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Manufacturability considerations in design optimisation
of wave energy converters

Anna Garcia-Teruela,∗, David I. M. Forehanda

aInstitute for Energy Systems, School of Engineering, The University of Edinburgh,
Edinburgh, United Kingdom EH9 3BF

Abstract

Wave energy converter hull shapes have been optimised in the past to find the
most suitable design to maximise mean annual power production and minimise
costs. However, costs are generally considered through proxies based on the
device’s size. When using an optimisation process capable of generating very
diverse shapes, more complex objective functions may be required to ensure that
resulting shapes truly minimise the levelised cost of energy. For this purpose,
relevant cost factors with an effect on geometry, such as manufacturability and
materials considerations, should be included in the optimisation process. To
address this challenge, different strategies for incorporating manufacturability
considerations in a wave energy converter optimisation process with an adapt-
able geometry definition are discussed here. The resulting optimal shapes are
compared to the shapes obtained when these additional constraints are not in-
cluded. The results show that it is possible to generate wave energy converter
shapes designed for a particular manufacturing process, as well as in general
with improved manufacturability characteristics - based on the shapes maxi-
mum curvature. The proposed approaches can be used in future wave energy
converter design studies to generate novel and improved shapes while consider-
ing their manufacturability.
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Nomenclature Definition Units
A Submerged surface area [m2]
E Coefficient of the first

fundamental form
NA

f Objective function NA
F Coefficient of the first

fundamental form
NA

g Equality constraint NA
G Coefficient of the first

fundamental form
NA

h Inequality constraint NA
I 1st fundamental form NA
II 2nd fundamental form NA
L Coefficient of the second

fundamental form
NA

M Coefficient of the second
fundamental form

NA

N Coefficient of the second
fundamental form

NA

r Radius [m]
ru Partial derivative in u of the

parametric equations R(u, v)
[-]

rv Partial derivative in v of the
parametric equations R(u, v)

[-]

R(u, v) Vector of parametric equations [-]
S Surface NA
u Dimensionless parameter in

parametric space
[-]

v Dimensionless parameter in
parametric space

[-]

vn Vertex NA
V Submerged volume [m3]
w Wall thickness [m]
x Vector of decision variables NA
∆ Solution space NA
Ψ Rectangular parametric space [-]
κ(λ) Curvature in direction λ [m−1]
κG Gaussian curvature [m−2]
κ1 Curvature in principal direction

1
[m−1]

κ2 Curvature in principal direction
2

[m−1]

κmax Maximal absolute curvature in
the principal directions

[m−1]

κm Mean curvature [m−1]
λ Direction in parametric space

(du, dv)
[-]

Ω Search space NA
2



Nomenclature Definition Units
FRP Fibre Reinforced Polymer NA
GA Genetic Algorithm NA
GRP Glass Reinforced Polymer NA
CFRP Carbon Fibre Reinforced Plastic NA
HDPE High-Density Polyethylene NA
NSGA-II Elitist Non-dominated Sorting

Genetic Algorithm
NA

PSO Particle Swarm Optimisation NA
WEC Wave Energy Converter NA
WES Wave Energy Scotland NA

1. Introduction1

The geometry of Wave Energy Converter (WEC) hulls has been extensively2

studied in the past, due to the large potential for cost reduction associated to the3

structure and the importance of the hull shape for the device hydrodynamics4

and, therefore, power production. Geometry optimisation studies have been5

performed for different types of devices, which aim at maximising mean annual6

power production and reducing costs [1]. However, costs are represented through7

proxies such as device size, and relevant cost factors such as manufacturability8

considerations are not included in these studies.9

1.1. Background10

Geometry optimisation11

A review of past WEC hull geometry optimisation studies was provided by12

Garcia-Teruel et al. [1]. For context, a few examples are provided here. A13

number of pre-defined geometries was compared for single-body heaving point14

absorbers by Goggins et al. [2], and later for sloped-motion point absorbers15

by Rodriguez et al. [3], which included experimental validation of the preferred16

shape. The effect of size depending on location was investigated by de Andres et17

al. [4]. Optimisation studies for single-body point absorbers were performed, for18

example, in [5, 6]. Other types of devices such as two-body point absorbers [7] or19

oscillating water columns have also been studied [8]. Although valuable insights20

for device design are obtained from these previous WEC geometry optimisation21

studies, they have mostly focused on the optimisation of devices of pre-defined22

shapes, such as hemispheres, or cylinders, where manufacturability considera-23

tions cannot be captured within the optimisation process, since the range of24

optimised solutions is limited by the geometry definition.25

However, studies aiming at finding the most suitable geometry using very26

adaptable geometry definitions have also been performed for single-body float-27

ing WECs. The most adaptable geometry definition was presented by McCabe28

et al. in [9, 10], which follows an approach using B-spline surfaces for the ge-29

ometry definition. The method presented in [9, 10] was extended to work for30
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devices oscillating in any mode of motion or combination of modes of motion [11]31

and further implementation details to ensure the generation of feasible solutions32

were presented in [12]. Shapes resulting from these adaptable geometry optimi-33

sation studies could be quite complex and often had sharp edges. This would34

make them more challenging to manufacture, and therefore, if shapes are to be35

generated that truly minimise the Levelised Cost of Energy (LCOE), additional36

manufacturability considerations may be required. Additionally, shapes with37

sharp edges may result in increased vortex shedding and losses. To avoid this,38

curvature considerations need to be incorporated to ensure the overall improved39

performance of the generated shapes.40

Manufacturability41

Manufacturability has been considered in ship hull design for a number of42

years, where rolled mild steel sheets are the most widely used. Composite43

materials have also been used for bulkheads and moulded hulls. In 95% of these44

cases, Glass Reinforced Plastic (GRP) was the employed material [13]. Letcher45

provides an overview of different ways of defining hull geometries using B-spline46

surfaces, and recommends the use of developable surfaces in hull design for ease47

of manufacturing [14]. The use of developable surfaces in hull design was first48

described by Kilgore in [15] and has since been widely employed for ship hull49

fabrication [14]. Many recent studies have further investigated these concepts50

for their use in the Computer Aided Design and optimisation processes [16, 17,51

18, 19].52

In the wave energy sector, the main potentials and challenges regarding53

manufacturing and materials were already identified in 1980 by Hudson [20],54

with corrosion and fatigue as the main design drivers, and anti-corrosion coated55

steel, reinforced or pre-stressed concrete, and GRP as potential materials for56

the prime mover. In a more recent materials landscaping study from Wave En-57

ergy Scotland (WES) [21], potential for the development of technologies, such58

as adhesive bonding of composites and steel, rotational moulding of polymers,59

Fibre Reinforced Polymer (FRP) reinforced concrete and the use of hybrid ma-60

terial constructions (e.g. polymer or composite and steel hybrids, or concrete61

and steel hybrids) was identified. To develop these promising fields, multiple62

projects are ongoing as part of the WES Structural Materials and Manufac-63

turing Processes programmes. These studies range from a feasibility test of a64

point absorber constructed from FRP to the development of advanced rotational65

moulding processes for composites. Unfortunately however, results from these66

projects are not yet available.67

Only very few studies on manufacturability of WECs are available, among68

these: a study done by Pelamis [22], in which an optimised steel construction,69

post-tensioned concrete, and GRP were identified as possible alternatives to70

their initial steel design, with post-tensioned concrete giving the best results;71

and another study designing for buckling resistance was performed for the Sea-72

Wave device in [23], where Carbon Fibre Reinforced Plastic (CFRP) is identified73

as the most suitable material.74
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1.2. Goal75

Given the importance of the structure for cost reduction and the ongoing76

efforts in development and analysis of different manufacturing processes and77

materials for their application in WECs, it seems fundamental to define a ge-78

ometry optimisation process that considers these. The objective of WEC design79

optimisation should be to minimise the LCOE by considering not only generated80

power and device size but including relevant cost factors linked to the structure,81

such as manufacturability. How this can be included in a geometry optimisa-82

tion process, producing meaningful results, within an acceptable time scale is83

discussed in this study. In particular, the inclusion of manufacturability is con-84

sidered by looking at available and new promising manufacturing processes and85

materials, and how they constrain device geometry, through structural parame-86

ters such as curvature. Various ways of including these considerations in a WEC87

geometry optimisation process are demonstrated and conclusions are drawn on88

their suitability.89

First, the general methodology used for geometry optimisation, using an90

adaptable geometry definition capable of generating diverse shapes is introduced91

in section 2. The different ways for considering manufacturability within the92

optimisation process are introduced as case studies in section 3. Results of93

these different case studies are presented in section 4. Finally, conclusions on94

the suitability of the different studied approaches are drawn in section 5.95

2. Methodology96

In this section, the general methodology used for WEC geometry optimisa-97

tion is introduced. It should be noted that the present work builds on previous98

work by the authors. The general methodology for WEC hull geometry opti-99

misation was discussed in detail in [12] and [24]. In the former, the suitability100

of the geometry definition and of the optimisation algorithm implementation101

were discussed. It was found that using an adaptable geometry definition ver-102

sus simple geometry definitions such as a vertical cylinder, a hemisphere or a103

barge resulted in up to 224% higher objective function values. Using the recom-104

mended single-objective optimisation algorithms resulted in up to 11% higher105

objective function values while reducing computational time up to 50%. In106

the latter study [24], the suitability of the objective function and the problem107

formulation as single-objective or multi-objective were studied. It was found108

that single-objective optimisation results were more optimal in terms of the109

achieved objective function values than those obtained with the used multi-110

objective implementation, so that the seeding of multi-objective runs with the111

optimal solutions from single-objective runs was recommended. Submerged sur-112

face area based cost proxies were found to be more suitable than submerged113

volume based cost proxies, due to the complexity of the resulting shapes. In114

the present study, this previous work is extended by discussing the considera-115

tion of manufacturability in the optimisation process. In the following lines, an116

overview of the method will be provided for context. For more detail on the117

optimisation method, please, refer to [12, 24].118
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2.1. Optimisation problem119

Both, single and multi-objective optimisation formulations are used for this120

study. In a single-objective optimisation problem the optimal values for a num-121

ber of decision variables xi are searched so that an objective function f(x) is122

minimised or maximised. In multi-objective optimisation problems optimal so-123

lutions for a problem with various conflicting objectives (f(x) = {f1, f2, ..., fn})124

are searched, so that more than one solution will be optimal depending on the125

relevance of each objective function. In general, optimisation problems are for-126

mulated as minimisation problems.127

A single-objective optimisation problem is represented mathematically below
in the standard form [25].

min f(x)

objective function:

decision variable:

equality constraint:

inequality constraint:

f(x), for f ∈ ∆

x = {x1, ..., xm} ∈ Ω

gj(x) = 0 for j = 1, .., n

hk(x) ≤ 0 for k = 1, .., o

(1)

A multi-objective optimisation problem is analogously mathematically formu-
lated as follows.

min f(x)

objective functions:

decision variable:

equality constraint:

inequality constraint:

f(x) = {f1, f2, ..., fn}
x = {x1, ..., xm} ∈ Ω

gj(x) = 0 for j = 1, .., n

hk(x) ≤ 0 for k = 1, .., o

(2)

In both cases, the full range of possible decision variable values - the search128

space Ω - is constrained through bounds and non-linear constraints defining re-129

strictions between certain variable combinations. The space of feasible solutions130

for the studied objective function - the solution space ∆- can be constrained by131

various equality gj and inequality hk constraints. In the present study, the132

vector of decision variables x defines the WEC hull shape.133

As mentioned before for single-objective optimisation, one preferred solution
for a given problem will be found that minimises the objective function. On the
contrary, the result of a multi-objective optimisation will be a set of solutions
with objective function values that represent the best trade-off of the multiple
objectives and that approximate the so called Pareto front. In this case, differ-
ent solutions are commonly compared based on the Pareto dominance concept.
That is, one solution is said to dominate another one, when it performs better
in all or is equally good but better in at least one of the objective functions (eq.
3)

∀i ∈ 1, ..., n : fi(x) ≤ fi(y) ∧ ∃i ∈ 1, ..., n : fi(x) < fi(y) (3)

A high-level overview of the optimisation process is depicted in Figure 1.134

The key elements of the optimisation problem are aligned with the high-level135
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steps shown in Figure 1. These include: (1) the geometry definition through136

the definition of the decision variables, variable bounds and constraints; (2)137

the evaluation of these geometries according to the chosen objective functions;138

and (3) the optimisation procedure and the selected optimisation algorithms.139

Each of these steps, as shown in the Figure, are introduced in more detail in140

the consecutive subsections. Finally, methodological and theoretical aspects of141

including manufacturability considerations are discussed.142

Geometry Definition

Converged?

End

Start

Evaluation according to 

objective function

Optimisation Procedure

Generation of new 

solutions based on 

existing solutions

Yes

No

Figure 1: High-level representation of a WEC geometry optimisation process. Adapted
from [26].

2.2. Geometry definition143

The used geometry definition is based on the approach developed by McCabe144

et al. [9, 10]. This geometry definition aims at being adaptable to generate145

diverse shapes. It uses 11 vertices vn of a polyhedron with an x-z-symmetry146

plane (see Figure 2) between which further points are interpolated using the147

interpolation scheme found to generate the best results in [9]. The vertices148

and the interpolated points are used as control points that are approximated149

by a bicubic B-spline surface. The coordinates of the vertices constitute the150

decision variables of the optimisation problem and can move randomly in space,151

within certain limits (the decision variable bounds). Additionally, a number of152

constraints are considered to ensure that the generated geometries are closed153

and that the B-spline surface does not cross itself. In total 22 coordinates154

can be varied, and, therefore, 22 decision variables are considered. Spherical155

coordinates (rn, θn, φn) are used.156
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v11
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θ

ϕ
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v3
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d

z

x y
d

b w

Figure 2: Geometry definition based on a polyhedron with numbered vertices vn and vertex
coordinates (rn, θn, φn). Additionally, some example representations of interpolated points
are shown in grey [27], adapted from Figure 1 in [10].

The considered variable bounds are listed below.

2.5m ≤rn ≤ 12.5m

−7π/16 ≤θn ≤ −π/16

π/16 ≤φn ≤ 15π/16

π/16 ≤φn ≤ π/2
π/2 ≤φn ≤ 15π/16

| n = 1, .., 11

| n = 4, 5, 6, 10, 11

| n = 3, 6

| n = 2, 5

| n = 8, 10.

The main constraints defined for the geometry are as follows:

φ2 ≤φ3 ≤ φ8

φ5 ≤φ6 ≤ φ10

The submerged volume range was also constrained to avoid convergence on
very small or very large shapes, as in [10].

250m3 ≤ V ≤ 4000m3

2.3. Evaluation according to objective function157

Geometries are assessed based on the chosen objective functions. For this
study, a number of objective functions are used to be able to analyse how man-
ufacturability considerations influence the choice of the objective function. The
metrics used in the objective functions (excluding manufacturability considera-
tions introduced in section 3) include the overall mean annual power production
P̄ to account for the device performance at a given location, and two different
cost proxies based on the geometry characteristics: the submerged volume V
and the submerged surface area A. Three objective functions are obtained from
these metrics:

f1 = −P̄ = f(x1, x2, ..., x22), (4)
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f2 = − P̄
V

= f(x1, x2, ..., x22), (5)

f3 = − P̄
A

= f(x1, x2, ..., x22). (6)

The overall mean annual power is calculated for a location on the West158

Shetland shelf, 40km west of the Shetland Islands, using the scatter diagram159

found in [10]. The 173 different sea states with a non-zero occurrence probability160

are represented through irregular waves using a Bretschneider spectrum and161

150 frequencies ranging from 0.02 to 3 rad/s. Hydrodynamic coefficients for162

each shape are obtained from WAMIT, a Boundary Element Method based163

software [28]. To obtain the device oscillation, a pseudo-time domain model is164

employed as described in [1, 11]. That is, the equation of motion is formulated in165

the frequency domain, considering the hydrostatic, excitation, radiation, inertia166

and Power Take-Off (PTO) forces. This equation is then solved at the 150167

frequencies describing the various wave spectra used. The time series of the168

device’s position and velocity in 173 irregular sea states are then calculated from169

the superposition of the obtained frequency-domain oscillations. Impedance170

matching control is assumed at the energy period Te of each sea state, which171

is identified by the significant wave height Hm0 and this energy period. Time172

series are obtained in order to be able to apply PTO system stroke (ξMAX)173

and rating (PPTO,MAX) constraints. The overall mean annual power is then174

calculated by taking into account the occurrence of these different sea states.175

The maximum capture width (CWMAX) of an axisymmetric device, calculated176

using the power per metre crest length Ppm for deep sea conditions, is used177

to ensure that the calculated average power per sea state P̄ (Hm0, Te) does not178

surpass the theoretical limit of average power available in the sea, as defined179

in [29]. Although the bodies considered in the present implementation are not180

axisymmetric, this is used as an upper bound.181

ξMAX(i) = 5m | i = 1, 2, 3

ξMAX(i) = π/4 | i = 4, 5, 6

ξMIN (i) = −ξMAX(n) | i = 1, 2, 3, 4, 5, 6

PPTO,MAX = 2.5MW

0 MW ≤ P̄ (Hm0, Te) ≤ CWMAX · Ppm

The submerged volume is obtained from WAMIT. The submerged surface182

area is calculated following the method introduced in [24], which employs the183

discretised surface obtained from the low-order mesh outputted by WAMIT,184

which is generated from the bi-cubic B-spline surface description of the geome-185

try.186
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2.4. Optimisation procedure187

Meta-heuristic optimisation algorithms are used for both the single-objective188

and the multi-objective formulations due to their suitability to solve complex189

problems [1].190

For the single-objective problems, both Genetic Algorithms (GAs) and Par-191

ticle Swarm Optimisation (PSO) algorithms are used. GAs are based on evolu-192

tion theory and emulate the survival of the fittest individuals in a population.193

Their implementation builds on [30]. PSO algorithms are based on the be-194

haviour of bird flocking and fish schooling, where solutions of the optimisation195

problem are represented by particles moving in space. Their implementation196

builds on the code provided in [31]. The choice of the optimisation algorithms197

and their implementation is based on a previous study [12], where 14 different198

implementations in total were applied to a WEC optimisation problem. The199

same adaptable geometry definition was used for a device oscillating in surge200

only and in surge, heave and pitch while using different objective functions.201

The same combinations of Degrees-of-Freedom (DoFs) are used here as exam-202

ple cases to represent single and multi-DoF oscillating devices. An overview of203

the used implementations for the single-objective cases is provided in Table 1,204

where the used number of individuals NInd in the population for each iteration205

is provided. All optimisation problems were evaluated for 100 iterations unless206

convergence was reached after a minimum of 50 iterations. Convergence is de-207

fined as the objective function integer, calculated in [W] and [m], not improving208

for 20 iterations. Further details of the different implementations can be found209

in [12].210

Table 1: Summary of the most suitable optimisation algorithms for the studied cases.

Objective
function

# DoFs Algorithm NInd

f1 = −P̄
1 GA 44

3 GA 22

f2 = − P̄
V

1 PSO 22

3 PSO 44

f3 = − P̄
A

1 GA 44

3 PSO 22

For the multi-objective problems, an adapted Elitist Non-dominated Sorting211

Genetic Algorithm (NSGA-II) algorithm is used. This is a widely used optimisa-212

tion algorithm for multi-objective problems since it has proven to generate good213

results for a wide range of problems [32]. The implementation builds on [33].214

The most suitable implementation of this algorithm for WEC optimisation us-215

ing the same adaptable geometry definition was studied in [24], where it was216
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found that using Intermidiate Recombination [34] and Breeder Genetic Algo-217

rithm mutation [34] for the recombination and mutation operators, results in218

better optimisation results based on the resulting Pareto Front characteristics.219

In this case, all of the studied cases obtained better results with the same imple-220

mentation, in which the population is composed of 44 individuals, out of which221

40 parents are selected for reproduction. Further details can be found in [24].222

However, it should be noted here, that different objective functions were used223

in that study, where manufacturability was not taken into account. The use of224

partially different objective functions means that the solution space will be dif-225

ferent and therefore that an additional study should be performed for a better226

tuning of the algorithm to the problem at hand to improve the optimality of227

the found solutions. This is, however, outside of the scope of this study, which228

focuses on demonstrating and assessing the suitability of different approaches229

to include manufacturability in the optimisation process. Once one of these230

approaches is chosen and applied to WEC hull optimisation, a study to tune231

the optimisation algorithm implementation should be performed.232

2.5. Manufaturability considerations233

With the goal of including manufacturability in a geometry optimisation234

process, it is important to understand how available and new promising manu-235

facturing processes and materials constrain device geometry, through structural236

parameters such as curvature or hull thickness. Based on the literature reported237

in section 1.1, a set of materials and manufacturing processes is selected, listed238

in Table 2, so that a wide range of them is represented. For each of the material239

and manufacturing process combinations, constraints on size, wall thickness w,240

allowed radii r and Gaussian curvature κG for the part to be manufactured are241

collected in Table 3. If the Gaussian curvature is 0, it means that the shape242

is curved in only one direction - such as a rolled sheet of steel. A preliminary243

version of this review of materials and manufacturing processes was presented244

by the authors in [35].

Table 2: Selection of materials and manufacturing processes to be used for WEC’s fabrication
and assembly.

Material
group

Material
examples

Manufacturing process examples

Steel Mild Bending, Rolling, Welding
Concrete Reinforced Casting
Polymers HDPE Rotational moulding

Composites
GRP Spray, Adhesive bonding
FRP Vacuum bag moulding, Adhesive bonding

245
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Table 3: Manufacturing process specific constraints. The numbers in square brackets are
references.

Process w [mm] r
[mm]

Size κG 6=
0

Min Max Min Max

Bending 3 [36, 37] 150 [36] 0.5 w
[38]

2x4m
[36, 37]

7

Rolling 0.13 [39] 25 [39] 2 w
[39]

2x4m
[36, 37]

7

Welding [40] 3.175 - - - 3

Casting [41] - 2 wmin
1 1.5 w - 3

Rotational moulding [42] 0.75 50 13 10m3 3

Spray 1.524 [43] NA [43] 6 [44] 100m2

[44]
3

Vacuum bag moulding 2.032 [43] 12.7 [43] 1 [44] 20m2

[44]
7

Adhesive bonding [45] 2w+0.0512 2w+0.2542 - - 3

It becomes apparent that curvature, and the possibility of manufacturing246

parts with double curvatures (i.e. Gaussian curvature κG 6= 0) is the most247

constraining feature for both currently available processes using mild steel, and248

for new processes using composite materials. For this reason, the concept of249

curvatures in surfaces and their calculation are introduced in the following. Ad-250

ditionally, the minimum wall thickness will be indirectly constrained by the251

maximum curvature. The maximum allowed wall thickness due to the manufac-252

turing process could be considered through the displaced mass if a percentage253

contribution to the total weight of ballast and equipment can be assumed.254

Different strategies for including manufacturability and materials considera-255

tions in the geometry optimisation process will be evaluated here, by comparing256

the optimisation results to the ones obtained through an equivalent optimisa-257

tion process that does not include these considerations. The different strategies258

are introduced in section 3.259

2.5.1. Curvature definitions and calculation260

Surfaces are commonly represented implicitly (f(x, y, z) = 0), explicitly261

(z = f(x, y)) or parametrically (x = f(u, v), y = g(u, v), z = h(u, v)). In con-262

1Although no absolute wall thickness constraint was found, a constraint in the difference
in wall thickness within a part exists. ‘The recommended range of wall thickness is two times
the thinnest wall section.’ [41]

2The total wall thickness will include the wall thickness of the two parts to be bonded
together 2w and the required thickness of bonding material, taking into account an adhesive
bondline thickness of 0.051 to 0.254 mm according to [45].
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trast to implicit representations, the parametric surface definition supports the263

representation of points on the surface, enabling its polygonal description, and264

the analysis of its geometrical features. Compared to explicit representations265

it can also describe surfaces, where more than one z-value for a certain x-y-266

value combination exists, such as a sphere. The parametric surface definition is267

widely utilised in ship hull design since it can be used to describe a wide range268

of shapes. Therefore, an introduction to parametric surfaces based on differ-269

ential geometry theory [46], the geometry of surfaces for ship hull design [14],270

splines [47], and Matlab based modelling of curves and surfaces [48] is given271

here.272

In a parametric surface definition, each Cartesian coordinate (x, y, z) is ex-
pressed through two dimensionless parameters (u, v) in parametric space, for
defined ranges of these parameters u ∈ [a, b] and v ∈ [c, d], where x(u, v), y(u, v)
and z(u, v) are continuous. Mathematically this is described as

x = x(u, v), y = y(u, v), z = z(u, v) (7)

in Ψ = (u, v)|a ≤ u ≤ b, c ≤ v ≤ d,

or in matrix form

R = R(u, v) =

x(u, v)
y(u, v)
z(u, v)

 for (u, v) ∈ Ψ, (8)

where Ψ is the rectangular parametric space, and R is the vector of parametric273

equations of surface S. A specific combination of (u, v) values can be mapped on274

a point on the surface S in Cartesian coordinates through the parametric equa-275

tions R(u, v). A coordinate net on surface S is described by the u- and v-lines276

obtained, when the other parameter (v and u, respectively) is kept constant.277

These concepts are represented in Figure 3.278

v

u

a b

c

d

R(u,v)
z

x

y

(u,v)

Figure 3: Representation of a parametric surface definition, with u and v-lines represented in
grey [49].

From this parametric definition, various geometric properties can be found
through the use of the fundamental forms [46, 48]. The 1st fundamental form is
obtained from the squared arc element dS, where E, F and G are coefficients
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of the first fundamental form.

I = dS2 = (rudu+ rvdv)2 = Edu2 + 2Fdudv +Gdv2,

where ru =
∂R(u, v)

∂u
, rv =

∂R(u, v)

∂v
,

and E = ru · ru, F = ru · rv, G = rv · rv.

(9)

The surface area A of a patch on surface S corresponding to Ω in the para-
metric plane can be obtained with the help of this 1st parametric form, as
in equation (10), by making use of the vector product identity |ru × rv| =
(ru · ru)(rv · rv)− (ru · rv)2.

A(u, v) =

∫ ∫
Ω

|ru × rv| dudv =

∫ ∫
Ω

√
EG− F 2dudv. (10)

The 2nd fundamental form describes how the arc length changes with a
variable t along the surface’s normal vector n. The parametric equations that
describe the family of surfaces resulting from a stretch along the normal vector
can be written as R(u, v, t) = r(u, v)− tn(u, v). The 2nd fundamental form can
therefore be written as follows in equation (11), where L, M and N are the
coefficients of the second fundamental form.

II =
1

2

∂

∂t

(
E(t)du2 + 2F (t)dudv +G(t)dv2

)
|t=0,

where E(t) = ru · ru, F (t) = ru · rv, G(t) = rv · rv,
II = Ldu2 + 2Mdudv +Ndv2,

where L = ruu · n, M = ruv · n, N = rvv · n,

and ruu =
∂ru
∂u

, ruv =
∂ru
∂v

, rvv =
∂rv
∂v

.

(11)

With the help of these two fundamental forms, the curvature κ of the surface
in direction λ = (du, dv) can be obtained

κ(λ) =
Ldu2 + 2Mdudv +Ndv2

(Edu2 + 2Fdudv +Gdv2)
. (12)

Equation (12) can have two extreme values, which represent the surface’s279

principal curvatures (κ1 and κ2) in the principal directions (λ1 and λ2).280

The Gaussian curvature κG can be obtained from the fundamental forms or
the principal curvatures:

κG = κ1 · κ2 =
LN −M2

EG− F 2
, (13)

and the mean curvature κm is calculated as the average curvature between the
two extremes

κm =
1

2
(κ1 + κ2). (14)
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3. Case studies281

Shapes resulting from previous studies did not consider how the shapes could282

be manufactured, and if the available manufacturing techniques might constrain283

the range of feasible solutions. For this reason, different methodologies are284

introduced here, as example applications, for the inclusion of manufacturability285

considerations in the optimisation process of a WEC.286

There are different strategies for including manufacturability and materials287

in the geometry optimisation process. On one hand, if a certain manufacturing288

process and material combination has been chosen, this can change how the289

geometry is defined or can introduce additional constraints on the optimisation290

variables or on the feasible resulting geometries. On the other hand, if the aim291

is to find an optimal geometry that can be manufactured regardless of the man-292

ufacturing process and material choice, the geometry can be checked through293

similar but less limiting constraints. Both these options imply constraining the294

geometry definition according to manufacturing limitations. This is represented295

in Figure 4 (a). Another option is to not only constrain the geometry but to296

include the price or ease of manufacturing as an objective function in the op-297

timisation process, as shown in Figure 4 (b). This can be done by scoring the298

manufacturing processes and materials so that the most suitable manufacturing299

process aiming at cost reduction can be chosen. Hence, the result is either a300

multi-objective optimisation, where one objective is the manufacturability score301

and the second objective is the annual energy production, or a single-objective302

optimisation, where these two objectives are combined to represent a meaningful303

objective, for example as components of the LCOE.304

Geometry Definition

Wave Climate
Hydrodynamic 

Characteristics

Power Calculation

Optimisation 

Procedure
Converged?

End

Start

Yes

No

Materials and 

manufacturing 

process

Evaluation according to objective function

(a)

Geometry Definition

Wave Climate
Hydrodynamic 

Characteristics

Power Calculation

Optimisation 

Procedure
Converged?

End

Start

Yes

No

Materials and 

manufacturing 

process

Evaluation according to objective function

(b)

Figure 4: Ways of accounting for manufacturability within a geometry optimisation pro-
cess [49] (a) as a constraint, (b) as an objective function.
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In the following two subsections (3.1 and 3.2), manufacturability will be305

considered as a constraint within the geometry definition (subsection 3.1) and as306

an objective function in a multi-objective optimisation (subsection 3.2). Within307

subsection 3.1, two approaches will be pursued: constraining the geometry to be308

constructed from developable surfaces and constraining the geometry’s maximal309

curvature. In subsection 3.2, the maximal curvature will be used as one of the310

objective functions in a multi-objective optimisation311

3.1. Manufacturability as a geometry definition constraint312

As shown in Figure 4 (a), a possible strategy to include manufacturability in313

the optimisation process is to constraint the geometry definition itself. This is314

done here following two methodologies, firstly, defining the geometry to be man-315

ufacturable with a particular material and manufacturing process, and secondly,316

constraining the maximum curvature of the geometry.317

3.1.1. Developable surfaces in the shape definition for steel manufacturing318

The most limiting factor in the manufacturing of hulls out of rolled and319

welded steel sheets is the fact that these processes do not allow for double320

curvatures. It is common practice in the construction of ship hulls that the hull321

shape is designed to be composed of developable surfaces, which can be formed322

from flat steel sheets. The geometry definition is, therefore, limited here to the323

use of developable surfaces as a design constraint for manufacturability with324

steel. The resulting optimised shapes are compared to the unconstrained case.325

In this study, the manufacturability-constrained geometry is split into three326

developable surfaces (P1, P2, P3 in Figure 5) defined through cubic-spline curves327

in one parametric direction and linear spline curves in the other. The same328

definition of the polyhedron vertices is used as introduced in section 2.2. Shapes329

are optimised for the ojective functions introduced in section 2.3 f1 = −P̄ ,330

f2 = − P̄
V and f3 = − P̄

A . Preliminary results of this study were presented331

in [35].332
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Figure 5: Geometry definition using three developable surfaces (P1, P2, P3) defined with
cubic spline curves in one direction (blue) and linear spline curves in the other (red) [49].

3.1.2. Curvature as a constraint333

In the previous case, the geometry was defined based on a specific manufac-334

turing technique. In this case, the original geometry definition is used, however,335

a constraint on the allowed maximal curvature is applied, so that if the con-336

straint is violated, the geometry is penalised by setting P̄=0, V=Inf and A=Inf.337

The Gaussian curvature is commonly used to describe the curvature of a338

surface and it can be calculated from the principal curvatures (as shown in339

equation (13)). However, from its definition it becomes clear that if the curva-340

ture in one of the principal directions is zero, then the Gaussian curvature is341

also zero.342

As a result, to include curvature as a constraint, the maximal absolute value343

of the principal curvatures (κ1, κ2) across the whole surface is used, so that344

extreme curvatures can be avoided.345

This is done by calculating the values of the principal curvatures on the346

surface at a number of discrete points using the parametric surface representa-347

tion of section 2.5.1. The surface can be discretised into squares (in parametric348

space) by evaluating the surface represented by R(u, v) at a discrete number349

of equally-spaced u and v values. This was done by defining a set of vectors350

tu ∈ [−1, 1] and tv ∈ [−1, 1] with steps of size ∆u = ∆v. The maximal absolute351

values of the two principal curvatures at each point were mapped on the sur-352

face in Figure 6, and the run times and overall maximal absolute values for the353

different discretisation resolutions were recorded in Table 4. This preliminary354

study was performed to find the right trade-off of calculation accuracy and run355

time. The absolute values of the principal curvatures are taken since both con-356

vex and concave curves, corresponding to positive and negative curvatures, are357

considered in the optimisation process.358

In Figure 6, it can be seen that both (a) (∆u = 0.02) and (b) (∆u = 0.05)359

are able to represent all critical high curvature locations. In Table 4, however,360
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(a) ∆u = 0.02 (b) ∆u = 0.05

(c) ∆u = 0.1 (d) ∆u = 0.125

Figure 6: Half of optimal submgerged geometry with colormap reflecting the maximal abso-
lute value of the principal curvatures at each of the surface grid points for different surface
discretisation resolutions [49]. Note that the chosen range for the colormap does not include
the full range of obtained curvature values in order to visualise areas of moderate to high
curvatures. A red cross in each of the subfigures indicates where the highest curvature was
found.

Table 4: Summary of run time and overall maximal absolute principal curvature value κmax

results for different resolutions of the surface discretisation.

Resolution Run time [s] κmax [m−1]

∆u = 0.02 171.670 4.78E+04
∆u = 0.05 22.959 2.44E+03
∆u = 0.1 6.185 137.665

∆u = 0.125 3.615 85.168
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a large jump in calculation time can be seen when moving from ∆u = 0.05 to361

∆u = 0.02. For this reason, a resolution of ∆u = 0.05 is used for the curvature362

calculation. For the purpose of the present study, it is important for the high363

curvature locations to be recognised so that they can be avoided. The chosen364

option represents a good trade-off between accuracy and calculation time.365

The overall maximal curvature value obtained for each geometry with this366

method is then compared to an externally defined maximal curvature value.367

The choice of this constraint could be based on the available manufacturing368

processes and the allowed minimal radii. Here, multiple minimal radii between369

0.05 m and 0.25 m and hence, maximal absolute curvatures between 4 m−1
370

and 20 m−1 are chosen, to be able to evaluate the effect of this constraint on371

resulting shapes.372

Surging-only devices are optimised to minimise the objective function f3 =373

− P̄
V . This objective function is used here, since it has previously resulted in the374

most complex shapes [11, 24] and is, therefore, suitable to study the effect of375

including a curvature constraint in the optimisation process.376

3.2. Manufacturability as objective function377

Alternatively, manufacturability can be considered as an objective function378

in a multi-objective optimisation.379

Here, as before, the concept of curvature is employed, since it appears to be380

the most limiting factor for using different manufacturing processes. To include381

the concept of curvature in the objective function to be minimised, the overall382

maximal absolute value of the principal curvatures across the whole surface is383

used, as in section 3.1.2, so that extreme curvatures can be avoided.384

Single (surging) and multi-DoF (surging, heaving and pitching) oscillating385

devices are considered. The overall maximal absolute curvature is minimised,386

together with one of the following objective functions: f1 = −P̄ , f2 = − P̄
V or387

f3 = − P̄
A . The NSGA-II algorithm with modified genetic operators, introduced388

in section 2.4, is employed.389

4. Results390

4.1. Optimal geometries using developable surfaces in the shape definition for391

steel manufacturing392

The results of the optimisation when considering manufacturability as a393

constraint are presented in this section. In particular, this is done for the case394

in which the geometry constraint is implemented by adapting the geometry395

definition so that only shapes that can be manufactured from rolled sheets of396

steel can be generated through the optimisation. The shapes resulting from397

this manufacturability constrained optimisation are represented in Figures 7, 8,398

and 9, when using the objective functions f1 = −P̄ , f2 = − P̄
V , and f3 = P̄

A ,399

respectively. Note, for each of the subfigures (a) to (b) in Figures 7, 8, and 9,400

there are two images of the corresponding optimal submerged geometry. The401

left image is a view of the geometry from above the free surface and the right402
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image is a view from below the free surface. Similar trends to the optimisation403

results without the manufacturability constraint can be observed (see Appendix404

A for shapes without manufacturability considerations). Shapes optimised to405

maximise power tend to more hemispherical solutions. When using submerged406

volume as a proxy for costs, more complex and slender shapes result, despite this407

manufacurability constraint. When using submerged surface area cost proxies,408

shapes tend to conical solutions. The fact that here, a sharp, pointed tail409

appears in the preferred shape for the multi-DoF case (which was also the case in410

the unconstrained case), indicates that further manufacturability considerations,411

such as curvature constraints, need to be considered within the optimisation.412

(a) P̄ , Surge

(b) P̄ , Surge, Heave and Pitch

Figure 7: Manufacturability constrained optimal geometries for WECs oscillating in surge
only (a) and in surge, heave and pitch (b) optimised for f1 = −P̄ [49].

The mean annual power, submerged volume and submerged surface area for413

each of the resulting geometries are listed in Table 5 and 6, for the surging-only414

case, and the surging, heaving and pitching case, respectively. Similar results as415

obtained for the case without manufacturability constraints are achieved here.416

Interestingly, the P̄ values achieved through the constrained geometries for the417

single-DoF cases optimised for f1 = −P̄ and f2 = − P̄
V are higher than for the418

unconstrained case. This is because, in the former, a higher overall volume can419

be achieved through the modified geometry definition. In the latter, this allows420

for a larger cross-section perpendicular to the surging motion. In all the other421

cases, the larger flexibility of the unconstrained geometry definition results in422

higher mean annual power values.423
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(a) P̄ /V , Surge

(b) P̄ /V , Surge, Heave and Pitch

Figure 8: Manufacturability constrained optimal geometries for WECs oscillating in surge
only (a) and in surge, heave and pitch (b) optimised for f2 = −P̄ /V [49].

(a) P̄ /A, Surge

(b) P̄ /A, Surge, Heave and Pitch

Figure 9: Manufacturability constrained optimal geometries for WECs oscillating in surge
only (a) and in surge, heave and pitch (b) optimised for f3 = −P̄ /A [49].
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Table 5: Comparison of the optimisation results using developable surfaces in the shape defini-
tion (Constrained) and using the original definition proposed by McCabe [10] (Unconstrained)
for a device oscillating in surge.

Constrained Unconstrained

Objective P̄ V A P̄ V A

Function [kW] [m3] [m2] [kW] [m3] [m2]

f1 = −P̄ 365.280 3,526.107 739.860 359.890 3,426.843 875.666

f2 = − P̄
V 232.213 251.458 452.954 225.460 255.652 490.557

f3 = − P̄
A 143.454 579.003 122.500 200.232 839.501 386.109

Table 6: Comparison of the optimisation results using developable surfaces in the shape defini-
tion (Constrained) and using the original definition proposed by McCabe [10] (Unconstrained)
for a device oscillating in surge, heave and pitch.

Constrained Unconstrained

Objective P̄ V A P̄ V A

Function [kW] [m3] [m2] [kW] [m3] [m2]

f1 = −P̄ 935.589 2,645.577 670.097 954.684 2,262.850 801.101

f2 = − P̄
V 690.060 250.060 305.759 764.204 250.017 434.857

f3 = − P̄
A 367.519 250.291 52.396 505.340 250.071 175.760

Overall, the resulting shapes can be manufactured through the rolling of424

steel sheets. Using volume as a cost proxy still results in more complex shapes425

that are more difficult to manufacture, since they require very small radii of426

curvature and significantly varying curvatures along the developable surfaces.427

As had been shown in [12], f3 = − P̄
A results in a large reduction of the mean428

annual power (61% lower) when compared to shapes optimised for f1 = −P̄ .429

4.2. Optimal geometries using curvature as a constraint430

This section discusses the results obtained when manufacturability is rep-431

resented by a constraint on the maximal absolute curvature found on the sub-432

merged hull surface. The following constraints for the maximal absolute cur-433

vature were applied: 4 m−1, 8 m−1, 10 m−1, 15 m−1, 17.5 m−1, and 20 m−1.434

The optimisation was not able to find any optimal solutions fulfilling these con-435

straints for the first four cases. Only 12 and 9 feasible solutions over the whole436

optimisation process were found for κmax ≤ 17.5 m−1 and κmax ≤ 20 m−1, re-437

spectively. Since these are not enough for the optimisation to function correctly,438

the number of individuals was doubled. For κmax ≤ 10 m−1 again no feasible439

solutions were found, and for κmax ≤ 15 m−1 only 17 feasible solutions over the440

whole optimisation process were generated. In the cases of κmax ≤ 17.5 m−1,441
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and 20 m−1, 17 and no feasible solutions were generated, respectively. Based442

on this, it can be concluded that the curvature constraint is too restrictive in443

this case, so that the optimisation algorithm is not able to generate enough444

feasible solutions for the optimisation procedure to function. For this reason,445

no further results are reported on this study. However, it should be noted that446

here this constraint is used in combination with objective function f2 = − P̄
V ,447

exactly because shapes of larger curvature tend to be generated to achieve lower448

submerged volume values and introducing this constraint was aiming at counter-449

acting this behaviour. So although this constraint does not serve this purpose450

with the current optimisation formulation, this curvature constraint may still451

be applicable to other cases using different geometry definitions or objective452

functions such as f1 = −P̄ .453

4.3. Optimal geometries using manufacturability as objective function454

This section presents the results obtained when the maximal absolute curva-455

ture on the submerged hull surface is considered as an objective to be minimised456

in a bi-objective optimisation, together with f1 = −P̄ , f2 = − P̄
V or f3 = − P̄

A .457

The Pareto fronts for each of the combinations of objective functions are repre-458

sented in pairs of one (a) and multiple (b) DoF oscillating cases in Figures 10, 11459

and 12. The resulting shapes at the extremes of each of the Pareto fronts and at460

their median are represented for each of the combination of objective functions461

in Figures 13, 14 and 15.462

From comparison of the Pareto fronts, it can be seen that shapes within463

much lower curvature ranges (2 to 10 m−1) result when submerged volume and464

submerged surface area are not accounted for in the objective functions (see465

Figure 10). The highest curvature values are achieved in the case where the466

objective function f2 = − P̄
V is used. In particular, this is the case for the467

surging-only device, where shapes with curvatures of up to 800 m−1 are part of468

the Pareto front (see Figure 11 (a)). For devices oscillating in multiple DoFs,469

the same curvature ranges result from using submerged volume and submerged470

surface area in one of the objective functions (see Figures 11 (b) and 12 (b)).471

Regarding the shapes, it can be seen that, apart from the surging-only case472

using f2 = − P̄
V , shapes do not vary much along the found Pareto fronts. This473

could be a sign that the algorithm is struggling to find the true Pareto front.474

In the surging-only cases, curvature seems to be decreased by introducing a475

concave surface at the bottom of the device (see Figures 13 (e) and 15 (e)).476

This results in a shape where curvature changes sign along one of the principal477

directions. This shape might require more steps to manufacture, and might,478

therefore, increase manufacturing complexity more than having a higher max-479

imum curvature. This could be considered in the future for a more precise480

definition of manufacturability considering not only maximum curvature but481

also curvature sign changes. With the present implementation this should be482

considered when choosing from the range of solutions on the Pareto front.483

Particularly in Figures 13 (b), (d), and (f), it can be observed, that although484

the maximal absolute curvature of the submerged surface is minimised, the485
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transition over the symmetry plane is not smooth, and edges result on this486

plane. To avoid this from happening, the geometry needs to be defined so that487

the surface is always continuous over the symmetry plane. This is a condition488

that should be included in the future.489

Additionally, it can be observed that the mean annual power is not strongly490

affected by the maximal absolute curvature value with a decrease in mean annual491

power of 19% for a decrease in curvature of 81% in the case where only the492

overall mean annual power (f1 = −P̄ ) is minimised as second objective. There493

are even cases when using f2 = − P̄
V and f3 = − P̄

A as second objectives, where494

the mean annual power increases with decreasing maximal absolute curvature.495

This means, that if representing manufacturability with maximum curvature the496

objective of improving manufacturability is not opposed to maximising mean497

annual power.498

Overall, the highest curvatures result from using submerged volume in one499

of the objective functions, and at the symmetry plane due to lack of a continu-500

ity condition. Curvature values do not seem to have a strong impact on mean501

annual power. Finally, it should be noted, that although the multi-objective502

optimisation algorithm implementation was found to work well for similar prob-503

lems, it is not tuned to the problem at hand. A more in depth comparison of504

different multi-objective algorithm implementations would be required for each505

of the studied problems, to ensure that the Pareto Front resulting from the506

optimisation approaches the true Pareto front.507

(a) Surge (b) Surge, Heave and Pitch

Figure 10: Pareto fronts for multi-objective optimisation with objective functions −P̄ and
κmax [49].
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(a) Surge (b) Surge, Heave and Pitch

Figure 11: Pareto fronts for multi-objective optimisation with objective functions −P̄ /V and
κmax [49].

(a) Surge (b) Surge, Heave and Pitch

Figure 12: Pareto fronts for multi-objective optimisation with objetive functions −P̄ /A and
κmax [49].
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(a) κmax = 10.226 m−1, P̄ = 320.756 kW (b) κmax = 8.199 m−1, P̄ = 924.766 kW

(c) κmax = 4.875 m−1, P̄ = 312.056 kW (d) κmax = 3.012 m−1, P̄ = 916.021 kW

(e) κmax = 1.987 m−1, P̄ = 260.304 kW (f) κmax = 2.496 m−1, P̄ = 885.509 kW

Figure 13: Optimal shapes on the P̄ -κmax-Pareto front for a surging-only device (a), (d) and
(e), and for a surging, heaving and pitching device (b), (d), (f). (a) and (b), and (e) and (f)
represent the respective Pareto front limits, and (b) and (c) represent an optimal geometry in
the central area of each Pareto front [49].
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(a) κmax = 751.903 m−1, P̄ = 94.196 kW (b) κmax = 72.917 m−1, P̄ = 526.330 kW

(c) κmax = 34.717 m−1, P̄ = 92.607 kW (d) κmax = 34.316 m−1, P̄ = 512.784 kW

(e) κmax = 6.845 m−1, P̄ = 189.174 kW (f) κmax = 10.710 m−1, P̄ = 484.168 kW

Figure 14: Optimal shapes on the P̄ /V -κmax-Pareto front for a surging-only device (a), (d)
and (e), and for a surging, heaving and pitching device (b), (d), (f). (a) and (b), and (e) and
(f) represent the respective Pareto front limits, and (b) and (c) represent an optimal geometry
in the central area of each Pareto front [49].
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(a) κmax = 47.209 m−1, P̄ = 213.166 kW (b) κmax = 80.372 m−1, P̄ = 459.677 kW

(c) κmax = 18.000 m−1, P̄ = 206.912 kW (d) κmax = 18.880 m−1, P̄ = 457.609 kW

(e) κmax = 1.469 m−1, P̄ = 193.311 kW (f) κmax = 2.723 m−1, P̄ = 534.992 kW

Figure 15: Optimal shapes on the P̄ /A-κmax-Pareto front for a surging-only device (a), (d)
and (e), and for a surging, heaving and pitching device (b), (d), (f). (a) and (b), and (e) and
(f) represent the respective Pareto front limits, and (b) and (c) represent an optimal geometry
in the central area of each Pareto front [49].

5. Conclusions508

Manufacturability has not been previously considered in Wave Energy Con-509

verter (WEC) hull design optimisation studies. Three different ways to include510

manufacturability considerations in the WEC geometry optimisation process511

have been investigated here.512

The use of developable surfaces, as performed in ship hull design for man-513

ufacturing, was studied using objective functions: f1 = −P̄ , f2 = − P̄
V , and514

f3 = − P̄
A . Volume was found to not be a suitable proxy for costs, due to the515

more complex shapes resulting from those optimisation runs, with multiple cur-516
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vatures of smaller radii, and the amount of material required depending on the517

surface area and not on the volume. Using rolled steel sheets as an example,518

it was shown that the WEC geometry can be defined specifically for the use519

of a given manufacturing process and material without constraining the per-520

formance of the resulting solutions. Similar approaches can be used with other521

manufacturing processes and materials to obtain optimised hull shapes for those522

cases.523

To improve the results obtained with volume-based cost proxies, the use of524

curvature as a constraint in combination with f2 = − P̄
V was investigated. This525

proved to be very limiting, even for a range of maximum absolute curvature val-526

ues, so that very few feasible solutions could be generated in the optimisation527

process. It was, therefore, concluded that a curvature constraint is not suitable528

to improve the results obtained with volume-based cost proxies with the geom-529

etry definition used here. For other geometry definitions or in combination with530

other objective functions, a curvature constraint may still be useful to improve531

manufacturability of the resulting shapes.532

The use of maximal absolute curvature in the objective function of a multi-533

objective optimisation was also studied. With this optimisation set-up, a range534

of solutions was generated in combination with objective functions: f1 = −P̄ ,535

f2 = − P̄
V , and f3 = − P̄

A , for a single and a multi-DoF oscillating device. It536

was found that the maximum absolute curvature value has little effect on mean537

annual power, and that the non-existence of a continuity condition at the sym-538

metry plane of the hull shape resulted in some solutions having sharp edges539

along that plane. It was also found that multiple curvatures were introduced to540

reduce the value of the maximal curvature. For these reasons, for this approach541

to deliver consistent results it is recommended in the future to include a conti-542

nuity condition at the symmetry-plane and to consider and define in more detail543

the optimal trade-off between smaller maximal curvatures and the number of544

curvatures in a given direction, which may result in additional manufacturing545

steps.546

Although a particular geometry definition and a single-floating device was547

considered here, the discussed approaches to incorporate manufacturability in548

a WEC hull optimisation process are considered applicable to any rigid floating549

bodies and can be used by technology developers within their WEC design550

process to improve performance while reducing costs.551
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Appendix A. Optimal shapes for unconstrained case558

The optimal shapes for the case where manufacturability was not considered559

in the optimisation process, as discussed in [24], are provided here for context.560

(a) P, Surge

(b) P, Surge, Heave and Pitch

Figure A.16: Resulting optimal geometries for WECs oscillating in surge only (a) and in surge,
heave and pitch (b) optimised for f1 = −P̄ when not considering manufacturability [50].
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(a) P̄
V

, Surge

(b) P̄
V

, Surge, Heave and Pitch

Figure A.17: Resulting optimal geometries for WECs oscillating in surge only (a) and in surge,
heave and pitch (b) optimised for f2 = −P̄ /V when not considering manufacturability [50].

(a) P̄
A

, Surge

(b) P̄
A

, Surge, Heave and Pitch

Figure A.18: Resulting optimal geometries for WECs oscillating in surge only (a) and in surge,
heave and pitch (b) optimised for f3 = −P̄ /A when not considering manufacturability [50].
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