset from the wake center-line of the upstream one; results indicated that at the same
Sx/dc, the offset cases presented lower vibration amplitude compared to the aligned counterparts.

Despite the extensive efforts on WIV of circular cylinders, the geometries of whiskers of seals
and other animals usually present unique patterns. Hanke et al. [18], Ginter et al. [19] reported that
the cross-section of whiskers presents a 2:1 ellipse with the axes that vary sinusoidally along its
span. Such undulation on the whisker surface can break the spatial coherence of vortex shedding
and replace it by complex three-dimensional vortex structures, resulting in a more symmetric
pressure distribution on the surface of the whisker, hence substantially decreases the VIV [4,18].
The experiments by Beem and Triantafyllou [5] found that whisker-shaped cylinders experienced
very low VIV compare to circular ones under the same Reynolds numbers. When a whisker-shaped
cylinder was placed within the wake of a target located upstream, its vibration frequency coincides
with the vortex shedding frequency of the upstream target. In such conditions, the whisker-shaped
cylinders presented distinct WIV with amplitudes much higher than the VIV cases in the open
water environment, even with very large gap distances. This feature enables seals to distinguish the
circumstances when they are in the wake flow of upstream targets or just swimming in the open
water environment. Following study of Wang and Liu [20] further investigated the wake patterns
behind cylinders with various geometries via time-resolved particle velocimetry measurements.
They showed that the recirculation regions in the wake of whisker-shaped cylinders is significantly
smaller than that of circular cylinders.

As reviewed above, most of the existing works on the mechanisms of WIV and wake-whisker in-
teractions have focused on cases in “fixed-gap,” where the gap distance between the whisker sensor
and the upstream target remains constant. In nature, the target of seals (e.g., fishes) may frequently
change their swimming status including speed and orientation [21–23]; in such circumstances, the
relative positions between seals and upstream targets alter across time, and the associated wake flow
impinging on whiskers presents distinctive time-varying patterns. How whisker sensors respond to
the unsteady wake flows, and therefore detect the variation of the target’s swimming status, has
not been explored in detail. This work aims to contribute to the fundamental understanding of the
wake-whisker interaction mechanism with the time-varying gap between the target and the whisker
sensor. The schematic of the research concept is shown in Fig. 1, where the target is simplified
as a moving cylinder; similar set up can be found in the work of Beem and Triantafyllou [5].
Systematic experiments were conducted to quantify the variation of WIV patterns across time and
their linkage to unsteady vortex flow. Meanwhile, theoretical frameworks were implemented to
reveal the underlying physics for the variation of the whisker’s sensitivity to the gap growth rate.
The results advance our knowledge of how seals track targets with time-varying relative positions,
and therefore the improvement of design for bioinspired wake sensors [24–26]. The manuscript is
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FIG. 1. The analogy between seal whisker sensing and our experimental design.

organized as follows. The experimental setup is illustrated in Sec. II, the results are analyzed in
Sec. III, and the main conclusions and remarks are provided in Sec. IV.

II. EXPERIMENTAL SETUP

The experiments were conducted in a recirculation water tunnel in the University of Texas at
Dallas. The water tunnel has a test section of 2 m length and 200 mm width with background
turbulence level less than 1%. A polylactic acid circular cylinder with diameter dc = 35 mm was
vertically mounted on a traversing system, which allowed it to move along the centerline of water
channel. The cylinder had a submerged length of L = 178 mm and a 2 mm gap between its free-end
to the bottom of the water tunnel, which minimized the three-dimensional vortex shedding from the
cylinder tip. A 3D printed whisker model with the same submerged length, and a cross-section in
the shape of an ellipse with an aspect ratio of 2 was fabricated as the wake sensor in this work.
Its axes varied sinusoidally along the whisker, and the wavelength-to-diameter ratio of the whisker
was λ/Dw = 2.5 [see details in Fig. 2(c), where Dw is the hydraulic diameter of whisker]. Such
geometry has proven to well suppress the fluid lift produced by the wake flow from the whisker
itself with its major axis aligned with water flow [18,27,28]. The averaged spanwise (i.e., in the
direction perpendicular to incoming flow) width of the whisker sensor was dw = 3.5 mm, which is
one-order-of-magnitude smaller than the size of the circular cylinder to minimize its disturbance to
the wake flow. The tip of the whisker was connected to a cantilever spring base, which allowed the
whisker to behave as a single-freedom oscillator in the spanwise direction and therefore “sense” the
variation of incoming vortex flow. The mass ratio Cm of the vibration system is computed as

Cm = m

m∗ ,

m∗ = ρπ (2dw )2L, (1)

where m is the mass of the vibration assembly and m∗ is the added mass of the whisker. Based on
Eq. (1), the mass ratio in this work was approximately 1.0, which well represents the case for real
seal whiskers [5]. The damping coefficient of the system c = 0.032N s m−1 was determined by
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FIG. 2. (a) Layout and top view of the circular cylinder and whisker sensor under flow; (b) the “fixed-gap”
WIV intensity of the whisker σss under various gap distance Sx and reduced velocity Ur . σss is the root-mean-
square (RMS) value of the spanwise displacements; (c) schematic of the experimental setup and the geometry
of whisker sensor; (d) velocity of the upstream cylinder during the acceleration progress.

free vibration test in the static water, and the same method was adopted in measuring the system’s
natural frequency under water with f0 = 3.53 Hz.

The whisker-spring assembly was placed downstream of the circular cylinder in the water
channel to allow WIV. At the beginning of each measurement, the circular cylinder was static under
the water flow, while the whisker was placed at three initial streamwise gaps Sx = 50, 90, and 130dw,
and two initial spanwise gap Sy = 0 (i.e., wake centerline) and 5dw (i.e., at the edge of circular
cylinder) to allow the “fixed-gap” WIV [Fig. 2(a)]. This represents scenarios when the seal and the
target are moving in the same speed as explored in previous study [5]. In this work, the incoming
flow velocity was fixed at Uf = 0.37 m s−1, leading to the reduced velocity at Ur = Uf /( f0dw ) = 30
and the Reynolds number at Re = Uf dc/ν = 13 000, where ν is the kinematic viscosity of water.
It is worth noting that complementary measurement for the “fixed-gap” WIV of the whisker has
shown that the vibration intensity σss/dw (σss is the standard deviation of whisker displacements
during WIV) first increased with Ur within Ur � 30 and then approached a plateau [Fig. 1(b)].
Therefore, the selected Ur in this work ensures distinctive whisker vibrations under the “fixed-gap”
WIV stage. After the WIV of the downstream whisker reached the stable “fixed-gap” vibration
for more than 60 s, a signal was sent to the traversing system, and the circular cylinder started
to move upstream with different velocities of Uc ∈ [0.10, 0.50]Uf every �Uc = 0.05Uf until the
circular cylinder moved xtravel = 850 mm away from its initial location. This mimics scenarios
when the upstream target change their swimming status with the speeds increasing from Uf to
Uf + Uc. It is worth noting that as shown in Fig. 2(d), the acceleration time for the upstream cylinder
to reach designed Uc is less than 0.135 s, or 0.3Tv across all cases. Here Tv = dc/(StUf ) is the
vortex shedding period of the circular cylinder in “fixed-gap” cases, and St = 0.19 is the Strouhal
number of the circular cylinder measured from this work, which is similar to those reported from
previous studies across a wide range of Re [29–31]. Therefore, this acceleration time is ignored
when accounting the movement of upstream cylinder in this work.

034701-4



COUPLING BETWEEN VORTEX FLOW AND WHISKER …

-1

0

1

-1

0

1

0 500 1000 15000 500 1000 1500

Sx=50dw,Uc=0.15Uf

Sx=50dw,Uc=0.45Uf

Sx=90dw,Uc=0.15Uf

Sx=130dw,Uc=0.5Uf

(a) (c)

(b) (d)

FIG. 3. Time series (black solid lines) of whisker displacements for selected cases. Green vertical lines
represent the time when upstream cylinder started to move at t = 0. Red vertical lines denote the instant Ttr

when the induced wake signal reached the whisker sensor. The blue lines denote the time series of whisker
displacements in open water flow (i.e., without upstream cylinder) under Uf , and gray dotted lines represent
the corresponding ±σss.

A high-speed, planar particle image velocimetry (PIV) system from TSI was applied to char-
acterize the wake dynamics and WIV response of the whisker sensor. A field of view (FOV)
of 135 mm × 84 mm (38.5dw × 24dw) was illuminated via a 1-mm-thick laser sheet from a 30
mJ/pulse laser. The origin of the axis was fixed with the center of the circular cylinder. The water
flow was seeded with 14 μm silver-coated hollow glass spheres with a density of 1.02 g cm−3.
The wake flow and vibrations of the whisker was captured with a 4 MP (2560 × 1600 pixels),
16-bit CMOS camera at a frequency of 100 Hz. For each case, the PIV measurement was initiated
10s before the movement of the upstream cylinder, and stopped 10s after the circular cylinder
reached its terminal location. The instantaneous wake velocities were obtained from the captured
image pairs with a recursive cross correlation method via the INSIGHT 4G software from TSI. The
interrogation window size was 32 pixels with 50% overlap, leading to a final vector grid spacing
of �x = �y = 0.85 mm. This method ensured vector fields with more than 95% valid vectors
on average. Overall, the uncertainty of identified particle locations was approximately 0.1 pixel,
leading to ∼1.7% uncertainty of velocity measurement considering the bulk particle displacement
of ∼6 pixels between two successive images. To facilitate the tracking of whisker vibrations, a
fiducial point was marked at the leading edge of the whisker and illuminated by the laser sheet.
The instantaneous whisker displacements were then determined by the geometrical center of the
illuminated fiducial point via post-processing from Matlab [32,33]. Based on the resolution of the
camera at 50 μm per pixel, the uncertainty of whisker displacement is approximately 0.015dw.

III. RESULTS AND DISCUSSION

A. Time histories and time-varying WIV amplitudes of whisker sensor

The distinctive impact of time-varying gaps on the WIV of whisker is first reflected via the
time-history of its spanwise displacements yw(t ) with selected cases at Sy = 0 (i.e., whisker at wake
centerline) shown in Fig. 3. Here, t = 0 (dashed green line) denotes the moment when the circular
cylinder started to move, and a few WIV cycles before the cylinder movement were also included
to present the “fixed-gap” WIV stage. For t � 0, the WIV of the whisker was governed by the
periodic vortex shedding from the upstream circular cylinder, where the frequency of vibration well
follows the Strouhal relation f = StUf /dc. The vibration of the whisker presents different patterns
soon after the movement of the upstream cylinder. Overall, at the moment of t = 0, the amplitude
of the whisker WIV remained similar as the “fixed-gap” stage. This is not surprising since the
wake signal produced by the cylinder movement requires transport time Ttr to reach the whisker.
As a first-order approximation, Ttr = Sx/Utr (marked with red line) is estimated by the initial gap
and the averaged streamwise velocity Utr between the cylinder’s initial location to the whisker. Our
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FIG. 4. Time-varying WIV intensity σw of the whisker sensor for (a) Sx = 50dw , (b) Sx = 90dw , and
(c) Sx = 130dw .

PIV measurements indicate that Utr = [0.89, 0.97, 0.99]Uf for Sx = [50, 90, 130]dw, respectively,
which yielded a similar approximation as reported in early studies [34–36]. Afterward (i.e., t > Ttr),
the original whisker vibration pattern was disturbed, where the overall WIV amplitude first exhibited
a decrease due to the growth of streamwise gap distance to the upstream cylinder, then approached
asymptotically a constant value. It is also worth noting that even when the cylinder had moved
850 mm (i.e., 243 dw) away from its initial location, this WIV amplitude was still significantly
higher than the case in the open water environment (i.e., VIV of whisker along) under the same Uf

shown as the blue lines. This highlighted that the whisker sensor has high “signal-to-noise” ratio
and the capability to detect moving targets even with large streamwise gaps.

To further quantify the distinctive time-varying WIV amplitudes due to the movement of the
upstream cylinder, the instantaneous WIV intensity is defined as

σw(t ) =
√

1/(2Tv )
∫ t+Tv

t−Tv

yw(t )2dt, (2)

where Tv = dc/(StUf ) is the vortex shedding period of the static circular cylinder in flow. Equa-
tion (2) calculates the standard deviation of whisker displacements within the neighboring two
vortex transport period, which is used to evaluate the time-dependent WIV intensity in this work.
Figure 4 illustrates the variation of σw(t ) for representative cases within t > Ttr (i.e., after whisker
WIV was influenced by gap growth). The results highlight the distinctive coupling between σw(t ),
Sx, and Uc of the upstream cylinder. Specifically, for cases with the same Sx, the one with higher Uc

resulted in larger WIV intensity right after the cylinder movement. With the growth of time, the case
with higher Uc led to more rapid growth of gap and therefore faster reduction of wake fluctuation
intensities; this is reflected by the corresponding larger decaying rate of σw(t ) in a short period of
time after the movement of circular cylinder. However, the overall decaying rate of WIV intensity
is also sensitive to the variation of Sx. Indeed, regardless of Uc, σw(t ) reduced more than 70% when
they reach the terminal location with small initial gap at Sx = 50dw. In contrast, this value decreased
to approximately 35% when the initial gap increased to Sx = 130dw.

Results discussed above have demonstrated that the decaying rate of WIV intensity of the whisker
sensor is modulated by both the gap growth rate to the upstream cylinder and the initial streamwise
gap. This quantity can be more clearly reflected via a nondimensional parameter γamp defined as

γamp = σw(t � 0)/σw(t = tterm)

tterm

dw

Uf
, (3)
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FIG. 5. Decaying rate of WIV intensity over unit time γamp across various Uc and Sx .

where σw(t � 0) denotes the WIV intensity within “fixed-gap” stage, and σw(t = tterm) is the one
when the upstream cylinder reached the terminal location at the time tterm. The definition of γamp

allows to quantify the variation rate of WIV intensity over a unit time, and therefore the sensitivity
of the whisker sensor for detecting the speed change of the upstream cylinder. The distribution of
γamp for all investigated cases is illustrated in Fig. 5. Two trends can be clearly observed from this
figure. First, γamp reduced with the growth of Sx. This corresponds to the observation from Fig. 4
that more rapid decay of WIV occurs with smaller initial gap. Moreover, at a given Sx, although γamp

on the whole increased with Uc and follows our expectation that a faster gap growth rate induces
larger WIV intensity decay within a unit time, this trend gradually diminished at higher Uc. Indeed,
regardless of Sx, the averaged ∂γamp

∂ (Uc/Uf ) within 0.3 � Uc/Uf � 0.5 is more than 40% lower compared
to that within 0.1 � Uc/Uf � 0.3. This result highlighted that the whisker sensor gradually becomes
“nonsensitive” for determining the speed change of the upstream cylinder (i.e., Uc) via the decaying
rate of WIV intensity when Uc is high. Such phenomenon will be revisited with the discussion of
coupling between whisker and wake flow via the physical model in the following sections.

B. On the coupling between whisker WIV and wake dynamics

The coupling of wake flow dynamics and whisker vibrations is illustrated by the distribution
of vorticity magnitude and spanwise velocity at representative instants in Figs. 6 and 7. To well
illustrate the coupling mechanism, the snapshots were selected based on the vibration cycle when
yw(t ) reached local maximum (minimum) displacements and equilibrium locations. First, Fig. 6
presents the WIV of the whisker at “fixed-gap” stage with Sx = 90dw. Here, the incoming vortex
A drove the whisker moving toward the negative y-axis direction from its equilibrium location
[Fig. 6(a-i)]. The vortex A was accompanied with the approaching of spanwise flow with v < 0
[Fig. 6(b-i)], and the associated hydrodynamic loads continually drove the whisker sensor away
from equilibrium until it reached the local maximum displacement in the negative y direction. Note
that in this instant vortex A just passed the location of the whisker [Fig. 6(a-ii)], while the whisker
is still impinged by the spanwise flow toward the negative y-axis direction [Fig. 6(b-ii)]. Despite
the spanwise flow load, the restoring force started to drive the whisker back to the positive y-axis
direction, where the whisker was within the subsequent vortex structure B when it moves back to
the equilibrium location [Fig. 6(a-iii)], and then reached another local maximum displacement ac-
companied with the spanwise flow toward positive y-axis direction [Figs. 6(a-iv) and 6(b-iv)]. Such
coupling between vortex flow and whisker dynamics enabled the periodic WIV in the “fixed-gap”
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FIG. 6. Selected snapshots of (a) vorticity magnitude and (b) spanwise velocity distributions during one
cycle of whisker vibration within “fixed-gap” WIV stage at Sx = 90dw . The instantaneous positions of whisker
sensor are superimposed as green ellipses.

stage with similar amplitudes across each cycle, which was also observed for cases with Sx = 50dw

and 130dw not shown here for brief. In contrast to the “fixed-gap” cases, the time-varying gaps
due to the movement of the upstream cylinder resulted in significant unsteady vortex strength
impinging on the whisker. Figure 7 presents the vortex structure and spanwise flow distributions
when the instantaneous gap xg/dw increased to approximately 280 with Uc = 0.2Uf . Clearly, due to
the decaying of vortex strength along downstream distance, both the vortex strength and spanwise
flow magnitude exhibited significant reduction compared to those within the “fixed-gap” stage
shown in Fig. 6, which corresponded to the decaying WIV amplitudes over time shown in Fig. 4.
Meanwhile, for cases with smaller initial gap at Sx = 50dw and instantaneous gap xg/dw increased
to approximately 90 (Fig. 8), the produced spanwise flow magnitudes were indeed higher than the
corresponding “fixed-gap” scenarios with the same gap observed from Fig. 6. These indicate that the
intensities of time-varying hydrodynamic loads impinging on the whisker are determined not only
by the instantaneous gaps, but also by the cylinder moving speed. To further explore this evolution,
the normalized wake flow circulation is used to quantify the strength of hydrodynamic load, which

FIG. 7. Same as Fig. 6 but in the moment after cylinder movement with Sx = 90dw , Uc = 0.2Uf , and
instantaneous gap xg/dw ≈ 280.

034701-8



COUPLING BETWEEN VORTEX FLOW AND WHISKER …

FIG. 8. Same as Fig. 7 but in the moment with Sx = 50dw , Uc = 0.45Uf , and xg/dw ≈ 90.

is calculated as


 =
∫

A
ωzdA, (4)

where A is integration area within y < 0 and the length defined by the averaged streamwise gap
between neighboring vortex pairs. Also, we only considered locations where |ωz|dc/Uf > 0.03 to
minimize the influence of signal noise. The variation of 
 as a function of the instantaneous gap is
shown in Fig. 9. The results illustrated that the decaying rate of 
 gradually dropped with the growth
of gap xg/dw, and cases with higher Uc produced overall stronger 
 at a given instantaneous gap.
Further normalization of 
 by the relative speed between the cylinder and surrounding flow Uc + Uf

highlighted that regardless of initial gap Sx and cylinder moving speed Uc, the wake circulation
strength follows the same decaying trend which behaves as an inversely proportional relation with
respect to instantaneous gap xg/dc as




(Uc + Uf )dc
= α

(xg + x0)/dc
, (5)

0

1

2

3

4

0

1

2

3

4
(a) (b)

5 10 15 20 25 30 35 5 10 15 20 25 30 35

FIG. 9. Distribution of wake circulation strength 
 across instantaneous gaps for selected cases with
(a) Sx = 50dw and (b) Sx = 130dw . Panel (c) summarizes the results from panels (a) and (b) with 
 normalized
by (Uc + Uf )dc.
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FIG. 10. Spectra of whisker displacements within t > Ttr for selected cases with (a) Sx = 50dw and (b) Sx =
90dw . The gray dashed line denotes the frequency following Strouhal number of St = 0.19.

where α and x0 are constants that are determined by the least square fitting to the experimental
data, and the fitted curve is shown in Fig. 9(c) as the gray dotted line. Similar vortex strength
decaying trend was also reported by Ponta [36] but at a much lower Reynolds number. Results from
Fig. 9 and Eq. (5) illustrate that the higher decaying rate of WIV amplitude with smaller initial gaps
observed in Fig. 4 is associated with the more rapid decrease of wake vortex strength in the near
wake. Meanwhile, at a given Sx, the larger WIV amplitude at higher Uc right after t = Ttr observed
in Fig. 4 is attributed to the stronger instantaneous 
 since 
 ∝ (Uc + Uf ), although 
 then also
decayed faster as xg = Uct + Sx.

However, despite the variation of hydrodynamic load strength, the relative phase between
whisker displacement and vortex structure (or spanwise velocity distribution) within one cycle
illustrated in Figs. 8 and 7 remained overall similar compared to the “fixed-gap” scenario. Indeed,
the spectra of whisker displacement after the cylinder movement highlighted that, across all Sx

and Uc, the dominating WIV frequency remained at f dc/Uf ≈ 0.19 (Fig. 10), i.e., the same as
those within the “fixed-gap” stage. Therefore, the WIV of the whisker can be considered as a
parametric excitation system, where the external force continually changes the magnitude but
remains with the same frequency. This phenomenon can be explained via the vortex transport
mechanism by considering an observer moving together with the cylinder at a speed Uc. In
such condition, the relative velocity between the cylinder and surrounding water is Uc + Uf with
associated vortex shedding frequency as fv,cylinder = St(Uc + Uf )/dc from the observer. However,
the whisker sensor is “retreating” away from the cylinder with a speed of Uc. Therefore, when
the vortex signal reached the location of whisker with a transport distance of Sx + Uct from the
cylinder, the frequency of this vortex signal impinging on the whisker presents a “Doppler” effect
as fv,whisker = Uc+Uf −Uc

Uc+Uf
fv,cylinder = StUf /dc, which is well supported by our experimental results.

It is worth noting that due to the growth of downstream distance, the wake flow may gradually
present secondary vortex patterns with different shedding periods [37–40]. The impact of these
vortex structures were also reflected in our measurements as secondary peaks of WIV displacement
spectra in Fig. 10. Such vortices can bring about disturbance to the synchronization between whisker
displacements and evolution of primary vortex, which accounts for the undulations of WIV intensity
σw across time in far wake regions as exhibited in Fig. 4.

C. Physical modeling for time-dependent WIV

The results discussed in section Sec. 3.2 illustrate that the WIV of the whisker after the cylinder
movement remained overall synchronized with incoming vortices, where its time-varying amplitude
is modulated by the intensity of hydrodynamic loads influence by both the relative speed between the
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upstream cylinder and surrounding water, and the gap growth rate. To further reveal the coupling
of both factors on whisker WIV, a physical model based on the balance between time-depending
hydrodynamic loads, whisker inertial force, system damping and restoring force is implemented in
this section. Here, we start with a few simplifying assumptions. First, we assume that the vortex
flow impinging on the whisker sensor can be considered as two-dimensional along the its span, and
only the influence of the primary vortex is accounted. Second, the vibration of the whisker sensor
has minor disturbance to the incoming vortex structure. Then, as a first-order approximation, the
governing equation for WIV of the whisker can be expressed as a harmonic oscillator with decaying
external forces:

mt yw(t )′′ + cyw(t )′ + kyw(t ) = 0.5ρU 2
f dwLCy(t ) sin(2π fvt ), (6)

where yw(t ), yw(t )′, and yw(t )′′ are the displacement, velocity, and acceleration of the whisker in
y-axis direction, respectively, mt = m + m∗ is the mass of whisker vibration system [41], c and
k are the damping and stiffness of the vibration system underwater, Cy(t ) is the time-varying
hydrodynamic force coefficient acting on the whisker in y-axis direction, and fv = StUf /dc is the
frequency of vorticies impinging the whisker. Clearly, Cy(t ) plays a key role in determining the
time-varying WIV amplitude of whisker. To quantify the relation between the hydrodynamic load
coefficient and the vortex circulation strength, complementary experiments were conducted with
“fixed-gap” WIV of whisker across various gaps xss downstream of the cylinder under incoming
velocity Uf . In such circumstances, Cy no longer changes with time, and the right-hand side of
Eq. (6) can be simplified as 0.5ρU 2

f dwLCy(xss ) sin(2π fvt ), which gives the “fixed-gap” solution of
whisker WIV displacement as

yw(t ) = Asssin(2π fvt + ϕ),

Ass = 0.5ρU 2
f dwLCy(xss)

k
{(

1 − f 2
v

f 2
0

)2 + (
2ζ

fv
f0

)2} 1
2

, (7)

where Ass denotes the “fixed-gap” vibration amplitude of the whisker, ϕ is the phase angle, and
ζ = 0.5c(k/m)−0.5 is the damping ratio. Equation (7) allows to quantify the hydrodynamic load
coefficient Cy based on the measured Ass across various gaps as

Cy(xss) =
kAss

{(
1 − f 2

v

f 2
0

)2 + (
2ζ

fv
f0

)2} 1
2

1
2ρU 2

f dwL
. (8)

However, the wake vortex circulation strength downstream of the circular cylinder under incom-
ing flow velocity Uf at a given gap xss can be calculated following Eq. (5) as 
(xss) = αUf d2

c /(xss +
x0). Results for the evolution of both Cy(xss) and 
(xss) as a function of xss under “fixed-gap”
WIV are summarized in Fig. 11. Here, although both parameters decreased with xss as expected,
Cy(xss) exhibited a more rapid decaying trend. Indeed, considering that hydrodynamic loads are
proportional to the square of effective velocity impinging on objects and vorticity magnitude is
proportional to wake velocity shear, Cy(xss) is expected to behave as Cy(xss) ∝ 
2(xss). This trend
is verified in the subplot of Fig. 11, where the least square fitting indicates that Cy = β( 


Uf dc
)2 with

β = 0.042. Then, by substituting this expression and Eqs. (5) to (6), the WIV of whisker can be
determined as

mt yw(t )′′ + cyw(t )′ + kyw(t ) = 0.5ρU 2
f dwLβ

[
α(Uc + Uf )dc

(Sx + Uct + x0)Uf

]2

sin(2π fvt ). (9)

The time series of whisker WIV predicted by Eq. (9) with comparison to the measured ones are
illustrated in Fig. 12 for selected cases. Note that the initial condition of Eq. (9) is adopted from
experimental data including yw(t = Ttr ) and y′

w(t = Ttr ). Overall, the physical model shows good
agreement with the experimental results, especially for the overall decaying rate of WIV intensity
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FIG. 11. Distribution of wake circulation strength 
 and the associated hydrodynamic force coefficient Cy

as a function of streamwise gap xss measured from “fixed-gap” WIV. Subplot reveals the relations between 


and Cy which follows Cy ∝ 
2.

with time across various Sx and Uc; the slight mismatching of yw especially in the far wake region
can be attributed to the impact of secondary vortex structures, which is not included in the current
model. Moreover, this model allows explaining the reduced sensitivity of whisker sensor when Uc

is sufficiently high as observed in Fig. 5. Indeed, based on Eq. (9), the normalized decaying rate of
hydrodynamic load intensities over a unit time can be expressed as

γload = Cy(t � 0)/Cy(t = tterm)

tterm

dw

Uf
=

( αUf d2
c

Sx+x0
/

α(Uc+Uf )d2
c

Sx+xtravel+x0

)2

xtravel/Uc

dw

Uf

= Uf Uc

(Uc + Uf )2

(
Sx + xtravel + x0

Sx + x0

)2 dw

xtravel
. (10)

The variation of γload (dashed lines) across various Sx and Uc predicted by Eq. (10) is superimposed
with the decaying rate of WIV intensity γamp in Fig. 13; overall, these two parameters present very
similar trends. Equation (10) highlights that for upstream cylinder moving from the same initial gap

Sx=50dw,Uc=0.15Uf

0 500 1000 1500

-0.5

0

0.5

Sx=90dw,Uc=0.15Uf

Sx=130dw,Uc=0.5UfSx=50dw,Uc=0.45Uf

(a) (c)

(b) (d)

0 500 1000 1500

-0.5

0

0.5

FIG. 12. Measured (black dashed lines) and modeled (red solid lines) time series of whisker displacements
for selected cases.
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FIG. 13. The distribution of modeled hydrodynamic load decaying rate γload superimposed with measured
γamp across various Sx and Uc.

Sx, only the term Uf Uc

(Uc+Uf )2 determines the decaying rate of hydrodynamic loads acting on whisker

sensor. In particular, when Uc � Uf , Uf Uc

(Uc+Uf )2 (and therefore γload) increases almost linearly with
Uc. In such conditions, γload is sensitive to Uc, where the decaying rate of hydrodynamic loads is
dominated by the gap growth rate between the upstream target and the whisker. However, ∂γload

∂Uc

gradually decreases with the growth of Uc, where higher Uc resulted in stronger vortices produced
by the moving cylinder and therefore hydrodynamic loads acting on the whisker sensor, which
compensated the influence of gap growing rate.

D. Effect of spanwise gap

The discussions above for the coupling between time-varying incoming vortex flow and whisker
response have revealed the distinctive impact of streamwise gap distance and gap growth rate on
the WIV patterns. In this section, complementary measurements were performed to investigate
the effect of spanwise gap on whisker sensing. Here, the spanwise position of the whisker-spring
system in static water shifted from the wake centerline to the cylinder edge, while all other exper-
imental conditions remained the same. Figure 14 shows the representative time-series of whisker
displacement. Although the peak-to-peak amplitude of WIV also presented gradual decay trend
after the movement of the upstream cylinder, the equilibrium vibration position during each cycle
was continually shifting with time. Specifically, before the movement of the upstream cylinder (i.e.,

3

4

5

3

4

5

0 500 1000 1500

Sx=50dw,Uc=0.35Uf

Sx=50dw,Uc=0.15Uf

0 500 1000 1500

(a) (c)

(b) (d)

Sx=90dw,Uc=0.45Uf

Sx=130dw,Uc=0.35Uf

FIG. 14. Time series of whisker displacements for selected cases with Sy = 5dw . The gray dot line denotes
the equilibrium position of whisker sensor in static water.
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FIG. 15. Time series of equilibrium whisker vibration positions μw for selected cases with (a) Sx = 50dw;
(b) Sx = 90dw; (c) Sx = 130dw . The horizontal gray dashed line denotes the equilibrium position in static water.

t � 0), the equilibrium vibration positions were all shifted toward the wake centerline, especially
for cases with small streamwise gap at Sx = 50dw [Figs. 14(a) and 14(b)]. The growth of the
streamwise gap after the cylinder movement gradually brought the equilibrium WIV position back
to the cylinder edge (horizontal dashed line in Fig. 14). This trend is more clearly reflected by the
time series of equilibrium vibration position μw(t ) for selected cases shown in Fig. 15. Similar to the
definition of σw, μw(t ) was calculated by averaging the whisker displacement within two vibration
cycles as

μw(t ) = 1/(2Tv )
∫ t+Tv

t−Tv

yw(t )dt . (11)

Results in Fig. 15 highlighted that the maximum shifting of equilibrium WIV position, i.e., 5dw −
μw(t ), can reach up to dw at Sx = 50dw and Uc = 0.5Uf when cylinder just started to move. Note
that this shifting magnitude is already comparable to the standard deviation of WIV displacement
shown in Fig. 14, indicating that for whisker not located in the wake centerline, the variation of
its equilibrium WIV position can also be used as a parameter for sensing the time-varying gaps to
upstream target. Indeed, this phenomenon can be attributed to the “wake-stiffness” effect as reported
by Assi et al. [42], where the lower pressure at the wake centerline compared to the edge regions
acted as a spring and modulated the whisker vibration positions [43]. Such “wake-stiffness” effect
gradually decreases with the growth of downstream distance to the cylinder due to the smaller
spanwise pressure gradient.

Finally, the decaying rate of WIV intensity was calculated following Eq. (3) and shown in Fig. 16.
To facilitate the comparison, γamp for whiskers in the wake center were also included. Overall, the
distribution of γamp presented a very similar trend for the whisker in both wake center and cylinder
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FIG. 16. Decaying rate of whisker vibration intensity γamp at both Sy = 0 and Sx = 5dw .

edge. Further investigation for the time-averaged wake flow vorticity magnitude in Fig. 17 revealed
that, the distribution of averaged vorticity magnitude |ω| along streamwise direction exhibited minor
difference across the spanwise locations within y/dc ∈ [−0.5, 0.5]. These results highlight that the
combination of WIV intensities and equilibrium positions is required for the whisker sensor to detect
its relative locations to the upstream cylinder in both streamwise and spanwise directions.

IV. CONCLUSION AND REMARKS

In summary, our integrated experimental campaigns and physical modeling revealed the fluid-
structure interaction mechanisms of the whisker sensor with time-varying gaps to an upstream
cylinder. Overall, with the linearly increasing gap between the cylinder and whisker sensor, the
wake-induced vibrations (WIV) of the whisker remained synchronized with the incoming vortex
flow, whereas the vibration amplitudes gradually decayed over time. We demonstrated that the
decaying rate of whisker vibration intensities over a unit time was higher with smaller initial gaps.
Moreover, although a more distinctive decay of WIV intensity occurred with faster growth of the
gap, this trend gradually diminished when the gap growth rate became sufficiently high. This is
attributed to the stronger vortices and associated hydrodynamic loads in the wake flow initiated
by the faster movement of upstream cylinder, which compensated for the influence of the gap

y/
d c

x/dc

|ω|dc/Uf
2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

0 20 40
0.5

1

1.5

FIG. 17. Normalized vorticity magnitude distribution in the cylinder wake; the subplot shows extracted
vorticity magnitude profile along streamwise distance at y = 0 (black) and y = 0.5 (red).
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growing rate. Such decaying of WIV amplitudes across various initial gaps and gap growth rates
was well described via a physical model based on the balance between whisker inertial force,
system damping, whisker stiffness, and time-varying hydrodynamic loads. Our complementary
measurements for whisker sensor at different spanwise locations in the wake flow revealed that,
the “wake-stiffness” effect allowed to alter the equilibrium WIV positions, whereas the decaying
rate of WIV amplitudes was nonsensitive to the variation of spanwise locations.

In this work, we have taken a step to quantitatively assess the response and sensitivity of the
whisker when the upstream target alters its swimming status. The results advance our understanding
for the underlying physics of how aquatic animals, such as seals, track complex movements of
their targets via wake-induced vibrations of their flow sensors. It is worth pointing out that in
this work, we have explored cases with linearly increasing gaps between the whisker and target
along streamwise direction. In realistic aquatic environments, the relative positions between the
upstream target and the downstream tracker may vary nonlinearly across time in three-dimensional
domain [44,45]. In such scenarios, the vortex shedding frequency and strength and associated
wake-whisker interaction mechanism are expected to exhibit more complex patterns, which deserve
close inspection in future studies.
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