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ABSTRACT

Interest in understanding the structural behavior of marine floating photovoltaic (FPV) systems has grown 
significantly over the last decade. Numerical models are the preferred approach for understanding FPV responses 
under environmental loads, but they require validation. Several methods are commonly used to validate 
numerical results, such as comparison with analytical, field data, and experimental data. The use of analytical 
approaches to validate numerical results can sometimes be inaccurate due to the complexity of the problems; 
nevertheless, field data is commonly restricted and frequently unavailable for numerical model validation. Thus, 
physical models play a crucial role in validating numerical results. This study focuses on the two-dimensional 
(2-D) modeling process and sensors development for an FPV system with taut mooring, aiming to investigate 
wave-structure interaction while considering hydroelastic effects. The model is developed in accordance with the 
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Froude-Cauchy similitude law and is made from composite materials to capture structural stiffness. Structural 
motions, specifically heave and pitch, are measured using an Inertial Measurement Unit (IMU), while strain 
gauges measure structural stress and mooring tension. The sensors provide precise measurements for strain and 
pitch; however, heave, as a result of time-domain integration from acceleration, requires further validation. The 
motion responses of the model align with reference results.
Keywords: Composite Model; 2-D Experimental; Floating Photovoltaic; Froude-Cauchy Similitude; Hydroelastic

1.	Introduction
Interest in floating photovoltaic (FPV) deployment 

in both offshore and nearshore marine environments 
has grown significantly over the past decade, providing 
renewable-based power in many countries [1,2]. Compre-
hensive review of FPV development in the marine envi-
ronment has been presented in numerous publications 

[3–6]. The nearshore FPV installation with a capacity of 
5.0 Mega Watt-peak (MWp) in the Strait of Johor-Sin-
gapore sets the stage for more potential development 
of marine FPV in the nearshore region [7]. This region is 
favored due to its relatively less harsh than the offshore 
environment, where recent advancements in onshore 
FPV technology may still be applicable [6].

Recent developments in FPV structures have 
largely adopted a modular configuration. In this design, 
individual floater units serve as buoyant platforms that 
support photovoltaic (PV) panels and provide opera-
tional access for maintenance activities. These modules 
are typically fabricated from high-density polyethylene 
(HDPE), a material selected for its durability, buoyancy, 
and resistance to environmental degradation. Structural 
assembly is achieved through pin-jointed connections, 
enabling for the creation of a large floating platform. To 
maintain position, mooring systems are integrated into 
the structure, counteracting environmental forces and 
restricting excessive displacement. The modularity of 
the FPV structures requires connectors to connect in-
dividual floater modules, which restrict the six degrees 
of freedom (6-DOF) motions of the connected floater 
modules. Based on the type of primary restricted mo-
tion, the connector can be classified into rigid and flex-
ible connectors [8,9]. The key distinction between these 
types lies in the transmitted of bending moments, with 
rigid connectors being the commonly used in recent 
FPV structure.

A typical FPV installation with a capacity of 1 
MWp extends over several hundred meters in width 
and length while maintaining a relatively low free-
board, often below 0.5 m. The pronounced disparity be-
tween its lateral dimensions and vertical extent results 
in a highly flexible structure, wherein hydroelastic be-
havior plays a dominant role in its response to external 
forcing. Consequently, the dynamic interaction between 
hydrodynamic loads and structural deformation must 
be carefully considered in its analysis.

Extensive numerical and experimental investiga-
tions have been conducted to characterize the response 
of FPV systems under environmental loads, particularly 
wave, wind, and current forcing. A range of analytical 
and computational approaches have been employed 
to predict the hydroelastic response of large, flexible 
floating structures, including methodologies specifical-
ly adapted for FPV platforms. Key contributions to this 
domain are presented in the literature, including works 
by Fu et al. (2007)[10], Kim et al. (2025)[11], Liu and Sakai 
(2002)[12], Li et al. (2023)[13], Jiang et al. (2024)[14], Shi et 
al. (2023)[15], Xu and Wellens (2022)[16], Zhang and Sch-
reier (2022)[17], which provide a foundation for further 
refinement of predictive models and structural optimi-
zation strategies.

During the early development stage of an FPV sys-
tem with a certain design, it is important to do hydro-
dynamic analysis to study the interaction between dis-
turbing forces and the floating structure. However, as 
the FPV systems are subject to various environmental 
loads, dominantly waves and winds, and the structural 
responses are highly non-linear which may not be fully 
represented in numerical models, then experimental 
modelling holds a critical role to validate the numerical 
results. 

To validate numerical results, an experimental 
study with a certain model scale is required, as full-
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scale experiments on large floating structures are gen-
erally not possible. The scaling of FPV as a large floating 
structure will be challenging due to several issues: (i) 
the dimension of the floating structure, (ii) the scaling 
of bending stiffness, and (iii) the structure’s modularity 
[4]. Structural bending stiffness plays an important role 
in hydroelastic response, but satisfying the similarity 
of bending stiffness in a large floating structure is very 
difficult as the mass scale shall be maintained as well. A 
review of the modeling approach and scaling strategies 
for marine floating structure is discussed in Chakrabar-
ti (1998)[18], Ruzzo et al. (2021)[19], Vassalos (1998)
[20], Bakti et al. (2021) [21], Jin et al. (2025)[22], Loe et al. 
(2025)[23].

This paper aims to provide information on 
two-dimensional (2-D) physical modeling and scaling 
strategies for modular FPV with a mooring system in 
nearshore area. Similitude, scaling law, dimensional 
analysis and model development to capture hydroelas-
tic response are described, along with the experimen-
tal setup. As the experiment requires various types of 
sensors in large numbers, low-cost customized sensors 
are made. The performance of these self-developed and 
low-cost customized sensors is also discussed along 
with the model performance. To simulate the hydro-
elastic effect to the structure in 2-D, the model is made 
of composite materials, a similar method to those used 
in large ship hydrodynamic models [24]. The detail for 
experimental results will be discussed in a separate pa-
per.

2.	Dimensional Analysis and Mod-
eling Scheme
Dimensional analysis is a method used to combine 

physical variables into a set of dimensionless products, 
thereby reducing the number of variables that need to 
be considered [25]. To define the variables for this exper-
iment, it is important to define the purposes of the ex-
periment. As the main purpose of this experiment is to 
study the dynamic response, specifically the pitch and 
heave motion, of a modular FPV system under wave 
loads, then the physical variables to be included are: 
wave and fluid properties, characteristics of the FPV 
and its mooring line, and the structural response.

The hydrodynamics variables include wave height 
(H), wave length (L), wave period (T), water depth (h), 
water density (ρw); while the fluid properties are: fluid 
dynamic viscosity (μ), local flow velocity (υ), and grav-
ity acceleration (g). The variables representing the FPV 
structure and mooring line are: width (Bf), length (Lf), 
height (Df), total weight of floaters (mf) and flexural ri-
gidity (EI) of the structure; and elastic stiffness (km) for 
mooring line. The structural responses are represented 
by pitch (Ry) and heave (Zh). Based on those variables, 
the FPV response is written as a function (f) of:

(1)

By following Buckingham Pi Theorem methodol-
ogy, there are many possible combinations of non-di-
mensional products that can be obtained, however the 
most relevant for this experiment are:

(2)

The first four dimensionless parameters are re-
lated to the wave condition, while the fifth parameter 
is the Froude number, followed by Reynold and Cauchy 
number. The last four parameters are related to struc-
tural responses, in which Ry is considered as a depen-
dent variable. Eq. (2) implies that the set of dimension-
less parameters remains the same between the model 
and the prototype for a particular set of wave condi-
tions. However, since this experiment involves free-sur-
face, gravity-dominated flow, the Reynolds number is 

not considered because viscous effects are assumed to 
be negligible.

3.	Model Development

3.1.	Similitude and Scaling

A requisite for a complete similarity is that the 
model be geometrically, kinematically and dynamically 
similar to the prototype. Geometric similarity implies 
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that the ratio of length (L)𝛶 between prototype (L)p and 
model (L)m is equal and written as:

(3)

where the subscripts m and p are representing model 
and prototype respectively, while 𝛶 denotes the scale 
ratio. 

Kinematic similarity requires the ratio of proto-
type velocities to model velocities to be the same. For 
free-surface flow, kinematic similitude is satisfied when 
the ratio of the Froude number between the prototype 
and model is equal as:

(4)

Since gravity acceleration (g) cannot be scaled, 
then gm = gp, hence Eq. (4) can be written as:

(5)

The velocity and time ratio are obtained as:

(6)

(7)

Dynamic similarity ensures equality in prototype 
force to model. It requires that the Froude number of 
the prototype and model be equal to achieve similar 
wave behavior under gravity-driven forces. In addition, 
Froude similitude must satisfy Cauchy similitude as hy-
droelasticity is considered in the experiment, and can 
be expressed as:

(8)

where EI is the structural rigidity. In this experiment, 
the value for EI for the connection between floaters is 
based on Dai et al. (2020) [26]. Given that the model in 
this experiment used two connectors for one side of the 
floater, the EI assigned to each connector is considered 
to be half of the total value.

The scale ratio between the prototype and model 
is 1:10. This ratio is taken by considering the size and 
capacity of the wave flume, measurement accuracy, and 
material availability. By applying Froude-Cauchy simili-
tude, the scale factors for the main variables involved in 
this experiment have been derived and summarized in 
Table 1. 

Table 1. The scale factor for the main variables in an NFPV physical model based on Froude-Cauchy's similitude.
Parameter Unit Prototype Model

Hydrodynamic
Wave period (T)
·	 wave period (T), for regular wave s 4.7; 6.3; 7.9; 9.5 1.5; 2.0; 2.5; 3.0
·	 Peak wave period (Tp), for irregular wave s 4.1; 7.3 1.3; 2.3
Wave height (H)
·	 wave height (H), for regular wave m 1.0; 1.5; 2.0 0.1; 0.15; 0.2
·	 Significant wave height (Hs), for irregular wave m 1.0; 2.0 0.1; 0.2
Water depth (h), at the wave generator m 8.0; 6.0 0.8; 0.6
Floater characteristics
Total length (Lf) m 25.44 2.544
Total width (Bf) m 11.4 1.14
Height (Df) m 0.2 0.02
Total weight of floaters (mf), not included PV panels and 
electrical components kg 962.63 0.962

Weight of individual PV panel and its electrical components 
(attached to each of PV floater) kg 32.2 0.0322

Flexural rigidity (EI) Nm2 519.75 0.00520
Mooring Line characteristic
Axial stiffness (EA) kN 13.6 × 103 13.6
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3.2.	Modular FPV Model Development

The modular FPV structure typically consists 
of several types of floaters units with varying geom-
etries, interconnected by vertical pin connectors. A 
PV floater unit is designed to have a PV panel mount-
ed on it and is linked to another PV floater in a row. 
Both ends of the PV floaters row are connected to side 
floaters, forming a complete floating module. The side 
floaters also function as platform for access walkways 
and electrical components. 

The modular FPV model development in this 

experiment is based on a prototype licensed by 
Flot-Indonesia. This experiment scales down a small 
section of a large FPV island with a capacity of 1.0 
MWp. The prototype of the island has a size of 144.2 
m (length) × 47.0 m (width) × 0.2 m (height). The 
model represents only a small section of the proto-
type, with dimensions of 24.44 m (length) × 11.44 m 
(width) × 0.2 m (height), and comprises 64 PV float-
ers and 77 side floaters, as shown in Figure 1. The 
side floaters have three different sizes, as defined in 
Table 2. 

14
4.

2 
m

47.0 m

Layout Arrangement (unit in cm)

Figure 1. Layout and section arrangement for the prototype of a modular FPV structure.

Table 2. Summary of scaling results for model components.
Parameter Unit Prototype Target Model Achieved Value

Dimension of Floater Model (length × width × height)
PV Floater m 1.4 × 1.1 × 0.2 0.14 × 0.11 × 0.002

Side Floater Type 1 m 1.4 × 0.7 × 0.2 0.14 × 0.07 × 0.002
Side Floater Type 2 m 1.4 × 0.4 × 0.2 0.14 × 0.04 × 0.002
Side Floater Type 3 m 1.1 × 0.4 × 0.2 0.11 × 0.04 × 0.002

Individual weight of Floater Model
PV Floater kg 7.32 (39.52)1 0.00732 (0.03952)1 0.00598

Side Floater Type 1 kg 8.50 0.0085 0.00783
Side Floater Type 2 kg 6.29 0.00629 0.004
Side Floater Type 3 kg 4.99 0.00499 0.00314
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Parameter Unit Prototype Target Model Achieved Value
Individual weight of Connector Beam

Connector Beam A gr - 5.78 (7.27)2

Connector Beam B gr - 0.33 (1.25)2

Connector Beam C gr - 1.40
Horizontal pin connector gr - 1.45

Individual weight of Sensor
IMU gr - 5.79

SG with a half Wheatstone bridge gr 1.49
SG with a quarter Wheatstone bridge gr 0.92

Mooring Line characteristic
Axial stiffness (EA) kN 13.6 × 103 13.6 1.36

Mechanical Property of Floater Model
Flexural rigidity (EI) Nm2 519.75 0.0052 (0.0026 for each connector)

Note: 1 the value in parentheses indicates the weight of the PV floater including PV panels and accessories; 2 the value in parentheses indicates the weight of the 
connector beam including the embedded strain gauge sensor.

While the overall dimensions of the model are 
precisely maintained according to the scale factor, the 
geometry of each floater type has been simplified for 
fabrication. A summary of the model components can 
be found in Table 2, and the following conditions were 
applied during model development:

•	 The geometry and orientation of PV panels are 
not modeled; only their weight is considered.

•	 The floaters are assumed to be rigid and made of 
Stryfoam to satisfy the mass scaling requirement. 
As shown in Table 2, the weight of each individ-
ual floater model is less than the required value. 
To achieve the target weight, additional weight 
is added through connector beams, sensor units, 
and weight-balancing components placed on the 
floater. The weight-balancing is made of colored 
plasticine and is covered with a thin plastic layer 
to make it waterproof.

•	 To capture the structural elasticity, the vertical 
pin connectors between floaters are modelled 
using connector beams, reffered to as Connec-
tor Beam A, B and C. To maintain the mass scale 
of overall model, each type of connector beams 
is made from different material and has a distict 
size, as outlined below:
	 Connector Beam A is made of polymer sili-

cone rubber RTV (Room Temperature Vul-

canizing)-226 with a Young’s modulus of 
750,000 N/m2, a density of 1111 kg/m3, di-
mensions of 3.0 cm (length) × 2.0 cm (width) 
× 1.3 cm (thickness) and weight 5.78 gr.

	 Connector Beam B is made of casted acryl-
ic with a Young’s modulus of 1,100,000 N/
m2, a density of 1180 kg/m3, dimensions of 
2.0 cm (length) × 1.0 cm (width) × 0.14 cm 
(thickness), and weight 0.33 gr.

	 Connector Beam C is also made of casted 
acrylic with a Young’s modulus of 1,100,000 
N/m2, a density of 1180 kg/m3, dimensions 
of 4.5 cm (length) × 2.8 cm (width) × 0.1 cm 
(thickness), and weight 1.4 gr.

•	 The Young’s modulus value for RTV-226 and cast-
ed acrylic was obtained from laboratory tests 
in accordance with ASTM D412-98a and ASTM 
D638-22 respectively.

•	 Two different model configurations were used: 
Model A and Model B. The primary difference lies 
in the use of connector beams, as shown in Fig-
ure 2a. In Model A, the floaters are connected 
using Connector Beam A and B, along with a hor-
izontal pin connector. This configuration allows 
for moment release at the point where horizon-
tal pin connector is installed. Meanwhile, Model 
B employs Connector Beam A, B, and C to create 
fully fixed connections between the floaters. The 

Table 2. Cont.
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connector beams are positioned on top of the 
floaters, while the horizontal pin connector is in-
stalled at the mid-height of the floater, as shown 
in Figure 2b. The horizontal pin connector is 
3D-printed using acrylonitrile butadiene styrene, 
or commercially known as ABS, and has a weight 
of 1.45 gr.

3.3.	Mooring Line Model

In this experiment, four units of taut mooring line 
were used, one for each corner of the model, as illus-
trated in Figure 2a. The prototype is assumed to use 
a taut mooring system made of polyester, featuring a 
diameter of 0.056 m and an axial stiffness (E)p of 2.678 
× 105 kN [27]. The taut mooring angle was fixed to 60°. 
The mooring line model was developed by using the 
following equation:

(9)

where A is the cross-sectional area of mooring line, and 
L is the length of mooring line.

The taut mooring model used fishing line with 
a diameter of 0.0005 m, the Young’s modulus is 2.3 
GPa, and the stiffness is 1.72 N/mm. As the value of 
(EA)m from the fishing line for mooring line model did 
not meet the required stiffness scale, a spring with a 
stiffness of 0.2 N/mm was attached in the middle of 
mooring line, as shown in Figure 2c. The equivalent 
stiffness of the mooring line model system is written 
as:

(10)

where Lm is the total length of mooring line model, ke 
is the equivalent stiffness of mooring line, L1,2,3 is the 
lengths of each section in mooring model, and k1,2,3 
is the stiffnesses for each section. The obtained stiff-
ness of the mooring lines is still below the require-
ment.

a
b

c

PV Floaters

Side Floaters, Type 1

PV FloatersPV Floaters PV Floaters

Side Floaters, Type 2

Side Floaters, Type 3

(a)
Figure 2. Cont.
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b

(b)

Hook, tied to Model
Hook, tied to Mooring 

Load Cell sensor

Fishing line, 
section 2 (L3)

Spring (L2)
Fishing line, 

section 1 (L1)

c

(c)
Figure 2. (a) Layout and section arrangement for Model A and B of modular FPV structure; (b) Typical placement of connec-
tor beams on floaters model and the horizontal pin connector; (c) Mooring line model.

3.4.	Wave Condition

To define wave loads on the FPV structure, it is es-
sential to consider a wave kinematic theory [10]. As illus-
trated in Figure 3, the regular waves, as defined in Ta-
ble 1, are classified into intermediate depth categories, 
with wave steepness (H/L) ranging from 0.014–0.067 
for a water depth of 0.6 m, and from 0.013–0.062 for a 
water depth of 0.8 m. By referring to the wave steep-
ness values for intermediate depth condition, the most 
suitable theories for these conditions are the 3rd and 
4th order Stokes theory. Wave conditions which are 
laid on 3rd and 5th order Cnoidal wave theory will not 
be analyzed in this experiment. Additionally, the JON-
SWAP spectrum is used for irregular waves conditions. 
The wave conditions pertain to the area extending from 
the wave generator to the area before the alteration in 
depth caused by the bottom profile used for examining 
the shoaling effect. 

3.5.	Modeling Scheme

The experiment involved varying the connector 
type, bottom profile, water depth and wave condition. 
The still water depth during the experiment were set at 
0.8 and 0.6 m, with corresponding variations in wave 
height and period for each water depth, as listed in Ta-
ble 1. Each regular wave height in Table 1 was tested 
with three different wave periods, while for irregular 
wave heights were tested with two different peak wave 
periods. Two variations of bottom profile were applied: 
uniform bottom profile and sloping bottom profile. By 
applying these variations, there were 48 combinations 
under regular waves and 16 combinations under irreg-
ular waves applied for each Model A and B. Each combi-
nation for regular waves was run for 300 s, whereas for 
irregular waves were run for 1000 × Tp to capture fully 
developed sea conditions. 

The sensors defined in Section 4 were integrated 
into the model, with Model A and B utilizing the same 
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structure. For the experimental setup involving Model 
B, Connector Beam C was adhered to the floater sur-
face. This connector will be trimmed for the scheme 
using Model A; however, the trimming involves only 0.5 
cm in the middle of the beam, resulting in a negligible 
additional weight (less than 0.5 grams) added to the 

floater unit where the connector beam was attached. 
This additional weight is considered insignificant for 
this experiment. The overall modeling scheme was 
organized sequentially to optimize preparation time 
related to the installation and removal of the bottom 
profile.

Water depth 0.6 m
Water depth 0.8 m

Figure 3. Wave theory for regular wave conditions (modified graph from Zhao et al., 2024 [28]).

4.	Experimental Setup 

4.1.	Instruments Description

The experiment was undertaken in a two-dimen-
sional wave flume located in the wave laboratory of 
Ocean Engineering at Bandung Institute of Technology. 
The wave flume measures 40 m long, 1.4 m high and 1.2 
m wide, featuring glass walls and steel frames. It has 
passive wave dampers at both ends of the wave flume 
and an HR-Wallingford piston-type wave generator to 
generate both regular and irregular waves. The wave 
generator is capable to generate waves with periods 
ranging from 1.0 to 10.0 s, and a maximum wave height 
of 0.4 m at water depth of 0.8 m. The wave generator 
is numerically controlled, and equipped with a mecha-
nism capable of absorbing reflected wave.

Waves were recorded by using four units of re-
sistivity wave gauge (WG) with a sampling frequency 
of 100 Hz, and the data acquisition system for the WG 

used HR DAQ software. To validate the WG’s output, the 
water level fluctuation at each WG was also recorded 
by using a mobile phone camera with a frame rate of 30 
frames per second. The camera was mounted on a tri-
pod outside the wave flume and aligned with the water 
level. Area-1 to 4 indicates the group of wave gauges, 
which were arranged to measure the same water wave 
surface independently and simultaneously. A digital 
camera also was used to record the FPV model move-
ment in Area-5, while scale rulers were attached verti-
cally to the wave flume wall at the position of each wave 
gauge to function as a benchmark for the motion track-
ing software in processing wave height from the video 
image. Model arrangements for the aforementioned 
conditions for water depth 0.8 m (80 cm) with uniform 
and sloping bottom profiles are shown in Figure 4. A 
similar arrangement applied for a water depth of 0.6 m. 
The height bottom profile was 0.25 m with a front slope 
of 1:10, made from plywood with a thickness of 1.0 cm 
and mounted on a steel frame.
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Water Depth 80 cm (uniform bottom profile)

Water Depth 80 cm (with sloping bottom profile)

Figure 4. Wave gauges (WGs), FPV model, and digital cameras arrangement during experimental for water depth 80 cm.

4.2.	Self-Developed Sensors and Data Ac-
quisition System

In order to capture the model responses and ten-
sion under various wave loads, there were several types 
of sensors installed on the surface of the FPV model 
and connected to the model. There were 32 units of 
Strain Gauge (SG) to measure tension in the connection 
between floaters; 9 units of Inertia Motion Unit (IMU) 
to measure the displacement of the model in the X, Y 
and Z-axis; and 4 units of Mooring Load Cell (SGMO) 
to measure mooring line tension. The arrangement of 
all sensors, as shown in Figure 5 was applied for both 
Model A and B. Since the IMUs and SGs were mounted 
on top of the model, they must be assembled as lightly 
as possible so that the weight of the floater-sensor-ca-
ble in the model does not surpass the total weight of 
the scaled floater and PV panel. 

The IMUs used the DFROBOT M027-series, and 
the sensors were enclosed in a small box, coated with 
RTV-226 for waterproofing, and placed on the floater 
using a Velcro strap, as shown in Figure 6a. The total 
weight of the IMU, including the Velcro strap, is 5.79 
grams. The IMU outputs include: gravity acceleration, 
magnetic earth field, acceleration, and Euler state along 
the X, Y and Z-axes. Pitch is represented by Euler state 
in the Y-axis, while heave is obtained through the dou-
ble integration of acceleration value in the Z-axis. Prop-

er positioning of the IMU is crucial for aligning its axis 
system with the model system.

The SGs were embedded in Connector Beams 
A and B, with arrangement as shown in Figure 5. 
The SG embedded in Connector Beam A used a half 
Wheatstone bridge load cell, with a total weight of 
7.27 grams for the SG and the connector beam com-
bined. The SG in Connector Beam B used a quarter 
Wheatstone bridge, as the beam size is substantially 
smaller than Connector Beam A. The total weight of 
Connector Beam B with the SG sensor is 1.25 grams. 
The SGMOs used a full Wheatstone bridge load cell 
with a capacity of 200 N. Similar to IMUs, the load cell 
for SGMO was also coated with RTV-226 for water-
proofing. The SGMOs were developed and mounted 
on the bottom profile in a manner to minimizes the 
uplift force, as shown in Figure 6b. The output of SGs 
and SGMOs is measured in strain, expressed in gram 
Newton (g.N).

The SGs and SGMOs were defined into six block 
sensors (Block A, B, D, F, H and I); each block was 
connected to an ESP32 micro-controller unit (MCU), 
meanwhile each IMU had its own MCU. All sensors 
operated at a sampling frequency of 20 Hz, and the 
measured data from each sensor were transmitted to 
the data logger using Bluetooth. CoolTerm was used 
for interface communication with serial devices. This 
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software is a free and open-source serial communi-
cation application, and is commonly used for experi-
ments involving sensors and MCUs [29,30]. This program 
installed in the computer, allows multiple devices to 
connect to a single unit computer at the same time. 
The schematic diagram and output for IMUs, SGs and 
SGMOs are shown in Figure 6a and Figure 6b. All 

sensors were calibrated to assess their accuracy and 
determine any necessary corrections. The calibration 
results of SGs and SGMOs demonstrated high accura-
cy for the given load with R2 values exceeding 0.92. 
The IMUs were calibrated based on the manufactur-
er’s guidelines by moving them both rotationally and 
linearly. 

: IMU (9 points); : SGMO (4 points) : SG (32 points)
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Figure 5. Sensor block diagram for IMUs, SGMOs, and SGs.
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Figure 6. Cont.



143

Sustainable Marine Structures | Volume 07 | Issue 04 | December 2025

Strain Gauge BF 350-3AA

ESP32 WROOM U32 
MCU

Voltage Source 
(12 V DC)

Antena 
2.4GHz 3dBi RP

Data via 
Bluetooth

SGMO

Connector Beam A

Data Logger/Receiver
CoolTerm

HX711
PRE-AMP

Voltage Reading

Power Supply (5V)

Data Reading

MCU-ESP32Output (for Block A dan I)
Column A: measurement time
Column B: tension (gram.force) for SGMO
Column C: tension(gram.force) for SG

PSU (Power Supply 
Unit), 5V VCC

(b) Schematic diagram and output for SGs and SGMOs .
Figure 6. The schematic diagram and output for IMUs, SGs and SGMOs.

5.	Results 

5.1.	Model Performance

The occurrence of over wash (Figure 7a) in the 
front row area was caused by surface waves over the 
floating array, as well as water fluctuation (Figure 7b) 
within the cavities of PV floaters, between rows of PV 

floaters, and between the PV floaters-side floaters row. 
This phenomenon is confirmed in Sree et al. (2022) [31]. 
Higher over wash in the front row area is attributed to 
the effect of taut moorings. Visual observations indicate 
that the motion responses of both models exhibit a pro-
pensity for higher heave response with increased wave 
heights. This result aligns with the finding of Shi et al. 
(2025) [32]. 

a. b.(a) (b)
Figure 7. (a) Over-wash over the floating array; (b) water fluctuation inside the cavity of floating array.

5.2.	Wave Gauge Performance

Figure 8a shows the measured incident wave 

height at WG-1 (HWG-1) in comparison to the wave height 
that was inputted on the wave generator software (Hinput) 
for all wave period variations. The slashed solid line y 
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= x represents the correlation between HWG-1 and Hin-

put, as a benchmark. The measured wave heights pre-
dominantly fall below this benchmark, indicating that 
they are generally less than the input values. The re-
sults from WG-1 are further validated using video mo-
tion tracking (tracker). Figure 8b compares the wave 
heights from WG-1 (HWG-1) and tracker (HTracker). Despite 
minor over-prediction of wave height by WG-1 in high 
wave height cases (greater than 0.15 m), the trend line 
of the wave height comparison follows the y = x line, 
suggesting that the WG-1 results are properly calibrat-
ed. Combined with the Hinput comparison, the results 

show two minor issues that need to be addressed:

1.	 Over-prediction of wave gauge readings, especial-
ly in the large wave height range

2.	 The wave generator tends to generate wave 
heights that are lower than intended

The first issue can be mitigated by combining 
wave gage readings with the tracking method in large 
wave height cases. To address the second issue, the ac-
tual generated wave height should be used as the ba-
sis to calibrate the wave input in the wave generator 
software.
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Figure 8. Comparison results for wave heights; (a) WG-1 versus wave height input, (b) WG-1 versus video tracking.

5.3.	Self-Developed Sensors Performance

The SGs, SGMOs, and IMUs were working proper-
ly in measuring the tension, acceleration and pitch of 
the structure; however, the CoolTerm software inter-
mittently freezes while receiving data over Bluetooth. 
Regardless of the software-related issues, signal loss is 
consistently observed during data recording, with the 
Bluetooth signal from blocks A, B, D, F, H and I are un-
detectable by the receiver in the computer. This occurs 
despite the fact that the distance between the transmit-
ter and receiver is merely 10 meters, significantly less 
than the Bluetooth antenna’s specific range of 100 me-
ters. These conditions result in data loss and reduced 
data quality. To ensure data quality, the corresponding 
modeling schemes must be repeated whenever the soft-
ware freezes.

The sensor outputs for pitch (Ry) from the IMUs, 

as well as tension from the SGs and SGMOs can be di-
rectly used, as shown in Figures 9a–c. However, deriv-
ing heave from acceleration necessitates data process-
ing. The time domain integration method is applied to 
derive heave (Zh) from acceleration in the Z-axis (the 
heave result is shown in Figure 9d), but this result is 
lower than actual heave. Figure 10a and Figure 10b 
show the comparison result of the mean value of heave 
based on motion tracking software and time domain 
integration method for each IMU position (Xh) along 
the model (Lf) for regular wave height of 0.1 and 0.15 
m with a uniform bottom profile scheme for Model B, 
indicating that the results from each IMU exhibit low 
accuracy, with the standard deviation increasing as the 
wave height increases. For H = 0.1 m, the standard devi-
ation for IMUs 1-9 ranges from 0.005 to 0.32 m; mean-
while, for H = 0.15 m, the range is from 0.007 to 0.46 m.
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Figure 9. The sensor output for Model B with uniform bottom profile under scenario H = 0.1 m, T = 1.5 s, h = 0.6 m; (a) Pitch; (b) 
Tension in Connector Beams Block A; (c) Tension SGMOs; (d) Heave.
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Figure 10. Comparison between IMU and Video Tracker for mean heave value along the model for uniform bottom profile 
scheme: (a) H = 0.1 m, h = 0.8 m; (b) H = 0.15 m, h = 0.8 m.

6.	Discussion
Various factors contribute to discrepancies in 

wave measurement, with the primary sources being the 
wave generator and the measurement instrument. Cal-
ibration testing for both the wave generator and wave 
gauges, with repeated tests, is necessary to determine 
the mean standard error of the estimations derived 

from the linear regression analysis of calibration data 

[33]. Due to the inconsistencies between the wave input 
value and the measurement result, it is necessary to 
define new input values by linear regression analysis 
based on the calibration measurements.

Wave height validation results obtained through 
video tracking are highly dependent on video resolu-
tion, camera perspective, and angle. An oblique angle 
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can distort the apparent height of waves, particularly 
when the camera is not positioned directly perpendic-
ular to the wave crest-trough direction, which can lead 
to either overestimation or underestimation of wave 
height.

The mean value of heave for each IMU, derived 
from the time domain integration method, is signifi-
cantly lower than the results obtained from the video 
tracker. This is mainly caused by trend-term interfer-
ence or drift error on the low frequency noise, fre-
quently occurring during the integration of acceleration 
to displacement [34]. The loss of data for a certain period 
during recording due to aforementioned reasons also 
affected the integration result. According to this find-
ing, the heave obtained from this experiment later on 
is based on the video tracking results. The only data ex-
tracted from IMU in this experiment is pitch.

The mooring tension for SGMO-3 is significantly 
higher compared to SGMO-1, 2, and 4, as shown in Fig-
ure 9c. This difference is attributed to various factors, 
mainly: non-uniform length of mooring line-spring 
model and the asymmetry of wave front received by the 
floating model. The non-uniform lengths led to uneven 
pretensions; highlighting the importance of ensuring 
that all mooring lines are of equal length. An initial 
check under a steady condition (without wave load) is 
necessary to verify the uniformity of all mooring lines.

Considering the experimental setup, data acquisi-
tion system and measurement results, there are several 
factors that needs to be carefully adjusted for the next 
similar experiment. For experiments involving various 
types and a large number of sensors, using robust soft-
ware such as NI-LabView for communicating with se-
rial devices is advisable. However, this software can be 
costly, as NI-LabView is neither free nor open-source. 
Moreover, the utilization of 18 Bluetooth channels trans-
mitting data at the same frequency and in close proxim-
ity results in signal interference that disrupts Bluetooth 
connectivity, leading to decreased performance or even 
total disconnection, which frequently occurs during data 
recording. This situation may improve by reducing the 
number of Bluetooth channels or by replacing the Blue-
tooth system with a wired data transmission system.

7.	Conclusion 
This paper details the scaling and modeling pro-

cess for a 2-D modular FPV physical model that in-
corporates the hydroelasticity effect. By applying the 
Froude-Cauchy scaling law and utilizing composite ma-
terials, the model effectively represents wave-structure 
interactions under hydroelastic conditions. Calibration 
on the wave generator is mandatory, as the wave is the 
primary load in this experiment.

Details on the self-developed sensors designed 
and their performances to measure structural-mooring 
tension and structural movement in response to wave 
loads are also presented. While the sensors are func-
tioning properly, there is a need for enhancements in 
the data acquisition system to improve the quality of 
the recorded data. Additionally, video recording meth-
ods used to validate wave height and heave have yield-
ed promising results.

While the equivalent stiffness of the mooring 
lines in this experiment does not fully satisfy Froude 
scaling requirements, the configuration was designed 
to maintain functional similarity in terms of restoring 
behaviour and boundary constraints. In practice, ex-
act dynamic scaling of mooring stiffness in small-scale 
experiments is extremely challenging due to material 
limitations and nonlinearities in mooring system be-
haviour. For a similar 2-D experiment, the use of soft 
mooring or the exclusion of the mooring system is con-
sidered.

Statistical analysis based on repeated experi-
mental runs is essential in this type of experiment to 
ensure the reliability, repeatability, and robustness of 
the results. Due to the complex, dynamic interactions 
between waves, FPV model, and mooring systems, in-
dividual test runs may be influenced by uncontrolled 
variables such as slight differences in wave generation, 
sensor noise, or environmental disturbances in the lab-
oratory setting. In this experiment, while the findings 
are based on single-run measurements, the observed 
trends in heave and pitch along the model show agree-
ment with the references.
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