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Abstract: The evolution of innovative and systematic design methodologies over time has widened

the design concept involvement from the product development phase, which also includes the

production and start-up phases. Literature findings have presented to accomplish a Generative

Design (GD) approach through the application of an innovative method called Industrial Structure

Design (IDeS), a systematic design method able to discover the customer’s needs and the fundamental

technical solutions to obtain a good innovative product, involving the whole organization for this

achievement. Nevertheless, there is a social demand for solutions to the dramatic and growing

problem of marine pollution from plastic materials, encouraging the designers to conceive a new

innovative drone for waste collection at sea. Therefore, this study aims to merge all the most

advanced design technologies with IDeS in an integrated way, by generating a structure that can also

be adopted to plan the organization of a production company. The approach is validated with the

design of the Recovery Plastic Drone (RPD) obtained with the IDeS methodology, combining Design

and Product development phases, leading to a better and innovative solution for the market.

Keywords: industrial design structure (IDeS); quality function deployment (QFD); stylistic design

engineering (SDE); Generative Design (GD); Design Sea; Plastics Recovery Drone (PRD)

1. Introduction

This work illustrates a new and innovative methodology for the development of an
industrial project through the use of advanced design techniques. Generative Design (GD)
is a methodology that uses tools such as Quality Functions Deployment (QFD) or Stylistic
Design Engineering (SDE) to help engineers and designers to develop a new product. Over
time, the GD methodology has evolved into the more modern Design for Six Sigma (DFSS)
methodology, deployed in with the product development phases through the use of other
tools such as Benchmarking (BM), Top–flop Analysis (TFA) and Product Architecture [1,2].
Furthermore, as GD methodology proved to be a valid choice to design for applications, it
does not involve other key company areas to seamlessly integrate the design criteria across
all production and manufacturing departments. The evolution of GD approach is called
Industrial Design Structure (IDeS).

Moreover, this document aims to explain the application of the IDeS methodology for
product development. IDeS is a design-based method to gather the appropriate organiza-
tion structure needed to seamlessly develop a product designed accurately for a specific
market segment, and that needs to be put into production in a short time. Therefore, IDeS
methodology would organize the design steps of industrial projects, allowing to generate
a link between the design structure and the company organization. With this process,
IDeS methodology proves to deliver a customer-centered product by taking into account
the industrialization part, which is of great importance in order to throw a high quality
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product that would be economically feasible to the organization. Figure 1 summarizes the
IDeS methodology as a procedure which involves both product development and start-up
phases, leading to adopt a different company organization. This method is an evolution
from past, well-known design methodologies like QFD and SDE, which englobe the GD
approach, and DFSS that has been accepted by industries worldwide for reaching high
quality levels, by using tools like the Top–Flop Analysis (TFA), Benchmarking (BM) and
Product Architecture deployment. Different research findings about the application of
this methodologies demonstrated the objective to gather a full project concept approach
to provide the designer with a scheme that could guide them through the work for best
results across all departments [3–6]. However, it can be used across many industries such
as automotive, electronics, information technology, marketing, waste management and
medical plants.

Figure 1. IDeS methodology embraces other product design methods and includes initial production

phase.

The development and diffusion of the methodology are demonstrated by the increas-
ing presence of scientific articles dealing with this topic. Research conducted by Javid
Butt [7] deals with the implementation of enabling technologies of industry 4.0 through
Lean Six Sigma approaches. To this end, he considered the best practices existing in the field
of marketing and management of production technology. The methodologies examined
include the Quality Function Deployment (QFD) and Design for Six Sigma (DFSS) approach.

Similarly, O.M. Ikumapayi et al. and E.V. Gijo et al. [8,9] compared the results produced
in the field of Six Sigma by the most recent methodologies that help organizations to reduce
defects whilst reducing overall cycle time.

Likewise, the work conducted by Siddra Qayyum [10] compares the DMADV method-
ology [11,12] with the DFSS methodology. The first considers the development of products
that do not yet satisfy the customer’s aspiration. Conversely, the DFSS methodology aims
to optimize production processes based on customer needs. An example of application of
the methodology is given by the work of I.A. Daniyan et al. [13] that uses the interactive
approach of acquisition, data processing and exchange of ideas between users and the
system, typical of the DFSS methodology to create internal and external accessories for rail-
way wagons. A second application example is provided by Ana Luisa Oliveira da Nóbrega
Costa et al. [14], who designed an assistive device that allows people with quadriplegia to
play Paralympic tennis.

Subsequently, previous research has been performed with the intention of expanding
previously known design methodologies, like SDE [3] and QFD, towards IDeS methodology
by means of including additional production-wise approaches. Trials have been made about
conceiving a futuristic family car [5], a city car [15] and a futuristic mobility solution [16],
solutions of which started to build up the design approach together with the feedback
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of other project development areas including production. The proposed product set-up
phases can be seen in Figure 2. Later, a description of GD was made by Briard, Segonds and
Zamariola [17] as a set of know-hows which would indicate the main design parameters, or
to optimize an existing design, in order to take on previous defined criteria by the end user.
This approach to a design decision rules out that a complete analysis must be taken prior
to beginning to analyze the different design options of the part. The research of Marinov
et al. [18] states that the GD approach is keen to synthetize design choices by analyzing the
whole part in order to reach objectives. This approach could also be useful to gather every
relevant input of the part, like simulation parameters, comparison criteria and final market
scope decisions.

Figure 2. IDeS product set-up phase.

Meanwhile, recent discoveries about the application of numerical methods would
allow to improve the development of compact communication devices with the Beam
Propagation Method (BPM) by means of a new compact wavelength demultiplexer by
Malka [19], which allows to implement a communication device that uses a slot-waveguide
that also overcomes path-loss, allowing to obtain a high bit rate, supporting to transmit
light without restriction losses. Another method, this time applying the Finite-difference
time-domain (FDTD), could also aim to combine multiple coherent sources on integrated
circuits [20].

Nevertheless, in recent years, due to the increase in global plastic production and
poor waste collection, marine pollution has increased significantly. To date, however, few
reports have focused on the development and mobilization of technologies that harvest
marine plastic pollution [21,22]. This case study was considered for an application of the
IDeS methodology. Consequently, the design of a drone for plastic recovery at sea can
be revealed as an answer to fill this gap. This study explains how the IDeS methodology
was applied to the design of a Plastic Recovery Drone (PRD) on the basis of a careful
environmental and market analysis that represents an innovative solution to the problem
of marine pollution.

2. Materials and Methods

In order to apply the IDeS methodology (Figure 3), an understanding of the three
main phases in which it is structured is needed:

1. Design Setting.
2. Product Development.
3. Production setup.

The first two phases mainly involve the figures of designers and mechanical engineers,
while the third belongs to manufacturing and production technicians. Furthermore, GD
methodology establishes that an accurate styling design engineering must be obtained to
generate feasible design solutions, by including diverse tools to evaluate the feasibility of
these potential solutions. Therefore, GD would use all the tools included in the Design
setting of the IDeS methodology outlined in Figure 3.
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Figure 3. Industrial Design Structure Methodology.

This report concerned the first two phases of the methodology, aiming to deliver a
production-ready element, just for its final acceptance before the production processes
design step. Therefore, the described procedure can be summarized in the following
design phases:

1. Define: includes an environmental analysis, a market analysis and the declaration
of objectives.

2. Measure: includes the development of the Quality Function Deployment.
3. Analyze: includes Benchmarking, Top–Flop Analysis and the WHAT/HOW Relation-

ship Matrix.
4. Design: includes Product Architecture and Stylistic Design Engineering (SDE).
5. Validate: consists in the production of the prototype. It is essential that it is in line

with the required characteristic.

2.1. Design Setting

2.1.1. QFD Method

QFD is a methodology that starts from a careful market and competition analysis and
provides mechanical designers a better understanding of the customer’s needs and require-
ments. This is essential in order to define what the project objectives are. Consequently, it
is possible to develop solutions that respond positively to customer requests [23,24].

The tools of the QFD methodology are:

1. The Six Questions.
2. The Matrix of the Relations of Dependence/Independence.
3. The Matrix of Relationships of Relative Importance.

Six questions identify the characteristics that the product must possess. They are
the following:

(a) Who: Who is the product for?
(b) What: What is the function of the product?
(c) How: How is the product used?
(d) Where: Where is the product used?
(e) When: When is the product used?
(f) Why: What is its purpose?

The Matrix of the Relations of Dependence/Independence is a table that shows on the
rows and columns the main characteristics that the product must have according to the
analysis carried out with the six questions.

It is worth considering how much the requirements on the rows are dependent on the
requirements placed on the columns, determining cause-and-effect relationships between
the product requirements. Depending on the type of relationship, each cell is assigned a
numeric value which can be 0, 1, 3 or 9.
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In particular, the value is assigned:

• 0 = the relationship between the characteristic of the row and the column is null.
• 1 = the relationship between the characteristic of the row and the column is weak.
• 3 = the relationship between the characteristic of the row and the column is average.
• 9 = the relationship between the row and column characteristic is strong.

Moreover, in the case of the Matrix of Relationships of Relative Importance, it is
proceeded by placing on the rows and columns the main characteristics that the product
must have and which emerged from the analysis carried out with the six questions.

One concern may be to what extent the requirements on the rows are more or are less
important than the requirements on the columns. Depending on the type of relationship,
each cell is assigned a numerical value from 0 to 2. In particular, the value is assigned:

• 0 = the characteristic of the row is more important than the column.
• 1 = the characteristic of the row and the column have the same importance.
• 2 = the characteristic of the column is more important than the row.

2.1.2. Benchmarking and Top–Flop Analysis

Benchmarking is a methodology that, through a careful comparison with the competi-
tion or with the products previously made, allows designers to understand the limits to be
overcome in order to innovate.

Therefore, competitive or previously manufactured products are considered, and the
most relevant technical characteristics are illustrated for each of them. In this way, the
benchmarking matrix is built.

The next step concerns a Top–Flop Analysis, which consists of a quantitative study of
the best (top) and worst (flop) characteristics of each product examined. The differences
between tops and flops for each element are then considered. The highest ∆ score among
the differences obtained indicates the minimum number of innovative product features in
the design phase.

Once the number of characteristics to be innovated has been established, it is necessary
to find out which ones they are. To this end, the What–How Matrix is considered, which
reconciles the results obtained for the relationship matrices with those found through
Top–Flop Analysis. The matrix has as rows the fundamental requirements of the product
obtained through the relationship matrices and as columns the technical characteristics
considered by the analysis of competitive products. Each box is assigned a number that can
be 0, 1, 3 or 9 according to the degree of influence that the characteristics considered have
on the requirements of the product to be manufactured. By adding the values obtained for
each column, the characteristics of the product to be innovated are obtained.

2.1.3. Product Architecture

This underlies the scheme by which the individual functions of the product are
attributed to its physical components. It is a system design that allows the designer to have
an overall view of both the aesthetics and the functional part of the project [25,26].

2.1.4. Stylistic Design Engineering (SDE)

Stylistic Design Engineering (SDE) is an engineering approach that enables the devel-
opment of industrial design projects. It involves the following stages:

1. Analysis of stylistic trends.
2. Freehand sketches, essential for outlining the first drafts of the prototype.
3. Two-dimensional (2D) drawing done with modeling software such as AutoCAD

(Autodesk Inc., San Rafael, CA, USA). This phase allows you to estimate the right
measurements and proportions.

4. Three-dimensional (3D) model obtained with 3D modeling software such as PTC Creo
(PTC Inc., Boston, MA, USA).
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5. Rendering performed with rendering software such as Keyshot (Luxion Inc., Aarhus,
Denmark) and Vred (Autodesk Inc., San Rafael, CA, USA).

2.2. Product Development

2.2.1. Design Engineering

In the design engineering phase, the dimensions, materials and technologies to be
used for the model are determined. Two- and three-dimensional (2D and 3D) modeling
software is used for this purpose.

2.2.2. Prototyping and Rendering of Product

Prototypes can be digitally made, to gather aesthetics performance—functional and
virtual. The digital prototyping phase takes place through parametric CAD software that
allows to easily make changes to the parameters. The product rendering phase allows to
obtain an aesthetic prototype with the help of rendering software such as Keyshot and
Vred. Functional prototyping allows to obtain prototypes in 1:1 scale. Finally, the virtual
prototype is obtained through augmented reality.

2.3. Case Study

2.3.1. GD Definition—QFD Method

The first tool to be used in the QFD methodology concerns the Six Questions. The
idea is to design a marine drone capable of solving the problem of plastic at sea. The drone
should therefore be used daily and operate in marine areas where the greatest accumulation
of waste occurs.

2.3.2. GD Measure

The Matrix of the Relations of Dependence/Independence

From a careful analysis of the customer’s needs and requests, the following list of
requirements for the product has been reached: 1. Simplicity, 2. Reliability, 3. Aesthetics, 4.
No degradability, 5. Resistance, 6. Modularity, and 7. Traceability.

These characteristics are used in the relationship matrices exhibited in Table 1, repre-
senting the Matrix of dependence/independence interactions which identifies the main
requirements that the product must have in terms of the cause-effect relationship. Subse-
quently, the main requirements to be included are 3. Aesthetics (54), 1. Simplicity (34), 4.
No degradability (33), and 7. Traceability (27).

Table 1. Dependence/Independence Matrix.

1. 2. 3. 4. 5. 6. 7.

1. Simplicity - 9 9 3 3 1 9

2. Reliability 9 - 9 3 0 1 0

3. Aesthetics 9 9 - 9 9 0 9

4. No degradability 1 0 9 - 0 9 0

5. Resistance 9 0 9 0 - 0 0

6. Modularity 3 3 9 9 1 - 9

7. Traceability 3 3 9 9 9 9 -

Total 34 24 54 33 22 20 27

The Matrix of Relationships of Relative Importance

Meanwhile, the Relative Importance Matrix helps designers to identify the most
important requirements for customers to implement in the new product. Table 2 shows
the scoring of this requirements, resulting in 2. Reliability (11), 5. Resistance (11), 4. No
Degradability (9), and 7. Traceability (9).
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Table 2. Relative Importance Relationship Matrix.

1. 2. 3. 4. 5. 6. 7.

1. Simplicity 1 2 0 2 2 0 2

2. Reliability 0 1 0 1 1 0 0

3. Aesthetics 2 2 1 2 2 2 2

4. No degradability 0 1 0 1 1 0 2

5. Resistance 0 1 0 1 1 0 0

6. Modularity 2 2 0 2 2 1 2

7. Traceability 0 2 0 0 2 0 1

Total 5 11 1 9 11 3 9

By adding together the particular characteristics that emerged from the two matrices,
it is possible to obtain the following list of requirements: 1. Simplicity, 2. Reliability,
3. Aesthetics, 4. No Degradability, 5. Resistance, and 7. Traceability.

2.3.3. GD Analyze—Benchmarking and Top–Flop Analysis

The main solutions for collecting marine plastic pollution on the market are illustrated
in Figure 4. The first solution analyzed is called “Waste Shark”. It is a remote-controlled
drone manufactured by the Dutch company Rainmarine. Its special characteristics include a
great agility that allows it to collect plastic fragments even in small spaces. It also represents
an eco-friendly solution. Among the disadvantages, it has a limited autonomy [27]. The
second possibility is called “Seabin”. It is a basket immersed in water and connected to
an electric suction pump that attracts floating waste. The garbage ends up in a bag made
of natural fibers and a separator cleans the water that will be returned to the sea. The
special characteristics represented by this solution are the economy and the small size of
the basket which collects waste even in limited spaces. Disadvantages include a reduced
capacity to contain waste, difficulty in disposing of waste in the shortest possible time and
the consumption of electricity [28]. The third option is represented by “Le Manta”, a latest
generation catamaran designed by French sailor Yvan Bourgnon which has a very efficient
waste collection capacity but requires constant management by dedicated equipment and
a high cost [29]. The last solution analyzed is given by Boyan Slat’s “Ocean Clean Up”.
It consists of a barrier that exploits the flow of sea currents, allowing the plastic to be
conveyed inside. The special feature concerns the autonomy of the project which does not
require constant supervision [30].

Benchmarking was performed by means of the matrix shown in Table 3. It lists
the unique characteristics of each possible approach, with the most important for this
project acceptance being to have rather compact dimensions, eco-friendliness (i.e., to
cause lower impact on the sea water and its wildlife), enough storage capacity and no
emissions. Furthermore, the innovative and valuable characteristics (Top Characteristics)
are highlighted in green, and the worst characteristics (Flop characteristics) are highlighted
in red. The Benchmarking Matrix created allowed to easily perform the Top–Flop Analysis
shown in Table 4. In it, the top and flop characteristics of each solution are counted, and
their difference delta (∆) is calculated. The highest score among the differences found is 3.
This means that, to innovate, it is necessary that the drone to be built must have at least
three innovative features.

Finally, through the What–How Matrix represented in Table 5, it is possible to trace
which are the technical characteristics to be considered as the target of the new project
in order to have an innovative product. These characteristics are Autonomy, Capacity,
Recovery and Control.
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Figure 4. Main solutions for collecting marine plastic pollution on the market: (a) WasteShark; (b) Seabin; (c) OceanCleanUp;

(d) Le Manta.

Table 3. Benchmarking Matrix.

Le Manta Waste Shark Ocean Clean Up Seabin Innovation

Dimensions (m) 70 × 49 × 61 1.55 × 1 × 0.45 600 0.9 × 0.5 × 1.8 0.9 × 0.5 × 1.8

Eco-Friendly DiD Symbiosis ND ND Symbiosis

Capacity 300,000 L 200 L ND 20 Kg 300,000 L

Cost (EUR) 150,000 15,000 1860.531 200 200

Autonomy Fully 24 h Fully 1 Month Fully

Recovery Immediate stock
Collection &
Monitoring

Accumulation Accumulation Immediate

Control
Ship’s

Company
Remote or Track Automatic Manual Automatic

Consumption Renewable energy Renewable energy No emission Electricity Renewable energy

Application Ocean Canal river Ocean Piers or Ports Ocean

Table 4. Top–Flop Analysis Matrix.

Le Manta
Waste
Shark

Ocean Clean Up Seabin Innovation

Top 5 2 3 2

Flop 2 1 3 5

∆ 3 1 0 −3 ≥3
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Table 5. What–How Matrix.

Dimensions Eco Friendly Capacity Cost Autonomy Recovery Control Consumption Application

Reliability 1 9 9 3 9 9 9 0 0

Resistance 0 0 0 3 3 0 0 0 3

No Degradability 0 0 0 3 0 0 0 0 0

Traceability 3 0 0 0 3 9 9 0 3

Simplicity 9 1 9 1 9 9 9 3 3

Aesthetics 0 3 3 9 0 0 0 3 1

13 13 21 19 24 27 21 6 10

2.3.4. GD Design—Product Architecture

The first aspect analyzed concerns the waste collection method. After some investiga-
tion, the choice fell on the use of a compactor. Compaction consists in the pressing of the
material to be recycled into shapes of different geometric dimensions depending on the
necessary treatment.

The practicality of this solution is conducted for logistical and storage advantage. The
reduction of the volume of waste, in fact, allows to increase the load capacity. This aspect
allows to reduce the number of mission cycles and therefore to increase the product-service.
It was decided to discard other similar solutions such as the use of a shredder because it
would not ensure adequate recycling of the waste which, once shredded, could return to
the sea.

Another reason why the method of waste compaction and not of shredding was
chosen relates to the origin of the materials found in the sea, namely, plastic and cans. To be
shredded, these materials use high efficiency components with a high energy consumption
not suitable for a device that works for the environment. The idea is in fact to design a
drone that operates with a low-consumption energy system. A solution in this regard is
represented by the use of solar panels and therefore of clean energy.

After determining the practical method of collection, the research focused on how the
drone should move. From the Benchmarking analysis, it emerged that the “OceanCleanUp”
has the highest degree of autonomy among the solutions analyzed. In fact, the system
navigates autonomously by exploiting the motion of the tides.

It was decided to opt for a “controlled derivative” system, which, by exploiting
the motion of the currents, allows the drone to reach the desired point autonomously.
However, the management of drone motion in environments subject to strong currents
made it necessary to include a propulsion system in the project. Therefore, initial research
phase initially concentrated on the use of “Idrojet” engines. They are pumping systems
or nautical propulsion consisting of a dynamic intake that allows to intercept a fluid. It
is forced into the supply line, is accelerated by the pump and is then expelled through
the nozzle.

However, this idea was rejected due to the high maintenance costs caused by the
unavoidable ingestion of debris. It was decided to opt for the use of two outboard motors.
The advantages deriving from the use of the electric outboard are: high silence, which
allows the drone to move without disturbing the marine fauna; high economy; and high
performance guaranteed by a light and compact design. The disadvantage of using an
electric-powered outboard is its low range. However, being an auxiliary propulsion system
used only for short distances, it was still decided to opt for this choice. The architecture of
the selected drone is shown in Figure 5.
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Figure 5. Product Architecture.

Stylistic Design Engineering (SDE)—Nature-Inspired Approach

In order to select the Design approach adapted to the project’s needs, four different
styles were analyzed, and drawings were made for each of them.

A. Stone style. It is characterized by the constant use of rigid lines, often square
(Figures 6 and 7).

Figure 6. Stone Style Examples.

Figure 7. Stone Style Sketches.
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B. Retro style. It is characterized by softer and more pleasant lines (Figures 8 and 9).

Figure 8. Retro Style Examples.

Figure 9. Retro Style Sketch.

C. Futuristic style. It features soft, aerodynamic curves and new futuristic shapes
(Figures 10 and 11).

Figure 10. Futuristic Style Examples.
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Figure 11. Futuristic Style Sketch.

D. Natural style. It is characterized by smooth and, above all, zoomorphic lines. The
prototype seems to want to integrate into the marine world by assuming its shapes
and appearance (Figures 12 and 13).

Figure 12. Natural Style Examples.

In light of the sketches, the natural style was chosen as the reference model. In fact,
it was considered necessary to integrate the project with the marine world as much as
possible, not only through eco-sustainable design choices, but also through appropriate
aesthetic and stylistic choices.
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Figure 13. Natural Style Sketch.

Product Architecture Development

Design Engineering

One of the first design constraints to emerge through the project was the material
choice for the construction of the prototype, as technical characteristics such as adaptability
to the sector of use, resistance, unsinkability, and economic and environmental sustain-
ability were considered. Figure 14 represents the orthogonal projections of the drone to be
made. In particular, all the dimensions chosen for its prototyping are highlighted.

Figure 14. Design engineering: orthogonal projections, measures in (cm).

For this reason, it was decided to use aluminum instead of fiberglass for the construc-
tion of the hull. In fact, aluminum allows for the construction of a hull that weighs about
half of the corresponding fiberglass units. Therefore, a careful design of the hull has to be
developed so that it is possible to guarantee complete unsinkability. The hull drawing after
being completed by the software is sent to a plasma cutting machine. It divides the sheet
into pieces that are joined by special welding machines. The result is that of a performing
hull with a fluid and pleasant design. Another strong point of aluminum choice is its high
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impact resistance and its simplicity of processing. This material, in fact, has an impact
resistance up to three times higher than that of fiberglass. Additionally, the maintenance
costs of aluminum are contained. Finally, the eco-sustainable aspect of the material was
considered throughout its life cycle. Aluminum is a totally recyclable material; in fact, at
the time of disposal, it is always possible to cut it and bring it back to the raw material level
without wasting it. In order to be compliant with current regulations, it was decided to
furnish the drone with LED strips to make it visible to nearby ships during the night.

Additionally, as a safety system, it was decided to include an ultrasound deterrent
system on the drone, to prevent some marine species from ending up inside it. This
solution was designed using technologies such as DDD (Dolphin Dissuasive Device) or
DiD (Dolphin Interactive Deterrent).

An efficient monitoring system was in the initial analysis of the project. In this regard,
it was necessary to develop dedicated software that can be installed on digital devices
such as laptops or tablets and smartphones. This allows to monitor the exact position of
the drone at any time in case of a completed mission or for maintenance interventions.
Through the involvement of fishing boats, merchant ships, tourism ships or small private
boats, it is possible in this way to recover the drone and allow input from citizens to help
the project (Figure 15).

Figure 15. Drone tracking app.

2.3.5. Validation: Prototyping and Rendering of Product

A digital prototyping was carried out for the drone using CAD software (Figure 16).
The aesthetic prototype was also created by performing some renderings starting from the
3D digital model (Figure 17). The functional and virtual prototypes are ought to be made
after final changes and official design acceptance of the project.

Moreover, a technical element validation process was performed as well, in order
to quantify the actual maximum capacity for plastic recovery of the unit. To do so, a
parametric CAD model of the element was done (Figure 18) by considering the measures
of the functional elements included in the device. Available volume validation accounted
for 0.8 m3 of space, in which, translated in waste quantity, values of a maximum number
of plastic bottles (0.5 L) was obtained as shown in Table 6 with compacted waste data
gathered from the study of Poroschianu et al. [31] and Islam [32]. Designed object volume
area was calculated via CAD analysis, as shown in Figure 19.

Subsequently, CFD multiphase (two-fluid) simulations (Figure 20) were performed
on the obtained structure in order to check for possible flow turbulences that would
compromise the stability at the sea, and to check that water would theoretically not enter
into the waste storage area. This resulted in a maximum turbulence of about 25% in such.
Fluid flow simulations show a mostly laminar behavior that would guarantee a sleek
displacement of the unit in the water.
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Figure 16. Digital prototype of the marine drone: (a) left side; (b) right side.

Figure 17. Aesthetic prototype of the marine drone: (a) during the day, (b) during the night.

Table 6. Cargo Volume Capacity Analysis.

Property Value

Total interior volume (m3) 1.35

Equipment Volume (m3): A + C 0.51

Available Waste Volume (m3) 0.60

Compacted Bottle 0.5 L (20%) 0.1 L

Obtained Capacity (0.5 L bottle, est.) 50,000

Plastic Bottle Weight 0.5 L (est.) 20 gr

Estimated Max Cargo Weight Capacity (Kg) 1000
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Figure 18. Geometry Validation: (a) 3
4 internal section view, (b) section view and designated areas.

Figure 19. Volume quantification solids.
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Figure 20. CFD Multiphase Flow Simulation.

2.3.6. Validation: Electrical Devices

Moreover, this study considered that electrical moving parts should be gathered from
external sources, according to the final client’s autonomy and budget requirements, as
batteries could be installed on section A of Figure 17b. Electricity flow should be measured
accurately, and information displayed be in the Drone Tracking Application. Nevertheless,
a base element choosing from available suppliers that would fit the established requirements
are presented in Table 7; motor energy consumption could undergo an optimization procedure
based on the Particle Swarm Optimization algorithm as described by Bacciaglia et al. [33] in
order to guarantee longer autonomy if future tests on real prototypes are performed.

Table 7. Electrical Equipment.

Batteries

Property Capacity (mAh) Max Charge Rate (C) Discharge (c) Weight (Kg) Number of Units
Total Payload

(Kg)

Value 20,000 2 12 1.775 12 21.3

Motors-Jet 300

Property Max Power (W) Max Current (A)
Working Voltage

(V)
Weight in water(g) Number of units

Total Payload
(g)

Value 350 22 6–20V 396 4 1584

Solar Panels-SPP-041751200

Property Max Power (W) Cell Type Number of cells Max Voltage (V)
Surface Maximum

Load Capacity
(Kg/m2)

Allowable Hail
Load

Value 175 Polycrystalline 36 1000 200 23 m/s, 7.53 g

Means for communications can be governed by a Visible Light Communications (VLC)
device, which was found to provide no health risk for humans, and can be applied as a
communication and illumination device with low energy usage [34]. The VLC could be
governed by the compact wavelength demultiplexer developed by Malka [19]. However,
further research is needed to implement such communication device.
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3. Results

The technical characteristics necessary for the design of the drone emerged from the
What–How matrix: autonomy, capacity, recovery and control. Table 8 shows a Top–Flop
analysis performed in the last design phase. An innovative product has been obtained
through the IdeS method as the total (∆) resulting from the Top–Flop analysis of the
prototype is equal to 4 (>3). In addition, the main features of the new product include
autonomy, recovery and control. Satisfactory results were obtained.

Additionally, environment friendliness was achieved, as the created product is a
completely green device capable of collecting marine litter and self-managing it during
the entire crop flow. An electric motor powered by both battery and some photovoltaic
panels placed in the upper part of the drone was installed. Furthermore, by exploiting the
motion of the tides, the drone can reach the waste accumulation areas autonomously and
without using the engine. The dimensions of the drone have been selected according to the
regulations of the coast guard, remaining within the limits allowed to ensure that it does
not need people on board and that its use is controlled. As for the drone’s capacity, it is
estimated that it can hold around 6000 L of compacted plastic waste. Even if this data is
not among the innovative ones, it can be considered an excellent result given the small size
of the drone designed.

Finally, the effectiveness of the IdeS methodology was demonstrated, which provides
all the necessary tools for the development of an innovative product.

Table 8. Top–Flop Analysis of the New Product.

Prototype Innovation Column

Dimensions (m) 2.4 × 1.2 × 2.0 0.9 × 0.5 × 1.8

Eco-Friendly Symbiosis Symbiosis

Capacity (est.) 6000 L 300,000 L

Cost - 200

Autonomy Fully Fully

Recovery Immediate Immediate

Control Automatic Automatic

Consumption Renewable energy Renewable energy

Application Mediterranean Sea Ocean

Top 5

Flop 1

∆ 4 ≥3

4. Conclusions

The design of a plastic recovery drone (PRD) was possible with the application of
the IdeS methodology. This gave the possibility of integrating tools belonging to the best-
known methodologies, such as Generative Design that demonstrated the main advantage
of IDeS methodology, to deliver integrated feedback across all departments included in the
project development phases of a new product, from the feasibility phase until production
setup. Therefore, a complete and effective approach has been obtained that can help the
designer to solve rather complex design problems in base of the main product requirements.
The effectiveness of the method was demonstrated through the prototyping of the drone,
which represented an innovative product on the market in terms of autonomy, recovery
and control. The elements of this drone were validated technically by means of CAD,
CFD software.

The designed drone has, in fact, a “controlled drift” system that allows it to reach
any destination independently by exploiting the motion of the tides. However, it was not
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possible to obtain a drone that was autonomous in cases of strong currents. The drone was
in fact equipped with two outboard motors that have significant advantages such as high
silence, high economy and high performance, but which undermine the autonomy of the
product. However, it is an auxiliary propulsion system to be used only in short distances.

Additionally, a compactor was chosen for waste recovery, which represents a solution
with significant logistical and storage advantages and is energy-efficient thanks to the use
of solar panels and, therefore, clean energy.

Furthermore, an efficient monitoring system has been devised for the control of the
drone, which consists of software that can be installed on all digital devices. This software
allows you to know the exact position of the drone at any time, facilitating its recovery in
the event of a completed mission or for maintenance.
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