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ABSTRACT

Vortex-induced vibration (VIV) has been widely studied in the fields of vibration control, building construction, and underwater vehicles.
Recently, researchers began utilizing the VIV phenomenon for flow energy harvesting. Here, we describe that vortex shedding causes
periodic rotational motions and explore these vortex-induced swing (VIS) motions for harvesting flow energy and measuring flow speed.
An arc-bluff structure was constructed to enlarge the VIS motions, and a phenomenological model was developed using the Van der Pol
equation. Swing characteristics when flow velocities were in the range of (0.15, 0.45) m/s were assessed. Experiments showed that the maxi-
mum swing amplitude of the device is 120�, and it converges to 80� as the water velocity increases. The frequency, amplitude, and initial
angle curve of the VIS device can be used to represent the water speed vector. The proposed flowmeter showed a flow rate sensitivity of
7�10Hz/(m�s�1) in the experimental range. Energy harvester prototypes demonstrated a peak-peak output of 3.28 V in water with a velocity
of 0.45 m/s. The present work provides an approach for the flow measurement and energy harvesting under low-speed and low-frequency
conditions.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0011899

Flow-induced vibration energy is not only clean1–4 but also ubiq-
uitous in the ocean, especially compared to other energy forms such as
wind and waves. Moreover, wave energy only works when the depth is
within half of the wavelength.5–9 Vortex-induced vibration (VIV) is a
periodic and stable flow-induced vibration.10–14 The water flow gener-
ates periodically shedding vortices, known as the K�arm�an vortex street,
when passed by a bluff body.15–17 Analyses of VIV energy conversion
methods,18–20 parameters,21–23 and algorithms10,24 were frequently
reported in recent years.25–27

Experiments indicate that vortices not only induce vibration to a
bluff unit but also cause swing motions. The swing motion is a contin-
uous incomplete rotation that can be analogized to a cup anemome-
ter,28–32 and it better adapts to the direction change of incoming flow.
To exploit the vortex-induced swing (VIS) motions, we designed a
structure with an arc beam. The arc-bluff structure greatly amplifies
the swinging motions to an angle of 80�, and its swinging frequency
exhibits a linear relationship with the flow speed. This article presents
a theoretical and experimental study of the VIS motion and its poten-
tial applications in flow energy harvesting and flowmeters.

Different from the common flat-beam VIV energy harvester, we
propose a bluff structure with a curved beam as shown in Fig. 1(b).
The basic form of the VIV phenomenon-based energy harvester is
shown in Fig. 1(a). The flat cantilever beam is fixed at one end, and its
opposite end is connected to a cylinder. The VIV energy harvesters
only respond to water flows from a fixed direction. By contrast, the
top of the VIS structure is a cylindrical bluff body with a curved beam
attached to the rotating bottom [Fig. 1(b)]. Thus, the VIS has the
potential to capture flow energy from different directions. Figure 1(c)
shows a fabricated prototype and the experimental setup. For more
details, refer to supplementary material Sec. I, Figs. S1 and S2, and
Table S1.

When the water flow impacts the bluff cylinder, there are two
periodic vortex series, called the K�arm�an vortex streets, shedding off
along the downward flow in the area affected by the cylinder. The
K�arm�an vortex street can be seen in both Figs. 1(a) and 1(b). In the
VIV-based energy harvester, the flat beam is driven by a vortex force
that feeds periodic lateral impacts back on the water flow and with-
stands the resistance of the water. In the VIS-based energy harvester,
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the excitation and motion are complicated. We assume that the
motion cycle begins at the initial position shown in Fig. 1(b), i.e.,
the concave surface of the arc beam faces the incoming flow. First, the
flow washes over the cylinder and induces a K�arm�an vortex street.
The vortex sheds from the cylinder immediately. Second, the shedding
of the vortex leads to a pressure difference, and the device obtains a
preliminary rotational momentum. Third, the water impact on the arc
surface becomes asymmetric, and the water flow runs toward the low-
pressure area, increasing the rotation angle of the structure. Fourth,
the asymmetric impact on the arc surface decreases and the subse-
quent vortex forms. The unique arc-beam and bearing design trans-
forms the VIV motions into VIS motions.

We developed the FEM model described in supplementary
material Sec. II to analyze the dynamic characteristics of the VIS
device. In the structure described in this paper, the cylinder part is a
classic energy harvester bluff,33 which induces a standard K�arm�an
vortex street under the laminar flow impact. The vortices shed in order
from both sides of the bluff as shown in Fig. 2(a). The first difference
here is that the fixture has one more freedom itself and guarantees
rotation. The difference in the beam structure is another important
change that guarantees swing amplitude. Figure 2(b) shows the top
view of the water streamlines in the curved beam part. The streamlines
of the laminar flow deform due to the obstruction by the board.
Figure 2(c) shows the side view of the arc beam part. The streamlines

FIG. 1. Basic configurations of the vortex-induced vibration (VIV) and the vortex-induced swing (VIS) motions, together with the experimental setup. (a) Structure and motion
mode of the VIV. (b) Structure and motion mode of the VIS. (c) Prototype and experimental flume.

FIG. 2. Motion amplification—views of streamlines derived from the developed finite element model. (a) Top view of the K�arm�an vortex street. (b) Top view of the arc section
(cross section). (c) Side view of the arc structure.
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above the median line are simultaneous streamlines, i.e., the water par-
ticles have the same x coordinate at the same time before they crash
into the beam and are in the same vertical curve parallel to the curved
face. Additionally, the streamlines under the median line are of equal
height, i.e., the water particles have the same y coordinate at the same
time before they crash into the beam and are in the same horizontal
plane (supplementary material Eqs. (S1)ntary show the qualitative
analysis, and Fig. S3 shows the results of the simulation analysis of the
pressure contour).

Prototypes were fabricated and tested under different conditions
to understand the VIS motion characteristics. Figure 3(a) shows the
raw data of rotation angle measurements from a Hall-effect angle sen-
sor, and Fig. 3(b) shows the processed data. The tested prototype con-
sists of a bluff cylinder with a diameter of 18mm and a length of
60mm and a curved beam with a width of 20mm. When crossing the
0� boundary, the output of the Hall angle sensor jumps between the
maximum and minimum values, 5.12 V and 0V. Therefore, after
obtaining the raw data, we processed the data and deleted the probe
signal to get the swing range. Detailed information on data processing
can be found in supplementary material Sec. III. The tests indicate that
the swaying motion excited by the incoming flow has a sinusoidal
form.

We conceptualized the curved beam as a special cup anemometer
structure due to the similarity of the structure and the motion mode.
Previous studies of cup anemometers mainly focused on the phenom-
enological model due to the intricacy of the motion coupling of com-
plex solid structures with fluids.26–28 Here, we adopted the
phenomenological model to theoretically estimate the dynamic
responses of the curved beam on a bearing.

We can simplify the motion mode to a harmonic swing based on
the experimental phenomenon. The Van der Pol equation was used to
construct a phenomenological model. By representing the angle as h,
the maximum amplitude angle as h0, the natural frequency as x0, and
time as t, the Van der Pol equation can be written as34

d2h

dt2
þx0

2h ¼ �e h2�1ð Þ dh
dt
; (1)

where e is a dimensionless small value. Let the solution of the equation
be h ¼ h0 cosxt. By substituting h, dh/dt, and d2h/dt2 into Eq. (1), we
obtain

x0
2�x2

� �
h0 cosxt¼ eh0x

1
4
h0

2�1

� �
sinxtþ1

4
eh0

3 sin3xt: (2)

After equalizing the coefficients of the same harmonic term on both
sides of the equation, we can disregard the third-order harmonic term,
and since dh/dt¼ �h0 x sinxt, we obtain

d2h

dt2
þ e

1
4
h0

2 � 1

� �
dh
dt
þx0

2h ¼ 0: (3)

According to the data characteristics shown in Fig. 3(b), the
responding angle curve fits well with a sinusoid. Therefore, for the
forced VIS in this study, we can set the external force as a sinusoidal
periodic force. Experimental data indicate that the VIS frequency is
mainly relevant for the flow speed, which is the same as the VIV phe-
nomenon. Since xs is related to the structure, the natural frequency
x0 can be directly replaced with xs. Thus, we can derive Eq. (3) as
follows:

d2h

dt2
þe

1
4
h0

2�1
� �

dh
dt
þxs

2h ¼T0 sin xstð Þ: (4)

Its solution is

h tð Þ ¼ C4 exp � CþAð Þtð ÞþC5 exp A� Cð Þtð Þ
� 4T0 exp A� Cð Þtð Þ�exp C � B=8ð Þtð Þ
�
� sinxst� CþB=8ð Þþxs cosxstð ÞÞ=E
� 4T0 exp � CþAð Þtð Þ�exp B=8� Cð Þtð Þ
�
� sinxst� CþB=8ð Þ � xs cosxstð ÞÞ=E ; (5)

where A, B, C, and E are shown in supplementary material Eqs.
(S8)–(S11).

So far, we have derived the analytical solution of the phenomeno-
logical model of the arc-bluff device based on theoretical consider-
ations and systemic experimental measurements. To verify the
feasibility of the model, we substituted the motion characteristics
and parameters of the prototype CB-18603 {for CB-18603, C is the cyl-
inder, B is the beam, 18 is the diameter of the cylinder (mm), 60 is the
length of the cylinder (mm), 3 is the width of the curved
beam [5þ 3� 5 (mm)], and the prototype schematic is given in
supplementary material Fig. S1} at a speed of 0.27 m/s into the analyti-
cal solution and calculated the numerical solution to compare it with
the experimental data. Supplementary material Fig. S4 shows that the
degree of agreement between the two sets of data is high.

After analyzing the experimental data, we found that the fre-
quency of the swing motion of the prototypes is linearly correlated
with the laminar flow velocity. Figure 4(a) shows the VIS frequency
curve with respect to the water velocity. The frequency increases sig-
nificantly at a certain critical point. The x components of the critical
points are around 0.2 m/s in the range of our experiment. At the same
time, the angular range of the swing also has a strong correlation with
the velocity of water. Figure 4(b) shows the fitting amplitude angle as a
function of water velocity. The fitting curve yields the same trend as
the numerical result. The data show that the VIS motion amplitude

FIG. 3. Experimental voltage responses of the angle sensor using the VIS motion:
(a) raw data; (b) processed angle data and the sine fit curve.
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increases first and then decreases with the water flow velocity reaching
a peak of around 0.2 m/s. The increase in amplitude in the early period
is attributed to the increase in the water flow impact force, and the
decrease occurs because the increase in frequency becomes dominant.
The curve of prototype CB-18601 shows the same trend, but the peak
point is shifted rightward to 0.33. Among the selected configurations,
CB-18601 and CB-18505 performed differently since the critical point
speed of CB-18601 was much higher, while that of CB-18505 is much
lower, which is not covered by our experimental operable range. For
data with excessive disturbance, such as the extremely low amplitude
data corresponding to prototype CB-18601, the frequency is simplified
to zero.

The initial position of the swing movement is predominantly
related to the direction of the incoming flow and the width of the
curved beam. Combining the initial position data with the model size
parameters, the flowmeter can be used to test the velocity direction.
Figure 4(c) shows the VIS initial angle corresponding to different
water velocities. The lines of different colors in Fig. 4(c) are clearly sep-
arated. The red curves represent the prototypes with a curved beam
width of 10mm, and the black ones represent the ones with 15mm.
Obviously, the width of the arc structure here dominates in the initial
position. This can be attributed to the fact that the proportion of the
cylinder diameter change in the experiment is much smaller than that
of the beam width. The initial increment of the cylinder diameter is
10% (from 50mm to 55mm), and the initial increment of the beam
width is 50% (from 10mm to 15mm). What is more, the figure shows
that the structural parameters, rather than the water flow velocity, pre-
dominantly affect the initial position. Since the initial position is not
related to the flow velocity but to the structure, when the structural
parameters are determined, the incoming flow direction can be calcu-
lated based on the central position deviation value of the output data.

We calculated the evaluation parameters of the flowmeter based
on the experimental results of the prototype. In analogy to the cup
anemometer, this structure is capable of measuring the flow rate of a
liquid. According to Fig. 4(a), we can adjust the measurement range of
the device by configuring the structural parameters and then use the
frequency characteristics to measure the water velocity. The prototypes
CB-18501, CB-18502, and CB-18602 had R2 values of 99.59%, 99.78%,
and 99.73%, respectively. In the operable range of flow speed
(0.15–0.45 m/s), the three prototypes were fully linear. Their linear fit-
ting curve parameters and linearity error are shown in supplementary
material Table S3. The flow rate error did not exceed 5%, and the

average error was about 2%. At the same time, according to the data
characteristics shown in Figs. 4(a) and 4(b), the VIS motion amplitude
can also be used as auxiliary monitoring data of the speed flowmeter.
Figure 4(c) shows that the value of the initial angle is mainly related to
the structural parameters instead of the flow rate. When the bottom is
fixed and the parameters are known, the initial angle can be used to
derive the relative direction of the incoming flow.

The test range covers 0.1 � 0.45 m/s. The sensitivity formula for
frequency calibrated flow velocity is f ¼ Df/Dv, where f is the swing
frequency and v is the water velocity. Our prototypes exhibited a sensi-
tivity range of 7–10Hz/(m�s�1) based on the experimental data.

Experiments have shown that the VIS prototypes quickly return
to a stable vibration position regardless of the initial position. This fea-
ture ensures the multi-directional adaptability of the VIS energy har-
vester. However, developing the device as an energy harvester requires
an emphasis on energy output. As shown in Fig. 4, the arc-bluff struc-
ture has a large VIS motion amplitude under the impact of water flow.
We then used piezoelectric ceramics to construct the energy converter
of the structure. We measured the torsional vibration characteristics
and energy harvesting capabilities of the cylindrical-only device, cylin-
drical-single-arc-beam device, and cylindrical-double-arc-beam
device.

The experimental results shown in Fig. 4 indicate that the VIS
motion amplitude of the cylindrical-only device is negligible and
unstable with a larger ceramic bearing set and its energy harvesting
ability is very poor. The VIS amplitude and frequency of the cylindri-
cal-single-arc-beam device were significantly higher in the experimen-
tal configuration only when the flow rate was greater than 0.5 m/s, and
its energy harvesting ability was moderate. Because it is difficult to
parameterize the bearing friction when the energy conversion system
is added, we were not able to obtain good data fitting for the single-arc
model, which is why we added the experiment with the double-arc
model. The VIS motion amplitude and frequency of the cylindrical-
double-arc-beam device in the experimental configuration were the
best, and it also exhibited the highest energy collection ability. At the
same time, the motion characteristics of the double-arc structure were
also more complex.

We examined the energy harvesting sample points of the cylin-
drical-double-arc-beam device. The data acquisition time was 2.5 s,
covering nearly 11 VIS cycles. The form of the motion was more like
the forced vibration under multiple sinusoidal forces. The fitting
method is described in supplementary material Table S4. The energy

FIG. 4. Response curves of the single-arc prototype at different water velocities. (a) VIS frequency response curves. (b) Fitting amplitude angle curves. (c) VIS initial angle
curves of the single-arc prototype at different water velocities.
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harvester prototype reached an output voltage peak-to-peak value of
3.27V with a 9� 9� 0.3mm piezoelectric ceramic piece. This voltage
output can meet the voltage requirements of some sensor applications
such as small temperature chips, miniature sonar sensors, infrared sen-
sors, and sea color sensors.

This paper describes the vortex-induced swing (VIS) motion and
demonstrates its potential applications in energy harvesters and flow-
meters. We developed a unique arc-bluff structure to enlarge the VIS
motions under low-speed flow conditions. By analyzing the forces act-
ing on the arc-bluff structure and its vortex shedding via a developed
phenomenological model and finite element models, we qualitatively
described the motion pattern of the structure under the impact of a
laminar flow. The VIS motion, amplified by the unique arc-bluff struc-
ture, can be utilized in energy harvesters and flowmeters.

See the supplementary material for additional demonstration,
simulation, and experimental results.

This work was financially supported by the National Natural
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