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A typical ship must operate in extreme conditions in the open coastal zone. Due to the severe operation at sea, 
comparative research on the design of the hull shape for optimization purposes will be important, specifically in the 
resistance and movement aspect. In this regard, an investigation was carried out by varying the total of four V-shaped 
monohull models from the high-built design as the main subject to compare several hull shape designs at the same 
displacement to obtain better performance at stability, resistance, and seakeeping criteria. Savitsky formula is used 
to calculate the hull resistance, and the stability analysis is calculated analytically by comparing the relationship 
between righting arm and heel angle. Moreover, ship motion is investigated by examining heave and roll response 
amplitude operator (RAO) and Motion Sickness Incident (MSI) index due to wave height 0.1 m. The most significant 
feature in this study is resistance since, with limited power, a minimum resistance value is necessary for best out-
comes. It can be found that Model I is a superior model in terms of resistance, stability, and seakeeping performance 
to other models. However, Model III is not recommended since it has high resistance and bad stability and motion 
performance. From these results, it can be summarized that Model I is selected as the best hull form model. 

Key words: high-speed craft, monohull, stability, resistance, seakeeping

INTRODUCTION

Oceans encompass most of the earth's surface, ac-
counting for around 71% of the total [1]. Using sea trans-
portation lines to connect islands is a significant problem 
in logistics distribution. The ship is one of the most vital 
modes of sea transportation as a way of connecting is-
lands. There are several advantages to using ships in 
transportation routes, such as trade, exports and im-
ports, technical advancements, and the ability to create 
cooperative ties between adjacent nations [2-10]. Be-
cause of the increased frequency of marine commerce, 
global economic growth is rising. Because of its low cost, 
ocean shipping by ship accounts for over 90% of world 
trade [11]. With the rapid development of ship operations, 
International Maritime Organization (IMO) developed a 
new term called Energy Efficiency Design Index (EEDI) 
to assess the level of Ship Energy Efficiency Manage-
ment Plan (SEEMP) and its influence on the greenhouse 
gas (GHG) impact [12]. Scholars have made many ef-
forts to reduce fuel consumption and greenhouse gas 
emissions. Modification of hull form in the preliminary 
and early-stage design is categorized as a potential 
solution to obtain the optimal hydrodynamic performance 
aspects, including propulsion, resistance, stability, and 
seakeeping [13-18]. The shape of the hull underwater 
will affect the fluid flow characteristics around the ship, 
representing a drag movement. Ships consume a con-
siderable amount of fuel to provide the necessary pro-
pellant force to overcome resistance in their movement.  
There is always a tendency to enhance hull character-
istics in order to minimize resistance during ship oper-
ation. Several studies have been conducted in order to 

reduce the resistance on the ship's hull during operation 
by altering hull form [19,20], demi-hull configuration [21], 
and hull-propulsion [22]. High-speed crafts operating in 
planning modes face a variety of stability-related risks, 
such as decreased transverse stability with increasing 
speed [23]. Therefore, investigating the hull shape modi-
fication in order to obtain high-level stability performance 
is a crucial aspect of the planning hull. Besides the pa-
rameters of resistance and stability, one of the essential 
characteristics of a fast vessel is its ability to maintain 
its position in the water. It is challenging to improve the 
intrinsic seakeeping performance once it has been de-
signed. Rolling, pitching, and heaving motion responses 
will have an impact on the comfort and safety of the crew 
and the items being transported. Other researchers per-
formed a seakeeping analysis to evaluate the comfort 
and safety of people on board. Among these is the MSI 
analysis, which looks at the percentage of passengers 
that become seasick when they board a ship. MSI occurs 
as a result of the ship's vertical movement, which is gen-
erated by a mixture of ship heaving and pitching. Several 
investigations were carried out for passenger ships [24], 
catamaran [25], and fast boats [26]. Although many stud-
ies have risen considerably, selecting a V-hull shape an-
alyzed at a high Froude number with good performance 
still requires further study. In this case, comprehensive 
research is conducted to investigate the hydrodynamic 
performance, including stability, resistance, ship motion, 
and comfort index due to modification of high-speed 
v-shape craft hull form. This type of hull form offers a 
ship with minimal drag movement and excellent maneu-
verability and still considers the ship's motion stability to 
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improve time performance and effectiveness [27]. Con-
sidering the discussed case and research opportunity, 
this study aims to analyze several hull form shapes at the 
same displacement with different ship main dimensions 
to obtain better performance at stability, resistance, and 
seakeeping criteria. Four different hull form dimensions 
are designed based on RC boat competition require-
ments. This study uses the Savitsky formula to calcu-
late the hull resistance in the planning speed range in 
Froude number (Fr) 0.5 - 1.0. The stability test is calcu-
lated analytically by comparing the relationship between 
righting arm (GZ) and heel angle. Moreover, ship motion 
is investigated by examining the heave RAO, roll RAO, 
and MSI index at the same Fr analyzed in three different 
wave headings, including head sea, beam sea, and bow 
quartering sea.

THEORETICAL BACKGROUND

Ship stability

The ship in operation requires a high level of ship stabili-
ty, so understanding the stability calculation is an essen-
tial point to provide safety guidelines [28,29]. The funda-
mental concept of the state of stability is based on the 
equilibrium condition depending on the relation between 
the positions of the center of gravity and the center of 
buoyancy. A stable equilibrium is achieved when the ver-
tical position of gravity (G) is lower than the position of 
the transverse metacenter (M). In contrast, an unstable 
equilibrium is caused when the vertical position of G is 
higher than the position of the transverse metacenter 
(M). The stability of a vessel depends on KB, BM, KG, 
and GM, as figured out in Figure 1. When the ship ex-
periences heeling, there will be a change in the part of 
the ship that is submerged in water. This change is the 
weight of point B will continue to change according to the 
heel angle. In addition, the righting lever (GZ) value also 
varies depending on the change in the heel angle. When 
the maximum GZ value, the ship will have the maximum 
value of the enforcement moment forced to return to the 
upright position. When the GZ value decreases, the ship 
will not have an enforcement moment and will continue 
the heeling moment Figure 2. The following calculation 
of the GZ value can be calculated by using Equation 1. 
If the ship is tilted at more than 15 degrees is considered 
to have a large heel angle, then use Equation 2, and the 
righting moment uses Equation 3 [30].

Figure 1: Ship stability point [30]

Figure 2: Effect of GZ curve on ship stability [30]

𝐺𝐺𝐺𝐺 =  𝐺𝐺𝐺𝐺 𝑥𝑥 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 (1)

𝐺𝐺𝐺𝐺 =  (𝐺𝐺𝐺𝐺 +
1
2
𝐵𝐵𝐺𝐺 tan2θ) (2)

𝑅𝑅𝑠𝑠𝑅𝑅ℎ𝑡𝑡𝑠𝑠𝑠𝑠𝑅𝑅 𝐺𝐺𝑀𝑀𝑀𝑀𝑀𝑀𝑠𝑠𝑡𝑡 (𝑅𝑅𝐺𝐺) =  𝑊𝑊 𝑥𝑥 𝐺𝐺𝐺𝐺 (3)

Where GZ is the righting arm, GM is the initial metacen-
tric height, W is ship displacement, θ represents heel 
angle, BM is the height of the longitudinal metacenter 
above the center of buoyancy.

Savitsky resistance method

When the ship is operating, resistance from the fluid 
passes through the ship hull and will affect the ship's per-
formance [31]. The resistance value gets higher when the 
ship moves through water and air at a fast-moving speed 
[32]. The resistance value affects several factors, includ-
ing ship velocity, wetted surface area, and hull form. The 
numerical Savitsky method can be used to determine the 
resistance and power of the planning hull. According to 
Julianto et al. [32], the Savitsky validation method can be 
used to estimate the resistance of planning hulls when in 
the planning mode. According to Savitsky [33], the meth-
od is initially researched to measure hydrodynamic de-
sign planning of water-based aircraft. However, research 
is more focused on planning with applications for ships 
and hydrofoils [33] in further development. The speed 
coefficient by Savitsky is stated in Equation 4 [33]:

𝐶𝐶𝑣𝑣 =
𝑣𝑣

�𝑅𝑅. 𝑏𝑏
(4)

where CV is the coefficient of speed; v is the speed of 
ship (m⁄s); g is the center of gravity (9.81 m/s2 ); b is the 
maximum beam over chine (m). As for displacement of 
the designed hull in volume (V-), it can be calculated us-
ing an expression in Equation 5 [33]:

∇=  𝐿𝐿 .𝐵𝐵 .𝑇𝑇 .𝐶𝐶𝑏𝑏  (5)

where, L is the length of waterline (LWL, m); B is the 
breadth (m); T is the draught (m); Cb is the coefficient of 
block; V- is the displacement volume (m3). Savitsky ap-
proaches to find out the value of Reynolds with formulas 
in Equation 6 [33]:
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𝑅𝑅𝑠𝑠 =  
𝑉𝑉𝑠𝑠 . 𝐿𝐿𝐿𝐿𝐿𝐿
𝑣𝑣

(6)

where Vs is the service speed (m⁄s); Lwl is the length of 
waterline (m); v is the viscosity of seawater (m2/s). Cf  is 
derived using the ITTC formula Equation 7:

𝐶𝐶𝑓𝑓 =  
0.075

(𝐿𝐿𝑀𝑀𝑅𝑅 𝑅𝑅𝑠𝑠 − 2)2 
(7)

where, Rn is Reynolds number. The friction component 
with the Savitsky method can be formulated in the follow-
ing Equation 8 [33]:

𝐷𝐷𝑓𝑓 =
𝑐𝑐𝑓𝑓𝜌𝜌𝑉𝑉2 (λ𝑏𝑏2)

2 cos𝛽𝛽
(8)

where Df is frictional resistance, Cf is a frictional coefficient, 
ρ is the density of seawater, β is deadrise angle, b is the 
maximum distance above the chine, λ is the average value 
of the ratio of length and width in the wet area of the ship, 
and V is hull speed. In the Savitsky method, an equation is 
obtained to determine the total resistance using Equation 
9, as follow [33]:

𝐷𝐷 =  ∆ tan 𝜏𝜏 +
𝐷𝐷𝑓𝑓

cos 𝜏𝜏
 (9)

where D is the total drag (kN); τ is the trim angle (deg); 
Df is the friction component; ∆ is the load on the planing 
surface (craft weight), (N).

Seakeeping analysis

It is critical to accurately estimate ship motion in a compli-
cated maritime environment during the ship design pro-
cess [34,35]. In obtaining treatment from waves, the ship 
experienced several movements, including RAO of heav-
ing, rolling, and MSI Index. Heaving is the ship motion that 
is parallel to the Z-axis, and when heaving occurs, the 
ship experiences vertical ups and downs caused by waves 
[35]. Heaving motion is calculated using the formula given 
in Equation 10 [36]:

𝑎𝑎�̈�𝑧 + 𝑏𝑏�̇�𝑧 + 𝑐𝑐𝑧𝑧 =  𝐹𝐹0 cos𝜔𝜔𝑀𝑀𝑡𝑡 (10)

where a is actual mass, b is damper constant, c is restor-
ing constant, F0 is amplitude from encountering force, ωe is 
encounter frequency, t is time, z ̈ ,z ̇,z are acceleration, ve-
locity, and displacement, respectively. Rolling is the ship's 
movement around the longitudinal axis or X-axis. When 
rolling occurs, the right side of the ship moves to the left 
side of the ship, which is repeated alternately [35]. This 
movement should receive attention because it can cause 
a large dynamic angle, where the wave force will cause 
extreme rolling excitation. The rolling motion is calculated 
using the following Equation 11 [36]:

𝑎𝑎
𝑑𝑑2Φ
𝑑𝑑𝑡𝑡2 + 𝑏𝑏

𝑑𝑑Φ
𝑑𝑑𝑡𝑡

 + 𝑐𝑐Φ =  𝐺𝐺0 cos𝜔𝜔𝑀𝑀𝑡𝑡 (11)

where a is the actual mass of the moment of inertia for 
rolling, b is coefficient of damping moment, c is coef-
ficient of restoring moment, Φ is phi and M0cosωet is 
the outside moment. The work starts with analyzing the 
motion response at regular waves presented in the Re-
sponse Amplitude Operator (RAO). RAO is a transfer 
function that converts the wave force into a dynamic 
reaction to the structure in the frequency range. The 
frequency parameter is shown in the abscissa of the 
RAO graph, and the ratio of the amplitudes of the mo-
tion of a certain mode is shown in the ordinate. RAO 
is a direct comparison between the amplitude of the 
ship's motion (Za)  and the wave's amplitude (ζa), both 
in length units, for translational motion, as expressed in 
Equation 12. Meanwhile, RAO for rotational motion is 
defined as the ratio of the amplitude of the ship's rota-
tion motion (θa) (in radians) to the slope of the wave, 
see Equation 13.

𝑅𝑅𝑅𝑅𝑅𝑅 =  
𝐺𝐺𝑎𝑎 (𝑀𝑀)   
𝜁𝜁𝑎𝑎 (𝑀𝑀)

 (12)

𝑅𝑅𝑅𝑅𝑅𝑅 =  
𝜃𝜃𝑎𝑎 (𝑟𝑟𝑎𝑎𝑑𝑑)   
𝑘𝑘𝜁𝜁𝑎𝑎 (𝑟𝑟𝑎𝑎𝑑𝑑)

 (13)

Where ζ = damping ratio, k = wave numbers. Motion 
sickness incidence (MSI) is a symptom of pain caused 
by ship movement, which causes uncomfortable phys-
ical symptoms characterized by difficulty breathing, 
dizziness, nausea, paleness, and vomiting [37]. The 
MSI index is generally used to assess the likelihood of 
seasickness among crew or passengers. The following 
is the calculation of the MSI index in Equation 14 [38]:

𝐺𝐺𝑀𝑀𝑀𝑀 = 100 �0.5 ± 𝑀𝑀𝑟𝑟𝑓𝑓 �
± log10

𝑎𝑎𝑣𝑣
𝑅𝑅 ± 𝜇𝜇𝐺𝐺𝑀𝑀𝑀𝑀

0.4
�� (14)

Where erf is the error function, av is the average ver-
tical acceleration at a specified point or location, The 
use of the ± sign in the above formula is to indicate that 
the calculation has two values, namely the + value and 
– value, and μMSI is parameters calculated in Equation
15.

𝜇𝜇𝐺𝐺𝑀𝑀𝑀𝑀 = −0.819 + 2.32(log10 𝜔𝜔𝐸𝐸)2 (15)

Where ωE is encounter frequency

SIMULATION TEST METHOD

This work aims to develop an optimized V-shaped 
monohull form then perform a comparative analysis to 
compare the performance of hull shape in terms of sta-
bility, resistance, and ship motion to obtain the best hull 
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shape configuration. The models are designed for race 
competition with strict design requirements. In this work, 
the performance of the hull shape is investigated using 
a numerical method, and then the comparative study is 
expanded to discuss the calculation process and the re-
sults of each method. The models are divided into four 
main dimensions where the displacement value is used 
as a fixed parameter. The comparison of particular ship 
data for model variations can be seen in Table 1. 

Table 1: Comparison of particular ship dimensions

Parameter Model        
I

Model 
II

Model 
III

Model 
IV

Length overall (m) 0.750 0.700 0.58 0.691
Length Waterline(m) 0.642 0.625 0.558 0.639

Draft (m) 0.053 0.054 0.059 0.049
Beam (m) 0.182 0.182 0.138 0.155
Depth (m) 0.100 0.096 0.086 0.095

Block coefficient 0.301 0.302 0.408 0.383
Displacement (kg) 1.90 1.90 1.90 1.90

In the modification of hull form design, there are sever-
al proposed variations, including particular main dimen-
sion, changes in the deep V hull shape using variation 
of deadrise angle, the shape of the bow and transom 
stern, and the addition effect of fins. The comparison of 
3D visualization of four modification models is depicted 
in Figure 3. Model I has a highest deadrise angle (55o). 
Model II and Model III has deadrise angle 45o and 40o, 
respectively. Model IV has same deadrise angle with 
Model III with adding of fins. The simulation analysis 
results are represented as graph visualization of each 
simulation. The result of the stability simulation shows a 
graph to analyze the relationship between righting arm 
(GZ) and heel angles. In the stability simulation, the ship 
is simulated with a heel (the tilt of the ship caused by the 
influence of external forces) with the heel angle range 
between 0° and 180° using large-angle stability. The 
analysis is started by room definition, permeability, and 
specific gravity. The load case scenario is set to full load 
condition by defining the lightship and deadweight com-
ponents. Moreover, the seakeeping test compares heave 
motion, roll motion, and motion sickness incidence (MSI) 
graphs between different hull forms. The seakeeping 
simulation aims to determine the effect of sea conditions 
on ship motion to achieve the best-proposed hull form. In 
this case, the height of the wave encounter is assumed 
at 10 cm at three different levels of Fr, such as 0.5 – 1.0. 
The angle of encounter wave on the seakeeping test is 
analyzed in three different conditions, namely beam sea 
(90°), bow quartering (135°), and head sea (180°). The 
seakeeping test is conducted using a regular wave as-
pect with data presented in Table 2. This adjusts to the 
conditions of the lake waters, where the waves tend to 
be calm.

Model I

Model II

Model III

Model IV

Figure 3: Comparison of 3D hull design of ship models
In the stability simulation, the ship is simulated with a 
heel (the tilt of the ship caused by the influence of ex-
ternal forces) with the heel angle range between 0° and 
180° using large-angle stability. The analysis is started 
by room definition, permeability, and specific gravity. The 
load case scenario is set to full load condition by defin-
ing the lightship and deadweight components. Moreover, 
the seakeeping test compares heave motion, roll motion, 
and motion sickness incidence (MSI) graphs between 
different hull forms. The seakeeping simulation aims to 
determine the effect of sea conditions on ship motion to 
achieve the best-proposed hull form. In this case, the 
height of the wave encounter is assumed at 10 cm at 
three different levels of Fr, such as 0.5 – 1.0. The angle 
of encounter wave on the seakeeping test is analyzed in 
three different conditions, namely beam sea (90°), bow 
quartering (135°), and head sea (180°). The seakeeping 
test is conducted using a regular wave aspect with data 
presented in Table 2. This adjusts to the conditions of the 
lake waters, where the waves tend to be calm. 

Table 2: Wave spectrum

Type JONSWAP
Characteristic height 0.100 m

Modal period 9.967 s
Average period 8.346 s

Zero crossing period 7.854 s
Characteristic wind speed 0 knot

Moreover, the resistance test results are presented as 
a relationship between resistance and power at various 
ship velocities. This work conducts the analysis using the 
Savitsky method with a Fr range of 0.5 - 1.0 and 70% 
power efficiency. 
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RESULTS AND DISCUSSION

Stability result

This section analyzes the stability test result for all pro-
posed hull form variation models by comparing the rela-
tionship between righting arm (GZ) and heel angle, as 
shown in Figure 4. This figure is plotted assuming that 
the ship is in static condition. The maximum righting arm 
(GZmax) and the angle at which it occurs are essential 
values. In Model I, it can be found that the GZmax is 5.36 
cm at 41˚. The GZmax result is proportional to the larg-
est static heeling moment required to bring the ship back 
to its upright position. In addition, the maximum righting 
lever, when multiplied with the displacement, represents 
the value of the maximum heeling moment that the ship 
can sustain without capsizing. In Model II, GZmax can 
be found with the value of 2.74 cm at 38.2˚. Moreover, 
Model III has GZmax value of 0.98 cm at 34.5˚, and Mod-
el IV has a maximum GZ at 44.5˚ with a value of 3.05 
cm, respectively. After the models experience maximum 
righting arm, the stability will decrease dramatically as a 
decrease in the value of righting arm until the points meet 
the horizontal axis. The results show that the smallest 
GZmax is experienced by Model III, while the largest GZ-
max value can be found in Model I. Several factors need 
to be concerned besides the value of GZmax. Since the 
GZ value becomes zero where the GZ curve meets the 
horizontal axis, this condition is assumed at the point of 
vanishing stability. Any heel angle beyond this will result 
in unstable equilibrium. Any heel lesser than this angle 
will allow the vessel to the right itself, while any heel 
greater than this angle will cause a negative righting mo-
ment (or heeling moment) and force the vessel to contin-
ue to roll over. When a vessel reaches a heel equal to its 
point of vanishing stability, any external force will cause 
the vessel to capsize. The angle range between the ini-
tial position and the point of vanishing stability is called 
the range of stability. According to the data in Figure 4, it 
can be found that Model I and Model IV have the highest 
range of stability (above 90˚) compared to other models. 
The model I and IV will be able to heel to a larger angle 
before attaining negative stability. In contrast, Model III 
has the lowest stability range, resulting in a smaller an-
gle before attaining negative stability. As the angle of the 
heel increases, there comes the point when the deck of 
the ship immerses, called the angle of deck immersion. 
It is where the curve changes its gradient and represents 
the angle of deck edge immersion. When the ship's deck 
immerses, the rate of shift of the center of buoyancy with 
further heeling changes, and the main deck will first en-
counter the sea. This results in a change in the concav-
ity of the curve. The total area under the static stabili-
ty curve represents the amount of energy that the ship 
can absorb from external forces such as winds, waves, 
weight shifts, etc., until it capsizes. As a result, it should 
not be assumed that a ship is stable enough if the GZ-
max is high. GZ curve with a very high maximum value 
may not have enough area, causing the ship to capsize 

easily because it will not absorb enough energy before 
capsizing. From the data given in Figure 4, it can be con-
cluded that Model I has the highest energy absorption 
with the highest maximum righting arm. 

Figure 4: Comparison of GZ curve at different heel 
angles

Result of resistance and powering 

Further, the comparison of the resistance test will be 
discussed in this section. The comparison test result of 
the resistance and powering of all proposed 3D mod-
els are depicted in Figure 5a and 5b, respectively. The 
resistance test is calculated from the Froude number 
(Fr) range between 0.5 and 1 using Savitsky analytical 
method. The Froude number is a dimensionless speed, 
where the velocity in metres per second is divided by the 
square root of the length of waterline (LWL) times the 
acceleration of gravity. Validation test between analyti-
cal method using Eq. 9 and numerical simulation using 
Maxsurf resistance depicted in Table 3 shows a good 
agreement with the error below 5%. From the resistance 
result shown in Figure 5a, it can be found that the higher 
the Froude number, the higher the resistance of all de-
veloped models. Therefore, it can be found that Model III 
experiences the highest resistance compared with other 
hull form types. In contrast, the smallest resistance can 
be found in Model II in small Fr, but in high Fr, the small-
est resistance can be found in Model I. It can be realized 
that Model III has the biggest block coefficient (Cb) value 
compared with three other designs. It can be found that 
the higher the block coefficient (Cb) of the ship, the wet-
ted surface area will increase. In a detailed explanation, 
the comparative result of the resistance and power at a 
Fr 1.0 shows that Model I has a resistance of 3.34 N and 
the required power of 11.97 W. Model I has a resistance 
value of 19.1% lower than Model III. Moreover, Model IV 
has a higher resistance compared with Model I, with a 
value of 3.5 N and the required power of 12.54 W. Then, 
Model II has a resistance of 3.51 N and the required 
power of 12.43 W at Fr 1. Model III has the highest resis-
tance and power value of about 4.13 N  and the power of 
13.79 W, respectively.
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Table 3: Resistance validation test

Model

Resistance at Fr 1.0 (N)

Error (%)Analytical 
method

Numerical 
simulation 
(Maxsurf)

Model I 3.26 3.34 2.45
Model II 3.42 3.51 2.63
Model III 4.01 4.13 2.99
Model IV 3.41 3.50 2.64

(a) (b) 

Figure 5: Comparative result of (a) resistance with speed; (b) power with speed

Ship motion result

A ship above sea level will always get an external force 
that causes the ship's motion. External factors, especial-
ly waves, cause this ship's motion. Therefore, seakeep-
ing analysis aims to investigate the comparative heaving 
and rolling motion and passenger comfort between all 
proposed models analyzed at various Fr ranging from 
low Fr to high Fr. The discussion is divided into the result 
of ship motion response at Fr 0.5 – 1.0 with three differ-
ent wave directions.  

Ship motion response at Fr 0.50 

Seakeeping test results of the hull form variations, includ-
ing heave motion, roll motion, and MSI, are discussed at 
similar Fr 0.50. The relation between heave RAO and 
encounter frequency at Fr 0.5 analyzed in three different 
wave directions is plotted in Figure 6. From the result, it 
can be found that Model III has the highest heave RAO 
value in all three different wave headings. In contrast, 
Model I has the lowest heave RAO amplitude. Analyz-
ing motion response due to wave heading from the side 
of the ship as presented in Figure 6a, it can be found 
that heave motion due to beam sea does not have a 
significant response, represented by lower RAO peak 
magnitude compared to the heave motion due to bow 
quartering sea (Figure 6b) and head sea (Figure 6c). 

However, the heave motion due to beam sea experienc-
es a superposition due to the occurrence of more than 
two peaks of wave frequency, which will cause the ship 
to move irregularly. Moreover, the highest heave RAO 
response can be found in the head sea wave heading 
and followed by bow quartering sea. It means that wave 
heading from the head sea (180 degrees) causes the 
increase of heave RAO response more significantly than 
other wave heading of the proposed hull form models. 
It can also be analyzed that there is no superposition 
found in the heave RAO response from bow quartering 
sea and head sea conditions. The ship does not receive 
more than one wave, and this condition is more stable 
if there is a wave from that direction. Compared to the 
heave RAO response between different hull forms, it can 
be concluded that Model I is the best model in heave 
motion to encounter the wave force from three differ-
ent wave headings at Fr 0.5. Besides heave RAO re-
sponse, the comparison result of roll RAO at different 
wave headings is also a crucial point. Figure 7 shows the 
comparison result of varied hull form designs of roll RAO 
at different wave headings. The roll RAO with the wave 
heading from the 90˚ (beam sea) and the 135˚ direction 
(bow quartering) has almost the same peak of roll RAO 
and encounter frequency of all hull form models, except 
Model III, which has a lower peak of wave frequency. 
Moreover, Model IV has a slightly smaller peak roll RAO, 
which means it is slightly more stable so that the rolling 
motion or right-handed motion is smaller relative to the 
incoming wave. In contrast, the arrival of waves from the 
direction of 180˚ (head sea) has a rolling value of 0 be-
cause the arrival of waves from the front does not affect 
the ship's left and right rolling motion. From the compar-
ison results of the RAO rolling graph with the RAO wave 
frequency graph, there is no superposition at the top of 
the graph. So that the ship does not receive more than 
one wave, this condition of the ship is more stable if there 
are waves from that direction.
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(c)

(b)(a)

Figure 6: Heave RAO at Fr 0.5 with the angle of coming waves (a) 90°; (b) 135°; (c) 180°

(b)(a)

(c)

Figure 7: Roll RAO at Fr 0.5 with heading angle of the ship against wave (a) 90°; (b) 135°; (c) 180°
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Motion Sickness Incidence (MSI), chosen as a parame-
ter to estimate the seakeeping qualities of a high-speed, 
is defined as the mean MSI over the main deck area for 
any different heading angle. MSI was also embodied in 
1985, where severe discomfort boundary values of ship 
vertical accelerations are defined as motion exposure 
time and encounter frequency. The role of accelerations 
for the occurrence of MSI is appreciable onboard high-
speed vessels (Fn>0.50). MSI is defined as the percent-
age of passengers who vomit after 2 hours of exposure 
to a specific motion. R.M.S. of vertical acceleration at re-

mote control points at ship deck is defined as a function 
of the encounter frequency.  Model I, II, III, and IV have 
stable levels or do not cause shocks that cause MSI to 
meet the requirements. There are no vertical accelera-
tion values from each model that cut the graph of the per-
centage of MSI provisions after 2 hours. As seen in the 
encounter frequency 0 – 10 rad/s, there is an increase in 
the acceleration value for each model, but it does not cut 
the MSI graph. So there is no seasick passenger with a 
model design made at Fr 0.50 with waves from 90˚, 135˚, 
and 180˚.

(b)(a)

(c)

Figure 8: Graphic MSI at Fr 0.5 with heading angle of the ship against wave (a) 90°; (b) 135°; (c) 180°

Ship motion response at Fr 0.75

It is important to analyze the ship's motion behavior at 
high speed. Comparison of RAO heave, roll RAO, and 
MSI at a Fr 0.75 is depicted in Figures 9-11. The com-
parison of heave RAO analyzed at three different wave 
headings shown in Figure 9 results in a similar phenome-
non with heave motion at previous Fr. It can be analyzed 
that the heave RAO at Fr 0.75 has a higher response 
than the heave response at Fr 0.5. It can be found that 
Model III has the highest peak of heave RAO in all wave 

headings. In contrast, Model I has better seakeeping 
behavior due to having the lowest peak of heave RAO 
response. Further, it can be found that heave motion due 
to beam sea (90 degrees) in Figure 9a does not have 
a significant response, represented by lower RAO peak 
magnitude compared to the heave motion due to bow 
quartering sea (Figure 9b) and head sea (Figure 9c). The 
heave motion caused by beam sea, on the other hand, 
undergoes a superposition due to two peaks of wave fre-
quency, causing the ship to move unevenly. 
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(b)(a)

(c)

Figure 9: Heave RAO at Fr 0.75 with heading angle of the ship against wave (a) 90°; (b) 135°; (c) 180°

Furthermore, the most significant heave RAO response 
is seen in the head sea wave heading, followed by the 
bow quartering sea. The wave heading from the head 
sea (180 degrees) generates a more significant rise in 
heave RAO motion than other wave headings of the pro-
posed hull form models. It is also possible to see that 
there is no superposition in the heave RAO response be-
tween bow quartering sea and head sea scenarios. The 
ship receives only one wave, and this state is steadier 
if there is a wave from that direction. Figure 10 depicts 
a comparison of roll RAO results at various wave head-
ings. The maximum roll RAO can be seen in the models 
at beam sea, which is a similar phenomenon to the prior 
finding at Fr 0.5. The roll RAO of the models at beam 
seas is slightly higher than the response of bow quarter-
ing seas. At beam and bow quartering seas, all models 
almost have the same peak RAO in various encounter 
frequencies. In addition, Model III has a heave RAO peak 
in lower encounter frequency than other hull models. The 

arrival of waves from the front, on the other hand, has a 
rolling value of 0 since the arrival of waves from the front 
has no effect on the ship's rolling motion. There is no 
superposition based on the comparison findings of the 
roll RAO and encounter frequency. This situation of the 
ship is steadier if there are waves from that direction so 
that the ship does not get more than one wave. In addi-
tion to the ship's motion, the MSI criteria are required to 
compare the passenger comfort index. The MSI value 
of Models I, II, III, and IV is determined to be stable or 
does not produce shocks. It may be discovered that ship 
motion at a Fr 0.75 satisfies the requirements since there 
is no graph from each model that cuts the graph of the 
MSI % after 2 hours. As observed in the encounter fre-
quency 0 – 10 rad/s, there is a rise in acceleration value 
for each model. However, it does not cut the MSI graph. 
As a result, none of the offered models had a seasick 
passenger at Fr 0.75 with waves in three distinct wave 
direction situations.
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(b)(a)

(c)

Figure 10: Roll RAO at Fr 0.75 with the heading angle of the ship against wave (a) 90°; (b) 135°; (c) 180°

(b)(a)

(c)

Figure 11. Graphic MSI at Fr 0.75 with the heading angle of the ship against wave (a) 90°; (b) 135°; (c) 180°.
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Ship motion response at Fr 1.0

At last, the investigation of ship motion response at Fr 
1,0 is discussed. The comparison result of heave RAO, 
roll RAO, and MSI at Fr 1.0 is depicted in Figures 12-
14. Figure 12 illustrates the comparison of heave RAO
analyzed at three different wave headings, resulting in 
a similar phenomenon with heave motion at two pre-
vious Fr. It can be analyzed that the heave RAO at Fr 
1.0 has a higher response than the heave response at 
previous lower Fr. It can be found that the heave RAO 
at beam seas does not have a significant effect on the 
ship motion compared with the ship at load wave at bow 
quartering and head seas, representing by the lowest 
peak of heave motion. It is found that Model I has better 
seakeeping behavior in all wave headings represented 

by the lowest peak heave RAO response compared to 
other models. In the heave response due to beam sea 
(90 degree) in Figure 12a, it can be chosen that Model 
III has the almost highest twice of heave RAO peaks, 
but Model I and II have the lowest value with almost the 
same peak value. Similar to the previous case, heave 
motion caused by beam sea undergoes a superposition 
due to two peaks of wave frequency, causing the ship 
to move unevenly. Moreover, the most significant heave 
RAO response is seen in the head sea wave heading, 
followed by the bow quartering sea. Both Model III has 
the highest peak of heave motion, and the lowest one 
can be found in Model I. There is also no superposition in 
the heave RAO motion for bow quartering sea and head 
sea situations. The ship only gets one wave, and this 
state is more stable if a wave comes from that direction.

(b)(a)

(c)

Figure 12: Heave RAO at Fr 1.0 with the heading angle of the ship against wave (a) 90°; (b) 135°; (c) 180°

The comparison of roll RAO results at Fr 1.0 with various 
wave headings can be found in Figure 13. The maximum 
roll RAO can be seen in the models at beam sea and fol-
lowed by bow quartering sea, which is similar to the pre-
vious case. In contrast, there is no roll motion if the ship 
encounters a wave from the head sea, as seen in Figure 
13c. The roll RAO of the models at beam seas and bow 
quartering seas has a nearly identical peak of heave mo-
tion on all hull form models. It is found that there is no 

superposition of the roll RAO and encounter frequency in 
all evaluated wave headings. In addition, the MSI criteria 
are also discussed to compare the passenger comfort 
index analyzed at high speed. The MSI value of all eval-
uated models due to high speed is determined to be sta-
ble or does not produce shocks, as shown in Figure 14. 
It may be discovered that ship motion at Fr 1.0 satisfies 
the comfort requirements. As observed in the encounter 
frequency 0 – 10 rad/s, each model has a rise in acceler-
ation value; however, it does not cut the MSI graph. 
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(b)(a)

(c)

Figure 13: Roll RAO at Fr 1.0 with the heading angle of the ship against wave (a) 90°; (b) 135°; (c) 180°

(b)(a)

(c)

Figure 14: MSI at Fr 1.0 with the heading angle of the ship against wave (a) 90°; (b) 135°; (c) 180°
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Overall discussion

The ship model has been tested and analyzed on each 
model in accordance with predetermined criteria, name-
ly stability, resistance, and seakeeping. Then the data 
is compared to determine the best design can be seen 
in Table 4 based on the designer’s criteria in Table 5. 
Based on Table 5, there are three general criteria and 
one specific criterion. The first criterion regarding stabil-
ity, the value of the total area under the static stability 
curve, represents the amount of energy that can be ab-
sorbed by the ship from external forces such as wind, 
waves, weight shift, etc. until the ship capsized. Ships 
that do not have a sufficient area under the curve cause 
the ship to easily capsize because it does not absorb 
enough energy before capsizing. Therefore, it takes a 
ship with a stability value of the area under the greatest 
curve. The second criterion is resistance, the resistance 
of the fluid passing through the ship and it affects the 
performance of the ship. Ships that have a small resis-
tance value will be more optimal when sailing, so this 
research requires an optimal ship and has the smallest 
resistance value. The third criterion is seakeeping here, 
and there are heaving and rolling tests. Heaving is the 
up and down motion of the ship and the rolling motion of 
the ship's right and left caused by waves. If a ship has 
a large heaving and rolling value, the shaking (up and 
down motion and left and right motion) of the ship will get 
bigger and become unstable. In this case, preferred sea-
keeping is needed for the ship to remain stable, namely 
by having the smallest seakeeping value so that it can 
minimize shocks. This particular criterion is the most 
important thing in the competition that we want to enter 
requires the best time with limited supply. The specific 
criteria are the resistance test because the limited use of 

Table 4: Data for each model

Criteria
Model

Model I Model II Model III Model IV

Stability

Area under GZ curve (cm.deg) 303.2 144.6 47.8 181.7

Max GZ (cm) 5.36 2.74 0.98 3.05

Angle of vanishing stability 92.7 83.6 80.0 96.4

Resistance Resistance (N) 3.34 3.51 4.13 3.5

Seakeeping
Max heaving (rad/s) 1.95 1.98 3.62 2.31

Max rolling (rad/s) 6.63 6.64 6.61 6.52

Table 5: General and specific criteria

General Criteria
Specific Criteria

Stability Resistance Seakeeping

Large value is preferred
Large value is 

unprefered
Large value is 

unprefered The resistance & power 
aspect is prioritized

Small value is unprefered Small value is preferred Small value is preferred

batteries in competition requires a small resistance value 
to reach the maximum and optimal time. Based on Table 
4, the value is the best in each criterion marked in bold. 
Based on data in Table 5, the general criteria, stability, 
which has a large value, is preferred, while resistance 
and seakeeping, which has a small value, is preferred. 
In this special criteria, the most important aspect is the 
resistance test due to the limited use of batteries in race 
competition, so a small resistance value is needed for 
optimal results. It is found in Table 4 that Model I is su-
perior in terms of stability, seakeeping, and resistance 
performances. As a result, Model I is chosen as the best 
hull model.

CONCLUSIONS

From the comparative results of the performance of high-
speed craft in various hull forms in terms of stability, re-
sistance, and seakeeping tests, it can be concluded that:
1. It can be found that Model I has satisfactory initial

stability, which is the highest righting arm, and ener-
gy absorption due to the external force.

2. From the data obtained, the faster the ship's velocity,
the more resistance will increase. It is concluded that
Model I has less resistance and power than the other
designs. However, the highest value can be found in
Model III. The ship is more ideal when sailing on the
sea with less resistance, and the engine was sup-
posed to be more optimal with less power required.

3. In the seakeeping test, which was analyzed at dif-
ferent Fr and three different wave directions, it can
be seen that Model I has better behavior of heave
motion, but model IV has better performance of roll
motion. However, Motion Sickness Incident (MSI)
meets the requirements of passenger comfort levels,
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which are analyzed at three different Fr and wave 
directions. It was found that none of the results from 
any model intersects the MSI percentage chart after 
2 hours. The result of the designed model, no sea-
sick passengers.

4. 4. The best ship is based on specific criteria. 
Namely, the important aspect is resistance, so for 
the best design, Model I is selected with the lowest 
resistance value and best seakeeping and stability 
performances.

5. 5. Extended investigation is recommended to be 
conducted, especially in terms of minimizing resis-
tance by considering the maximum gravity-to-me-
tacenter point. To achieve wider hull performance 
data, propulsion analysis, e.g., cavitation, may be 
selected as one of the potential topics.
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