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The submerged hydrofoil has the capability to harness wave energy and convert it into thrust to work with the ship’s
power system. The current series of experiments investigated the interaction of a passive submerged hydrofoil with
regular waves through a comparison of the generated horizontal forces. Springs provide the restoring force for the
hydrofoil’s heave/pitch motion, corresponding to heave spring and pitch spring. Maintaining a constant heave spring
stiffness (490 N/m), subsequent statistical analysis summarized the force trends at different pitch stiffness (16 N/m to
300 N/m) and suggested an optimal pitch spring stiffness in regular waves. A pulse-shaped force signal was observed
and explained as a result of low pitch stiffness. Experiments with different spring setups revealed that the heave spring
contributes to the harmonic force generated by the fully passive foil. Additionally, by varying wave conditions with
limited wave amplitudes and frequencies, tests reproduced the variation of force signals over time and assessed their
dependence on wave parameters.

I. INTRODUCTION

When subjected to wave excitation, a floating structure can
exhibit a response with six degrees of freedom (DoF), includ-
ing heave and pitch. One popular application of this princi-
ple is in wave energy converters (WECs) equipped with suit-
able power take-off (PTO) systems, which can harvest energy
from waves and convert it into electricity1. Inspired by the
movements of birds and fish, the flapping motion of a foil-
shaped structure, specifically heaving and pitching, can gen-
erate thrust and power2,3. Consequently, another wave energy
application is the use of a submerged foil that undergoes flap-
ping motion in waves, effectively harnessing wave energy and
directly converting it into propulsion4–6. This application of
wave energy holds enormous potential for powering vessels
and has the capability to replace traditional propulsion sys-
tem. Additionally, research has shown that attaching a foil
to the bottom of a ship can stabilise its motion and reduce
resistance7. An example of an experienced hydrofoil applica-
tion is the wave glider8–10. Furthermore, the study of active-
pitch control foils11–15 generating thrust for ships in waves has
gained significant attention in recent years.

The investigation of a flapping foil typically involves pre-
scribing its constraints or motion, resulting in three config-
urations: fully active16, semi-passive17,18, or fully passive.
Passive foils often incorporate the installation of springs,
such as single spring-dominated DoF (i.e., semi-passive), or
dual spring-dominated DoFs (heave and pitch, i.e., fully pas-
sive). The inclusion of springs has been found to enhance
power generation and achieve excellent power conversion
efficiency19,20, while also affecting the hydrofoil’s dynamic
characteristics21. Feng et al.22 conducted numerical studies on
a semi-passive foil using nonlinear pitch springs and observed
a multi-frequency phenomenon during the propulsion process.
Wang et al.23 performed a two-dimensional numerical simu-
lation on a fully passive foil and observed harmonic inertia

force signals. Additionally, investigations have revealed the
significant impact of spring stiffness on the loads and dynamic
behaviour of the foil, including the flapping amplitude and
the advance speed19,24–27. It is worth noting that the previous
investigations mentioned above primarily focused on spring
stiffness in semi-passive foils. Therefore, further studies are
needed to examine the impact of pitch spring stiffness and
heave spring stiffness on fully passive foils.

In terms of experimental studies conducted in a single-
phase flow, extensive model tests have been carried
out on foils with various constraints and prescribed
motions19,20,28–31. When considering the interaction with real
waves, semi-passive or fixed foils have been attached under-
neath ships to assess their effectiveness in improving stability,
power, and reducing ship resistance32–37. As for investiga-
tion about fully passive foils in waves, when the hydrofoil
is equipped with power take-off (PTO) system, the relative
heave motion between the foil and the surface floater can be
converted into electrical power, forming a hybrid propulsion
system38. Isshiki and Murakami39,40 carried out a series of ex-
periments on a submerged fully passive foil in response to reg-
ular waves, with a focus on the impact of heave stiffness and
wavelength. It is obvious that limited previous experimen-
tal studies on the interaction between fully passive foils and
waves indicate a significant research gap. Furthermore, a sys-
tematic study comparing dual spring-dominated DoFs (heave
and pitch), single spring-dominated DoF (heave or pitch), and
the fully fixed mode is necessary to explore the effect of the
spring system.

As a result, the current study involved a series of experi-
ments on a fully passive hydrofoil in regular waves, with vari-
ations in pitch spring stiffness, spring-dominated DoF, and
wave parameters. The time history of the horizontal force was
recorded and subjected to statistical analysis. The results re-
veal averaged force trends in relation to pitch stiffness and
suggested an optimal pitch stiffness for excellent thrust gen-
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eration. Furthermore, the results observed and explained the
pulse-shaped force signal caused by small pitch stiffness, as
well as the higher harmonic response in the force-time series
due to the heave spring. These findings provide a compre-
hensive understanding of the impact of the spring system on
the interaction between waves and fully passive foils, thereby
guiding the application of fully passive foils on ships.

II. METHODOLOGY

A. Experimental setup

Experiments for the present study were performed in a
wave tank located at Cranfield University41, featuring 30 m
long, 1.5 m wide, and 1.5 m of designed water depth. A
piston-type wave generator near one end of the tank enabled
the generation of regular and irregular waves, up to the wave
height limit of 0.28 m. To minimise wave reflection, a wave
absorber and an absorption beach are placed at both ends of
the tank. The test section is positioned around 8.4 m away
from the wave paddle. The design and construction of the
experimental rig were inspired by Isshiki and Murakami39,40.
The 3D hydrofoil model used in the study is of the NACA0024
type, fabricated through 3D printing. The hydrofoil has a
chord length (c) of 0.2 m and a span length (b) of 0.1 m (refer
to Figure 1). Two pivot points on the chord line are located 25
mm (P1) behind the leading edge (A) and 20 mm (P2) in front
of the trailing edge (B).

FIG. 1. Schematic sketch of NACA0024 hydrofoil.

The experimental setup, as depicted in Figure 2, comprises
a top carriage, a middle connection (rod R1 and R2), the
spring system, and the hydrofoil model. Notably, the 3D ef-
fect exists due to no end-plates being fixed to the hydrofoil. A
compression heave spring (hS) is installed within the front rod
(R1) to control the hydrofoil’s heaving motion, while exten-
sion pitch springs (pS) is attached to the rear rod (R2) to adjust
the hydrofoil’s pitching motion. The hydrofoil’s surge motion
was disabled due to the top carriage remaining fixed through-
out this study. The selected heave spring keeps a constant
stiffness (khS), while pitch springs feature various stiffness
(kpS) with two different arrangements. For detailed schematic
sketches and descriptions of the experimental setup, please re-
fer to Wang et al.42. The Hooke’s Law equation suggests that

FIG. 2. Schematic sketch of experimental setup.

connecting two identical extension springs axially can double
the length change and thus halve the effective stiffness. There-
fore, one configuration involves placing one pitch spring on
each side, as shown in Figure 2, while the other arrangement
includes two identical pitch springs on each side. Prior to
conducting experiments, we measured the natural frequency
of the experimental setup by tapping the top carriage and the
front rod, respectively. The recognised frequency exceeded 10
Hz, which is significantly higher than the measured force sig-
nal (Figure 3b), indicating the negligible impact of the front
rod (R1).

B. Experimental conditions and data analysis

A multi-functional "Go Direct®" load cell was installed on
the top carriage to collect the horizontal force. This load cell
is capable of measuring forces within the range of ±50 N,
detecting force increments down to 0.002 N. The sampling
frequency for force collection is 50 Hz to guarantee a smooth
signal and accurate signal peaks. For this study, we inves-
tigated the impact of pitch stiffness (kpS) via collecting and
analyse the generated horizontal force. This involved testing
a total of 12 different effective stiffness values, ranging from
16 N/m to 300 N/m, to encompass significant flapping ampli-
tude and angle changes. The hydrofoil was submerged at a
depth of around 0.1 m, driven by foil’s significant pitch mo-
tion and the higher wave energy near the free surface. The
hydrofoil starts in its neutral position due to the equilibrium
between the pre-load difference of the pitch spring on both
sides and the buoyancy, with the chord line parallel to the wa-
ter surface. We adopted specific wave parameters, including
wave amplitudes (AW ) of 0.04 m, 0.05 m, and 0.06 m, and
wave frequencies ( fW ) of 0.75 Hz, 0.85 Hz, and 1 Hz. These
wave parameters were chosen to verify the reliability of the
recorded force data and its correlation to wave conditions. To
explore the effect of the spring setup, the experiment reduced
the hydrofoil’s degrees of freedom from 2 to 1 by disabling ei-
ther the heaving or pitching motion, resulting in "pitch spring
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only" or "heave spring only" foils. Additionally, the experi-
ment further reduced the degrees of freedom to 0, resulting in
a fully fixed foil. As a result, the experimental cases are sum-
marised in Table I and II. Cases 1 to 12 illustrate the impact
of pitch stiffness, while the comparison among cases 9 and 16
to 19 highlights the effects of wave amplitude and frequency.
Cases 13 to 15 are designed to investigate the influence of the
number of spring-dominated DoF. To ensure experiment va-
lidity, each case was repeated either 10 or 5 times, as indicated
in the "repeat" column of Table I and II.

To process the data, we employed force spectral analysis
using the Discrete Fourier Transform (DFT) method. Ad-
ditionally, we applied phase-averaging techniques to accu-
rately assess load variation throughout a single cycle. The
collected horizontal force signal from this horizontally fixed
foil exhibits a periodic oscillation near zero value. Our previ-
ous studies42 about the running hydrofoil revealed its advance
displacement, as well as the backward shift at each cycle.
The positive part of horizontal force signal and the negative
part can be inferred to affect the forward and backward dis-
placement of the running foil, respectively. As a result, apart
from the collected horizontal force (FX ), two additional force-
related terms were discussed: the positive force (FP) and the
negative force (FN). Corresponding time-averaged values can
be calculated:

FX =
1
t

∫ t

0
FX (t0)dt0, (1)

FP =
1
t

∫ t

0
(FX > 0)(t0)dt0, (2)

FN =
1
t

∫ t

0
(FX < 0)(t0)dt0, (3)

where t stands for time length of a given force signal and FX
is the instantaneous horizontal force. As experiment for each
case was repeated 10 or 5 times, the standard error of the mean
(SEM) is calculated as follows:

σī =
σi√

n
, (4)

where σi is standard deviation of a given length signal and n is
signal number obtained from repeat testing. And thus force-
related terms after correction can be expressed as:

F ′
X =

∑
n
j=1 FX ( j)

n
± σX√

n
, (5)

F ′
P =

∑
n
j=1 FP( j)

n
± σP√

n
, (6)

F ′
N =

∑
n
j=1 FN( j)

n
± σN√

n
, (7)

where the first item on the right-hand refers to the mean value
after repeat testing.

Case DoF kpS (N/m) khS (N/m) fW (Hz) AW (m) Repeat
1 2 16 490 0.75 0.05 10
2 2 24 490 0.75 0.05 10
3 2 30 490 0.75 0.05 10
4 2 48 490 0.75 0.05 10
5 2 60 490 0.75 0.05 10
6 2 70 490 0.75 0.05 10
7 2 90 490 0.75 0.05 10
8 2 110 490 0.75 0.05 10
9 2 130 490 0.75 0.05 10

10 2 160 490 0.75 0.05 10
11 2 230 490 0.75 0.05 10
12 2 300 490 0.75 0.05 10

TABLE I. Summary of testing cases (Case 1 to 12).

Case DoF kpS (N/m) khS (N/m) fW (Hz) AW (m) Repeat
13 1 Maxa 490 0.75 0.05 10
14 1 130 Max 0.75 0.05 10
15 0 Max Max 0.75 0.05 10
16 2 130 490 0.75 0.06 5
17 2 130 490 0.75 0.04 5
18 2 130 490 0.85 0.05 5
19 2 130 490 1 0.05 5

a Max: DoF of this direction is disabled.

TABLE II. Summary of testing cases (Case 13 to 19).

III. RESULTS AND DISCUSSION

Based on the arrangements shown in Table I and II, this sec-
tion primarily presents a comparison of forces obtained from
experimental tests, considering the influence of pitch stiffness
(16 N/m to 300 N/m), the number of spring-loaded degrees of
freedom (2, 1, 0), wave amplitudes (0.04m, 0.05m, 0.06m),
and wave frequencies (0.75 Hz, 0.85 Hz, 1 Hz). Statistical
analyses on the horizontal force (FX ), as well as its positive
(FP) and negative (FN)components, reveal the influence of the
heave/pitch spring on force variation. Specially, The force
changing against pitch spring stiffness (kpS) suggested an opti-
mal stiffness range. The emergence of the pulse-shaped force
is attributed to smaller pitch stiffness. Comparison on differ-
ent spring setups proved that the heave stiffness is related to
the harmonic force response.

Firstly, a preliminary study is presented involving a repre-
sentative single test with a pitch stiffness of kpS = 70 N/m,
as shown in Figure 3. The time series plot of force varia-
tion in Figure 3a clearly shows seven stable cycles at the wave
frequency, indicating that this low-frequency fluctuation is in-
duced by wave excitation. Additionally, the higher-frequency
fluctuation is observed within each cycle. The correspond-
ing spectrum in Figure 3b reveals the primary frequency of
0.75 Hz, which corresponds to the wave frequency, and the
presence of the forth, fifth harmonic representing the addi-
tional fluctuation. This phenomenon of higher harmonics
has been observed in previous research involving wave in-
teractions with semi-passive foils22 and single-phase flow in-
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teractions with fully passive foils23. However, what distin-
guishes our findings is the significant amplitude of the addi-
tional fluctuation in the force signal. Specifically, the high-
frequency portion oscillates dramatically within one cycle, as
highlighted using red dashed squares and blue markers in Fig-
ure 3a. Detailed explanation about this force signal with pitch
stiffness of kpS = 30, 130 N/m can be found in Wang et al.42.

(a)

(b)

FIG. 3. Force analysis about a single test from Case 6 (kpS = 70 N/m,
khS = 490 N/m, 2DoFs, AW 0.05 m, fW 0.75 Hz): (a) Time series of
force; (b) Spectra of force.

A. Pitch stiffness

Using equations (5), (6), and (7), forces after correction
(i.e., F ′

P, F ′
N , F ′

X ) were processed from all tests within the pitch
stiffness range of 16 N/m to 300 N/m, and corresponding re-
sults are presented in Figure 4. In the figure, solid squares
represent the mean forces, and the length of the vertical lines
indicates the magnitude of the error. Notably, the forces tend
to stabilise at lower levels as pitch stiffness increases towards
pitch DoF being disabled (i.e., kpS = Max). For example, F ′

N
approximately -0.8 N at kpS ≥ 300 N/m, F ′

P around 0.5 N for
kpS ≥ 110 N/m, and F ′

X approximately 0.1 N for kpS ≥ 230
N/m. Forces are higher at the lower pitch stiffness range of 16
N/m to 90 N/m. Specifically, F ′

P, F ′
N exhibit optimal stiffness

characteristics, and F ′
X fluctuates around 0.15 N. During the

transitional region, F ′
N gently decreases from kpS = 90 N/m to

230 N/m, followed by a significant drop from 230 N/m to 300
N/m. F ′

X displays a gentle decreasing trend, while F ′
P sharply

decreases from kpS = 90 N/m to 110 N/m. In summary, as
the pitch stiffness increases till "Max", all forces decreases
and tends to stabilize. F ′

P and F ′
N are outstanding and high

at lower pitch stiffness, indicating an optimal stiffness range,
Meanwhile, the F ′

X is fluctuated at its high value.

FIG. 4. Statistic analysis of pitch stiffness (Case 1 to 13).

The mean phase-averaged forces from repeated tests at dif-
ferent pitch stiffness values are shown in Figure 5, 6. These
force profiles resemble the pattern seen in Figure 3a. A total
of 10 peaks, marked with blue squares, are displayed in Fig-
ure 5f. Across all peaks, the significant local maximum and
local minimum are selected and referred to as T1 and D1 re-
spectively. At a pitch stiffness of kpS = 16 N/m (Figure 5a),
peak T1 stands out significantly, measuring 1.28 N (0.82π)
compared to the following three local maxima, which are 0.72
N (1.21π), 0.14 N (1.58π), and 0.06 N (1.79π), respectively.
This creates a pulse-shaped force variation. As stiffness in-
creases, the dominance of peak T1 gradually diminishes, be-
coming comparable to the following local maxima after kpS ≥
110 N/m. Our previous related studies42 documented and dis-
cussed the flapping angle at pitch stiffness values of kpS = 30
N/m and 130 N/m. It was observed that the lower stiffness
value (30 N/m) resulted in a larger flapping angle, consis-
tent with trends from previous research19,24–26. These findings
suggest that pitch stiffness influences the underwater pose and
flapping angle of the foil, with lower stiffness values leading
to larger flapping angles. Considering the similar trend in the
significance of the pulse shape, it can be associated with the
flapping angle. Specifically, lower pitch stiffness results in a
larger flapping angle, contributing to the pulse-shaped force
signal. The force summary in terms of peak T1 and D1 within
an averaged cycle, varying with pitch stiffness, is described
in Figure 7. As stiffness increases, the absolute force of T1
decreases, while that of D1 increases, until reaching a stable
state at kpS = Max.
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(a) kpS = 16 N/m (b) kpS = 24 N/m

(c) kpS = 30 N/m (d) kpS = 48 N/m

(e) kpS = 60 N/m (f) kpS = 70 N/m

FIG. 5. Summary of phase average (Case 1 to 6), (a) - (f) describe
results at the pitch stiffness range of 16 N/m to 70 N/m.

B. Spring-dominated DoF

Similar harmonic force observed in Figure 3 has been pre-
viously observed in research on passive foils22,23. However,
the amplitude of the high-frequency fluctuation in Figure 3a is
significantly larger than what has been reported in the afore-
mentioned research. This difference may be attributed to the
presence of the pitch/heave spring system. To investigate this
further, this subsection conducts experiments with different
configurations, including single spring-dominated DoF (e.g.,
pitch spring only or heave spring only), zero DoF (fully fixed),
and compares the results to those obtained with two spring-
dominated DoFs. It’s important to note that a foil with one
spring-dominated DoF can be considered a semi-passive foil.

Spectral analysis of single test force signals for different
pitch/heave arrangements is presented in Figure 8a. These ar-
rangements include pitch (pS) and heave (hS) spring (kpS =
130 N/m, khS = 490 N/m), pitch spring only (kpS = 130 N/m,
khS = Max), heave spring only (kpS = Max, khS = 490 N/m),
and fully fixed (kpS = Max, khS = Max). Figure 8a shows
six harmonic frequencies: 1st order (0.75 Hz), 2nd order (1.5
Hz), 3rd order (2.25 Hz), 4th order (3 Hz), 5th order (3.75
Hz), and 6th order (4.5 Hz). All four cases share the same pri-
mary frequency, the 1st order (0.75 Hz), which corresponds to

(a) kpS = 90 N/m (b) kpS = 110 N/m

(c) kpS = 130 N/m (d) kpS = 160 N/m

(e) kpS = 230 N/m (f) kpS = 300 N/m

FIG. 6. Summary of phase average (Case 7 to 12), (a) - (f) describe
results at the pitch stiffness range of 90 N/m to 300 N/m.

FIG. 7. Thrust peak (T1) and drag peak (D1) variation against pitch
stiffness (Case 1 to 13).

the wave frequency. However, they differ in higher frequen-
cies. In the fully fixed case, apart from the primary frequency,
higher frequency peaks are not apparent, indicating that the
regular wave excitation causes a single-frequency force sig-
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nal. In the pitch-only case, the 2nd frequency is distinct com-
pared to the fully fixed case, confirming previous research on
semi-passive foil22. However, when the heave spring is in-
stalled, the spectral results for cases with and without pitch
spring successfully detect the 2nd, 3rd, 4th and 5th frequen-
cies. Additionally, the 5th order frequency (3.75 Hz) stands
out. Correspondingly, the mean phase-averaging force curves
for these four pitch/heave arrangements are shown in Figure
8b. In the comparison of different heave DoF arrangements
(khS = 490 N/m and Max), the force variation is found to fluc-
tuate with a high amplitude when the heave spring is activated
at khS = 490 N/m. As for the pitch spring, the corresponding
comparison suggests that it does not give rise to significant
impact on the signal shape.

Consequently, the results in terms of modifying the spring-
dominated DoF in this subsection confirm the harmonic phe-
nomenon observed by previous research22 when only activat-
ing the pitch degree of freedom, and furthermore provide pi-
oneering evidence that the heave spring induces and domi-
nates the outstanding higher-order frequencies and large high-
frequency fluctuations. For this experimental study, all re-
peated cases for two spring-dominated DoFs (i.e., the coexis-
tence of pitch and heave springs) recorded the harmonic force
response with outstanding higher-order frequencies. How-
ever, it should be noted that some tests show varying num-
bers of outstanding higher-order frequencies, for instance the
4th and 5th orders in Figure 3b and the 5th order in Figure
8a. Furthermore, some different tests for the same kpS and khS
values differ in the number of outstanding higher-order fre-
quencies, which may be attributed to the high sensitivity of
the pitch and heave spring system.

C. Wave amplitude and frequency effect

This subsection aims to briefly verifying thrust performance
at different regular waves and exploring the effect of wave
conditions. It discusses various regular wave parameters, in-
cluding wave amplitude (AW = 0.04 m, 0.05 m, 0.06 m) and
wave frequency ( fW = 0.75 Hz, 0.85 Hz, and 1 Hz), on a fully
spring-loaded hydrofoil with pitch/heave stiffness of 130 N/m
and 490 N/m. The corrected horizontal force (F ′

X ), as well
as its positive (F ′

P), negative (F ′
N), are presented in Figure 9a

and Figure 9b. It is observed that F ′
P and F ′

X are dependent
on changes in the tested wave amplitude range. Specifically,
F ′

P increases by 29% and 61% as the wave amplitude changes
from 0.04 m to 0.05 m and 0.06 m, respectively, and F ′

X in-
creases by 57% and 162%. The absolute value of F ′

N also
increases from 0.52 N to 0.66 N as the wave amplitude in-
creases from 0.04 m to 0.05 m. Considering the impact of
wave frequency in Figure 9b, F ′

P is found to increase within
wave frequency range of 0.75 Hz to 1 Hz„ corresponding to
force values of 0.53 N, 0.68 N, and 0.83 N, respectively.

(a)

(b)

FIG. 8. Impact of number of spring-dominated DoF (Case 9, 13, 14,
15): (a) spectral analysis, (b) force variation.

IV. CONCLUSION

The present study investigates the variation of horizontal
loads on a fully passive hydrofoil with spring-loaded heave
and pitch in response to regular waves. The experimental
setup focuses on examining the impact of spring stiffness (khS
= 490 N/m, kpS = 16 N/m to Max), spring-dominated DoFs,
as well as wave parameters (AW = 0.04 m, 0.05 m, 0.06 m,
fW = 0.75 Hz, 0.85 Hz, 1 Hz). Three force-related terms are
considered: the horizontal force (FX ), and its positive compo-
nent (FP), negative component (FN). Statistical analysis was
employed to post-process force data including time and phase-
averaging, as well as the mean value plus SEM. This study re-
veals interesting findings, which are summarised as follows:

• The variation of the pitch stiffness from kpS = 16 N/m to
Max exhibits leads to a decrease in horizontal force, its
positive component and its negative component, even-
tually maintaining at a stable level. At lower pitch stiff-
ness values, F ′

P and F ′
N suggested an optimal spring

stiffness range for the outstanding force performance.
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(a)

(b)

FIG. 9. Variation of F ′
P, F ′

X , F ′
N at diverse wave conditions. (a): AW

= 0.04 m, 0.05 m, 0.06 m, fW = 0.75 Hz; (b): fW = 0.75 Hz, 0.85 Hz,
1 Hz, AW = 0.05 m.

• Due to the harmonic force response, phase-averaging
forces for different pitch stiffness display several peaks
within the phase range of 0 to 2π , including one sig-
nificant local maximum (T1), one local minimum (D1).
At small pitch stiffness, peak T1 highlights the pulse-
shaped signal possibly owing to hydrofoil’s large flap-
ping angle. This pulse shape gradually diminishes in
significance with the increasing pitch stiffness.

• Investigation on spring-dominated DoF confirms the
contribution of pitch spring on the observed harmonic
phenomenon. Furthermore, the heave spring was found
to directly contribute to the outstanding higher-order
harmonic frequencies and higher harmonic force fluc-
tuations with significant amplitudes.

• The positive component (FP) of the total force shows
a good correlation with changes within the tested wave
amplitude range and wave frequency range.

V. LIMITATIONS AND FURTHER RECOMMENDATIONS

While our study has provided valuable insight into the im-
pact of spring stiffness on fully passive hydrofoil interacting
with regular waves, it is essential to acknowledge certain limi-
tations that may affect the applicability of our results. The hy-
drofoil’s scaled-down chord length being slightly larger, along
with the 3D effect resulting from the model’s low aspect ra-
tio, may affect the assessment of full-scale marine propulsion
systems. Due to the limited experimental equipment, non-
dimensional force analysis and additional synchronized mea-
surements are needed, including wave profiles, foil dynamics
(heave and pitch), and flow fields near the model. Compar-
ing results with different types of hydrofoil models could en-
hance the credibility of our findings. Lastly, a limited range
of wave conditions were tested in this study, which may not
sufficiently and effectively summarise its impact. Building on
the findings of this study, we will further investigate the in-
teraction of passive hydrofoils with waves, exploring various
factors such as hydrofoil type, pivot location, the hydrofoil’s
forward speed and a wide range of wave parameters.
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