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Abstract. Simulation of Gravity Die Casting (GDC) requires coupling different
models for fluid dynamics, heat transfer and solidification, together with
material physics properties. Very long calculation times are required since
several heating and production cycles have to be run. The simplification of the
simulation models is critical to have results in times suitable for the design
process. The present work discusses the solidification and heat transfer physics
with simplification hypotheses. A simulation approach skipping the pouring
model for the heating cycles is introduced. A realistic case study on an engine
head GDC is presented to evaluate four possible simulation sequences. The
results show that including the heating cycles in the simulation is advisable. The
simplified sequences reproduce the temperature field of the die with sufficient
accuracy. The proposed simulation approach results in considerable time saving
with respect to the actual simulations and even in accuracy improvements.

Keywords: Gravity die casting � Process simulation � Model efficiency �
Model reliability � Simulation based design

1 Introduction

Gravity Die Casting (GDC) is an ancient but extremely complex technology, the output
quality resulting from the interaction of very many mechanics, physics and chemistry
factors [1]. The present research investigates dies for casting of aluminum engine parts,
namely engine heads, cylinder blocks and crankcases. Each die is a one-off design but
conceived to deliver more than 100,000 quality castings as operating life specification.
Moreover, it is very expensive and must be designed, manufactured and delivered to
foundries in few months.

A design engineer must conceive the die as a thermal machine. The casting shape
determines the die layout and slides, while the pattern size must be scaled to account
for thermal expansion of die steel, contraction of solidifying alloy and negligible
variation of cores. Moreover, differential heat removal should provide a directional and
fast solidification in order to avoid porosities and deliver good material properties
regarding Secondary Dendrite Arm Spacing (SDAS) [2].

Nowadays, simulation is a fundamental design tool to handle so many factors
[3–5]. However, the models for casting simulations are computationally heavy, since
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they involve coupled fluid dynamics, heat transfer and metallurgy phenomena equa-
tions [6–9]. Moreover, several heating and production cycles must be simulated to
reproduce the actual warmed up equipment. In the current design practice, such sim-
ulations can require 2 or 3 days run on a workstation with 8 parallel cores and 64 GB
RAM. Those long run times make the simulations unsuitable for virtual concepts in the
early design stages [10], thus they are used for the final adjustments with a limited
number of trials.

The present research focuses on possible simplifications of a GDC process model in
order to reduce the simulation run time, improving its role in the decision-making
process [11]. Anglada et al. discussed possible simplifications of High Pressure Die
Casting (HPDC) simulation [12]. The solidification model usually runs much faster
than the pouring one. Considering HPDC, a sequence of heating cycles skipping the
pouring model, thus running only the solidification one, is capable to reproduce the
temperature field on the actual die. The pouring model is clearly critical in HPDC for
cavity filling and air entrapment. On the other hand, GDC involves quite different cycle
times. As a rule of thumb, the velocities at the casting gates can be about 0.3–0.5 m/s
for GDC and 25–70 m/s for HPDC. HPDC is characterized also by higher heat removal
rates, since thinner coating is used and high pressure up to 1200 bar is applied [13].

The pouring model in GDC determines the non-uniform temperature field of the
solidifying alloy. The solidification dynamics is critical for GDC, but it is very con-
ditioned by such initial temperature field [14]. On the other hand, the two models must
run coupled, since solidification often starts when the pouring phase must still finish.
The different involved phenomena require a specific investigation on GDC to deter-
mine if the heating cycles can be limited to solidification models or not.

The paper is organized as follows: Sect. 2 introduces the casting model and dis-
cusses some solidification physics, especially looking at the heat removal during alloy
solidification, Sect. 3 introduces some hypotheses and four possible simulation
approaches, compared with a realistic case study, Sect. 4 finally discusses the simu-
lation results, whereas Sect. 5 draws the concluding remarks.

2 Gravity Die Casting Model

A GDC cycle can be modeled including the phases of die preparation, melt alloy
pouring, solidification and cooling after eject, as shown in Fig. 1. This section dis-
cusses solidification and heat transfer phenomena to explain the hypotheses of the
following methodology.

Metal alloys solidify over the range between Liquidus TLIQ and Solidus TSOL
temperatures. So, a solidification model must consider a pseudo specific heat of the
liquid, solid or two phases solution as function of temperature T as

c* ¼
cSOL;

fSOLcSOL þð1� fSOLÞ � cLIQ � LF � @fSOL=@T ;
cLIQ;

8<
:

T \TSOL
TSOL � T � TLIQ

T [ TLIQ
ð1Þ
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where cSOL and cLIQ are the specific heats of the solid and liquid phases respectively,
fSOL is the solid fraction and LF is the latent heat of fusion [15, 16]. A qualitative pseudo
specific heat relationship on temperature is shown in Fig. 2.

The heat supplied by a casting element to the adjacent die one is

q ¼
ZTF

TI

c*dT ð2Þ

where the initial TI and final TF temperatures vary for different casting elements.
The heat transfer between casting and die is difficult to determine, depending on

contact pressure, surface finishing, coating thickness and deformation of casting. Those
factors can be modeled together as Heat Transfer Coefficient (HTC) between contact

Fig. 1. Phases sequence in a GDC cycle

Fig. 2. Qualitative pseudo specific heat for an Al alloy
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surfaces. The HTCs are identified with experimental and inverse optimization proce-
dures [17, 18]. Many factors depend on set up conditions and can be considered
constant. However, the casting shrinkage for progressive solidification and cooling may
occur in an air gap, determining a drop of the HTC from TLIQ to TSOL [18, 19].
A qualitative temperature dependent HTC is shown in Fig. 3.

3 Methodology

3.1 Considerations on Simplification

In a DGC model the alloy is poured at uniform temperature TP and cools down while
flowing into the cavities. The alloy fills each element at a TI higher, or at most little
lower, than TLIQ. Then it continues heating the die till the end of this pouring phase. In
the already filled elements the temperature continues decreasing, generally still above
TLIQ but even much below TLIQ in some cases. The solidification phase starts from a
temperature TS < TI as delivered by the pouring simulation and ends at TF when the die
is opened. From (2), qP is the heat provided in the pouring phase, when cooling from TI
to TS, while qS is provided in the solidification phase, when cooling from TS to TF.

In the current practice, a sequence of 4–14 heating cycles is sufficient for repro-
ducing the non-uniform temperature field of the warmed-up die. The last production
cycle delivers the results the designer is interested in. The die temperature is adjusted at
each ith cycle and the temperatures TI,i, TS,i and TF,i vary as a consequence. However,
the pouring phase is skipped for most heating cycles to save a lot of time. It is
calculated just for few ones in order to improve the simulation accuracy. If a pouring
phase is not calculated in the ith cycle, the sequent solidification phase starts from TS,i–1
as calculated in the previous (i–1)th cycle. Thus, the temperature decrease from TP to
TS,i–1 is not considered and qP,i–1 is lost for the simplified cycles. Referring to (2) and to
Fig. 2, qP,i–1 is a negligible amount if TS,i–1 > TLIQ. However, for the casting elements

Fig. 3. Qualitative temperature dependent HTC
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with TS,i–1 < TLIQ, part of the contribution of −LF�∂fS/∂T of (1) is not considered,
which is much more important than (1–fSOL)cLIQ. So, a cycle skipping the pouring
model, thus running only the solidification one, may underestimate the die heating. The
temperature dependent HTC even worsen the error. The same TS < TLIQ, thus in the
sloped curve of Fig. 3, determines a much lower HTC and limits the transfer of
the already reduced available heat.

3.2 Simulation Approaches

The heating cycles must be simplified in order to compute results in times useful for the
industry design process [14]. The solidification phase is calculated in all heating and
production cycles. Four simulation approaches with calculation or not of pouring in the
heating cycles are designed in order to evaluate the hypotheses:

– H1-7/P8: all the 7 heating and the final 8th production cycles are calculated;
– P1: only 1 production cycle is calculated, avoiding heating;
– H1/P8: calculation of the 1st and 8th cycles only;
– H-/P8: calculation of pouring for the 8th cycle only, after 7 heating ones.

The calculation of all phases in all cycles, H1-7/P8, is assumed as reference for the
accuracy with the actual foundry process. It is not feasible in a design process due to
the excessive computation times. P1 is the simplified approach currently used in the
early design phases. The maximum error for the approach P1 is considered the 100%
possible error for the following evaluations. H1/P8 is the approach currently used in the
detailed design phases for the final adjustments and it is assumed as reference for the
simulation time in the evaluations. From 2nd to 7th cycles TS,i is assumed equal to TS,1.
H-/P8 is the suggested approach to keep the results reliability of H1-7/P8 and H1/P8
while trying to reduce the computation time as P1. With this approach, from 1st to 7th
cycles TS,i is assumed constant and equal to TP.

3.3 Case Study

This paper reports a case study on GDC for an engine head with Magma 5.3.1 software
[20]. It was not possible to use an existing CAD model, due to non disclosure
agreement with car manufacturers. So, an engine head has been especially modeled for
evaluating the previous four approaches. However, it is representative of all the features
of actual dies, as cycle timing, geometries, materials, overall masses, top feeders, all
cores, die parts, surface coating and thermocouples, as shown in Fig. 4.

Also, cooling channels are provided from the combustion chambers for delivering
good material SDAS. The die is conceived to be operated on a tilting machine. The
model of the GDC cycle consists of these phases:

1. preparation: 45 s for cleaning, cores pose, die close, die tilting back in the −90°
position;

2. pouring: instantaneous pouring cup filling, then 15 s for tilting from −90° to 0°;
3. solidification: 255 s waiting in 0° position, then die open;
4. casting ejection, external cooling.

Efficiency and Reliability of Gravity Die Casting Models … 7



These materials are modeled: AlSi7Mg alloy poured at TP = 740 °C in the pouring
cup, X38CrMoV5 steel for the die at 250 °C initial constant temperature, silica sand for
cores at 40 °C initial constant temperature. The AlSi7Mg alloy is characterized by
TSOL = 542 °C and TLIQ = 613 °C. The die temperatures are monitored with 5 ther-
mocouples into the die: TBD in the bottom die, TOS and TPS in the opposite and pouring
slides, while TLS and TRS in the left and right sides. In order to reduce the computation
time, the mesh is quite rough, with only 118,295 cavity cells. Please consider that the
actual models are much heavier, with 2,000,000 cells or more. Figure 5 shows the
temperature results for the pouring simulation of the 8th cycle at three time-steps. The
temperature field is not constant and the next solidification phase will start from a
temperature TS,8 < TI,8 < TP. Moreover, TS,8 < TLIQ in some elements.

Fig. 4. CAD assemblies of a engine head casting, feeder, cooling channels and b pouring cup,
die parts, cores, thermocouples TBD, TOS, TPS, TLS, TRS

Fig. 5. Temperature results during the pouring phase at 4.6 s, 8.2 s and 15.0 s
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4 Results and Discussion

The computation times needed for the different simulation approaches are reported in
Table 1. These times have been obtained on a workstation with 8 parallel cores and
64 GB RAM. The complete simulation H1-7/P8 would increase the computation time
by +207%. P1 would reduce it by −53%. The suggested approach H-/P8 would save
−35% time.

The evolution of the temperatures for all the 8 cycles is reported in Fig. 6 forH1-7/P8.
It can be observed that not including the heating cycles would very reduce the results
effectiveness. Clearly, this drawback can be reduced by setting a different initial tem-
perature to each die part, recurring to previous simulations. However, this temperature
would be constant from die surface to its internal material. A non-constant temperature
field, higher on surface and lower in depth, would be fundamental to reproduce the heat
transfer through the HTCs and the heat capacity of the massive steel.

The evolution of the temperature for the last production cycle is reported in Fig. 7
for all four approaches and five thermocouples. The solid curves describe the reference
H1-7/P8 approach. As expected, P1 delivers results too conditioned by the initial
temperature. H1/P8 underestimates die heating in all five thermocouples. H-/P8

Table 1. Computation times for different simulation approaches

H1-7/P8 P1 H1/P8 H-/P8

3 h 4 m/307% 0 h 28 m/47% 1 h 0 m/100% 39 m/65%

Fig. 6. Evolution of temperatures for the eight cycles in the H1-7/P8 approach, as sampled by
the simulated thermocouples TBD, TOS, TPS, TLS, TRS
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(a) TBD 

(b) TOS

(c) TPS 

(d) TLS 

(e) TRS 

Fig. 7. Evolution of temperatures in the last production cycle for the simulation approaches H1-
7/P8, P1, H1/P8, P8, as sampled by the thermocouples a TBD, b TOS, c TPS, d TLS, e TRS
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approach slightly overestimates die heating, except for TPS, where not considering the
alloy flow from the pouring cup slightly underestimates the temperature.

The temperature errors, measured at the end of the last preparation phase, just
before pouring, are reported in Table 2. The final average considers the absolute value
of the errors. The approach P1 results in a 72.0% error while H1/P8 improves the
accuracy by 4.9%. H-/P8 results in a 3.3% error.

5 Conclusions

In the present paper, a discussion about the physics of aluminum alloy solidification
and heat transfer to the die is presented. Four approaches for GDC simulation are
defined with different simplification hypotheses. A complex model representative of
real cases enables to evaluate the approaches. The complete and simplified simulations
confirm the results reported in literature for HPDC [12].

The H1-7/P8 approach with no simplifications is assumed as reference for the
evaluations. It can be estimated that it would require a computation time of about 6–8
days for the actual models in the industry design process, confirming its unfeasibility.
The most simplified P1 approach is the reference for the maximum error and its
simulation confirms that it leads to results too biased by the initial conditions. So, it is
advisable to include the heating cycles in the simulation to reproduce the heat removal
capability of the die. The simplified H1/P8 and H-/P8 approaches are both capable of
reproducing the temperature field on the warmed-up die. However, the newly proposed
H-/P8 presents a great reduction of computation time as −35% than H1/P8. For the
proposed case study, H-/P8 shows even a slight accuracy improvement than H1/P8.

The calculation of the solidification models only is sufficient for the heating cycles,
with the goal of an effective die heating. However, the cycle times for GDC are so
different than HPDC that the solidification dynamics is much more influenced by the
temperature field resulting from the pouring phase. The pouring simulation becomes
critical in GDC for the goal of casting defect calculation.

The reported improvements have been observed in other real case studies for the
simulation approaches P1, H1/P8 and H-/P8 with no opposite results. These dies were
designed for engine heads, cylinder blocks, crankcases, pipes and chassis parts. The
present research opens new possibilities for using the simulations as design tool in

Table 2. Temperature errors at the end of the last preparation phase

H1-7/P8 P1 H1/P8 H-/P8

TBD 0°/0% −35.8°/−36.8% −2.9°/−3.0% 4.4°/4.5%
TOS 0°/0% −90.9°/−93.5% −3.9°/−4.0% 4.9°/5.0%
TPS 0°/0% −97.2°/−100% −7.8°/−8.0% −0.3°/−0.3%
TLS 0°/0% −62.0°/−63.7% −4.8°/−4.9% 2.9°/3.0%
TRS 0°/0% −64.3°/−66.1% −4.2°/4.3% 3.8°/3.9%
Average 0°/0% 70.0°/72.0% 4.7°/4.9% 3.2°/3.3%

Efficiency and Reliability of Gravity Die Casting Models … 11



earlier design phases and for optimization algorithms. Future work will compare other
simplification approaches. Searching for simulation reliability and design robustness,
the results sensitivity to GDC model parameters will be investigated.
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Abstract. Sustainable initiatives are increasingly demanded in current pro-
duction. Methods and tools to take into account environmental impacts in the
design of products and services have been evolving in the last decades. In this
work, a methodology based on the life cycle sustainability assessment (LCSA)
approach is proposed to integrate all sustainability dimensions (environmental,
economic and social) in projects of product development. The objective is to
provide a practical scheme for companies, which could assist them in their shift
towards sustainability. Methodology consists of three different phases: inventory
analysis, sustainability assessment and redesign process. In addition, a number
of engineering metrics and indicators are used to quantify sustainability issues
and to compare different design alternatives. In order to put in practice this
methodology the development project of a mobile orthopaedic crane is
addressed in this work. Data associated to its manufacturing process are
obtained and a product redesign with sustainable criteria is proposed.

Keywords: Sustainability � Design methodology � Product development �
Indicators assessment

1 Introduction

The improvement of product sustainability is one of the requirements that are currently
being investigated from different fields of engineering [1, 2]. Numerous methods and
tools concerning sustainable product development have been proposed throughout the
last decades to support companies improve the design and manufacturing of both,
existent and new products.

The development of an Eco-design methodology [3, 4] with the aim of reducing the
environmental impacts of products was carried out. Eco-design or Design for the
Environment (DfE) is a method to address all environmental impacts of a product
throughout its complete life cycle, which includes five different phases (Fig. 1):
materials extraction, production process, transport and distribution, use and mainte-
nance and final disposition. Other specifications and characteristics of the product like
function, cost and appearance should not be comprised.

The study of environmental impacts deals with just one of the sustainability
dimensions. However, three dimensions should be considered in sustainability
assessment: environmental, economic and social [5]. In order to take into account this
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triple dimension, a new framework is being introduced, which is denominated as life
cycle sustainability assessment (LCSA) [6, 7]. LCSA aims to evaluate all environ-
mental, social and economic impacts over the entire life cycle of the product and
provides guiding principles to design new products or to improve existing ones.
Innovation is also stimulated to achieve a more sustainable production.

LCSA combines LCA, LCC and S-LCA techniques. Life Cycle Assessment
(LCA) provides information on the environmental effects of a product and, as previ-
ously was exposed, its use is well-known. Life cycle costing (LCC) evaluates costs
associated to the product throughout its life cycle. Whereas, Social Life Cycle
Assessment (S-LCA) is focused on the study of social subjects in order to improve
both, performance of organizations and well-being of stakeholders. The socio-
economic impacts of the product can be organized in five suggested stakeholder groups
[8]: workers, local community, society, consumers and value chain actors. A number of
indicators are also proposed by the UNEP’s guidelines. Nevertheless, many social
subjects are difficult to value quantitatively; so many social indicators are based on
qualitative information. In order to integrate sustainability in product development
projects, a set of indicators to measure each individual sustainability dimension is
required [9]. In addition, appropriate indicators should be selected according to the type
of the project and challenges to solve.

Sustainability studies carried out to date [10] are mainly focused on the application
of environmental assessment tools to an extensive range of products. Moreover, some
studies suggest some design improvements to reduce impacts. This work aims at
effectively integrating the three pillars of sustainability in product development pro-
jects. A number of metrics and indicators are conveniently selected to measure each
sustainability dimension. On the other hand, traditional product specifications are
preserved. In the following sections, the methodology applied to assess the product
sustainability and results obtained for a case study are exposed. The project of a mobile
orthopaedic crane for lifting and transport of patients was addressed.

Final 
disposition

Use and 
maintenance

PRODUCT 
LIFE 

CYCLE

Distribution

Manufacturing 
process 

Materials 
obtaining

Fig. 1. Phases of the product life cycle
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2 Methodology

The production stage of the product life cycle is established as system boundary.
According to LCA methods [11, 12], an approach based on the analysis of the flows
exchanged (inputs and outputs) by the industrial facility throughout the production
process was applied. As shows Fig. 2, the development of a more sustainable product
can be reached in three steps, which are sequenced as follows: (1) Inventory;
(2) Sustainability assessment; (3) Product redesign. In the first phase, inputs and out-
puts due to the production process are identified. Next, engineering metrics and sus-
tainability indicators for each sustainability dimension are assessed. Finally, the
product is redesigned integrating sustainability criteria. In order to compare the sus-
tainability performance of both, initial and redesigned product, a new inventory and
sustainability assessment should be carried out for the redesign.

2.1 Inventory

The functional unit considered appropriate in this work is one manufactured product.
Additionally, a high volume of manufactured products is taking into account to value
the inputs and outputs associated to the production process. The main flows exchanged
by the industry include inputs as raw materials, supplies and energy, and outputs like
products, emissions and waste.

All manufacturing operations involved in the production process are analyzed in
detail. The resource consumption and the costs associated to the production of each
component are valued. In particular, the time to carry out each productive operation and
the energy consumed are calculated.

2) Sustainability 
assessment

Product 
improved

3)  Product 
redesign

SUSTAINABLE 
PRODUCT 

DEVELOPMENT

1) Inventory

Indicators

Engineering 
metrics

Comparing 
designs

Alternatives

Sustainability 
strategies

Initial 
Product

Specifications

Production 
process

INPUTS Raw materials,
Energy, Supplies, ...

Products, Waste,
Emissions, Costs,…

OUTPUTS

System 
boundary

Fig. 2. Steps for a sustainable product development
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2.2 Sustainability Assessment

In this phase, a set of engineering metrics and indicators are selected to assess the
product sustainability in the production stage. Metrics considered appropriate are:
product mass, product volume, energy consumption, waste percentage, production
costs and average production. These metrics are required to obtain sustainability
indicators and are also considered practical in the design of the production process.

In order to assess each sustainability dimension, different indicators are selected.
The Global Warming Potential (GWP) and the Eco-indicator 99 (EI99) [13] are pro-
posed to value the environmental dimension. GWP represents total emissions of the
greenhouse gases and EI99 is a suitable indicator in design processes because weighs
different impact categories into a single score. Probas [14] and MEEuP [15] databases
are applied to calculate environmental indicators taking into account the reuse-
recycling potential at the final disposition phase of product life cycle.

The value added (VA) and the eco-efficiency (EE) are the indicators selected to
assess the economic dimension. VA indicates the net operating profit of the manu-
facturing company. It is obtained making the difference between sales revenues and
production costs. EE is the ratio of the value added and EI99. It combines economic
and environmental aspects and quantifies the profit obtained at the expense of envi-
ronmental impact. Finally, the category of company workers is selected in this study to
assess the social dimension of the sustainability and the working hours (average work
time) and the hourly wage are the indicators utilized.

2.3 Product Redesign

In order to redesign a product it is necessary to know what your initial specifications
are and given that all products consist of different parts or components, the specifi-
cations of each component should be also analyzed. Thus, redesign alternatives of each
product component are proposed in this phase taking into account the application of
different sustainability strategies. One of the most used tools in Eco-design is the Life
Cycle Design Strategies Wheel or LiDS wheel [3], in which a set of strategies are
proposed to achieve environmental improvements at each stage of the product life
cycle. The selection of low-impact materials, reduction of materials and optimization of
production techniques are strategies focused on the production process. These strate-
gies are also considered suitable to achieve an improvement at the three sustainability
dimensions.

3 Case Study

Methodology was put into practice in the case of a mobile orthopaedic crane. The main
components and technical specifications of this product are shown in Fig. 3.

The lifting movement of the upper arm can be achieved through an electric or
hydraulic actuator and a set of wheels located at the end of the legs allow the crane to
move. Taking into account that the system boundary is the manufacturing process of
the components marked from (1) to (6) in Fig. 3, production inventory is obtained.
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Material used is galvanized steel S275JR, which is acquired in sheets, bars and profiles
of different sizes. The manufactured components will be transported to another
industrial plant where the orthopaedic crane will be finally assembled and tested.

The following data corresponding to the production inventory of one unit of pro-
duct are indicated in the scheme shown in Fig. 4: processing times and energy con-
sumptions for each productive operation, raw materials needed in the manufacturing
process, mass and volume of the final product, amount of material discarded and global
energy consumption throughout production process. In addition, revenues as a result of
sales and production costs are assessed for each product manufactured. Particularly,
costs due to raw materials, labour and energy consumption are obtained.

To note that welding and painting are the operations with higher processing times
and energy consumptions. Engineering metrics of the production process are sum-
marized in Table 2. Indicators for each sustainability dimension are also calculated.
Metrics and indicators obtained later for the product redesigned are also indicated to
facility a comparative study. The mass and volume of the crane components are,
respectively, 55.4 kg and 0.25 m3. A packaging mass of 2.1 kg is already included in
the final product mass. The percentage of material removed is 1.6%, which is a small
amount of the raw materials acquired. In addition, raw material purchase is the most
important factor in production costs (67%). A total energy consumption of 1.8 Mw�s is
required to obtain a production of 2.2 ud/h. It is supposed that the company dispose of
the necessary resources for the development of the production process and available
resources are fully allocated to manufacture this product.

The emissions of greenhouse gases are 581 kg CO2-eq and the value of EI99 is 16.6
pt (the materials extraction stage is also incorporated in this calculus). A net operating
profit of 14 € is obtained for the company and the resulting eco-efficiency is 0.84 €/pt.

Technical specifications:
Maximum load: 180 Kg
Electric or hydraulic actuator 
Total dimensions: 126,5x118x185 cm
Manual system for opening and closing legs

Components:
(1) Pole
(2) Legs
(3) Junction T
(4) Upper arm
(5) Mechanical pin
(6) Handgrip
(7) Actuator

2

6

3

5

7

1

4

Fig. 3. Mobile orthopaedic crane
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Regarding social aspects, the average working time and hourly wage are, respectively,
0.4 h and 8.2 €/h.

Next, the redesign of the product is carried out applying two sustainability strate-
gies: the selection of low-impact materials and reduction of materials. Materials as
stainless steel (AISI 304 N) and 6066-T4 aluminium alloy are proposed as design
alternatives to improve the sustainability of each component. These alternatives are
named, respectively, A1, A2 and A3 in Table 1. The following information for the
initial design, Di, and the redesign options, is exposed: type and size of raw materials,
energy use and quantity of material discarded along the production process, mass of the
manufactured component, fulfilment of resistance specifications and EI99.

Mechanical strength and resistance to corrosion are specifications considered in the
design of each component. Materials with a working stress (r) that do not exceed the
yield strength (ry) are selected. Type and size of raw material are modified maintaining
in all cases a safety factor greater than four. A3 is selected for the redesign of each
component because it is the alternative with the lowest environmental impact. It is
necessary to take into account that according to EI99 assessment method, 6066-T4
aluminium alloy has higher recyclability coefficient than other materials.

Sustainability is assessed for the crane projected. Inventory of the production
process shows that the use of Al6066T4 allow us to avoid the painting process, reduce
the time spent in finishing operations and the global manufacturing time (9%) as well

Fig. 4. Manufacturing line and flows exchanged

18 L. Diago et al.



T
ab

le
1.

R
ed
es
ig
n
of

th
e
or
th
op

ae
di
c
cr
an
e
co
m
po

ne
nt
s

O
rt
ho

pa
ed
ic

cr
an
e
co
m
po

ne
nt

R
aw

m
at
er
ia
ls

Pr
oc
es
si
ng

Pr
od

uc
t

R
es
is
ta
nc
e
sp
ec
ifi
ca
tio

n
r
<
r
y

(M
Pa
)

E
I9
9

(m
Pt
)

M
at
er
ia
l
ty
pe

Si
ze

(m
m
)

E
ne
rg
y

(w
�h)

M
at
er
ia
l
re
m
.

(g
)

M
as
s

(K
g)

(1
)
Po

le
D
i

S2
75

JR
90

�
50

�
5

1.
52

15
10

.4
9

51
.8

<
27

5
31

52
A
1

A
IS
I

90
�

50
�

4
1.
62

13
8.
56

61
.1

<
33

0
72

04
A
2

30
4
N

90
�

50
�

4
1.
21

12
8.
45

61
.1

<
27

5
25

39
A
3

S2
75

JR
A
l

60
66

T
4

90
�

50
�

5
0.
38

5
3.
68

51
.8

<
20

7
22

0.
8

(2
)
L
eg
s

D
i

S2
75

JR
90

�
50

�
4

1.
36

13
6.
56

35
.7

<
27

5
19

71
A
1

A
IS
I

90
�

50
�

3
1.
44

11
5.
35

46
.7

<
33

0
45

02
A
2

30
4
N

90
�

50
�

3
1.
1

11
5.
28

46
.7

<
27

5
15

86
A
3

S2
75

JR
A
l

60
66

T
4

90
�

50
�

3
0.
34

4
2.
30

46
.7

<
20

7
13

8

(3
)
Ju
nc
tio

n
T

D
i

S2
75

JR
10

0
�

60
�

5
3.
1

18
7.
37

53
.6

<
27

5
22

13
A
1

A
IS
I

10
0
�

60
�

4
3.
21

15
6.
01

63
.2

<
33

0
50

54
A
2

30
4
N

10
0
�

60
�

4
2.
46

14
5.
93

63
.2

<
27

5
17

81
A
3

S2
75

JR
A
l

60
66

T
4

10
0
�

65
�

5
0.
77

6
1.
54

51
.7

<
20

7
14

6,
1

(4
)
U
pp

er
ar
m

D
i

S2
75

JR
80

�
40

�
4

1.
16

10
8.
29

49
.1

<
27

5
24

90
A
1

A
IS
I

80
�

40
�

3
1.
23

8
6.
76

57
.9

<
33

0
56

89
A
2

30
4
N

80
�

40
�

3
0.
92

8
6.
67

57
.9

<
27

5
20

04
A
3

S2
75

JR
A
l

60
66

T
4

8
�

x4
0
�

4
0.
29

4
2.
90

49
.1

<
20

7
17

4

(5
)
M
ec
h.

pi
n

D
i

S2
75

JR
/
22

1.
1

2.
2

0.
17

26
.2

<
27

5
51

A
1

A
IS
I

/
20

1.
2

2
0.
14

31
.7

<
33

0
11

7
A
2

30
4
N

/
20

0.
87

2
0.
14

31
.7

<
27

5
42

A
3

S2
75

JR
A
l

60
66

T
4

/
20

0.
27

2
0.
05

31
.7

<
20

7
3

(c
on

tin
ue
d)

Integrating Sustainability in Product Development Projects 19



T
ab

le
1.

(c
on

tin
ue
d)

O
rt
ho

pa
ed
ic

cr
an
e
co
m
po

ne
nt

R
aw

m
at
er
ia
ls

Pr
oc
es
si
ng

Pr
od

uc
t

R
es
is
ta
nc
e
sp
ec
ifi
ca
tio

n
r
<
r
y

(M
Pa
)

E
I9
9

(m
Pt
)

M
at
er
ia
l
ty
pe

Si
ze

(m
m
)

E
ne
rg
y

(w
�h)

M
at
er
ia
l
re
m
.

(g
)

M
as
s

(K
g)

(6
)

H
an
dg

ri
p

D
i

S2
75

JR
/
25

�
3

1.
7

1.
6

0.
65

5.
2
<
27

5
19

5
A
1

A
IS
I

/
25

�
2

1.
8

1.
2

0.
53

6.
1
<
33

0
44

6
A
2

30
4
N

/
25

�
2

1.
34

1.
2

0.
52

6.
1
<
27

5
15

6
A
3

S2
75

JR
l

60
66

T
4

/
25

�
2

0.
42

0.
6

0.
22

6.
1
<
20

7
13

20 L. Diago et al.



as the costs associated to energy consumption (2.5 €). Nevertheless, raw materials costs
increase up to 81.5 € and represents 77% in the total production costs.

Next, engineering metrics and sustainability indicators are evaluated for the new
design of orthopaedic crane. These are shown together with those data obtained for the
initial design in Table 2. A notable reduction of almost 63% for the product mass is
obtained. As a result, an improvement of the distribution stage indicators (i.e. fuel
consumption) is expected. In addition, a reduction of 21% is produced in the energy
use. Material removed is almost not modified. Production costs increase 1.5 € and the
production is raised to 2.4 ud/h.

Sustainability indicators of both initial and redesigned product can be compared in
Fig. 5. We can observe that GWP100 decreases 19% and EI99 that collect different
impact categories reduces 83%. Additionally, VA decreases 10.5 € and EE significantly
improves. It has been supposed that revenues are not changed. On the other hand, the
indicators of the social dimension improve 9% due to the production increase. Since a
lower environmental impact is achieved, a positive economic profit is kept and social
indicators are improved, a more sustainable orthopaedic crane could be developed.

Table 2. Engineering metrics and sustainability indicators. Initial product and redesign

Engineering
metrics

Product
mass (Kg)

Product
volume (m3)

Energy
(Kw�s)

Waste
(%)

Production
costs (€)

Production
(ud/h)

Initial product 55.4 0.25 1844.2 1.6 106 2.2
Redesign 20.7 0.25 1450.6 1.5 107.5 2.4
Sustainability
indicators

GWP100
(KgCO2eq)

EI99 (pt) VA (€) EE (€/
pt)

Working
hours (h)

Hourly
wage (€/h)

Initial design 58.1 16.6 14 0.84 0.4 8.2
Redesign 46.7 2.8 12.5 4.6 0.36 8.9
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Fig. 5. Comparison between sustainability indicators. Initial product and redesign
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4 Conclusions

A methodology to assess and to improve product sustainability is proposed in this
work. It is based on the LCSA framework and it is focused on the production stage of
the product life cycle. Environmental, economic and social issues are considered
simultaneously and are measured using a set of metrics and indicators. Thus, the
product sustainability analysis is feasible as well as the presentation of sustainability
results to the design decision-makers.

The redesign process of a mobile orthopaedic crane is carried out through
methodology applied. Data of materials, manufacturing times, energy consumptions
and production costs were firstly obtained to assess the product sustainability. Next,
sustainability strategies were applied to project a new crane at the same time that initial
specifications of the product were checked. The use of aluminium alloy was found
advantageous. As a consequence of the selection of this material, a significant
improvement of the sustainability indicators was achieved for the new crane projected.
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Abstract. Advances in sustainable product design have been carried out in the
last decades both in the development of a suitable methodology and in the
application of tools to assess and improve sustainability. Similar progresses for
the design of sustainable product-service systems still have limited application
and there is need for consistent and robust methods and indictors. This work
aims at providing a practical scheme for service based organizations, which
could assist them in their shift towards sustainability. A method that makes use
of practical metrics and indicators to evaluate the environmental and socio-
economic impacts and includes a redesign phase integrating initial specifications
and sustainability strategies is proposed. The performance of a nursery school is
analyzed. According to methods of sustainable product design, an approach
based on the analysis of the flows exchanged throughout the service delivery
was developed. Each of the sustainability dimensions were assessed using both,
operational metrics and sustainability indicators. A stakeholders’ map was
elaborated to identify redesign strategies focused on the social demands. In the
end, a comparative presentation of both initial and redesigned service indicators
is performed to detect if improvements were achieved.

Keywords: Sustainability � Design methodology � Service development �
Indicators assessment

1 Introduction

Design for Sustainability (DfS) has progressively expanded from a technical and
product-centric focus towards large scale system in which sustainability is understood
as a socio-technical challenge [1]. Firstly, DfS was mostly focused on the product level
and mainly on the design of products with low environmental impact, usually referred
as product Life Cycle Design, Eco-design or Design for the Environment [2, 3]. As a
result of the intensive research carried out the last decades, the environmental effects
attributable to the production, use and disposal of a product and how to assess them
have become clearer and techniques of assessing the environmental impact of products
have been developed.

Environmental assessment tools are generally based on a life cycle assessment
(LCA) method, which counts, on the one hand, all the energy and material inputs and,
on the other hand, the associated emissions and waste outputs at each stage of the
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product life cycle. Its structure was clearly defined by the harmonization-
standardization work by SETAC and ISO [4, 5]. Besides, environmental improve-
ment tools provide guidelines and rules for helping designers to identify potential
actions to improve the environmental performance of products, for instance Eco-design
Pilot [6] and the Design for Sustainability (D4S) guide [7].

From the end of the 1990s, attention has also been paid to design for eco-efficient
Product-Service Systems (PSS), a wider dimension than that of the single product [8].
Eco-efficient services are systems of products and services, which are developed to
cause a minimum environmental impact with a maximum added value. In addition, a
Product-Service System Design for Sustainability was defined [9]. It consists of the
design of the system of products and services that are together able to fulfil a particular
customer demand based on the design of innovative interactions of the stakeholders
where the economic and competitive interest of the providers continuously seeks both
environmentally and socio-ethically beneficial new solutions. A more rigorous inter-
pretation of sustainability is included in this definition since it does not only consist of
the environmental impact; it involves three dimensions: environmental (planet),
economy (profit) and social well-being (people) [10].

In order to evaluate sustainability in this triple bottom line, guidelines as Sus-
tainability Best Practices Recommendation (sBPR) that cover companies’ activities
[11] and innovative design methodologies to obtain improved products as the Life
Cycle Sustainability Assessment (LCSA) framework [12, 13] are being introduced.
LCSA combines LCA, LCC and S-LCA techniques. Life Cycle Assessment (LCA) is
focused on the environmental aspects of a product throughout its life cycle and its use
is widespread. Life Cycle Costing (LCC) is a compilation and assessment of all costs
associated with the life cycle of a product that are directly covered by any or more of
the actors in the product life cycle. Whereas, Social Life Cycle Assessment (S-LCA)
provides information on social aspects in order to improve performance of organiza-
tions and ultimately the well-being of stakeholders. The socio-economic impacts
associated with the product’ life, are captured in five suggested stakeholder categories
[14]: workers, local community, society, consumers and value chain actors. Many
social issues are not easy to quantify, so a number of social indicators contain quali-
tative information.

While Eco-design tools and LCSA approaches could be useful to address the design
of sustainable Product-Service Systems, the development of additional methods and
tools to carry out the impact assessment and to find improvement strategies, is nec-
essary. LCSA methodology is hardly applied to analyze the sustainability performance
in service delivery and a redesign stage including sustainability strategies is not carried
out. This work aims at using a methodology to design sustainable services. The per-
formance of a day nursery is analyzed and different metrics and indicators are used to
assess the environmental and socio-economic dimensions of the sustainability. In
addition, the improvement of the service delivery is addressed. Methodology applied
and results obtained for this case study, are shown in the following sections.
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2 Methodology

Taking into account that sustainability evaluation is focused on the operational phase,
the development of a more sustainable service can be achieved through a sequence of
phases organized as follows (Fig. 1): (1) Identification of inputs and outputs associated
to the service delivery; (2) Calculus of operational metrics and indicators to assess the
three dimensions of sustainability; (3) Service redesign integrating sustainability cri-
teria. Next, a new inventory and sustainability assessment should be carried out for the
redesigned service. Finally, the comparative presentation of the sustainability perfor-
mance of both initial and redesigned service can be performed to detect if service was
improved.

2.1 Inventory

All existent flows associated to the service delivery are valued in this phase. In view of
that the analysis is focused on the operational phase of a nursery school, the elementary
flows exchanged include inputs like materials, energy consumption, water consump-
tion, supplies or monthly fees and outputs like waste, emissions, energy costs, salaries,
various expenses.

In addition, service development is analyzed carefully to obtain the number of
children registered, total number of caregivers and children distribution within the
educational centre. The functional unit was defined in such a way that it can account for
changes per person per year.

2) Sustainability 
assessment

Service 
improved

3)  Service 
redesign

SUSTAINABLE 
SERVICE 

DEVELOPMENT

1) Inventory

Indicators

Operational 
phase
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Costs, Salaries,...  

OUTPUTS
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Alternatives

Sustainability 
strategies

Initial 
Service

Specifications

System 
boundary

Fig. 1. Phases for a sustainable service development
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2.2 Sustainability Assessment

To facilitate the application of the principles of sustainable development in practice
there is a need to measure the individual sustainability dimensions and to achieving a
comprehensive presentation of the results. The use of a set of metrics and indicators for
identification of more sustainable practices is proposed. The indicators should be
developed at the appropriate level of detail to ensure proper assessment of the situation
with regard to each particular challenge. Besides, indicators able to evaluate the most
important impact categories by means of easily understandable and user-friendly units,
are particularly useful for designers because facilitate the communication of sustain-
ability results to the decision-makers [15].

A number of operational metrics and indicators are selected in this work according
to the type of service that is analyzed. The number of children registered in the nursery
school, the child-caregiver ratio, the surface area by child, the energy consumption
(electricity and gas) and costs due to both, energy use and salaries of caregivers were
the metrics selected in this case. I should be noted that these metrics are evaluated for
one school year and allow obtaining practical information about the service
development.

Different indicators are proposed to assess each of the three dimensions of sus-
tainability. Global Warming Potential (GWP) that represents total emissions of the
greenhouse gases and bottled water consumption are selected to assess the environ-
mental dimension. For the economic dimension, the added value (VA) that expresses
the net operating profit of the service and the ratio between VA and public subvention
are the indicators suggested. Finally, the indicators selected to assess the social
dimension are the opening hours and the number of caregivers working in the nursery
school, associated to the local community category [14].

2.3 Service Redesign

Designing service activities usually begin with an analytical phase where requirements,
specifications and problems are studied along with the anticipated market demands.
Since the goal/specification phase is the most crucial as far as service performance and
characteristics are concerned, this is where the sustainability issues are considered.

Different methods and tools can be used to the design of eco-efficient services.
A number of categories as those named transportation, infrastructure, buildings, staff,
tools and support products, consumption goods and main service products are con-
sidered to be analyzed in the denominated META-matrix tool [8], which is focused on
the environmental dimension. Taking into account that a socio-economic approach of
sustainability is also addressed in this work, a stakeholder’s map, which is shown in
Fig. 2, was elaborated in order to identify service redesign alternatives. Direct users as
babies and children, indirect users as parents and tutors, teaching staff and auxiliary
services were, respectively, the stakeholders considered for this case study.
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3 Case Study

The service delivered by a public nursery school was addressed. In particular, the study
was focused on an educational and care centre for children from 0 to 3 years placed in
Alcorisa, which is a municipality of around 3500 habitants located in a sparsely
populated region of Spain (little more 9 hab/Km2).

The building, with a circular cross section, has two floors and six classrooms that
can be used according to the demands of each course. The current use includes 4
classrooms: C1 and C2, placed on the first floor and C3 and C4, placed on the ground
floor. Children distribution as well as surface area of each classroom (the bathroom
surface area is added in each case) is indicated in Fig. 3. C1 is occupied all time; C2
and C3 are occupied only part-time and C4 is used on the morning to care 6 babies up
to 1 year old and on the afternoon to care a total of 12 children from 0 to 2 years old. To
note that, currently, the nursery school is open a total of 7 h 45’ each day, from
Monday to Friday, it is closed 1 h at noon and C2 classroom is only used on the
morning.

All metrics and sustainability indicators obtained for the initial service are sum-
marized in Table 1, where can be comparatively analyzed with those obtained later
from the service redesigned. It can be observed that a total of 45 children are registered.
A maximum number of 15 children per caregiver and a minimum surface of 3.5 m2/
child are calculated for the C1 classroom, which is according to the requirements of the
established normative [16]. The annual performance of the nursery school involves,
respectively, electricity and gas consumptions of 221.5 and 1924.6 Kw�h per child; the
energy cost is 157.3 € and the cost due to salaries of caregivers is 1527 €/child. All data
were obtained from bills and interviews with workers.

According to latest International Energy Agency (IEA) highlights report [17],
emissions of 585.3 kg CO2eq per child were obtained. The average consumption of

Fig. 2. Stakeholders map. Day-care service
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bottled water is 110l. One of the main money inputs in the nursery school is the
children’s fees (1031.5 €/child), which are relatively low because the service gets a
high public subvention. Thus, an annual VA of 249.2 €/child is obtained and 20.1% in
the effectiveness of the public subvention are obtained. In addition, the opening hours
and the total number of workers of the initial service are indicated in Table 1.

Then, some changes were projected in the service delivery. Alternatives of redesign
were proposed taking into account the fulfillment of the requirements and the needs of
the stakeholders. With this purpose interviews with parents and teachers were carried
out. On the one hand, teachers asked for the need of support staff. Ratios given by the
normative are too elevated for them, what suppose a high amount of children per
caregiver. On the other hand, parents requested more flexible schedules that allow them
to adapt their children care with their working routines. Besides, more than half of
them, were interested in the lunch service what involves having the nursery school
open at midday.

Fig. 3. Children and classrooms distribution. Initial day-care service

Table 1. Operational metrics and sustainability indicators of the initial and redesigned services

Operational
metrics

Registered
children

Children/caregiver Elec.
cons.
(Kw�h)

Gas cons.
(Kw�h)

Energy
cost (€)

Caregivers
cost (€)

Initial design 45 18 221.5 1924.6 157.3 1527
Redesign 53 18 217.9 1893.8 154.7 1502.5
Sustainability
indicators

GWP100
(KgCO2eq)

Water cons. (l) VA (€) VA/Subv
(%)

Opening
(h/day)

Workers
number

Initial design 585.3 110 249.2 20.1 7 h 45. 5
Redesign 577 110 317.1 25.6 9 6
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Consequently, the redesign of the service has focused on these social demands.
A new flexible timetable has been proposed, with an increase of 1 h and 15 min every
day. The new schedule proposed is from 8 h to 17 h, from Monday to Friday. This
adjustment increases the consumptions and costs of the nursery school. Nevertheless,
the enrolment is also expected to increase according to the preferences expressed by the
parents. A total number of 53 children is estimated due to the implementation of these
changes. As shown in Fig. 4, C5 classroom could be now used to care the 8 new
children.

Inventory and subsequent sustainability assessment were carried out for the rede-
signed service. Operational metrics and indicators finally obtained are summarized in
Table 1. A total of 53 children are registered. Since a new classroom is used, the
maximum ratio children per caregiver and the minimum surface area per child are
maintained. Even if the projected day-care service increases the opening hours, a slight
reduction of 1.5% in electricity and gas consumptions and costs of both, energy and
caregivers, is obtained (note that all metrics are expressed per child).

Next, environmental, economic and social indicators are assessed. The emissions of
greenhouse gases per child reduce to 577 kg CO2eq. If children’s fees and public
subventions are preserved, total revenues increase 17.6% and VA increases 67.9 €.
Another option that could be object to study is the reduction of subventions through the
increase of the children’s fees. Since a new classroom is needed and the opening hours
enlarge 1 h 15’, the number of workers should be 6 in the redesigned service.

The comparison of the results obtained in the initial and redesigned service (Fig. 5)
shows that a reduction of the environmental impact as well as an improvement of the
socio-economic indicators is achieved. A reduction of 1.5% in the annual emissions of

Fig. 4. Children and classrooms distribution. Redesigned day-care service
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greenhouse gases per child is obtained while the average consumption of bottled water
is not changed. A notable increase of 27.2% is achieved for the economic indicators.
On the other hand, the opening hours enlarge 16.1% and the number of workers
increase 20%. In this way, the service sustainability is improved according to the
indicators that have been studied.

4 Conclusions

In this work, a methodology to assess and improve sustainability in projects of service
design is applied to the case of a day-care service. Economic, environmental and social
aspects are simultaneously considered. Each one of the sustainability dimensions are
quantified using a set of metrics and indicators that facilitate the analysis and com-
munication of results during the service design decision-making process.

The operational phase of a public nursery school to children from 0 to 3 years is
carried out. Inventory was supported by the centre responsible of the education and
care of the children. A service redesign was proposed taking into account the fulfill-
ment of the legal requirements and the needs of the stakeholders. In particular, a more
flexible timetable, with an increase of 1 h and 15 min every day, was projected in order
to allow parents a better adaptation with their working routines. An increase of 8
children and the use of an unoccupied classroom are planned.

An improvement of the indicators for each sustainability dimension was achieved.
A reduction of the environmental impact expressed by the global warming and an
increase of the added value were measured. Looking at the social dimension, the local
employment could be pushed up and the working routines facilitated.

0

150

300

450

600

0

30

60

90

120

0

100

200

300

400

0

7,5

15

22,5

30

0

2,5

5

7,5

10

0

2

4

6

8

GWP100 (Kg CO2 eq) Water cons. (l) VA (€) VA/Subv (%) Opening (h/day) Workers number 

Initial service

Redesign

Fig. 5. Day-care service. Sustainability indicators comparison

30 I. Millán et al.



References

1. Ceschin F, Gaziulusoy I (2016) Evolution of design for sustainability: from product design
to design for system innovations and transitions. Des Stud 47:118–163

2. Brezet JC, Van Hemel CG (1997) Ecodesign: a promising approach to sustainable
production and consumption. UNEP, United Nations Publications, Paris

3. Guinée J, Gorrée M, Heijungs R, Huppes G, Kleijn R, de Koning A et al (2001) Life cycle
assessment—an operational guide to the ISO standards. Leiden University, Centre of
Environmental Sciences (CML), The Netherlands

4. ISO (2006a) ISO 14040 International Standard. In: Environmental management—life cycle
assessment—principles and framework. International Organisation, Geneva, Switzerland

5. ISO (2006b) ISO 14040 International Standard. In: Environmental management—life cycle
assessment—requirements and guidelines. International Organisation, Geneva, Switzerland

6. Wimmer W, Züst R (2003) Ecodesign PILOT: product Investigation. Learning and
optimization tool for sustainable product development. Kluwer Academic Publishers,
Dordrecht

7. Crul M, Diehl JC (2009) Design for sustainability. A step-by-step approach. UNEP, United
Nations Publications, Paris

8. Brezet JC, Bijma AS, Ehrenfeld J, Silvester S (2001) The design of eco-efficient services.
Design for sustainability program. Delft University of Technology, The Netherlands

9. Vezzoli C, Kohtala C, Srinivasan A (2014) Product-service system design for sustainability.
Greenleaf Publishing, Sheffield

10. UNCED (1992) Agenda 21, United Nations Conference on Environment and Development,
Rio de Janeiro

11. EPRA (2017) Sustainability Best Practices Recommendations, European Public Real Estate
Association. Third version

12. Finkbeiner M, Schau EM, Lehmann A, Traverso M (2010) Towards life cycle sustainability
assessment. Sustainability 2:3309–3322

13. Valdivia S, Ugaya CML, Hildenbrand J, Traverso M, Mazijn B, Sonneman GA (2013)
UNEP/SETAC approach towards a life cycle sustainability assessment-our contribution to
Rio + 20. Int J Life Cycle Assess 18:1673–1685

14. UNEP/SETAC (2009) Guidelines for Social Life Cycle Assessment of Products. United
Nations Environment Programme, Paris

15. Adelle C, Pallemaerts M (2009) Sustainable development indicators. An overview of
relevant framework programme funded research and identification of further needs in view of
EU and international activities, European Communities

16. Order August 25th of 2005. Education. Culture and Sport Department of Aragón
17. International Energy Agency, grid-based emissions factors. www.iea.org/statistics/topics/

CO2emissions/. Latest Accessed 27 Feb 2018

Methodology for a Sustainable Design of Product-Service Systems 31

http://www.iea.org/statistics/topics/CO2emissions/
http://www.iea.org/statistics/topics/CO2emissions/


Human Factors Assessment for Comfort
and Safety in the XCAT Powerboats Rules

S. Abrami1, F. Cucinotta2(&), E. Guglielmino2, and F. Sfravara2

1 UIM Technical & Safety Office, Piazza C. Battisti, 25068 Sarezzo, Italy
2 University of Messina, C.da di Dio, 98166 Messina, Italy

filippo.cucinotta@unime.it

Abstract. In the speed-based competition, with the use of fast vehicles, a
fundamental aspect is the safety and comfort of the drivers. In each speed-based
competition, the drivers are subjected to vibrations and stresses whose evalua-
tion is fundamental in order to quantify the discomfort of them. The comfort
conditions are guaranteed by a deep study of the correct size of the internal
spaces, the right posture of the drivers and the right choice of the position of the
elements inside the vehicles (damping elements, position of the steering wheel,
position of instruments, etc.). Another important aspect is the assessment of the
escape spaces in case of accident. To reach these goals, the Governing Body act
with the definition and the verification of technical rules. In this work the field of
interest is powerboats sport. During the powerboat race, the reached speed and
the z-acceleration of the boat lead to several stresses on drivers. Two different
approaches have been investigated, a traditional 2D approach and an innovative
3D approach. Results have been discussed.

Keywords: Ergonomics � Human factors � Safety design � Seat comfort

1 Introduction

In racing sports, it is crucial, for safety and comfort reason, to guarantee the correct size
of the internal spaces and right position of the drivers. A literature review of the of race
driver position and fatigue measurement has been proposed by Owen et al. [1]. In the
last years, UIM (Unione International Motonautique), powerboat Governing Body, has
made an evolution as a very high-tech sport with a great concern for the safety of the
pilots. During the racing, the pilots can reach speed over of 200 km/h and this con-
dition can lead to danger situations such as drowning of the pilots and impact effects [2,
3]. As in the history of all motor sports, accidents with powerboats resulted in attention
by organisers and boat builders to the importance of safety [4, 5]. In particular, in
powerboat sports, that use closed canopy, in order to increase the safety, it is necessary
to assess the correct clearances and the escape routes. To reach this goal, sport’s
officers act with the definition and the verification of technical rules. For this reason, the
rules have to be justified by technical motivation and frequently updated.

The first element under study for the comfort of the drivers is the seat. Kamp [6]
showed the comfort response of 21 persons sitting on three different car-seats design. In
this study, it has been shown the difference between the seats used in racing sport and

© Springer Nature Switzerland AG 2019
F. Cavas-Martínez et al. (Eds.): Advances on Mechanics, Design
Engineering and Manufacturing II, LNME, pp. 32–40, 2019.
https://doi.org/10.1007/978-3-030-12346-8_4

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-12346-8_4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-12346-8_4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-12346-8_4&amp;domain=pdf
https://doi.org/10.1007/978-3-030-12346-8_4


the ones used in daily cars. This, because all the vibrations during the race caused by
the accelerations, principally in z-direction, are transmitted to the buttocks and back of
the occupants along the vertebral axis via the back and base of the seat. In the auto-
motive field, many studies concern the evaluation of the fatigue and discomfort of
drivers during race. Ebe et al. [7] proposed a qualitative model for the assessment of the
discomfort including both static and dynamic conditions. An evaluation of different
types of seats has been proposed by El Falou et al. [8] with the assessment of the driver
response with the use of surface electrodes. In this case, the vibrations of the car have
been produced by a vibrating platform. A new concept design to reduce the vibration
effects on drivers has been proposed by Makhsous et al. [9]. Many studies have been
conducted in order to decrease the fatal injuries during the racing sports. Until to 2001,
the most common cause of injuries in motor sport racing was the fracture of the
craniovertebral junction. With the introduction of the HANS system (Head and Neck
Support) this type of injury has drastically decreased [10]. The need to define new
designs in order to increase the comfort of drivers lead many authors to study virtual
solutions. A review of the impact in the use of computer-integrated techniques for the
identification of industrial ergonomic factors has been reported by Sharma et al. [11].
One of the most popular software for simulating comfort and ergonomic conditions is
Jack, developed at the University of Pennsylvania. Kajaks et al. used this software in
order to evaluate the effects of aging on driver visibility [12]. Reed et al. [13] scanned
different humans in order to implement them in Jack software. This paper describes the
use of 2D and 3D approaches in order to define minimum dimensions of the internal
spaces inside the cockpit of a XCAT powerboat for UIM competitions. The 3D
approach is conducted thanks to Jack software, with this software has been defined a
minimum volumetric distribution of the clear space.

2 Materials and Methods

In this work the field of interest is powerboats sport. During the race of motorboats, the
reached velocity and the z-acceleration of the boat lead to several stresses on drivers.
Furthermore, a critical aspect in this sport is the escape phase of drivers after an
accident. In order to quantify all these aspects the paper proposes an assessment of the
spaces with a 2D approach and with the use of a 3D model approach. The 2D approach
allows defining the minimum dimensions of the internal spaces inside the cockpit
(Fig. 1).

In accordance with European stature at four different male percentiles (5, 50, 80 and
95%) human height and relative proportions of the body parts have been used [14]. The
anthropometric data are compatible with the detected measures of the drivers of the
XCAT class of the UIM competition. In order to quantify the comfort conditions have
been used different posture angles in accordance to the ones defined in racing auto-
motive sport [15, 16]. Thanks to the definition of the posture angles have been defined
two different postural quadrilaterals. The first one is relative to the sagittal plane
(Fig. 2- top). The vertexes of this quadrilateral are: sitting point (A), head point (B),
steering wheel (C) and heel (D). The second one is in transversal plane (Fig. 2- down).
In this case the vertexes are: the top of the head, the top of the head rotated of 45°, the
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Fig. 1. 2D traditional approach

Fig. 2. Sagittal polygon on left, transversal polygon on right

34 S. Abrami et al.



elbow and the maximum encumbrance of the legs. Taking in account the different
dimensions of the drivers, the cockpit internal spaces and all driver’s equipment
(damping system, helmet, seat), have been calculated the minimum height and breadth
of the cockpit in order to have the necessary spaces for comfort condition during the
race.

The 2D approach has several limits, e.g. it can’t take into account the true size of
the cockpit, the reachability of the escape routes, including all the movements that the
drivers have to do in the transitory stage. For this reason a 3D approach is also
proposed. The 3D model allows evaluating these spaces during the escape phase in
numerous cases, including the case of capsizing of the boat. In this phase is funda-
mental to evaluate the encumbrance of the all elements in dynamic mode. Furthermore,
a 3D approach allows to evaluate the dynamic effects on the drivers coming from
slamming accelerations, collisions, seatbelts and Head and Neck Support (HANS)
constraints.

A 3D model has been developed (Fig. 3) on the base of a true XCAT UIM
powerboats, several times world champion.

The implemented anthropometric data comes from Jack, the human simulation
system developed at the Center for Human Modeling and Simulation at the University
of Pennsylvania in the 1980s & 1990s and now acquired by Siemens.

Jack Human tool allows setting numerous anthropometric variables in function of
the human race and the wanted percentile. In particular, the variables are: 1 Stature 2
Abdominal Depth 3 Ankle Height 4 Acromion Height 5 Arm Length 6 Biacromial
Breadth 7 Bideltoid Breadth 8 Buttock-Knee Length 9 Elbow Rest Height 10 Elbow-

Fig. 3. Virtual 3D model
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Fingertip Length 11 Foot Breadth 12 Foot Length 13 Hand Breadth 14 Hand Length 15
Head Breadth 16 Head Height 17 Head Length 18 Hip Breadth 19 Interpupil Distance
20 Shoulder-Elbow Length 21 Sitting-Acromial Height 22 Sitting Eye Height 23
Seated Height 24 Sitting Knee Height 25 Thigh Clearance 26 Thumbtip Reach.

Thanks to 3D model has been defined a minimum volumetric distribution of the
clear space. The reach envelope allows to identify the reachability of the controls, for
comfort reasons and the hatches in case of accidents (Fig. 4, on left). Furthermore they
allows to predict the effectiveness of the restraint systems (i.e. seatbelts and HANS), for
example in order to evaluate the permitted movements of the head to find the right
compromise between safety and visibility (Fig. 4, on right).

A crucial point is how to quantify the necessary spaces in order to guarantee safe
escaping from the bottom of the hull (hatch) or from the top of the cockpit in the
shortest possible time. Figure 5, on left, shows a real condition of escaping during a
race of motorboats caused by a capsizing accident. In the same Fig. 5, on right, it is
shown the corresponding virtual model.

Fig. 4. Reach envelopes of the tip of the fingers, on left, and of the head of the driver using
seatbelts, on right

Fig. 5. Escaping condition from the bottom hatch (following a capsizing) in real mode, on left,
and virtual mode, on right
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The volume that each part of the body can reach during the movements is defined
as a reach envelopes. They usually assumes an ellipsoid shape and, in order to evaluate
their magnitude, a model based on the span measurement in the 3 directions has been
implemented. In this way it is possible to compare the dimensions of the 3D space with
numbers that can be easily implemented by the standards in terms of clearance. For the
assessment of the head and neck movements, a reference system has been used, as in
Fig. 6 (left). The view capability of the pilots is evaluated as the overall envelope of the
permitted vision cones by the movements of the neck and head. As a comparison
parameter, the maximum envelope angle 0 has been taken on the plan orthogonal to z-
axis as in Fig. 6 (right). The three rotations, defined as lateral bending (v), around the
x-axis, flexion (w), around the y-axis and torsion (f), around the z-axis, were detected,
in their limits, on a real model, as in Fig. 7.

3 Results and Discussion

A comparison between the drivers encumbrance, evaluated by means of the 2D
polygons, has been carried out. In Table 1, with the significance of the letters H and B
as in Fig. 8, the encumbrances, including the regulatory clearances (UIM Official
Rulebook 2016), of the cockpit are reported. The sizes have been nondimensionalized

Fig. 6. Reference system, on left, and maximum vision angle, on right

Fig. 7. Three head and neck maximum excursions (with HANS and harness)
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on the minimum regulatory ones. Since the clearance at the shoulder, R, is not regu-
lated by rules, it is reported as percentage of regulatory width (1340 mm).

Through the 3D analysis of the head reach envelopes, a comparison has been made
between three different conditions: without harness (1), with harness only (2) and with
harness and HANS (3) (rules condition). The spans are reported in mm in the Table 2.

The analysis shows that the use of HANS and harness greatly reduces the move-
ments allowed by the head. In particular, the lateral bending is the most restricted, in
comparison to the free pilot condition. Conversely, the visibility of the driver is

Table 1. Maximum polygons encumbrance, referring to the regulatory cockpit sizes and
minimum clearance at the shoulder

Driver’s height (percentile of population)
(%)

H max
(%)

B max
(%)

R min
(%)

R
min

5 86.2 73.7 17.7 237.2
50 91.3 80.6 14.8 198.3
80 93.9 84.2 13.0 174.2
95 96.1 87.9 11.5 154.1

Fig. 8. Definition of the polygons encumbrance and the clearance at the shoulder

Table 2. Head envelope spans and vision angle

Condition X span (mm) Y span (mm) Z span (mm) 0 (°)

1 369 904 432 325.2
2 197 412 159 239.2
3 159 329 45 127.0
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drastically reduced up to 60%. The range movements, in angles, are reported in
Table 3. The back flexion, in both cases, is limited by the headrest.

4 Conclusions

Two different 2D and 3D approaches, for the cockpit size of a UIM XCAT powerboats,
have been investigated. The 2D approach, by means of the use for ergonomic polygons,
has allowed verifying the effectiveness of the rules clearances. A more complex 3D
approach, by the use of Jack manikins into a 3D modelled volume, has permitted to
assess the safety and the comfort of the drivers in more detail. The use of reach
envelope of the head led to compare three different conditions in terms of maximum
encumbrances. In particular, the use at the same time of the HANS and the harness
permit a sensible reduction of the head movements, with a substantial safety increasing,
but also a significant reduction of the visibility.

Further analyses can make it possible to evaluate the effectiveness of the current
rules also in dynamic terms, as e.g. about the body accelerations.
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Abstract. The increasing relevance of occupational injuries and illness related
to lean manufacturing strategies in automotive assembly lines brings an
increasing interest in this industry by the research and development of new tools
and methods for the evaluation and prevention of work-related musculoskeletal
disorders (WMSDs). However, few studies have focused on assessing the
exposures to the hand region whereas disorder in this region remain at the
primary tier of the prevalence ranking. Herein, this paper presents a low-cost,
wearable inertial measurement unit (IMU) to measure workplace demands. This
technology was selected after analysing an assessment scale composed of seven
of the common ergonomic assessment tools and methods. After a brief verifi-
cation through a laboratory goniometry experiment, eleven joint angles of a
volunteer’s hand were measured. The results indicated that the mean difference
between the values measured by participants and the values obtained directly
from the wearable is 2.44°, which has the same accuracy level of the commercial
products. The proposed device is scalable enough to be iterated by further
improvements, including conductive fabric 3D printing technology.

Keywords: Work-related musculoskeletal disorders � Automotive assembly
lines � Measurements assessment � Inertial measurement units � Arduino

1 Introduction

Work-related musculoskeletal disorders (WMSDs), such as Carpal Tunnel Syndrome,
Radial Tunnel Syndrome or Tendonitis, are some of the most common injuries in the
manufacturing sector that generates pain in the musculoskeletal system [1]. WMSDs
led to 3,138,000 lost workdays in the United Kingdom in the period 2015–16 [2] and a
total cost of lost productivity of €240 billion or up to 2% of gross domestic product
(GDP) in 2015 in the European Union [3]. Repetitive movement, excessive force,
enduring awkward postures as well as psychological factors are the main exposures that
cause WMSDs [4]. Many studies try to prevent these situations by measuring and
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estimating workload intensity in order to change the cycle time or replace the layout of
an assembly line.

To assess WMSDs risks in a specific workplace, ergonomic experts rely on a
variety of methods and techniques which can be generally categorized into: (1) self-
report, (2) expert observation and (3) direct measurement that can be combined with
biomechanical assessment methods for the later post-processing of the human-motion
data collected. With the development of technology and increasing investments,
nowadays, ergonomic experts tend to utilize more objective methods to evaluate the
ergonomics. However, most of them focus mainly on low-back, upper limb and neck
regions while the WMSDs of the hand and the wrist are very hard to measure, or
merely treated as a reference group.

Numerous companies and studies in various fields have started some attempts on
hand region motion capture by using a variety of advanced techniques. Wang et al. [5]
used CyberGlove®, which is supported by a flex sensor as the core technique for
presenting a calibration approach for hand motion capture. Sama et al. [6] developed a
low-power and low-cost hand motion capture glove by utilising a set of flex sensors,
gyroscopes and accelerometers. Kitano et al. [7] presented a wearable finger motion
measurement system using 9-axis inertial and geomagnetic sensors that works with the
Euler angle system. In fact, it is a challenge for most of the self-made devices and
commercial products to balance the cost, the performance and the comfort in a real
workplace.

The aim of this paper is to develop a wearable device for tracking worker’s finger
movements in an automotive assembly plant so as to subsequently analyse if the
worker is exposed to WMSDs. An automotive company was selected for the projects
since the research team has a long relationship with them and they were concern about
workers’ safety in the assembly line. Nevertheless, this device can also be adopted by
other industrial sectors. Intensive, repetitive and continuous movements, as well as
compact workspaces are the fundamental job constraints in the current lean automotive
assembly production environment [8]. The design of the wearable should focus on the
above facts and the commercial principle of low-cost. Firstly, in order to select the most
appropriate measuring technique for the device, seven methods and technologies were
evaluated with an assessment scale. These methods included both non-technological
and technologically more sophisticated solutions. The assessment scales were later
analysed to identify their advantages and disadvantages considered. Finally, an early
prototype of the wearable device was introduced for motion capturing of the thumb and
index fingers.

2 Methods

Seven of the most prevailing ergonomic methods were evaluated by means of a
questionnaire created ad hoc and an open question sheet. The methods were:
(1) Assessment of Repetitive Tasks (ART) Tools, (2) Rapid Upper Limb
Assessment/Rapid Entire Body Assessment (RULA/REBA), (3) Biomechanical
Assessment (BA), (4) Optoelectronic Systems (OES), (5) Electro Goniometer (EG),
(6) Accelerometry (AM) and (7) Inertial Measurement Units (IMUs).
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The suitability of each method was evaluated through several questions grouped by
timing, that is, the evaluation of how good this method is before, during, and after the
ergonomic measuring. Questions required a yes/no answer or followed a five-level
Likert Scale from negative (1) to positive (5) (Fig. 1). Subsequently, this questionnaire
was distributed among three experts. One of the experts is a professional who works for
company that are involved in ergonomics in the product design cycle. She is also a
lecturer in ergonomics. The second expert is a Ph.D. in mechanical engineering who
did this Ph.D. in motion capture field and now works in a research center with these
systems. The third expert worked for a research center with motion capture systems and
now is lecturer on motion capture systems at and engineering university. All of them
were asked to fill out only those questionnaires that they considered themselves experts
on. Results are listed in the Table 1.

Results from ART Tools and RULA/REBA, show that observation methods almost
comprehensively cover all the metrics with good validity, accessibility, practicability
and cost-effective (Avg. = 3.7), except “Movement velocity”, “Vibration” and “Sud-
den impact” (Avg. = 1.3). Direct measurement systems (OES, EG, AM and IMUs) are
the most objective methods to measure (Avg. = 4.4 on “Numbers”). The kinetic
validity (Avg. = 3.6 on “Movement repetition”, “Body angles”, “Velocity of move-
ments”, “Vibration” and “Sudden impacts”) and the reliability (Avg. = 4.1 on “Test-
retest” and “Inter-rater”) are also important features of the four methods. Regarding to
the order of “Operating difficulty” among direct measurements, EG is the easiest to
handle (4.5), then IMUs is the next (3.5), whereas OES and AM are the hardest two

Fig. 1. Sample of questionnaire (RULA/REBA) for evaluation

Development of a Low-Cost Wearable Prevention System … 43



(2 and 2.3). Additionally, IMUs and EG approximately have the same level on
“Manual error” with the other methods. From the interviews with the experts, it is said
that although the precision of the captured repetitive movement depends on the
capability of different products, the market trends still reveal that nowadays ergonomic
experts tend to choose this type of methods to assist or replace expert observation.

Table 1. Scale results of main WMSD assessment methods

Assessing metrics Art
tools

RULA/REBA BA OES EG AM IMUs

Movement repetition 5 5 5 4.5 4.5 4 2.5
Body loads 4 5 5 1 3 1 1
Body angles 4 4 5 4 4 2.3 4
Velocity of
movements

2 1 4 4 4 4 3.5

Duration of
movements

4 4 3 4.5 4.5 3.3 2

Vibration 1 1 3 3 2.5 4.3 3.5
Sudden impacts 1 2 1 1.5 2 5 4
Muscles activity 3 3 5 2 3 2.3 2
Lifting 5 5 5 2.5 3 1.3 2.5
Independence 5 5 1 4 3 1 3
Numbers 4 4 5 4.5 4 4.7 4.5
Learning difficulty 5 4 1 1.5 3 2.7 3.5
Physical space 5 5 5 1 4.5 4.7 4.5
Equipment costs 5 5 2 1 3.5 3.7 4.5
Preparation time 4 4 1 1.5 3 3.3 3
Operating difficulty 5 5 1 2 4.5 2.3 3.5
Test time 4 4 3 4 4 3.5 4
Test-retest 4 4 5 5 3.5 3.7 4
Inter-rater 4 4 5 4.5 3.5 4.3 4
Manual error 3 3 3 4 3 3.7 3
Psychological
collaboration

5 5 4 1.5 4 3.7 2.5

Physical collaboration 5 5 4 3 4.5 4.7 4
Safety 5 5 5 5 4 5 5
Result communication 5 5 5 5 4 4.3 5
Correlation 4 4 3 5 3.5 3.3 4
Career threat 2 2 4 5 4 4 5

Assessment of Repetitive Tasks (ART) Tools
Rapid Upper Limb Assessment/Rapid Entire Body Assessment (RULA/REBA)
Biomechanical Assessment (BA)
Optoelectronic Systems (OES)
Electro Goniometer (EG)
Accelerometry (AM)
Inertial Measurement Units (IMUs)
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However, they evaluate these measuring data (angles, movements) later based on
biomechanical or ergonomic database meaning that objectivity would slightly reduce
somehow. Then, commercial measurement products are generally with less learning
difficulty and more user-friendly, although higher prices are high as well. Thus, based
on the overall feedback of the questionnaires and the interviews, we discussed and
summarized that the four of the most requested critical feature demands of WMSDs
exposure assessment in automotive assembly line are: portability, compactness, pre-
cision and the ability to let the user move naturally. The reasons of we choosing IMUs
will later be explained in the discussion section.

For the early prototype, only two fingers were tracked. Since mostly human daily
hand actions, such as picking and gripping, are done by the thumb and the index finger,
those two of the most essential fingers are adopted. According to the experts’
responses, the IMUs was the one selected for the prototype. Seven IMUs were attached
to each dorsal surfaces of the thumb and index finger phalanges with the help of rubber
bands. In particular, the Bosch BNO055 absolute orientation sensor, a 9-DoF IMU with
a thumbnail scale (20 � 27 � 4 mm), was selected. It integrates a 14-bit traxial
accelerometer, a 16-bit traxial gyroscope, a full performance magnetometer and a 32-
bit ARM Cortex-M0 based microcontroller. In addition, this IMU sensor includes a
complete calibration algorithm. It is necessary to take approximately one minute to do
some calibration movements that are introduced by the Bosch standard calibrating
method. An Inter-Integrated Circuit (I2C) multiplexer (TCA9548A, Adafruit) was used
to extend the number of IMU sensors and connect to a central controller (Arduino
UNO, Arduino.cc). Figure 2 shows several representative gestures that were success-
fully captured and visualized by the IMUs.

Fig. 2. Thumb & Index finger gesture capturing
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The tracking process of the fingers began with the IMU sensors collecting orien-
tation data in the form of unit quaternion vector. Quaternions were selected instead of
Euler angles so as to avoid the gimbal lock issue and to optimize later calculation
processes. Next, those data are packaged and sent to MATLAB for visualization.
In MATLAB, several processes are executed to calculate the coordinates of each finger
joint in the local and global reference system. The length of each phalanx is physically
measured in advance.

1. Define seven points on the local rigid body coordinate system in quaternion form (w
value equals to zero) along forward Y axis in a corresponding real phalanx length.

2. The conjugation of the quaternion is equal to its reciprocal here because of the unit
quaternion form data. Hence, rotate each local points with sensor quaternion
(representing the rotation) via the quaternion rotation formula sequentially to attain
the triple cross product, where each part is multiplied first by its reciprocal
quaternion then by the sensor quaternion, which, due to the cross product is not
commutative. Thus the local rotated points are obtained correctly. Apart from the
carpometacarpal (CMC) joints of each finger, which are located on the original
point, the rest of the joints are translationally connected to the previous endpoint of
its phalanx.

3. Given a compensation quaternion, representing an offset left-handed rotation angle,
which is from magnetic north to the direction orthogonal to the terminal screen,
around the upward Z axis given a unit vector, compensate those joints via the same
quaternion rotation formula mentioned above. Hereto the local rotated joints are
converted to the global coordinate system.

4. Calculate the finger angle between every two normalised segment vectors by the
arccosine of the dot product.

5. Use a two-point type 3D cylinder function to model and plot each virtual segment
by connecting each proximal joint with the previous distal joint.

To verify the feasibility of this prototype, a laboratory goniometry experiment was
designed and conducted. After calibrating IMU sensors, three participants were asked
to physically measure those knuckle angles with the help of a universal goniometer
while a fourth volunteer wore the IMUs and performed some designed gestures with
his hand. Simultaneously, the virtual angles were calculated and displayed in
MATLAB. Eleven virtual and physical angles were measured and compared in real
time (Fig. 3).

A set of finger goniometry methods in anatomy was adopted. Considering the
accuracy and convenience of this experiment, as shown in Fig. 4, active radial
abduction and ulnar adduction were measured mainly via the carpometacarpal
(CMC) joint of the thumb (Angle No. 2, 3) but also the metacarpophalangeal
(MCP) joint of the index finger (Angle No. 4, 5), while active palmar flexion and dorsal
extension were measured via the distal interphalangeal (DIP) and the proximal inter-
phalangeal (PIP) of the index finger (Angle No. 7, 8, 10, 11), also the MCP joint of the
index finger and the CMC joint of the thumb (Angle No. 1, 6, 9). More specifically,
each gestures were maintained by following the goniometry procedures: (1) for mea-
suring each index finger stretch and thumb abduction/adduction, the examiner stabilises
the volunteer’s finger and maintains the palm in a vertical position along the white
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reference line, then aligns each arm of the goniometer with the dorsal midline of the
corresponding phalanx; (2) for measuring each thumb stretch and index finger
abduction/adduction, the examiner places the volunteer’s index finger along the white
reference line, maintains the metacarpal in a neutral position and prevents radial
deviation at the wrist, then aligns arms of goniometer with the dorsal midline of the
corresponding phalanx [9].

3 Results

The three participants were researchers from an engineering university. Their age range
was from 25 to 40 years old, and they were all male. All of them had received basic
training with the goniometer. Table 2 represents the angle results of each joint: the
thumb carpometacarpal (TCMC) joint; the thumb metacarpophalangeal (TMCP) joint;
the index metacarpophalangeal (IMCP) joint; the index proximal interphalangeal (IPIP)
and the index distal interphalangeal (IDIP). For each participant the virtual angle results

Fig. 3. Thumb abduction angle measuring by goniometer (top) and computer (bottom)

Fig. 4. Measuring gestures of each angle
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are correspondingly compared with the manual measuring results. Average differences
between the virtual angles and the manual measured angles from the three participants
were 1.68°, 3.20° and 3.15°.

To confirm the significance of the results with respect to the angles measured and
the participants, an analysis of variance (ANOVA) was held. “Participant” and “Joint”
were considered as independent variables, and angle error value as the response
variable. The results from the analysis indicated that, “Participant” is not statistically
significant (P-value of 0.291). “Joint” was not also statistically significant (P-value of
0.822). These results indicated that neither the “Participant” nor the “Joint” they are
measuring are key parameters for the angle error obtained.

4 Discussion

According to the findings of the questionnaire assessment, we point out that the eval-
uations are relative within their individual knowledge. For example, in terms of the
expert observation methods, the metrics of numbers, Test-reTest, Inter-rater, as well as
the most of the validity factors have incomprehensible high values. This is because
subjects are divided into the expert observation group and the direct measurement
group, and they answered without getting a bare idea about the capabilities of the other
methods from the other groups. The actual relationship between these two groups has
been understood from the interview with experts who have the experience across
technologies or methods from both groups. Furthermore, measurement validity, learning
difficulty, price and preparation time, those metrics may depend on different tasks, and
different features from immensely wide product choices in the current market. Similarly,
in the OES for instance, the effective coverage and resolution involve the quantity of
camera used, which is related to the demands on real site. We have tried to generalize
each metrics as much as possible for a more objective conclusion.

Table 2. Goniometry experiment results from three participants

Participant A (°) Participant B (°) Participant C (°)
Real Virtual Dif. Real Virtual Dif. Real Virtual Dif.

1. TCMC Extension 50.00 50.84 0.84 41.30 43.59 2.29 49.00 50.10 1.10
2. TCMC Adduction 16.00 15.33 0.67 22.85 25.49 2.64 26.00 20.90 5.10
3. TCMC Abduction 54.60 56.43 1.83 46.30 45.14 1.16 50.00 56.20 6.20
4. IMCP Adduction 19.00 17.23 1.77 17.80 15.6 2.20 28.00 23.70 4.30
5. IMCP Abduction 34.00 34.67 0.67 40.4 41.53 1.13 42.00 41.70 0.30
6. IMCP Extension 16.00 15.46 0.54 14.3 21.10 6.80 15.00 12.40 2.60
7. IPIP Extension 6.00 5.94 0.06 6.00 15.19 9.19 3.00 6.50 3.50
8. IDIP Extension 14.50 14.97 0.47 20.30 18.39 1.91 14.00 15.60 1.60
9. IMCP Flexion 91.00 91.46 0.46 84.15 80.9 3.25 86.00 81.00 5.00
10. IPIP Flexion 88.20 79.74 8.46 84.15 82.9 1.25 88.00 89.00 1.00
11. IDIP Flexion 3.70 6.48 2.78 1.00 4.47 3.47 9.00 5.00 4.00
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With respect to the selection of the technology, combined with the actual demands
of automotive assembly plant workplace, we believe that IMU is the most advisable
technique among the present measurements. On the one hand, self-report and expert
observation do not meet the requirement of positive observing, objective and accurate
results, productivity guarantee, even real time monitoring. As such, selection was
focused on direct measurements. On the other hand, noticing that nearly all the
facilities in the assembly line are made of metal, OES systems can suffer from “ghost
marker” to obstruct the recognition of the camera. Moreover, poor illumination,
occlusion, expertise requirement, large operating space, high costs on money and time
determine that OES are hardly used on real work site. Likewise, the EG has the
problem of size and weight, which will hamper the worker’s activities, especially in the
intensive and complex assembly environment. Regarding to AM, experts claimed that
there is not any single AM measurement currently in the market, because of its critical
drift error and poor independence. Additionally, productivity and cost-effectiveness are
commonly undervalued in existing ergonomic studies [10]. Throughout the analysis of
the State of the Art about direct measurement devices, the IMUs system has become
increasingly acceptable, and so has the potential for physical exposure detection of
precise movements in the hand region. Meanwhile, the IMUs have the advantage of
being applicable to both indoor and outdoor settings [10]. Summing everything up, it
can be said that there is not a perfect measurement system, but currently IMUs is the
most suitable.

Several points also deserve discussion regarding the validation process with vol-
unteers. Due to the different motives of measuring angle, this paper does not strictly
follow the standard joints measurement flow. With the aim of better verification, some
specific gestures, such as flexion close to 90° at IMCP and IPIP joints, were required
instead of extreme flexion because the angle has to do with the elasticity of the tendon
and joint when close to extreme limits, which may cause the instability of actual angle
value. It is more important to verify the precision of this device rather than to obtain
each finger range of motion. However, there were still some extreme gestures
remaining for covering as many situations as possible.

Nonetheless, the observers’ errors when using the universal goniometer is the
limitation for the reference group. Additional experiment is worth be carried out to
make a better comparison with the virtual angles obtained from our prototype, against
real angles measured by other advanced direct measurement systems such as OES or
flexible EG. Taking into account the accuracy of other prevailing measurements, the
Vicon mocap system provided mean accuracy of 89.33% with root mean square error
of 5.19° [11], the CyberGlove specification claimed sensor resolution is under 1° with
repeatability of ± 3° [12]. Based on the above, we are able to indicate that the value of
virtual angles is very close to the real angles, and the precision is at the same level of
the mainstream measurement devices and products.

It is worth mentioning that, our whole hardware system so far, including seven
sensors for two fingers, costs around 225 EUR in total, purchased from Arduino
component supplier. Considering the price of other direct measurement systems, the
commercial inertial sensor product such as Xsens MVN, is approximately 12,000 EUR;
referring to the OES, the price range is approximately from 5000 EUR of Kinect to
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55,000 EUR of Vicon. It was interesting to get a device that would relatively keep in
the low-cost level in the market.

For assessing the ergonomic risk and preventing MSDs exposures, capturing
motion angle data is only the pre-step for the entire progress. The next technical stage
should be to analyse those movements together with force data by using a mathematical
model within a software and the help of an expert. To achieve this, various biome-
chanical analysis software applications are available, such as 3D Static Strength Pre-
diction Program™ (3DSSPP) [13]. Likewise, based on its adaptability, the use of this
system can also be extended to assembly lines in the other industrial fields where the
worker’s safety is a concern.

5 Conclusion

This paper proposes a hand region rotation capture device designed for ergonomic
assessment of workers on automotive assembly lines. Through questionnaires filled out
by experts, four primary features of portability, compactness, precision and the ability
to let the user move naturally for the design of a wearable ergonomics evaluation
device were identified. The IMU technique was considered as the cheapest and the
most reliable hardware among the abundant variety of direct measurement techniques,
thus it was selected for building up an initial hand motion capture prototype. After a
series of validation tests with volunteers, the average differences values demonstrate
that the virtual wearable angles are very close to the one measured by volunteers. This
early research will serve as a base for subsequent studies on the design of user-centred
wearable devices for ergonomics evaluation that will focus on reducing deviation
factors, integrating conductive 3D printing, improving user experience, and designing
the entire compact glove.
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Abstract. With the increase in life expectancy, some new information and
communication technologies become poorly adapted to elderly, especially with
devices of small size as smartphones for example. In order to predict and
improve the accessibility of people with limited forearm motor capacity the
paper deals with the study of interaction modalities based on EMG (elec-
tromyography) for human-computer interaction, for a more tolerant interaction
in the face of vagueness of the gesture. For this purpose series of tests for finger
activity estimation were performed according to an appropriated bio-medical
protocol (two cases: with and without a strap) while manipulating a smartphone.
The EMG signals of the three most involved muscles of the thumb were
recorded and analyzed. The results shown that the finger’s EMG signals for
these muscles are interdependent. It was found that the relationships between
positions of touch, for five orders dots disposed on the smart phone screen, and
applied force were no linear. The quantitative relationships between force and
fingers’ displacements have been extracted by using linear regression analysis.
Based on the comparison of force-displacement relationships, it is observed that
the thumb induces less activating force than the other fingers. It was also found
that the relief of the finger muscles involved in the gripping of the smartphone
allows to reduce the muscular activity of the thumb and thus to delay the
appearance of musculoskeletal disorders.

Keywords: Product design � Human factors � Ergonomics � Muscle–computer
interface � Biomechanics � Accessibility � Electromyography

1 Introduction

These last decades, new information and communication technologies have multiplied,
making the world more and more “connected”. Access to information has been greatly
facilitated by the emergence of the Internet, and its enabling tools. Smartphones, for
instance, are ones of the most effective ways to navigate in this virtual world: their
small size and intuitive interface have made them familiar, indispensable and ubiqui-
tous devices. The latter offer a variety of possibilities through an increasingly large
touch screen. If the interaction with the phones of yesterday was done mainly by means
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of a keyboard located under the screen, in today designed phones the whole surfaces of
the devices are used thus increasing their functionalities.

However, people with limited hand mobility can experience fatigue-related prob-
lems when using such devices [1]. More generally, the long-term effects of everyday
use of a smartphone (including young people) are still unknown, but it is reasonable to
suppose that illnesses may appear, such as tendinitis [2].

These masse designed devices are mainly based on interaction with gesture or
touch: which requires specific gestures especially for elderly [3]. Thus, scientific and
technological advances have to be proposed to take this reality into account. To this
end a question arises, namely: How to improve the accessibility for this class of
devices?

Recently new ergonomic solutions were available on the market. The designed
ergonomic keyboard “Word Flow” from Microsoft was an example. Supposed to do
writing easier and faster, it was abandoned last year. The smartphones with classical
“QWERTY” and “AZERTY” keyboards seem not to be obsolete anymore and are still
predominant on the market today. For this reason our study concerns the manipulation
of these widely used classical devices.

A study of pointing performance of elderly users on smartphones was presented in
[1]. Pointing performance was measured by the time taken to complete the pointing
task and the number of errors during a task. For this purpose authors conducted two
experiments. For the first one (three target sizes and two target spacings), they analyzed
whether touch screen pointing performance depends on the location of the target. For
the second experiment (three types of feedback; auditory, tactile, and audiotactile) the
results show that: (i) pointing performance of elderly was significantly influenced by
size, spacing, and location of the target, and (ii) the performance was higher in
audiotactile feedback condition.

Huawei et al. [4] examined the performance of two scrolling techniques (flick and
ring) for document navigation in touch-based mobile phones, using three input
methods (index finger, pen, and thumb), with specific consideration given to two
postures: sitting and walking. The authors find out that: (i) in both sitting and walking
postures, for the three input methods, flick resulted in shorter movement time and fewer
crossings than ring, suggesting flick is superior to ring for document navigation; (ii) for
sitting posture, regarding pen and thumb input, ring led to shorter movement time than
flick for large target distances.

Recently, in [5] authors related age and muscle mobilization during a prolonged
reaction-time (RT) test. For this purpose they studied the evolution of reaction time
with relief of the muscles involved in the gripping of a smartphone by young and older
subjects.

Other studies dealt with improving the accessibility of tactile interaction for older
users by lowering accuracy requirements to support drag-and-drop interaction [3].

Some studies deal with electromyography (EMG) signal processing, and the
flourishing use of smartphones. It was proven that the peak value of EMG signals after
root mean square (RMS) processing is an index of fatigue [6] when subjects are
performing the task at the same level of force while manipulating daily used devices as
smartphones.
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In this optic, the speed of motions of the thumb and the intensity of segmental
muscular EMG activity of the abductor pollicis longus (APL) muscle of the hand
during an upward writing test were investigated in [7].

The literature review and analysis of the studies, a part of which were presented
here above, partially improved accessibility of smartphones touch screen. However,
they do not take into account of the vagueness of the gesture thus limiting the per-
formances of the proposed solutions.

In this context, our aims is to show the interdependencies amongst the work done
by the thumb and the others fingers while gripping the phone, via the experiments to
measure the muscular activity of the thumb.

The rest of the paper is arranged as follows: Sect. 2 presents the materials and the
method. The results are presented and discussed in Sect. 3. Finally conclusions and
future work are presented in Sect. 4.

2 Materials and Method

The movements of a human limb are possible thanks to a complex network of muscles
and tendons, and interaction amongst them. It would be necessary to study the func-
tionality of a lot of muscles to carry out a given complete study. However, studying all
the hand muscles while manipulating a smartphone seems to be a very complicated
task. Thus, for the sake of accessibility, we studied the behavior of three out of eight
more loaded and involved muscles of the hand namely: adductor pollicis (AP), ab-
ductor pollicis brevis (APB) and interossei dorsal muscles (DIM).

2.1 Participants

Seven unpaid, voluntary and healthy subjects (all males, one of them left-handed), aged
from 20 to 62 participated in the experiments. All subjects have declared not having:
(i) corrected visual impairment; (ii) impairments of haptic sensitivity (sensitivity of touch,
numbness of the fingers and loss offinger location perception); (iii) diseases or symptoms
which induce hand movement disorders. All subjects declared also being naive to the
purpose of the experiment. The study was approved by the Ethics Committees of
University Grenoble Alpes (UGA) and all participants gave written informed consent.
After a briefing about the experiment, participants filled out a background survey.

2.2 Methodology

Note that due to the relatively low size of the samples this is a pre-study where only
healthy subjects have participated in order to evaluate the possibility to use EMG from
finger muscles thus allowing to evaluate muscle involvement during smartphone
manipulation.

In a first step this study was conducted to evaluate the possibility and the reliability
of EMG data to be sensitive to smartphone manipulations. Further studies including
subjects, with pathologies related to arthritis and fibromyalgia, are planned in order to
better evaluate the results in the use of strapped smartphone.
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The methodology consists in: (i) performing experiments to measure the muscular
activity of the thumb during two tests for each subject while manipulating a smartphone
in both ergonomics cases: with and without strap used; (ii) comparing the data retrieved
on each of the tests in order to evaluate the activities of the three more involved
muscles of the thumb in these both cases.

During the tests, subjects had to use the thumbs of their predominant hands when
touching the smartphone screen. Figure 1, here below, shows partially the test bench
for the experiments carried out. Hidden DIM muscle electrodes are located behind the
hand.

“The EGM signals of adductor pollicis (AP), abductor pollicis brevis (APB) and
dorsal interossei muscles (DIM) were recorded with BIOPAC EL503 Vinyl 1-3/8”
electrodes, according to the SENIAM (surface EMG for non-invasive assessment of
muscles recommendations) [8] and analyzed with four channel EMG-BIOPAC MP150
system, the fourth channel being the reference one. The smartphone used in the per-
formed experiences was an iPhone 4S. On the touch screen (3.5 in., 88.89 mm) six
square visual indicators were spaced from their center regularly (Fig. 1a) to crisscross
the entire screen in five different trajectories (layout types) as shown in Fig. 2.

2.3 Experimental Protocol

First, a familiarization session consisting of five trials was dedicated for each partici-
pant. Next, after 5 min of recovery, the participants performed the five-order Dot
disposals tests. The latter include different layouts such as: semi closed loop (Fig. 2a
and b); S similar (Fig. 2c); and two opposite cross paths (Fig. 2d and e) that involve
sudden movements of the thumb while users perform complex layouts in order to
difficult the access to their password, for example.

During the tests, subjects (in sitting position) were asked to only use their pre-
dominant thumb finger when touching (pointing) the screen. The first phalange of the

AP

APB

reference

(a) (b)

Fig. 1. Positions of the sensors for target dots on the Smartphone: a without a strap, b with a
strap
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little finger was placed on the table and remained in this position throughout the
experience.

The procedure of the bio-medical protocol consists in performing two tests of 5 min
each.

During the first one, subject held the smartphone in his agile hand, resting elbow
and wrist on a fixed support (table). While squeezing the smartphone with his sup-
porting hand, the subject had to touch the six visual markers with the thumb in a
specific order (Fig. 2) for 300 s, changing the orders every 60 s.

During the second test, the subjects have to repeat the same movement as in test
one. However, a strap passing in the back of the hand and in front of the smartphone
screen was attached, as shown in Fig. 1b, so that the muscles involved in the gripping
by the fingers were completely relieved. In other words, in this configuration the
subject does not need to actively hold the phone while in the first case it must tighten it.

In order to maintain the same speed of action for all subjects, for both tests, a
metronome set at 60 bpm (beats per minute) gave the tempo to touch the indicators
with a frequency of 1 Hz.

In addition to objective data collected during the experiments, data from a sub-
jective evaluation questionnaire based on ISO 9241 was collected before and after the
experiments as well.

2.4 Data Processing and Analysis

Finger involvement during the test is estimated by the treatment of EMG signals
emitted by the three more involved muscles of the thumb, while manipulating the
Smartphone, in the two cases: without and with a strap. In Fig. 3 the EMG row signals
of muscle AP (channel 1) for subject Michel are presented. However, these signals
require treatments in order to be analyzed and compared after then.

For this purpose, first, all raw EMGs signals were simultaneously sampled at
1250 Hz and filtered with Butterworth 2nd order, band-pass 10–5000 Hz and notch-
filtered as in [9] using MATLAB software in order to erase the various parasites. Note,
that the low frequencies are trained parasites due to external factors such as: cable
movement, blood passing in the hand, while the high frequencies represent often the
parasitic movements of the hand. Then EMGs signals are RMS (root mean square)
processed over a short 2 s period and the maximum RMS values obtained between the

(a) (b) (c) (d) (e)

Fig. 2. Five-order Dot disposals (layouts) on the Smart phone screen used in the experiments
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different tests are compared. Consequently the absolute values of these signals are
taken. Finally these modified signals of the three muscles for each subject are compared
in order to find the more leaded one, while manipulating the Smartphone, with and
without a strap. Here, it is assumed that the subject is not tired and therefore the
EMG/force relationship remains constant.

2.5 Statistical Analysis

First, Shapiro-Wilk method has been applied to verify the normality of the EMG data.
Then, a two-way Analyses of variance (ANOVA) were performed to test changes on
RMS-EMG (i.e. dependent variable) while manipulating the smartphone in both cases:
with and without a strap separately for the three muscles. Significance was set a priori
p < 0.001. All the statistical analyses were performed under the MATLAB Software.
The standard error of mean (SEM) of finger’s pressing forces of all subjects were
calculated as well.

3 Results and Discussion

As previously said, for each subject, after filtering, the RMS values of the EMGs data
were compared and averaged (Matlab Software) to get the overall value of the activity
by averaging the differences of the three channels in both cases: with and without a
strap. Then the average differences for each muscle and for all three muscles on seven
subjects were calculated in both cases (without a strap 1 and with a strap 2). The results
are presented in Table 1.

Fig. 3. Raw EGM signals (AP muscle) for subject Michel (red without a strap, blue with a strap)
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As can be seen in Fig. 3, muscle activities are less important while manipulating the
strapped phone. This is confirmed also by the values reported in Table 1. It is seen, that
the overall muscle activity of the thumb decreased for all the subjects (over 27%). For
all of them, the average activity decreased: for AP muscle (over 25%), for APB muscle
(over 19%) and even significantly for DIM muscle (over 36%). However, it seems that
this trend is not followed by some muscles because the APB activity of Subject Corcel

Table 1. Average RMS signals values (Voltage) for the three muscles of each of the seven
subjects (without a strap 1, with a strap 2)

Subject Muscle AP Muscle APB Muscle DIM

Corcel 1 347,177,551 758,794,676 253,623,998
Corcel 2 331,416,386 808,006,639 −594,367,041
Diff in % −453,979,949 648,554,414 −594,367,041
Average −191,636,531
Lionel 1 787,464,349 710,201,037 412,083,936
Lionel 2 456,768,518 451,699,047 139,810,742
Diff in % −419,950,225 −363,984,247 −660,722,659
Average −481,552,377
Luc 1 625,185,035 668,975,272 297,198,872
Luc 2 537,178,183 516,745,813 137,723,244
Diff in % −140,769,288 −227,556,182 536,595,671
Average −30,164038
Jean 1 100,463,538 14,571,706 20,908,563
Jean 2 6,36098922 10,604,789 189,201,241
Diff in % −366,836,048 −272,237,924 −95,101,655
Average −244,725,083
Michel 1 589,589,763 864,893,855 24,830,159
Michel 2 2,66544547 4,15390582 210,543,955
Diff in % −547,915,256 −519,720,738 −152,063,604
Average −406,566,533
Mathieu 1 395,967,805 179,435,117 532,956,626
Mathieu 2 288,711,538 169,567,801 26,993,981
Diff in % −270,871,185 −54,991,018 −493,505,107
Average −263,122,439
Issam 1 402,060,217 818,008,688 335,028,364
Issam 2 402,512,539 804,445,975 324,546,592
Diff in % 011,250,093 −165,801,581 −312,862,215
Average −155,804,567
Average/7 subjects
Total −272,117,685
Muscle AP −255,802,144
Muscle APB −198,602,118
Muscle DIM −36623,457
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and AP activity of Subject Issam increased. This may be due to a wrong electrode
location for these subjects or a specific muscle involvement associated to the great
variability in muscle involvement across subjects.

However, it can be assumed that the strap helps the subject significantly if properly
used because it keeps the phone without the need for great muscle intervention.

In a second time the muscle activities in the Points 1, 2 … 6 for each orders Dots
disposals, (called Trajectory 1, Trajectory 2, Trajectory 3, Trajectory 4 and Trajectory
5) were compared in order to estimate the difficulty to reach a specific zone of the touch
screen. For this purpose, after filtering the row EMG signals with a BP filter (20–
500 Hz) the RMS values over small periods (2 s) are calculated in order to visualize the
contractions of the muscles in these points (Fig. 4a). Finally the RMS value are filtered
to smooth the curve (Fig. 4b) where each peak corresponds to a movement of the
thumb in the six points for each trajectory for a given muscle.

For the right handed subjects the major peaks correspond while touching the
bottom left side of the smartphone screen corresponding to the surrounding zone of
Point1of the four Trajectories (Fig. 2 a, b, c, d) and Point 3 of Fig. 2e. While, for the
left handed subject the peaks correspond while touching the bottom right side of the
smartphone screen corresponding to the surrounding zone of Point 6 for Trajectory 1
(Fig. 2a), Point 2 for Trajectories 2 and 3 (Fig. 2b, et Fig. 2c respectively), Point 6 for
Trajectory 4 (Fig. 2d) and Point 4 for Trajectory 5 (Fig. 2e).

It is also observed, for both right and left hand subjects, that for cross path Tra-
jectory 4 (Fig. 2d) the most difficult zone to reach is situated on the top of the screen
Points 2, 3, 4, 5 (Fig. 2d). On the contrary, the easiest zone to reach is situated on the
bottom of the screen for cross path Trajectory 5, namely Points 2, 3, 4, 5 (Fig. 2e).
Thus, the effort to reach these points is more important, which requires most muscle
activity.

Finally, in overall Trajectories 1, 2, 4 (Fig. 2a, b, d) require more muscular effort.
On the contrary Trajectory 3 (Fig. 2c) and Trajectory 5 (Fig. 2e) requires less effort.

(a) (b)

Fig. 4. Subject Corcel DIM muscle activity: a EMG Rms, b filtered EMG Rms
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These findings suggest that it can be interesting to investigate on these displacements to
create the smartphone’s interface most ergonomic possibly.

4 Conclusions

The aim of this study was to investigate the behavior of muscle thumb EMG during
manipulation of a Smartphone in two cases: with and without a strap. Through
experiments (EMG signal processing) which involve the three more loaded muscles of
the thumb finger, subjects’ pressing involvement have been recorded and analyzed
while touching the smartphone screen for five different trajectories.

The results shown that the finger’s EMG signals for the three most involved
muscles are interdependent thus increasing the difficulties for a precise finger force
analysis.

The experiments shown that the relationships between positions of touch, for these
five-order dots disposed on the smart phone screen (layout, trajectories), and EMG
level were no linear. They also shown that the EMG decreases significantly while
manipulating strapped phone.

The results obtained on the decrease of muscular activity of the thumb with
strapped phone are interesting and encouraging. They can contribute to the design of
new generation mobile touch screen devices and application button layout. As
designers of current smartphones try to include a lot of information and input control in
the same display, the latter often include too much information. As a result elderly
users with osteoarthritis of the thumb as rhizarthrosis (or trapeziometacarpal) experi-
ence pain during and after using such devices.

The experiments suggest that the study have to be deepened in order to determine
strap’s true utility and if so to optimize its ergonomics. Thus, it is expected that through
further study about people interaction with electronic devices, they will fill more
comfortable while using these new technologies.

At this stage of the study it may be stated that the use of the strap seems to bring
significant help to the thumb for smartphone use by people with limited fingers’
mobilities.
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Abstract. The present work has as objective the design and whole mechanical
development of an absorption and penetration impact machine. The innovation
of this work lies behind the integration of the indispensable characteristics in a
single equipment to meet the greatest number of possible tests for different types
of helmets; which have to be tested under the greatest possible number of
standards. At the beginning of the project, an in-depth study is made of the
different types of helmets and their main characteristics, as well as, the tests that
are carried out for their certification according to specific standards, contem-
plating more than 30 international standards. Protective helmets and their cor-
responding standards are studied in areas as diverse as sporting use, industry,
firefighters, motorbikes and for the protection of impacts on children. The search
for design smart solutions meeting most amount of studied standards was also
addressed for additional requirements, such as a very tight budget and other
related with risk prevention. These proposed solutions have been assessed by
experimental and/or numerical methods until meet a final solution according to
the multidisciplinary requirements. Finally, a testing machine that meets all the
requirements for this type of equipment was developed, meeting with a low
manufacturing cost and satisfying the extensive standards that regulate the
absorption and penetration impact tests of different types of helmets.

Keywords: Impact testing � Helmets � CAE � Multicriteria design

1 Introduction

There are many regulations that, depending on the sector and the geographical area,
regulate the tests to be carried out for the certification of protective helmets. This
project will focus on the two types of mechanical tests that are usually performed on
this type of product: the impact absorption test and the penetration resistance test. The
project aims to collect most of the common requirements that these standards require
the machines that carry out these certification tests and develop an economic equipment
that comply with all of them together.

At the beginning of the project, an in-depth study is made of the different types of
helmets and their main characteristics, as well as, the tests that are carried out for their
certification according to specific standards, contemplating more than 40 international
standards. Protective helmets [1–3] and their corresponding standards [4–35] are
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studied in areas as diverse as sporting use [9–17, 25–31, 36], industry [19, 20], fire-
fighters [21–23], motorbikes [24, 32, 33, 37, 38] and for the protection of impacts on
children [18].

Regarding the composition of the helmets [39, 40], in most typologies have an
internal liner of expanded polystyrene (EPS), while the outer material varies, generally
using plastics such as acrylonitrile butadiene styrene (ABS) or polycarbonate, and other
helmets More demanding, such as firefighting, industrial, or high-end, are manufac-
tured with high density polyethylene (HDPE) or new composite materials. As for the
weight of the helmets, it can be seen that sports helmets have a low weight compared to
the rest, while other helmets such as motorcycle helmets have higher weights, due to its
greater volume of protection [41].

It is the regulations themselves that specify the type of test to be carried out and, in
most cases, many of the characteristics and requirements involved during the devel-
opment of the testing machine. Mainly the UNE standards [4–24], coming from the
European regulatory framework and the American Snell regulation [25–33], which is a
world benchmark in safety tests on helmets have been analyzed.

The search for design smart solutions meeting most amount of studied standards
was also addressed for additional requirements, such as a very tight budget and other
related with risk prevention. These proposed solutions have been assessed until meet a
final solution according to the multidisciplinary requirements. Throughout the devel-
opment process is carried out the manufacture of a functional prototype of one of the
most decisive components to check and warranty its successful performance, the
guidance system. This testing stage was essential to determine if the system is
mechanically well resolved and if it complies with the 5% speed tolerance established
in the regulations. To do this task, a digital camera has been used to gather up to 240
images per second.

When a final design solution is reached, the representation of these solutions is
made by 3D models, making the complete modelling of the machine with the com-
mercial software SolidWorks [42]. In addition, it analyses its optimized structural and
impact performance using its finite element simulation module (FEM). Thanks to the
Finite Element Analysis, an iterative design is carried out, consequently the different
critical components are optimized to improve the results obtained until a reliable and
safer design is achieved.

2 Development Methodology

A deep market research was done in order to know the different categories of protective
helmets and their associated impact and penetration testing standards. Afterwards, an
exhaustive analysis of the different features of each standard was carried out to set up
the common requirements, which will be used in the concept design and development
stages. Finally, virtual and real prototyping methodologies to check out the compliance
with the requirements.

An Impact Testing Machine Development for Helmets … 63



2.1 Helmets Typologies and Standards Analysis

When the protective helmet market is analysed, four different typologies of helmets can
be found: sport, industry, firefighter and motorbike helmets (Figs. 1, 2 and 3). Besides,
the regulations include another type of protection helmet that has no place in any of the
groups mentioned above, and is the standard UNE-EN 1080: Helmets of protection
against impacts for children [18].

For each described helmet typology, there is a different standard, with its own
requirements depending on the type of impact they may be subject during their use in
the environment which they belong. However, European reference standards for each
type of helmet normally address to two standards, with its particular requirements, that
are those that are intended to be covered with this testing machine: UNE-EN 13087-
2:2012 (Protective helmets. Test methods. Part 2: Shock absorption) [5] and UNE-EN
13087-3:2000 (Protective helmets. Test methods. Part 3: Resistance to penetration) [6].

Fig. 1. Sportive helmets: Equestrian, airborne, cycling and canoeing

Fig. 2. Industry, firefighter and rescue helmets

Fig. 3. Motorbike helmets: Jet, off-road, modular and integral
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Regarding the test of helmets according to the Snell Foundation, it is necessary to
emphasize the uniformity that there is in terms of the tests that are carried out for their
respective regulations. The methodology used in these trials is always the same, very
similar to the European regulations, and only two factors vary, the drop height and the
anvils or punch that are used. While in European regulations there are only two anvils,
the plane and the kerbstone, in the Snell regulations six types can be found: Hemi-
spherical, edge, horseshoe, roll bar, plane and the kerbstone. Most of the anvils are
restricted by the minimum measures, so most of this tooling can be redesigned to
comply with European regulations too. Also note that there is only one conical punch,
in this case, unlike UNE standards where there are several types of punches. In
addition, in the European regulations we find a test block, consisting of a block of
turned wood and at the top a metal insert, which is used for penetration tests. In the
Snell standard this type of tooling is not found, and the standard head ISO DIS 6220-
1983 is used.

Tables 1 and 2 collect the main requirements for the helmet testing equipment
according to some of the most representative standards of different sportive disciplines.

Table 1. UNE protection helmet standards comparative for several sports

UNE-
EN 

1077

UNE-
EN 

1078 

UNE-
EN 

1385

UNE-EN 
1384

UNE-EN 
966

UNE-EN 
12492

UNE-
EN 

13484
Ski Cycling Canoe Equestrian Airborne Mountain Sleds 

Headforms UNE-
EN 960

Impact absorption 
test

Helmet drop met-
hod

Punch drop method

500 Kg platform 
(25 mm steel) 60 shore

Anvil Flat Flat/kerb Flat Flat/kerb Flat/kerb Flat

Punch Flat and 
hemisphe. 

Data recording
<60 mm 
before 
impact

<60 mm 
before 
impact

<60 mm 
before 
impact

According 
standard 

<60 mm 
before im-

pact

<60 mm 
before im-

pact

<60 mm 
before 
impact

Drop height (mm) 1500 1497 500 1500 1500 2000 and 
500 1500

Penetration resis-
tance test

Punch drop
Hammer drop 
against punch
Block/Head Block Block Head Block Head 

Punch Conical Conical Conical Conical Conical

Drop height (mm) 750 500 1000 1000 750
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Green cells agree with this method, whereas, red cells do not carry out this test method.
This analysis method to obtain common requirements has been applied to 30 standards
of the named fields.

2.2 Common Requirements and Adopted Solution

The requirements established in the standards for the main functional groups of the
machine were unified and collected in the Table 3. Among the different design alter-
natives, those that optimally satisfied the functional and economic requirements were
selected. Some of these solutions have been assessed by experimental and/or numerical

Table 2. Snell standards comparative for several sports

Snell 
RS98

Snell B90 
A Snell H2000 Snell L98 Snell/FIA 

CM2016 SA2015 

Ski Cycling Equestrian 
races Scooters Children's 

Motor Sports
Competi-

tions

Headforms ISO 
DIS 6220-1983

DIT FMVSS 
218

Impact ab-
sorption test

Helmet drop met-
hod

Punch drop met-
hod

500 Kg platform 
(12 mm steel)

>135 Kg 
S>0,10 m2

>135 Kg 
S>0,10 m2

>135 Kg 
S>0,10 m2

>135 Kg 
S>0,10 

m2

Anvil 
Flat, he-
mispheri-
cal and 
edge

Flat, he-
mispheri-
cal and 

kerb

Flat, he-
mispherical 
and horses-

hoe

Flat, he-
mispheri-
cal and 
edge

Flat, hemisp-
herical and 

edge

Flat, hem-
isphe, roll 
bar, kerb 
and edge

Punch 

Data recording
40 mm be-

fore im-
pact 

40 mm be-
fore im-

pact 
40 mm befo-

re impact
40 mm 
before 
impact 

30 mm before 
impact 

40 mm be-
fore im-

pact 

Drop height (mm)
100 J 

(2200 mm 
for 5kg 

headform)

100 J 
(2200 mm 

for 5kg 
headform)

145 J (2900 
mm for 5kg 
headform)

80J (1600 
mm for 

5kg head-
form)

3062 mm 3683 mm

Penetration
resistance test

Punch drop
Hammer drop 
against punch

Block/Headform Head Head Head 

Punch Conical Conical Conical
Drop height (mm) 1000 2829 2829
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methods until meet a final solution according to the multidisciplinary requirements (see
paragraphs 2.3 and 2.4).

2.3 Prototyping and Testing of Guidance System

Protection helmet testing standards allows to use guidance systems with two or more
wires or one or more rails, with the function of guiding the headform/punch support
assembly in a vertical drop onto the right place of a test anvil. In this project a two wire
guidance system with tensioners was proposed, in order to be cost efficient. Besides, a
guidance system and a support assembly were prototyped in order to test its perfor-
mance and speed tolerance compliance with the standard requirements.

The whole system was set up (Fig. 4) and a digital camera, which can gather more
than 240 frames per second, was used to measure the time to impact. The launch is
made at 2.40 m high, and the wires have marks to follow the support assembly dis-
placement. This testing stage was essential to determine if the system is mechanically
well re-solved and if it complies with the 5% speed tolerance established in the stan-
dards. The support assembly spent an average of 155 fps to reach the inner point, so a
difference of 1.12% of the impact time was calculated respect of the theoretical value
(Table 4).

Table 3. System requirements and final solution

System Requirements Final solution

Inner
Plaform

Weight > 500 kg. Steel and/or
concrete. Last 25 mm in steel.
Resonance frequency does not affect
results

Concrete block with a 25 mm thick
anchorage steel plate. Main frame is
attached both this block and the
floor.

Guidance
system

Right impact point. Real
speed > 0.95. Theorical speed

Two parallel steel wires with inner
tensioner

Headform or
punch lifting
system

Not specified Electric hoist. 250 kg. 500 w. With
12 m wire cable (twist-free, Ø
3.0 mm)

Headform or
punch fixing
system

Quick attachment of headform or
punch. Avoid displacement during
impact. Rotate the headform

Ball joint fixing by two metal rings
wrapping it and fixing by means of
a set of bolts

Anvil and
headform
replacement

Quick attachment and disattachment
of tooling. Avoid displacement
during impact. Enough strength to
support impacts

Connecting flange in the tooling
and four threaded holes in the
supporting platform.

Speed
measurement

Frequency response. 1000-CFC
Precision 1%

Double infrared detector

Height
measurement

Not specified Laser measurement device

Acceleration
measurement

Range up to 2000 g Maximun
weight 50 g Frequency response.
1000-CFC Precision 1%

Uniaxial accelerometer sensor
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2.4 Finite Element Analysis

The behavior of systems that are subject to structural requirements during the operation
of the machine has been simulated using the finite element software SolidWorks
Simulation. Some of the structural load cases have been considered are: the static case
of the dead load of the whole system, the drop simulation of the headform/punch
support assembly (weight of the attached systems and 10.84 m/sg contact speed were
applied) and the buckling simulation of the main frame (with 5.84 m. columns
embedded in their bottom side) (Fig. 5). In all cases, beam and shell elements were
used with a maximum element size of 50 mm.

This CAE (Computer Aided Engineering) software has allowed to simulate several
design solutions and optimize the performance, the weight and the cost of the testing
machine.

Fig. 4. Guidance system prototype: (Left) beginning of drop; (right) instant of contact (fps)

Table 4. Impact time values

Theorical Experimental Difference (%)

Impact time (s) 0.638659 0.645833 1.12
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3 Impact Machine Description

Once the final design solution was reached, the representation of these solutions is
made by 3D models, making the complete modelling of the machine with the com-
mercial software SolidWorks. This model was use to define a right assembly process
and generate the drawings for manufacturing. Figures 6, 7, 8, 9 and 10 show whole
model and details of the main functional parts of the testing machine.

Fig. 5. CAE simulation: Left) Drop of the headform/punch support assembly; right) Buckling

Fig. 6. Front, 3D view (with protection system) and drawing of the impact testing machine
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Fig. 7. Equation formatting

Fig. 8. Lifting and positioning system

Fig. 9. Floor attachment solution
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4 Conclusions

At the end of this project, a new testing machine that meets all the requirements for this
type of equipment was developed, meeting with a low manufacturing cost and satis-
fying the most of the extensive standards that regulate the absorption and penetration
impact tests of different types of helmets.

The machine has been designed with the geometry and necessary systems to cope
with the most of protective helmet testing standards. It should be noted an innovative
fixing system in order to attach firmly and allow the rotation of the different stan-
dardized headform or punch. As well as an anvil and headform support system, which
enables their quick replacement and attachment.
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Abstract. The planned obsolescence was born during the economical crisis that
appears as a consequence of the “crack” of 1929. It was planned as a possible
solution to the exit of that crisis allowing the increase of the manufacturing
productions and the reduction of the unemployment. In the fifties of the twen-
tieth century at the time of the booming of the US consumer society, a sub-
stantial part of the producers who provided it, put into practice this planning,
supported by the low prices of raw materials and energy. This model was
extended to the western world first, and later with the globalization of the
economy it continues developing in the rest of the world. This profusely used
methodology that has allowed the economic development of Western countries
has to be coherent with the sustainability premises that are so necessary today,
when the climate change and the overcrowding is a real problem. The successive
crises: energy, supply of raw materials and a more sustainability and social
consciousness motivated by the effects of the climate change, makes this design
methodology inadequate; then, there are more conscious final product users that
demand products and services that introduce environmental aspects and spe-
cially avoid some practices like the planned obsolescence. Some new design
models have appeared and been developed based on the sustainability and the
circular economy. The successive conventions and protocols of Vienna, Mon-
treal, Rio, Kyoto and Paris have compromised the governments of the world
with the need for control to mitigate the harmful effects. This is why a new
model, the eco-design, plays the role of efficiency manager, allowing to weigh
certain environmental benefits derived from the replacement of obsolete com-
ponents, and optimizing product life cycles in a global way. With the use of eco-
design and its associated tools, it is possible to integrate the complete life cycle
planning with the appropriate model of reuse, including retrofitting, remanu-
facturing, recycling and if necessary discarding. The benefits derived from an
adequate planning of the environmental costs of the product will in the long term
also affect the producer, not only through compliance with rules and regulations
or through “green” marketing, but also through the return of intangibles. In this
paper, the objective is the analysis of how well planned design methodologies
can be implemented in the design phases of a product and its final benefits,
advantages and disadvantages.
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1 Introduction

Programmed obsolescence is a concept that has been present in our economy for many
decades. The companies that produce goods and services have relied on it to increase
their sales, at critical moments. After the crisis of 1929, when in the US the stock
market downfall was followed by a deep recession, that concept received a significant
boost. Even an author theorized with the benefits that obsolescence would bring. In
1932 the intellectual and real estate investor Bernard London postulated that the wheel
production-consumption-work should be kept turning at all costs, even at the cost of
the products ceased to be used after a certain period [1]. Some companies related to the
electrical industry, such as the manufacturers of light bulbs, in an oligopolistic
behavior, agreed to reduce the longevity of their product to a typical value of 1000 h, to
reduce costs and achieve increases in sales [2].

The concept was used after the World War II 1939-1945. Back in the USA, which
had been virtually oblivious to the destruction of the war and the population decline
that took place in Europe, there was a re-launch of the economy in a few years that
could not be stopped by any hypothetical crisis. The “American Way of Life” led to a
lifestyle in which individual progress entailed a significant increase in the consumption
of basic and durable goods, with the consequent increase in industrial production. But
faced with the risk of saturation of the market and the need to sustain the levels of
production, or may also be faced with the temptation to increase profits, the principles
that London postulated were resumed and implemented, with adaptations [3].

In this new lifestyle, the inventions that were a luxury a few decades ago, such as
the automobile, the refrigerator or the TV receiver, became goods coveted by the
general public, and in a short time acquired, either in cash or to credit. But for
the machinery to keep turning, it became necessary to introduce motivations for the
renewal of these products, so that a new acquisition of them was produced, thus giving
way to the mass production of the factories. New forms of obsolescence appeared
related to human psychology: it was not enough to get to possess the desired good, in
addition that good had to be the last, the best. Although in part the positive response to
this approach can be attributed as a very human need for preponderance, to mark a
“status”, this effect is also related to the psychological effect of technological advances,
applied to products. If the individual unconsciously establishes a correlation between
the generation of technological advances and the consequent exit to the market of new
products, finally it will find desirable the exit of new products and will even generate a
demand for novelties.

The decade of the 1950s and 1960s was a time when this two-way consumerist
pressure consecrated the application of the principles of a planned obsolescence that,
consciously, manufactured and sold products with the preconceived idea that they were
discarded soon. The economic philosophy of unlimited growth was prevalent at the
time.

There was a coincidence of diffuse interests between the parties: producers, con-
sumers, banks, governments. Apparently all economic factors gained from this policy:
producers could give output to their production, consumers satisfied their needs, real or
induced, banks granted consumer credit, governments saw how public revenues from
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direct and indirect taxes grow. However, subtly, the consequences of this path began to
affect everyone.

Obsolete and discarded products became a problem for the environment. At first the
traditional methods for disposal of waste, but corrected and increased, served to stop
the urgency of the response. The large warehouses of waste required the use of huge
extensions, personnel, machinery and other resources for their management. But the
growth of production produced disproportionate amounts of waste.

It began to take advantage of waste as raw material in those cases where it was
economical. When the raw materials from which the intermediate materials came had
little cost, the use of waste was not undertaken, but in cases where for various reasons
these raw materials increased their cost, then the use was practical. So the initial reason
for the use of the waste was purely economic. A very characteristic example is that of
steel scrap. When market saturation was reached, products made of steel that were no
longer used came to occupy large areas and were economically reintroduced into the
production chain instead of simply leaving them exposed to corrosion. Later, glass was
the flag material of this waste reuse [4].

2 Ecology and Environment

Coinciding with this stage of enormous growth of production, there is an expansion of
knowledge of our environment. Knowledge about nature and its biodiversity is dis-
seminated. Both the means of transport and the media extend their reach to the entire
planet, and an awareness of the vital environment begins to be created. The beginning
of space exploration, in particular, by looking at other planets and stars, allows society
to realize the smallness and at the same time the importance of our place of residence.
We can recognize in this the origin of ecological consciousness.

The manifestation of the ecological conscience starts with inspiring authors, who in
their writings transmit their love for nature and thus spread the existence of an alter-
native, with a way of life closer and more respectful with the environment. Henry
David Thoreau in the USA in the 19th century had a huge impact. Robert Baden
Powell, at the beginning of the 20th century in England, is an example of an activist
who, in addition to spreading ideas, is the creator of an organization, the Boy Scouts,
that takes into account the environment. Later, and animated by them, the ecologist
movements arise, being the Sierra Club, founded by John Muir in 1892 one of the first.
Since a large part of society was so devoid of this awareness, the most motivated
people joined groups and undertook awareness and diffusion actions, in a variety of
ways. Regardless of the controversies generated at the time, it is undeniable that over
the years there has been a change of mentality. What was called progress in the
nineteenth century, it is no longer called in the twenty-first century. The smoky
chimneys, a sign of development, abundance of products and economic improvement
at the beginning of the industrial revolution, which were admitted as minor evil during
the 20th century, were already rejected and considered annoying at the end of the 20th
century and the beginning of the 21st century [5]. The knowledge of the direct con-
sequences on the health of the human being, the affection in the short and medium term
to the biodiversity, and the consequences that in the medium and long term a social
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carefree behavior could have on the climate, motivated finally the governments and
supranational entities begin to implement agreements that result in standards for the
control of waste and emissions.

The agreements of Vienna, Montreal, Rio, Kyoto and Paris have successively faced
the challenges that for the environment were the dead ends in which the unstoppable
and self-sustained development had led to the global society. The levels of periodic
reduction of the ozone layer, in an accelerated mismatch, led to agreements for the
reduction and progressive elimination of the use of halogenated gases that were used in
different processes and products. These gases have a proven effect, and that is why
national and supranational bodies were able to reach agreements to reduce them more
quickly. In these moments, we are on a path of progressive and accelerated reduction of
emissions, which will force important adjustments in numerous fields of our economic
structure. If these adjustments are not well implemented, the impact on production,
employment and wealth will be very important.

3 Planned Obsolescence and Energy

The planned obsolescence, which is in full application in this period, is compatible with
some of the ecological principles, in the end, the objective of the producer is to sell the
product repeatedly, it is not so important if the material for its manufacture comes from
raw materials or recycling. Therefore, an increase in ecological awareness and an
increase in the application of planned obsolescence can be seen simultaneously. In fact,
in some areas, the reuse of waste minimizes the costs of raw materials, so it is tempting
to accelerate the cycles of use-waste.

So far we have considered the waste from the products when they are no longer
usable, as well as the waste that is generated when the product is manufactured. And
we can even take care of the waste generated by the product throughout its use. But if
we integrate in these considerations the waste and emissions for all the operations and
processes related to the product, including the transport, the useful phase, and the
recycling and/or disposal, we see that the harmful to the environment amount of
pollution and emissions increases a lot.

Modern society requires a huge amount of energy for its development. The origin
of this energy, in part at least, comes from non-renewable sources, which consume
finite resources of the planet and produce waste usually harmful to the environment.
A part of the energy produced is used in the production of goods, their transport, during
the use of the goods and finally, when they cease to be useful, to carry out the necessary
operations so that their components do not remain as waste, but are reused. or at least
do not threaten the environment.

If all the necessary resources are taken into consideration, not only in the form of
raw material, but also as energy, some productive processes must be revisited.
Remanufacturing using recycled waste saves raw materials, but requires a very sig-
nificant fraction of the original energy. Since energy is scarce, and in its generation, at
least in part, undesirable emissions occur and natural resources are consumed, it is
necessary to limit that energy consumption also.
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4 Designed to Break

As said before, the application of waste reduction practices such as recycling can have
the economic consequence that the production factor suffers the same delusion that first
triggered consumerist fever, which is the presence of relatively cheaper raw materials.
This situation lends itself to an increase in planned obsolescence, since the rapid and
cheap reintroduction of waste in the recycling chain favors a relative decrease in the
cost of raw materials, which is partly what produced its appearance.

When what the designer has in mind is that the product has a limited life time, the
design changes. The criterion of designing the product with non-durable materials can
be applied, but only with a very light use it could meet the life expectancy. This
criterion has the disadvantage that the user quickly perceives the intrinsic poor quality
of the product, and this can affect sales. Or the criterion of inserting in the design
‘Achilles heels’, predicted failure points, in which, for example, less material than
necessary is incorporated and current use will lead to breakage due to fatigue in a
statistically predictable period. This second criterion better masks the intention to
shorten the life of the product, and even the use of good quality materials for some
other parts of the product can serve as an argument for increasing margins. These
criteria have to do with the so-called planned obsolescence of operation. When the
product fails to work, the user gets it discarded and acquires another one. An example
of the aforementioned, referred to the electronic industry, was the massive use of
electrolytic capacitors of limited life time, which after the guarantee of the product were
decomposed leaving appliances useless [6].

The doctrine of preventive maintenance applied in productive companies has
studied these behaviors for decades, since it is cheaper to replace the components at
times when the stop does not affect production. It is also performed by security criteria,
when the parts to be replaced are of critical type and a failure in them can put at risk the
integrity of the rest of the mechanisms or their users. But the doctrine of preventive
maintenance also contributes in part to the excessive generation of waste, by replacing
parts that actually continue to work. What is justifiable for economical and safety
reasons, it is more difficult to justify environmentally.

Indirect induced obsolescence occurs with products that require spare parts, charges
and consumables to operate, which are available at the time of acquisition, but after the
necessary time they can no longer be obtained through official channels. It becomes
very difficult for the user, under these conditions, to continue using the product. Its
replacement by another new product, with readily available spare parts and consum-
ables, becomes more practical at the time.

But we must also mention the planned psychological obsolescence, which achieves
the same objective by another path. For example, aesthetics. When the product loses
some of the aesthetic qualities that made it desirable, such as color, brightness,
transparency, texture, etc. the user will also be tempted to discard it even though it still
retains its functionalities intact. It can be cited the case of a variety of products that
yellow with the passage of time, apparently due to the effect of light on the composition
of their coverage. Also as an example of this can be found the case of the metallic type
finishes that have certain plastic casings in the electronics industry, and that once the
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warranty period has passed they begin to detach, revealing the matte plastic found
below, which is much less attractive. In the same line it is the obsolescence caused by
the reintroduction of the same product to the market, with slight variations, to convince
the user that the one in their hands has lost its value (because it is outdated) and should
discard it and replace it.

Some of these forms of obsolescence clash with the wishes of the user, who intends
the investment made in the good that has been made obsolete be recovered with a
longer life of the product. Thus arise alternative uses or unofficial solutions, which
companies sometimes tolerate and in others fight.

5 Repair or Discard

If a product suddenly stops working, most users look for a solution that allows them to
correct the failure immediately and without disbursement. If the correction is possible,
but indicates a malfunction that is expected to recur in the future, the user begins to
distance himself from the product and begins to contemplate alternatives. But there are
products in which for particular reasons the user is not willing to get rid of them: for
practical reasons, the user can believe that the product has not lasted what had to last
and can still be taken out; or there may be a sentimental cause, for which you want to
keep the product in use; or perhaps the user considers that the product has more value
as usable seniority.

The truth is that there is a demand from users to keep the products in use. Even the
producers may be interested in brand prestige having official service workshops, where
repairs can be carried out under warranty and customer service. But in the case of some
products, from the expiration of the guarantees, the costs of the repairs are designed to
convince the client that it is better to acquire a product. In some cases it may be the
same product that was initially purchased, in others a more modern and usually more
expensive version. It is clear that the producer derives more benefit and less annoyance
with the sale than with the repair.

In spite of the few economic stimuli that the producer may have to give the most
complete service, the user’s desire to make the repair finds its way through alternative
ways. Apart from the official workshops, alternative workshops that offer similar ser-
vices arise, but adjusting the costs, since they do not need to enhance the purchase
option. If this is combined with the fact that the parts suppliers of the producer use the
alternative repair market as a complementary market for their parts, the prestige of the
product can be favored by the way the market classifies the product as easily repairable,
and so, in a virtuous circle, users are attracted to that particular product instead of those
of the competition. In this case, some brands establish parts storage services for repairs,
it is the same manufacturer who supplies the components for replacement, thereby
obtaining another revenue route and thus fulfilling the possible legal obligations of
technical service. It can be disputed whether the quality of the replacement parts stored
by the brand is the same as those originally assembled, bearing in mind that the greatest
interest is usually in the new sale and not in the lengthening of life.

When the pieces from the official manufacturers are not available, because there are
exclusivity contracts or coercive actions of the brand, or because the quality of the
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available pieces is lower, there is an increase in the value of waste from those specific
products. Products that have failed, or specifically their ‘Achilles heel’ has failed, but
otherwise contain valid parts, are used as a source to repair another ones in unofficial
workshops.

Given the difficulties encountered by users and unofficial workshops to repair,
associations have been created that advocate better treatment by manufacturers. The
“Right to Repair” movement has arisen in the USA, which advocates the establishment
of a “Fair Repair Bill” that requires companies to make available to users and those
who carry out repairs the documentation and necessary parts. This movement is
strongly opposed by large companies, because it can have an impact on their business
model [7]. In Europe, the European Parliament in its session of July 3, 2017 passed a
resolution to “Make consumer products more durable and easier to repair” [8].

The European Parliament also included the recommendation to create a voluntary
European label that includes information such as durability of the product, ecological
design, modulation capacity in accordance with technical progress and the possibility
of repair.

Although the recommendations of the European Parliament do not have to be
incorporated legislatively into the laws of the Union or of the member states, their
issuance sooner or later affects the official regulations. Therefore, they have a lot of
value and mark a trend that should be reflected in the future [9].

There are more initiatives that try to promote the principles of the circular economy.
The Ellen MacArthur Foundation is working on this promotion through the publishing
of documents, organizing circular-economy-centered events, and more initiatives from
its founding in 2010. One of this initiatives is the Circular Design Guide [10, 11].

6 Measure Planned Obsolescence and Its Ecological Impact

Although the corporations find economically beneficial the use and abuse of planned
obsolescence, the application of the agreements on CO2 emissions equivalent, which is
progressive and leads to great restrictions in the very near future, will force a increase
in sustainability policies, with a massive application of eco-labels. The products of low
qualification in the system of ecological labeling will be progressively expelled from
the market, thanks to the growing awareness of the citizens [12].

But a labeling system, to have meaning, must be based on comparable magnitudes
in a simple way. A widely used label is the energy efficiency label, which includes the
energy in KWh as well as the amount of CO2 emitted. These labels vary in complexity,
it is different to label an appliance, a consumer electronics product, a vehicle or a
building. If we intend to include in the labeling the concepts that the European Par-
liament marks, such as availability of parts for repair, durability, minimum resistance,
the measurement in comparable terms is complicated.

The establishment of metrics on the degree of planned obsolescence and its
application in the ecological labels is one of the subjects on which the authors of this
work are developing studies at present. The objective is to integrate in the product eco-
design process the quantitative measure of the sustainability of each of the design
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actions that may have an effect on planned obsolescence, so that an effective and simple
means is available to foresee the labeling qualification as the design and redesign
process occurs and both processes are one. The improvement of the ecological con-
science of the citizens together with the adequate labeling of the products, provided
with adequate metrics, will affect the market change, both in consumption and pro-
duction, and will allow the emergence of new activities that are still unknown, as was
the case with the new jobs and companies that the development of the information
society has brought.

Far from being an obstacle to economic growth, the application of this type of
policy is also a good opportunity for the development of productive economic activities
that have been depressed as a result of the predominance of waste-oriented manufac-
turing. For example, activities oriented to repair.

7 Eco-Effective Versus Eco-Eficient

Some authors such as Braungart et al. are committed to overcoming the concept of
waste and zero emissions, a motto of the current eco-efficient design paradigm. Such a
design is called “From cradle to grave”. Faced with the impossibility of reducing
negative emissions to zero, they advocate reversing the guilty complex with which the
design of the products is modified. And get that as in nature there is no waste, since
everything is reused, human products, when they no longer have utility, can continue to
be useful for the environment. So that their remains are directly food, support, coverage
and promote life instead of attacking it. And so the amount of waste ceases to be a
problem to become a beneficial product. So that the toxic components, even in small
proportion must be completely absent from the remains. Those technical components
that can not be incorporated into the biological cycle must enter a technical cycle, in
which there is no degradation of its technical quality, but maintenance, preventing the
mixing of various materials such as metal alloys so that the product of waste recovery
continues to have high-grade technical utility. This type of design, as opposed to the
previous one, is called “From cradle to cradle” [13].

Implementing these strategies has certain consequences: if the waste generated by
the products is actually beneficial to the environment, why limit them? What would be
the point of thinking about its processing? Its practical application clashes with the
harsh reality that creating increasingly useful products generates the problem that they
are becoming more complex, made up of a greater number of different materials and
less related areas. When their utility phase comes to an end, they become more difficult
to convert into pure substances, and are potentially mixtures of low technical quality.

Even with these questions, it will be necessary to take into account in the devel-
opment of the ecological labels the contribution to sustainability that the products
developed with this philosophy carry out [14].
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8 Labeling Initiatives

There are several initiatives to carry out the classification and labeling of products,
processes, industries, etc.

The EU Ecolabel is a third party certified Type I ISO 14024 aimed to promote
products and services which have a reduced environmental impact thus helping
European consumers distinguish more environmentally friendly products. It was
established in 1992. Over time, the different criteria have been refined and the fields of
application of the label have increased. At present, it already contemplates criteria of
durability and ease of repair and recycling in some of its fields of application, such as,
for example, electronic consumer equipment [15].

Out of the EU, there are many more initiatives, some of them are grouped in the GEN
(Global Ecolabeling Network). They follow the standards of the ISO 14024 [16, 17].

It has already been cited, the Cradle to Cradle initiative, which has established a
system of certification and labeling of application in all types of materials, products,
processes and services, more specific to compliance to the principle “Cradle to cradle”
[18].

Those labels have only sense as far as the consumer is conscious of their meaning,
and is willing to make use of them as a condition to purchase. But that is a question of
education.

9 Conclusions

The planned obsolescence was introduced into the productive environment as a means
to guide the market to absorb the enormous transforming productive capacities that the
industries acquired as a result of the confluence of the development of mass production
and the abundance of raw materials at low cost. It had initial positive consequences, as
was the widespread social access to previously restricted consumer products. But the
emergence of the social ecological conscience, due to the greater knowledge of our
environment, and the evidence of the damage to the environment that our behavior was
producing, together with the progressive decrease of resources, motivated the begin-
ning of a change. When the negative consequences of overexploitation of resources
were manifested, the planned obsolescence was adapted and took advantage of the
development of the recovery and recycling of waste in substitution of dwindling
resources. The compatibility of a truly sustainable development, with the excessive
consumption of resources and energy needed to maintain the high pace of the
increasingly shorter cycles to which the philosophy of planned obsolescence compels,
is in doubt.

The planned obsolescence acquires diverse forms, some oriented to the product and
others oriented to the behavior of the user. In all of them the objective is to increase the
margin of profit for the producer through the reduction of costs and the acceleration of
the cycle of use.

Given its widespread application in various fields of production, especially high-
tech electronic consumer products, the most conscious users reacted through associa-
tions and environmental movements for the authorities to stop the excesses of the
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industry. The social pressure motivated the appearance of international agreements for
the protection of the environment, which include among its contents the reduction of
waste and unfavorable emissions. At another level, users are reacting by creating
alternative means to keep the products running despite the obstacles that production is
intended to impose. In this process, occupation fields were developed that the consumer
dynamics had depressed, such as the repair of consumer electronics with the reuse of
components.

The social awareness that the problems caused by planned obsolescence motivates,
leads to the establishment by the authorities of qualification tools such as ecological
labels, to serve as a guide to the user in their criteria of product acquisition. These eco-
labels require metrics that include not only the criteria of resource consumption and
waste production of the product life cycle, but also those of life-time capabilities,
reparability, replacements, and capacity improvement.

Our objective with this work is to lay the foundations for the determination of the
metrics that allow in a simple way to relate the degree of planned obsolescence of a
product with its qualification by ecological label, so that they are incorporated into the
ecodesign process and can be valued to what extent it is a design that meets the criteria
sought. At this moment, experiments are being carried out to compare the different
methodologies and in this way deduce appropriate measurement systems.

When constructing these metrics, it is necessary to consider especially the designs
in which the concept “from cradle to cradle” has been respected with products of
residue not already null, but even of a positive character for the environment.
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Abstract. The self-loosening of bolted assembly is a phenomenon that has
been studied several times in the past. Among the existing solicitations, it has
been showed that transverse loading might cause the most severe loosening.
Thus, different explanations have been proposed. In spite of their similarity, as
they all consider sliding as the root cause, the sliding surface distinguish them
one from another. This paper will aim at giving another point of view of the
problematic in order to advantage a Zadoks’ theory, which highlights the
transverse sliding of components. To do so, firstly a double-shear assembly will
be modeled. Its specificities are the preload application by screwing the nut, and
the use of a self-locking nut. Secondly, some tests will be done in order to valid
the built model. Those experiments will also factor the thickness of the assembly
in the self-loosening. Thirdly, the analysis of the numerical results and of the
experiments, especially the interface surfaces will give us a clue in order to
validate the sliding phenomena, which is according to Zadoks, the movement
implying the self-loosening of the assembly.

Keywords: Numerical analysis � Bolt � Self-loosening � Experiments

1 Introduction

1.1 Industrial and Scientific Context

When a structure is loaded, its bolted joints also perceive displacement or loading. This
solicitation might be the root cause of phenomena which might imply the degradation
of the assembly. Some of them are characterized by a loss of the normal load within the
bolt. If this loss is too important, then the assembly might not behave as an embedding
anymore and the structural integrity might be endangered. In order to increase the life
length of bolted joint, a raise of preload is often chosen. Unfortunately, to avoid any
plasticity within the bolt, the diameter of the screw needs to be increased, leading to
additional mass compared to the initial choice of component. It has been seen that this
loss of preload can be caused by the rotation of the nut on the screw [1]. A better
understanding of the self-loosening will reduce the weight of the structure without
impacting its life length.
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In order to process to the phenomenological study of the bolted assembly self-
loosening, the phenomena implying the loss of preload need to be understood. In the
literature, several scientists were interested in this subject [1–13]. However, it is
important to distinguish two general aspects of the loss of preload: untightening and
unscrewing. On the one hand, untightening implies a loss of preload without any
relative movement between the nut and the screw. Creeping or relative dilatation can be
one of its root causes. On the other hand, unscrewing is mostly linked to the geometry
of the threads as the nut or the screw will rotate whereas the other component will not
[6, 9, 10, 12]. The self-loosening, phenomenon studied in this paper, is one of them.

Several scientists worked on this phenomenon. However, the most outstanding
works will be presented below.

1.2 State of the Art on Self-loosening

Dinger [2] distinguished 4 different situations of loading which will lead to the self-
loosening of the bolted assembly:

• Cross-load: the solicitation is orthogonal to the bolt’s axis,
• Axial centered load: the solicitation is coincident with the bolt’s axis,
• Axial decentered load: the solicitation is parallel to the bolt’s axis but is not

coincident.
• Rotational load: the bolt perceives a torque which direction is coincident with its

axis.

He concluded that transverse loading is the most severe solicitation in term of self-
loosening. Aiming at studying the most critic solicitation, in this paper, we shall only
consider cross-loading.

Junker [2] seems to be the first scientist to have studied self-loosening. He designed
a specific test bench in order to study the phenomena. Thanks to this device, Junker
highlighted the importance of nut or screw head sliding in the phenomena. He also
considered that the bending of the screw was the deformation inducing the sliding of
these different surfaces. Koch [1] proposed a deeper explanation based on Junker
observation and further tests. He considered that self-loosening could be divided into 4
steps, Fig. 1:

• Step 1: the plate sticks to the frame
• Step 2: the plate slips on the frame, the screw starts bending as its nut and head stick

to the plate but sliding occurs in the threads,
• Step 3: the screw keeps bending but beyond a certain displacement, either the nut or

the head starts to slide on the plate; the loosening seems to occur during this step,
• Step 4: the screw is back to a configuration where the nut and the head stick to the

plate.

In addition of having proposed an explanation to the self-loosening, Koch also
studied the early stage of the phenomena. As well as Sanclemente or Pai [2, 13], he
highlighted the fact that the self-loosening could happen even if the whole surface of
the contact didn’t slide. Pai named this movement local slip. When the screw is
bending, the pressure distributions between the nut, or the screw’s head, and the plate
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are modified. At some points, this pressure is sufficiently high for the tangential
component to overcome the frictional force implying the slippage of the surfaces. At
other points it is weak and surfaces will stick together. The possibility of unscrewing
under the sole effect of localized slip is still disputed.

Zadoks [8] also studied self-loosening under transverse loading. Unlike Dinger or
Koch, he considered that the sliding in the threads wasn’t only circumferential and
might have other components. He only factored the sliding of the head on the plate in.
He took into account the bending of the screw, the deformation of the plate and the
influence of the transverse velocity slip. According to him, the transverse sliding will
modify the friction force direction lowering the value of the friction torque.

1.3 Aims of the Study

Most of the models built in order to study bolt’s self-loosening are considering only the
screw as the nut is modeled as a threaded insert [2, 3, 13]. The clamped parts are rarely
considered [1, 3, 6, 8, 9, 11, 13]. As the threads are must of the time not modeled, the
preload is applied thanks to a bolt load and not thanks to the relative rotation of the nut
on the screw [1, 2, 6, 9, 11]. This movement might deform plastically the threads and
might impact the behavior of the bolt when the latter is cross-loaded.

In order to build a model which takes into account these remarks, a double lap
assembly will be used as it can be seen Fig. 2a. A deformed locking nut and an
aeronautical screw, kept still during tightening by an hexagonal hollow at its threaded
side, will be considered, the Fig. 2b and c present those components. As the screw is
not kept still by its head, it won’t perceive any twist during tightening.

The aim of the paper will be to propose an explanation based on Koch and Zadoks
theories. Observations made during experiments and analysis of the numerical results
and of the contact surfaces will be made in order to determine their sliding direction
and amplitude.

Fig. 1. The 4 phases leading to self-loosening, from [3]
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2 The Numerical Model

2.1 Presentation of the Model

The Abaqus software has been used to model the self-loosening of a cross loaded
double-lap assembly as it can be seen Fig. 2. It will be composed of a 9.52 mm
diameter’ titanium aeronautical screw, whose length, pitch and thread length are
respectively 31.31, 1.05 and 10.65 mm, a self-locking steel nut and three aluminum
plates: two whose thickness is half of the screw and one whose thickness is equal to
that of the screw. A 40 µm clearance exists between the screw rod and the plates.

In order to have reliable results, the threads need to be more finely meshed than the
other parts of the bolt. Thus, as it can be seen Fig. 3, two parts will be created in order
to model the screw. The average element size of the body is 0.1 mm whereas the
threads one is 0.01 mm. A rigid connection between surfaces will embed the parts
together. The same method has been used to mesh the nut.

Three materials have been defined in the model thanks to their Young modulus,
Poisson coefficient and kinematic plastic law, defined thanks to two (stress—strain)
pairs which define the last point of elastic deformation, (r1, e1), and the last point
before failure, (r2, e2). The TA6 V titanium will be used for the screw (in blue Fig. 4),
the nut will be in A210 V steel (in yellow Fig. 4) and the 2024 aluminum will be used
for the plates (in green Fig. 4). The parameters used are summed up in the Table 1.

In order to be closer to a real assembly, several contacts were defined, whose
friction coefficients have been measured thanks to some torque—preload tests. The
plates are coated with primer, while the threads are lubricated:

• Contact n°1: between the head of the screw and the upper plate, f = 0.27,

Fig. 2. A double lap assembly a an aeronautical screw b and a self-locking nut c

Fig. 3. Meshing of the two parts composing the screw
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• Contact n°2: between the medium plate and the upper or below plate, f = 0.35,
• Contact n°3: between the below plate and the nut, f = 0.43,
• Contact n°4: between the hole of the plate and the screw, f = 0.35,
• Contact n°5: between the threads of the nut and those of the screw, f = 0.07.

2.2 Numeric Simulation

The penalty method has been chosen to model the normal and tangential behaviors.
Four steps have been created to correctly simulate the self-loosening of the assembly:

• Step 1: deformation of the nut in order to self-lock it, Fig. 4a,
• Step 2: tightening of the nut, Fig. 4b,
• Step 3: relaxation of the assembly, Fig. 4c,
• Step 4: cross-load of the assembly, Fig. 4d.

The Deformation and the Tightening of the Nut
The first step is the deformation of the nut. Three radial forces (Fig. 4a) make the nut
oval due to the plastic strain.

The second step of the model is the tightening of the bolt by screwing the nut at a
torque of 22 Nm, corresponding to an average preload of 60% of the Ultimate Tensile
Strength. As the nut is self-locked, a locking torque needs to be overcome before
accosting the plate as it can be seen Fig. 5. Three main parameters will need to be
validated: the locking torque, the preload and the tightening torque. These character-
istics can be deduced thanks to the evolution of the preload and the tightening torque
during this step as it can be seen Fig. 5.

Table 1. Definition of the materials

Materials Young
modulus

Poisson
coefficients

(r1, e1) (r2, e2)

TA6 V 114 000 MPa 0.34 (780 MPa,
0.00684)

(860 MPa,
0.10684)

A210 V 210 000 MPa 0.3 (680 MPa,
0.00324)

(800 MPa,
0.12324)

Al2024 73 000 MPa 0.33 (324 MPa,
0.00444)

(469 MPa,
0.19444)

Fig. 4. The four steps of simulation
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The values of the tightening torque and of the deformation load, used to deform the
nut during step 1, have been chosen in order to be in agreement with the Airbus
standards for this kind of bolts. The preload has been measured thanks to the evolution
of the axial component of the stress in the screw rod. As it can be seen Fig. 6a, the
screw is in tension whereas the plates are compressed. However, as it can be seen
Fig. 6b and c, the tightening steps create some plastic strain, even in the threads.

The Cycling
After a relaxation step, the last simulated step is the cross-load of the assembly.
A sinusoidal load of 31kN has been applied to the middle plate. Once the transverse
load overcomes the friction between the clamped parts, the medium plate slides on the
upper and lower ones. As soon as the medium plate contacts the screw, the latter starts
bending. The transverse sliding of the nut can be observed when the transverse load
reaches a certain value. The Fig. 7 highlights the evolution of the transverse relative
displacement between the nut, or the screw head, and its bearing surface.

Final torque

Locking torque

Fig. 5. Evolution of the tightening torque (on the left) and the preload (on the right)

Fig. 6. The axial stress distribution a the magnitude of plastic strain at integration point before
tightening b and after tightening c
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According to Zadoks, this movement would also imply the rotation of the nut and
thus its loosening. It can be noticed that the curve is not symmetric. In its initial
configuration, the bolt might not be centered in the hole of the plate, then the transverse
sliding might be different a direction from another. Moreover, due to different friction
coefficients, the amplitude of displacement is bigger for the nut than for the screw, and
therefore the rotation of the nut should be larger that of for the screw. In order to check
this theory, the rotation of the nut and the screw have been drawn Fig. 8. The results
are presented for the five first cycles. Assuming that the loosening speed remains the
same over the whole step, the loosening angle after 500 cycles should be 73°.

In order to get results as close as possible of the self-loosening of a real assembly,
the value of the cross-load, implying the loosening of the bolt, needs to be determined.
Thus, specific tests were done in order to determine the amplitude of rotation of the
different components for a specific load after a predefined number of cycles. The latter
are presented below.

Fig. 7. The transverse sliding of the nut (in red) and the screw (in blue)

Fig. 8. The loosening angle of the screw (in blue) and the nut (in red)
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3 The Experimental Validation

In order to validate the numerical model, some tests are needed. Moreover, they could be
used to highlight some specifications linked to the Zadoks explanation. According to
him, the loosening of a bolted assembly is only due to the cross-load and to the sliding at
the bearing surfaces of either the nut or the screw. Then, the thickness of the clamped
plates should not have any influence of the loosening process. In order to verify this
theory, three different thicknesses have been tested: 2D, 3D and 4D, D being the
diameter of the bolt. Such a test sample can be seen Fig. 2a its geometry is the same than
the modeled one. The tightening torque is the same than for the numerical model. The
tests are load driven thanks to a 100 kN fatigue test bench, INSTRON 850 l. A sinu-
soidal shape, with R = −1 and frequency 3 Hz, was chosen for the cross-load. Its
amplitude started at 1 kN, and was increased by steps of 2 kN every 500 cycles. We
considered that a rotation of 80° was equivalent to a complete loss of preload, as such a
rotation has been caused by the tightening torque. The rotation was measured every 500
cycles, and the test was stopped if rotation exceeded 80°.

For each thickness, the bolt starts to loosen for a cross-load around 32 kN as it can
be seen Table 2, thus the thickness of the assembly seems not to have any impact on
the behavior of the assembly. Moreover, for every test only the nut is rotating and its
average amplitude of rotation is 80°, which is equivalent to a complete loss of preload.
The rotation at the end of the tests can be seen Table 2, the cross-load at the start of the
loosening can also be read. As it can be seen on this Table, the rotation of the nut
obtained thanks to the numerical model matches the experimental results. Then the
model seems to reproduce the self-loosening of the real assembly.

4 Self-loosening Explanation

According to Zadoks theory, the sliding of either the nut or the screw on their bearing
surfaces will imply the self-loosening of the bolt. Moreover, as shown before, only the
nut is loosening, thus the contacts between this component and the plate will be
analyzed. The plates are painted with primer, thus the sliding of the nut might remove
the coating where the nut has slid. Moreover, if we take a closer look at the nut, Fig. 9a,
a damaged area can be seen.

In order to determine the sliding displacement, the nut gets removed after the test.
The marking due the sliding has been analyzed. As the diameter of the nut is known,
we can determine the approximate external positions of the nut during the slip, Fig. 9b.
A relative displacement of 0.52 mm has been measured between these two positions.

Table 2. The maximum angular rotation and the cross-load of 3 different thicknesses

Thickness Cross-load (kN) Maximum angular rotation (°) Numerical results (°)

2D 31 83 73
3D 35 78 74
4D 33 85 78
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This sliding is the root cause of loosening according to Zadoks explanation. Thanks to
the numerical model developed, this value of transverse sliding has also been mea-
sured. Its maximum value is 0.527 mm which matches the experimental measurement.

5 Conclusion

Since the beginning of the seventies, sliding is considered as the root-cause of self-
loosening. Junker is the first to have proposed an explanation based on experiments
made thanks to a specific test bench. He based his explanation on the sliding move-
ments which are due to the bending of the screw when the assembly is cross-loaded.
Zadoks showed that beyond a certain transverse load, the nut or the screw slides on the
bearing surface leading to the loosening of the joint.

In order to prove that either the nut or the screw was sliding on the plate, a
numerical model was developed. In comparison to existing studies, the specificity of
the model was the complete modeling of the threads, the plastic deformation of the nut
to self-lock it and the tightening of the joint thanks to the rotation of the nut of the
screw. The model has been verified by experiments. In addition to it, the tests also
highlighted that the thickness of the assembly has little influence on the behavior of the
cross-loaded assembly. An analysis of the surface under the nut showed that the nut
slipped on the plate. According to Zadoks theory, this sliding is sufficient to loosen the
bolt.
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Abstract. Productivity and quality requirements in the aerospace industry
involve optimized machine-tools in terms of stiffness, precision, kinematics and
dynamics. Many researches aiming at evaluating and optimizing machine-tool
performances in the preliminary design stage have been carried-out. This paper
presents a new approach for selecting the best appropriate machine-tool archi-
tecture, for a given application, based on optimizing conceptual design models.
In fact, considered machine-tool structures are modeled with simplified shape
parts. The dimensions of these parts are defined as design variables. Afterward, a
parametric design optimization is performed for each considered architecture, in
order to minimize its total mass under the constraint of a minimal attempted
stiffness all over the workspace. After that, several architectures can be com-
pared and classified according to performance indices computed from the
mechanical behavior of their corresponding optimized structures. This approach
allows restricting the total number of structural arrangements to be detailed
further and analyzed more accurately. The paper includes an illustration of the
proposed approach through a comparative study between an open-loop and a
closed-loop machine-tool architectures.

Keywords: Machine-tool � Stiffness � Preliminary design � Parametric
optimization

1 Introduction

The performance requirements of machine-tools dedicated to hard material large parts
machining have strongly increased during the last decade due to the expansion of the
aerospace industry [1, 2]. Indeed, to boost aeronautical parts performances in terms of
weight, corrosion resistance and mechanical ability, titanium alloys are widely used for
structural parts [1, 3].

Titanium machining is characterized by low cutting speeds and high cutting forces
[4]. High cutting forces coupled with low rotational frequencies of the spindle can
produce large deflections and excite natural modes of the machine-tool structure. Thus,
static behavior and first natural frequencies have to be controlled during the design
stage [5–7].
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Among the most used performance criteria we find: geometric workspace, dex-
terity, accuracy, stiffness and the dynamic behavior [8, 9]. Dehong and Kai consider
that a static stiffness around 500 N/µm is well desired for heavy cutting machine tools
[10]. Thus, methods should be developed to help the designer to evaluate performance
indicators of its choice of machine-tool structural arrangement at an early design stage
[11].

Conceptual design is a main goal as it ensures designer to check the performance
indicators with regard to attempted specifications at an early design stage [11].
Moreover, by performing advanced analysis for different possible architectures, we can
observe if a machine-tool structure may be more relevant than another.

A structural configuration indicates axes arrangement of a machine-tool. It can be
designated by a configuration code [12, 13]. Several configurations must be considered
and analyzed (studied) in order to determine adequates ones for a given machining
application. A previous work allowed us to realize a first sorting of 5-axes machine-tool
structural configurations for titanium machining [13]. In fact, 2160 machine-tool
configurations were analyzed. The classification was done by evaluating structural
configurations conformity degree with respect to technical criteria. Indeed, 32 machine-
tool configurations, fulfilling all design criteria, were selected.

The above mentioned method made it possible to restrict the number of machine-
tool structural configurations for the detailed design phases. However, as could be seen
in Fig. 1, RRYOXZ configuration can be achieved with different structural arrangements
or architectures. Therefore, the design methodology to be elaborated must integrate the
selection of the machine-tool architecture.

The approach presented in this paper aims at selecting the most appropriate
machine-tool architecture while regarding given machining operations (in our case
titanium alloys machining) during preliminary design step. The particularity of our

Fig. 1. Several architectures associated with the structural configuration RRYOXZ
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approach is that we consider several possible arrangements of machine-tool mechanical
structures. These structures are modeled, analyzed and optimized in terms of mass and
stiffness.

Being on preliminary design stage, the machine-tool structure are simplified and
modeled with hollow box-shaped parts with shell structural elements. The dimensions
of these parts are parametrized and defined as design variables. Design optimization is
performed by coupling a constrained optimization algorithm, using a Matlab function,
with finite element method (FEM) analysis, in ANSYS, for stiffness evaluations. After
that, optimized solutions are compared according to their performances to select the
most relevant structure.

In the next sections, we present the parametric design of machine-tool structure, the
optimization process is introduced with the stiffness computation method. Finally, we
introduce the comparison result of two type of machine tool architecture (closed-loop
and open-loop architecture).

2 Parametric Design of Machine-Tool Structure

Parametric modeling of mechanisms is widely used at the early design stage [14].
Performing parametric modeling make it easier to modify structure dimensions, con-
sequently preparing model to be improved and optimized. Danhaive and Mueller
combine parametric modeling and interactive optimization in order to obtain efficient
and innovative structural design [15]. Maglie relies on parametric design language to
achieve automated creation of machine-tool model in particular APDL (Ansys Para-
metric Design Language) [16].

Koenigsberger presented a structural analysis of machine-tool with a simplified
formulation of its structure [17]. In fact, he used beam elements as basic structural
components for modeling machine-tool structure (Fig. 2). However, in our case study,
we choose to not use beam even if this approach seems to be relevant. Indeed, iden-
tified beams sections are larger compared to their lengths due to the important value of
the attempted rigidity. Thus, beam theory hypothesis are no longer verified. Therefore
this modeling approach is too approximate.

Fig. 2. Lumped model of a milling machine [17]
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Kono et al. presented an evaluation of modelling approaches for machine-tool
design [18]. Machine-tool components are modeled by parallelepiped shape and
obtained results are close to experimental results. In the same context, Li et al.
developed an optimization approach to provide an eco-efficient machine-tool bed
structure [14]. In the first step of this method, machine bed is modeled simply by a
hollow box-shaped structure. Thus, authors choose to use hollow parallelepiped forms
to model machine-tool elements.

In this work ANSYS APDL is adopted where model construction uses a script text
file. The method consists in sub-structuring machine tool structure. Each elements is
modeled by a parameterized hollow parallelepiped as shown in Fig. 3. The paral-
lelepiped parameters are section width, section length and thickness (Lyi,, Lzi, and Epi).
Parallelepiped length (Lxi) is fixed considering workspace specifications.

In this paper the study is limited to two kind of machine-tool structural arrange-
ments (open-loop and a closed loop machine-tool structure). The two architectures are
sub-structured into three principals’ components each and parametrically modeled as
presented in Fig. 4. Components are clamped to each other by their common surfaces.
The first sub-structure is fixed to the ground. The second performs translation along
Z axis and the last one can translate along Y axis. Hence, the machines configurations
change according to the tool position in the workspace. Translation movement in
X direction is performed by the machining table. Thus the workspace of the considered
structure is the YZ plane.

Since the aimed machine-tools are designed for aeronautical part machining, their
workspace must be large. Thus, milling tool positions along Y and Z axis range from 0
to 2 m. FE models of the structures are implemented in a manner to guarantee always
the same workspace independently from components parameters variation. That’s why
parallelepiped lengths Lxi are defined as exposed in Table 1. A steel material is used for
the studied machine-tool structure and FE model is meshed by shell elements with a
maximal size of 20 cm.

Fig. 3. Parameterized hollow parallelepiped

98 M. Lajili et al.



3 Parametric Optimization of Machine-Tool Structure

Parametric optimization consists in varying initial parameterized dimensions of a
model in favor of obtaining an optimal design with the allowed resources [19, 20].
Contrarily with topologic optimization and shape optimization, in this type of opti-
mization initial shape and topology are preserved [21]. Pons relies on parametric
optimization for the design of ultrasonic motors [22]. He elaborated a parameterized
FEM model and observed 5% of error relatively to experimental results.

In order to compare several machine-tool architectures, performance indicators like
stiffness at the TCP, the total weight and natural frequencies should be computed.
However, to ensure the objectivity of the comparison between machine-tools with
different structural arrangements, each mechanical structure must be optimized in terms
of mass and stiffness.

To realize the optimization, a Matlab function named ‘fmincon’ is chosen. At each
iteration, the objective function is computed and by using ANSYS APDL, structure
stiffness is evaluated. The optimization loop continues until a stopping tolerance cri-
teria or minimum is achieved.

Fig. 4. Parametric model of an open-loop architecture (a) and a closed-architecture (b)

Table 1. Parallelepiped lengths

Length Lx1 Lx2 Lx3
Value (m) 3.7 2.2 + Lz3 1.5
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3.1 Definition of Objective Function and Constraints

The cost function to be minimized is the total mass of the structure. Design variables
are the dimensions of the machine parts modeled by hollow parallelepiped (Lyi, Lzi and
Epi). These variables are collected in a vector denoted by n as shown in Eq. (1). Lower
and upper bounds of the design variables are given respectively by nmin and nmax.

n ¼ Ly1; Lz1;Ep1; Ly2; Lz2;Ep2; Ly3; Lz3;Ep3
� �

nmin ¼ 0:6; 0:6; 0:02; 0:5; 0:5; 0:02; 0:4; 0:4; 0:05½ �
nmin ¼ 1:5; 1:5; 0:15; 1:4; 1:4; 0:15; 1; 1; 0:15½ �

ð1Þ

The total mass of the structure, denoted by M, is computed by the multiplication of
the structure volume V by the material density q. The structure volume V is the sum of
all hollow parallelepiped volumes forming the structure but without considering
common volumes twice. Then, the objective function for considered architectures is
expressed in function of design variables n and the parallelepiped lengths (Lx1, Lx2, and
Lx3) as expressed in (2).

M ¼ q� V n; Lx1; Lx2; Lx3ð Þ ð2Þ

Attempted stiffness is a design constraint. This constraint is fulfilled only if the
machine TCP rigidity all over the workspace and along any direction in the 3D space
(K) is equal or higher than attempted value. Thus, K must be computed at each
optimization iteration and compared with the attempted stiffness. That’s why, an under
constraint optimization algorithm is used. For a target rigidity of 500 N/µm, the
optimization constraint is a nonlinear inequality as indicated in Eq. (3). The machine-
tool stiffness computation is explained in next section.

K� 500 ð3Þ

3.2 Machine-Tool Stiffness Computation

Firstly, a static FE ANSYS analysis is performed. Three load cases are applied
respectively: a force in each axis x, y and z ( Fx; 0; 0�t;

� �
0;Fy; 0�t and 0; 0;Fz�t

� �
and

measured displacements at the TCP is then transferred from ANSYS to Matlab envi-
ronment. We denote by Uxi;Uyi andUzi the measured displacements for a force applied
in axis i. these measures enable computing compliance and stiffness matrices at the
TCP as detailed in Eqs. (4) and (5).

S½ � ¼
Uxx
Fx

Uxy

Fx

Uxz
Fx

Uyy

Fy

Uyz

Fy
Uzz
Fz

2

64

3

75 ð4Þ

100 M. Lajili et al.



K½ � ¼ S½ ��1¼
Kxx Kxy Kxz

Kyy Kyz

Kzz

2

4

3

5 ð5Þ

Next, the configuration stiffness is computed along any direction in the 3D space
considering the eigenvalues of the stiffness matrix. Those eigenvalues represent the
stiffness ellipsoid parameters and its minimum value represents the minimal rigidity
ensured all over the 3D space directions. This rigidity corresponds to the minimal
configuration stiffness Ki.

Afterward, in order to compute machine-tool minimal stiffness K, several geometric
configurations all over the workspace must be considered. Thus, Y and Z coordinate of
the TCP are discretized. During optimization stage, the range of Y and Z movement is
2 m by a rough step of 0.5 m, which mean that 25 different configurations are
investigated at each iteration (Fig. 5a).

Finally, the machine-tool minimal stiffness K could be computed as shown in
Eq. (6). The red point at each figure (Fig. 5a and b) represent the minimal stiffness all
over the workspace.

K ¼ min
i

Ki

� � ð6Þ

4 Results

The optimization process is realized for different attempted rigidity values (100, 200,
300, 400 and 500 N/µm). Optimized architectures performances are computed by a
static and modal analysis overall workspace. As mentioned in Sect. 2, YZ plane is
considered as the structure workspace independently from X. A step of 0.2 m is chosen
to discretize YZ workspace which means that 121 configurations are investigated
(Fig. 5b).

Fig. 5. Closed loop structure stiffness computation during optimization (a) and during
performance analysis (b)
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In our approach, the compared structures have the same workspace, and they are
optimized to ensure the same stiffness at the TCP. Therefore structure comparison is
done regarding total masse, movable masse, and natural frequencies evolution.

Comparison of total masse variation of optimized structures shows that closed-loop
architecture is significantly lighter in all instances (Fig. 6a).

Movable mass in Z directions varies as could be seen in Fig. 6b. In all cases also,
movable mass of closed-loop structure is extremely lower than that of open-loop structure.

Performed modal analysis on optimized structure provides first and second natural
frequencies. As long as it changes with structure configuration, the worst configuration
case is assumed as a reference for each types of structure. As can be noticed in Fig. 7,
first (a) and second (b) natural frequencies of closed-loop model are always higher than
frequencies observed on open-loop structure.

Having regard to masse, movable masse and natural frequencies variations, con-
sidered closed-loop structure is more relevant for titanium machining operations than
open-loop one.

5 Conclusion

In this paper, an approach for machine-tool architecture selection in preliminary design
stage has been presented. This approach is based on parametric optimization of several
architectures associated with a given structural configuration of the machine-tool.
Adopted deign variables are the dimensions of the structural parts with simplified
geometry. Optimization has been performed by coupling Matlab constrained

Fig. 6. Comparison of total masse variation (a) and movable Z mass (b) against attempted
rigidity
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optimization algorithm with finite element analysis software (ANSYS). Thus, opti-
mized architectures have been compared referring to performance indicators evaluated
with a FEM analysis.

Treated machine-tool examples show the validity and the effectiveness of the
developed approach. Investigated performance indicators comparison allowed us to
eliminate easily the open-loop structure. Therefore, for the two studied architectures,
only the closed-loop one will be analyzed more accurately.
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Abstract. The need to size large hydraulic infrastructures, exploit extensive
agricultural areas or simply arrange water assets for human consumption makes
the evaluation of the available water resources essential. Water is a scarce
resource that is poorly distributed both, spatially and temporally. Therefore, a set
of hydrological networks that allow the evaluation of water quantity and quality
is required. In order to achieve this, the first step is to retrieve reliable data on
rainfall. To carry out a correct evaluation of water resources, both in the small
and large scale, disposing hydrological networks that involve a certain number
of measuring devices becomes critical. Despite the great amount of studies that
have been developed on measuring devices such as rain gauges, there are still
many errors that remain in the measurements and that have not been ruled out
yet, thus affecting the accuracy of the measurements. Accordingly, the design of
a device that provides an accurate measurement of rainfall and also results
affordable, could be the key to a product with great acceptance in the market.
This work aims at presenting the design of a measurement device that provides
accurate data and can be used in multiple ways: as an ordinary rain gauge, as a
rain gauge recorder, or even allowing to carry on both functions simultaneously.
Therefore, the design must bring together acceptable requirements regarding
precision and economic aspects. As a result of the work developed, the proposed
design has led, after a long process, to be patented with previous examination.

Keywords: Rain gauge � Patent � Design � Precipitation � 2-in-1

1 Introduction

For thousands of years, man has tried to quantify rainfall in one way or another. The
first recorded measurements were performed in India 400 years BC. In 1639, the
benedictine Benedetto Castelli (1548–1643) born in Brescia [1], was the first in Europe
to introduce, in a letter addressed to Galileo Galilei (1564–1642), the techniques for
rainfall measurement employed to find out how much the water in the Trasimeno lake
would increase. Since then, new measuring devices, techniques and procedures have
been studied. It is actually not known who the inventor of the rain gauge was for,
somehow, direct or indirectly rainfall has been measured since ancient times. Civi-
lizations long BC already tried to store rain for later use, therefore they already had
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proof of the amount of rainfall occurring. In his work, Strangeways [2] analyzes the
different measurement systems in its beginnings (Fig. 1) and Kurtyka [3], on the other
hand, makes a chronology that reaches our days and considers the civilizations that
began to be interested in precipitations measurement (Fig. 2).

According to WMO (World Meteorological Organization), rainfall can be defined
as: “any liquid or solid particle product of the condensation of water vapor fallen from
the clouds and deposited on the ground. This includes: rain, hail, snow, frost, dew and
haze” [4].

Meanwhile, Maderey Rascón et al. [5] make a classification that may help to
understand and have a general perspective of what types of rainfall can occur.

– Properly said precipitation
– Water that reaches the earth’s surface in liquid form (rain)
– Water that arrives in amorphous solid form (hail)
– In crystallized solid form (snow)
– In intermediate form (granulated snow, sleet, etc.)

Fig. 1. Korean pluviometer reproduction. London Science Museum
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– Hidden precipitation
– By condensation (dew)
– By sublimation (frost).

To quantify the total amount of rainfall, the height in millimeters that the water film
would reach on a flat horizontal surface is considered. The most elementary way to
measure precipitation would be to collect them in any container with straight walls and
base and then measure the height with a graduated ruler. The container used to store the
fallen precipitation is called ‘rain gauge’ also known as “Odometer” or “Ombrometer”.
Rain gauges are included in the so-called non-recorder devices that, unlike the “plu-
viographs” which belong to the group of so-called recording devices, allow precipi-
tation to be recorded automatically. Precipitation assessment and measurement
techniques are known by the name of “Pluviometry”.

Usually, the word rain gauge has been used to refer to any device employed to
measure rainfall. However, as mentioned previously, there are several kinds of pre-
cipitation as well as there are many devices to quantify them. The WMO [4] and [6]
includes a classification of the instruments and techniques used to measure precipita-
tion. Note that when referring to precipitation here, it is normally addressed to properly
said precipitations such as rain, snow, hail, sleet, etc. In the case of frost, dew, ice, etc.,
there are other methods for measuring.

Fig. 2. Hottinger weighing pluviometer. Germany (1871)
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2 Brief Description of the Technical Problem

Currently, there are two large groups of rain gauges/pluviographs in the market,
generally aimed at different types of users.

On the one hand, there are those devices employed by the public meteorological
services and official organisms. In this type of apparatus, the materials, devices and
mechanisms are made of higher quality and precision. Consequently, they provide
fairly accurate measurements. The price of this kind of equipment is often quite high,
hence, its use is rather limited.

On the other hand, there are rain gauges used for small-scale studies by companies
within the agricultural or environmental sector, or those used for domestic use by
amateurs. These devices incorporate lower quality materials or mechanisms. Subse-
quently, their price is quite lower and the quality of the measures is affected to a greater
extent.

Figures 3 and 4 show examples of professional rain gauges, while Figs. 5 and 6,
expose rain gauges generally addressed to particular users or small enterprises.

Fig. 3. Bucket Pluviograph Mod. 15188 (Lambrecht)

108 M. C. Ladrón-de-Guevara-Muñoz et al.



Fig. 4. Siphon pluviograph Mod. 1507 (Lambrecht)

Fig. 5. Recorder rain gauge
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There is a series of systematic errors that affect the measurements quality; in the
case of lower quality devices these errors become more latent. Among all these errors,
the following are the most important:

• Derived from the location and installation of the rain gauge; inadequate placement
and poor installation can greatly affect the measurements. The most significant
consequence derived from a bad location are wind effects (the error can go up to
10% for rain and 10–50% for snow). Another consequence, for instance, would be a
greater entry of precipitation in the rain gauge mouth due to an inadequate height of
the installation.

• Errors in the readings; due to errors performed by the observer or defects in the
observation instruments (poorly graduated rods or test tubes, liquid spill, etc.).

• Instrumental errors; each device has a particular design that affects differently the
measurements. These errors may be due to the external shape, the materials used
during manufacture, its calibration accuracy, etc.

• Evaporation; a common and important mistake especially in hot and dry climate
areas. It usually varies between 0 and 4% of the measurement.

Fig. 6. Recorder rain gauge. Mod HD 2013 (Delta OHM)
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• Moisture or wetness: water that adheres to the rain gauge walls can cause defects in
the measurements depending on the device geometry, materials, etc. In summer, the
error can vary between 2 and 15%, and in winter between 1 and 8%.

• Splashes; when falling precipitation (especially rain) inside the collector, some
splashes may occur that make the precipitation amount measured to be lower than
the actual amount that fell. It means an error of 1–2%.

• Snow blizzards; if devices are not adequately protected against wind, it can occur that
during snow blizzards the gusts and turbulences created by the wind remove the snow
from inside the rain gauge. In some cases, this can lead to an error of 50% or more.

• Small cracks; in Winter, the contents of the recipient may freeze, resulting in small
cracks through which the water can escape.

From the afore mentioned errors, those caused by wind [7], evaporation, wetting,
snow blizzards and splashes are the most important since the precipitation measured
can differ and be up to 30% lower or more. All these errors can be caused both, by
meteorological or instrumental factors.

In order to reduce these errors as much as possible, the WMO has established a set
of rules regarding the location [8], installation, and rain gauge testing. Likewise,
minimum requirements to be fullfilled by any rain gauge to guarantee the measurement
quality and homogeneity have been set up [3, 4].

Figure 7 shows the requirements and goals set for the new design.

3 Methodology

To design and develop the presented rain gauge, the methodology followed has consisted
in setting the objectives (Fig. 7), analyzing the techniques and procedures to follow
when quantifying rainfall, conducting a market study, and exploring the specifications to
agree with WMO. Then, a conceptual design (Fig. 8) is created to finally develop it in
full detail (Fig. 9) where different materials are evaluated and simulation tests are per-
formed (Fig. 10) in order to meet acceptable precision and economic requirements.

Fig. 7. Chart describing the goals of the new design
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4 Description of the Invention

After carrying out an analysis of the techniques, procedures and devices used in the
measurement and quantification of atmospheric precipitations, a rain gauge model has
been designed with a view to solve the already mentioned problems. A design that is
addressed to any kind of user whose components have intended to reduce most
common errors in this kind of devices. Through this design, the user has the chance to
combine its different components so that it can be used as an ordinary rain gauge
(Fig. 11), as a recording rain gauge (pluviograph) (Fig. 12) or both functions at the
same time. Besides, the different elements or pieces of the device have been designed
aiming at minimizing the errors produced by meteorological factors such as wind and
by instrumental factors due to the particular design of the device.

The mechanism used to record rainfall is a precision bucket designed according to
Joss-Tognini (Figs. 13 and 14). In this mechanism, a light metal container divided into
two compartments is balanced in unstable equilibrium on a horizontal shaft. The bucket

Fig. 8. Conceptual design

112 M. C. Ladrón-de-Guevara-Muñoz et al.



normally rests on one of its two stops/ends which prevents it from tipping over
completely. Rainwater is conducted from the collector located at its upper part; once a
certain amount of water has entered in the bucket, it becomes unstable and turns over,
remaining in the other position. The compartments are designed so that when the water
is coming out of one of them, it is falling into the other. At the same time, the bucket
movement activates a contact relay (Reed sensor) that induces the recording consisting
of discontinuous steps; the distance between steps represents the time required to
accumulate a certain amount of water.

The design incorporates a bubble level to indicate the perfect leveling of the col-
lector surface (Fig. 15). Three headless screws are responsible for leveling the set.
They are distributed at 120° on a conical hole where the pole is inserted. To meet this
purpose, an Allen key can be found inside the rain gauge.

Fig. 9. Detail drawing
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Fig. 10. Simulation tests performed

Fig. 11. Ordinary rain gauge

114 M. C. Ladrón-de-Guevara-Muñoz et al.



4.1 Advantages or Benefits Linked to the Invention

The two main advantages achieved by the rain gauge design are the following:

– The user has the possibility to combine the appliance components according to the
purpose given, consequently turning it into a recording rain gauge (Fig. 16) and/or
into an ordinary rain gauge (Figs. 17 and 18). This novelty helps to reduce man-
ufacturing expenses, since it removes the need to manufacture two types of
appliances.

– It is accessible to all kind of users, as its components have been designed employing
low cost materials and brief manufacturing processes. In spite of this, the accuracy
in the measurements has not been renounced since devices used by professional rain
gauges have been incorporated to this model.

In order to reduce the error that affects a greater percentage of rainfall measure-
ments, a collector that incorporates a wind protection element has been designed. Both,
the collector and the wind protector are manufactured by plastic injection processes.
For this reason, these two parts become one (Fig. 19), thereby reducing manufacturing
expenses.

This solution intends to reduce the turbulence created in the collector’s mouth that
affects the raindrops trajectory and also removes the snow accumulated inside the rain
gauge funnel (Fig. 20).

Fig. 12. Recording rain gauge
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Fig. 13. Precision bucket according to Joss-Tognini

Fig. 14. Bucket assembly detail
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Spirit level

Leveling screws

Fig. 15. Bubble level detail

Fig. 16. Recording rain gauge
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Fig. 17. Ordinary rain gauge

Fig. 18. Ordinary and recording rain gauge
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In addition, a space inside the appliance enables the optional installation of a heater
for those users that desire so. The purpose of the heater is to prevent the precipitations
from freezing in the collector funnel or inside the device during the winter season.

Another important novelty is the time required to assemble and disassemble the
collector, tube and exterior container. All screws and fixation mechanisms have been
replaced by strategically distributed grips and tabs in order to insert and attach all
elements with a single turn. Therefore, the new design becomes fast and easy to
assemble and disassemble.

The tube and the external container transparency allows the readings to be made
directly on the rain gauge with no need to transfer the content to an auxiliary metering
tube. This also removes errors due to wetting and liquid losses during the transferring
operations.

Fig. 19. Collector with wind protection

Fig. 20. Example of wind accumulation at the rain gauge mouth
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Although the tube capacity reaches 12 l/m2, a small opening in its upper rear part
allows the liquid to flow into the secondary container once the primary is full. This
mechanism enables an additional measurement of around 100 l/m2.

For quick and easy installation on the ground, a support holder has been integrated.
Thanks to a set of rods and sleeves (Fig. 21) it can be quickly assembled. Also, a
skewer is added in its lower part to easily nail it on the ground.

5 Results

Figure 21 shows an assembly drawing and exploded perspective of the rain gauge,
while Fig. 22 exposes a render indicating its main components.

Reed sensor cable

Box power cable

Heating resistance 
cable

Detail B
2:1

Detail A
1:1

Fig. 21. Assembly drawing
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6 Conclusions

After collecting the information and by applying engineering and industrial design
techniques, a new model for the device aimed at rainfall measurement (whether liquid
or solid) has been developed. It consists in a bucket-type rain gauge whose main
distinguishing characteristic against other devices already in the market is its versatility
since it can be used as an ordinary rain gauge, as a recording rain gauge or, both
functions at the same time. Another important attribute or strength of this model is the

Strainer

Collecting 
Funnel with 

Wind Protector

Tipping Bucket

Switch Relay
Box

Spirit Level

Tipping Bucket 
Fixed

Allen wrench

Heater

Test tube

Outer container

Fig. 22. Render with the main components
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price: low price versus the accuracy achieved. Moreover, its components can be
combined in different ways gaining in adaptability and allowing the user to acquire a
quick and easy use device where the utilization of standardized components has been
prioritized. For all the above, the proposed design has led to a patent with prior
examination, firstly at national level ES2455940 B2 and, at the time, the international
level patent can also be applied for with number WO 2013/098437 A2.
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Abstract. This paper aims at designing a “Multifunctional device composed of
load support and anti-theft lock for standard bicycles”. A previous study has
been developed in order to justify and validate the final design of the unmet
needs of people in their daily lives, with an emphasis on satisfying those that
imply specific savings, whether economic, energy or time. As a result, the use of
bicycles as a means of transport in Spain is promoted taking as a frame of
reference countries such as the Netherlands or France. This means economic and
energy savings (by replacing the car) and an improvement in people’s health and
quality of life. Following the steps of the design methodology, once the need
was detected, an information search was carried out in order to identify and
prioritize the design specifications that meet the demands of potential customers.
For this reason, various sources were used, Cyclelogistics (2013), a European
project; a report “Food in Spain” by the Ministry of Agriculture, Food and
Environment (2017), and the annual bicycle barometer developed by the DGT
(Dirección General de Tráfico, 2017) where the opinion, habits and use that the
Spanish people make of the bicycle and the needs and demands they have in
relation to it, is known. In addition to meeting the needs of the client, the design
must comply with a set of reference regulations both, at the level of security
devices and the transport of merchandise at retail. The result of the work has
given rise to patent application with prior examination at a national level, in a
first phase, and subsequently, at an international level.

Keywords: Product design � Cargo bikes � Anti-theft lock � Patent

1 Introduction

Many researches confirm that the use of bicycle has increased over the last decade at
national and international level. The Bike Internacional Day comes on April 19 every
year. This day is celebrated with several events in different European and Spanish cities
to promote the bike as an alternative daily means of transport [1]. According to the
2014 Eurobarometer of Quality Transport [2] and other relevant publications in this
field [3–5], the European average of bicycle use as a daily means of transport is 8%.
Spain, with a 3% of daily bicycle use, has not reached those levels yet. Countries like
Holland, with 36%; Denmark, with 23%; Hungary, with 22%; Sweden, which meets
17%; Finland, 14%; and Belgium, 13% present a high level of bike use. Statistics are
still far from the European level although every year the use of bicycles increases,
being 1.6% in 2010. In addition, according to the 2017 Bicycle Barometer elaborated
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by the Network of Cities for Bicycle (RCxB) [6], in Spain there has been an increase in
use compared to 2015.

The barometer confirms that:

– Almost half of Spaniards aged between 12 and 79, that is to say 19 millions, use the
bicycle with some frequency and almost a quarter of them use it weekly.

– From the first barometer in 2009, the number of bike users has grown up to 3.5
million.

– In cities the use of bicycles for daily commuting has increased.
– More than 85% of Spanish people agree the environmental pollution reduction must

go through the increase of bicycle use.
– Citizens ask to encourage the use of bicycles in companies and schools, more

parking lots and appropriate interurban tracks.

The bicycle is increasingly integrated as an alternative way of transport to the
motorized one. More and more people are encouraged to use it in their daily lives and it
is one of the mainstays in many state plans for sustainable transport [7, 8]. Many public
bicycles are being made available in big cities.

Its use has many advantages over other means of transport [6–10]:

– Mobility: it is ecological and it does not pollute, it is fast (in short routes), eco-
nomical, you can park it very easily and avoid traffic jams.

– Health: the use of a bicycle is healthy. Allowing you to do exercise, improving your
physical condition while you move.

– Leisure time: enjoy the trip, fun, take a walk, ….

The research led by the RCxB and the General Directorate of Traffic, which was
carried out by GESOP (Cabinet of Social Studies and Public Opinion), reveals that
three out of four Spaniards (74.9%) have a bike at home and six out of ten Spaniards
have one for personal use. In this sense, it is estimated that there are some 30 million
bicycles in Spain.

It also highlights that 16% of bicycle users have suffered at least one theft of their
bicycle in the last five years. Several studies have identified that bicycle theft is a
problem for cycling communities [8]. In the year 2014, more than 300,000 bikes have
been registered as stolen in Germany. However, these figures could be even higher
because many cycle thefts are never reported to the police [11]. Internationally, in cities
where this mean of transport is well established, the most frequent type of theft per
person is that of bicycles, and in 30 cities, it was shown that bicycles are 4 times more
likely to be robbed than cars [8].

Likewise, as the materials used for the bike frame are becoming more light-weight
thanks to technological breakthrough, the number of bicycle thefts keeps increasing
[12]. Thus, anti-theft design is currently an important issue that is being taken seriously
by companies. How to make bicycles hard to steal and easy to use is one of the most
pressing problems facing this country.

In addition, a study conducted in Montreal found that most robberies occur during
the day and not at night [8].

In this sense, most cyclists take some type of prevention to avoid theft, with the
lock being the most common prevention measure [12].
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Although walking (36.5%) and playing sports (37.7%) are still the main uses of the
bicycle, in big cities it also highlights the habitual use of it, especially the most
intensive, for daily commuting (54.2%), such as going to work or to the study center.

Among the daily trips considered appropriate to be made by bicycle, the study is
focused on the action of “doing the shopping”. This is an obviously necessary activity
for society and is carried out so frequently that the fact of modifying it can mean a
sudden change in the habits of many people. Therefore, it is intended to encourage
potential users by designing a product that makes this activity easier and safe in the
purchase.

The initial stages of Stuart Pugh’s Total Design methodology [13, 14] have been
used for product design.

2 Market Research and Design Specifications

During the market research, all aspects that can influence the product design have been
considered and some studies [12] have been taken as a reference for product devel-
opment. Beginning with the cargo bikes, the capacity of load, ease of use, versatility,
stability to the rollover, weight, size, aesthetics, etc. have been analysed. As a second
item, bags, panniers or baskets of goods transport including their dimensions, restraint
systems, resistance, capacity, etc. have been checked. Other aspects under study have
been shopping trailers anti-theft devices such as padlocks, articulated pistons and
chains. The main objective is to create a standard product, so it is necessary to carry out
a detailed analysis of the different types of bicycles. This survey enables the assessment
of the dimensions and features of each bike. The design will focus on the dimensional
analysis of the most widespread bicycles on the market such as road bikes and their
versions with some exceptions, triathlon, mountain bikes and bicycles for walking or
City Bikes. The analysis includes the dimensions and geometry of the frame, types of
saddle and seat post and dimensions of the wheels, leaving out those less common such
as BMX, Bike-Trial, Tandem or Recumbent.

Once the market study including the analysis of the competition and alternative
solutions is concluded, defining the relevant aspects about the issue such as those
related to the displacement to do the shopping becomes essential. Therefore, the study
has focused on the following conditions:

– Quantity or volume of the shopping.
– Distance from home to the shopping establishment/supermarket.
– Time available to do the shopping.
– Orography of the route.
– Lack of infrastructure.

Cyclelogistics [3] defines as “commercial displacement” any displacement that
ends in the purchase of one or several articles. Even those trips that involve purchase
intention without achieving it are within this definition.

However, a factor that sets the weight and volume of the so-called daily con-
sumption goods is the movements frequency. In addition, the maximum load that the
bicycle allows will limit it. The quantity of purchased items and, consequently, their
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transportation depend on these displacements frequency. The frequency for the pur-
chase of daily supplies has been classified: daily, every 2–3 days, weekly, every 2–3
weeks, monthly and occasionally.

Another important concept to keep in mind is the total distance that must be
travelled from home to the purchase establishment/shop, including the round
trip. Cyclelogistics defines 7 km as an acceptable distance for cycling. However, this
depends largely on individual conditions of each user.

Considering the following starting conditions:

– Weekly purchase frequency.
– Weekly purchase weight per person of 16.8 kg, based on an annual consumption

per person between 650 and 700 kg of food products [15].

Once both, the comparative analysis of existing products in the market and the
transport and frequency situations have been completed, it is concluded that there is no
product that meets the requirements of cargo transport on bikes and anti-theft security
simultaneously. That is why a product with this dual functionality is intended.

Firstly, it should be clarified that the main objective of the product is the daily
consumer goods transportation, where other types of goods or loads are secondary.
Thus, when a user parks the bicycle in a public place to come into the store to make a
purchase, the same device that is used for the goods transportation, secures the bike
while shopping. Therefore, it is possible to do it without a current anti-theft device.
Subsequently, the design product has an added value.

Finally, the following conclusions are drawn taking into account the advantages
and drawbacks of bike bags and baskets:

– Cargo transport does not require a specific kind of bicycle. Therefore, the most
appropriate design solution is an adaptable device to standard bicycle. It is also
sought that the way the device assembles and disassembles must be as simple as
possible.

– Regarding the load placement, it should be comfortable for users. Generally, the
user transports the load in bags. Consequently, the device design must be developed
based on the load placement, avoiding having a platform or container to place the
goods.

– The assembled device must not compromise the bicycle usual ride. In addition,
when it is loaded it should be as stable as possible.

– The space used is another of the evidences that have an impact on the result. That is
why the assembled device must take up little space or not interfere for driving. The
fact of not taking up too much space when it is disassembled, in order to be able to
store it easily, is also valued.

3 Sketches

The customer requirements and design specifications have been clarified. The
methodological process of product design goes to the creative stage from a set of ideas
or sketches that attempt to fulfill the aforementioned demands. See Fig. 1.
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Several designs, such as those, shown in Fig. 1 were rejected for different reasons
such as mobility, stability, lack of anti-theft security, etc. Therefore, the idea was
developed to achieve the sketch shown in Fig. 2. The transport device adopts the idea
of one of the best anti-theft security systems, as it is the U-padlock.

This design must accomplish the main condition called compatibility, which con-
cerns all the elements involved in it: bicycle, bags and anti-theft mode. That is, the
device must allow its use with most types of bicycles, bags and clamping elements.

Fig. 1. Product design sketches

Fig. 2. Transport and anti-theft positions
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4 Technical Design

The bicycle is the main component to consider because it contains many parameters
that influence compatibility. The bicycle typology is related to the shape of the frame
(see Fig. 3), and, above all, to the rear triangle. Compatibility is not ensured on bicycles
whose rear triangle does not have the shape and dimensions defined in Fig. 3. For this
reason, all bicycles with rear or full suspension which are Mountain Bike variants (In-
hard, Freeride, Downhill and Crosscountry) are left out. Apart from those mentioned,
Bike Trial, BMX and Recumbent are also excluded.

As shown in Fig. 3, the device is compatible with the full range of dimensions
where the minimum measure is 350 mm. If it is compatible with this minimum mea-
sure, it will be compatible with higher dimensions. Therefore, this is the length chosen
according to these conditions.

The second condition is also related to the length of the device sidebars. This length
should be such that in the transport position, the distance between the bags and the rear
wheel avoids contact among them. Thus, one must consider both the dimensions and
geometry of the bicycle at the same time that the dimensions and types of existing bags.

Once the analysis presented above had finished, it was verified that the device
sidebars length ought to be longer than 517 mm in order to load the maximum length
bags without any contact with the rear wheel of the bicycle. This condition conflicts

Fig. 3. Maximum and minimum dimensions
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with the previously studied, since a sidebar length of 350 mm is required. For this
reason, an alternative solution that combines both conditions was sought.

The solution is to add a second 350 mm termination axis where the removable bar
can anchor and set two sidebars distances, one of 350 mm and another of 520 mm.
Thus, an appropriate distance for loading the bags (see Fig. 4) is maintained.

The next step is to set the length of the two crossbars, the removable bar and the bar
where the axis is located. The space between the device and the fixed elements to
which it will anchor is the main requirement. Secondly, the device must have enough
width to transport some hanging bags on the removable bar.

The maximum width of the bicycles rear part analysed is 200 mm. Then, the
appropriate distance to fix the device to immobile elements should be added.

The crossbars length has been increased by 150 mm on each side since this distance
is enough to join the device into a fixed element (Fig. 5). This gives a total length of
500 mm, which is wide enough to incorporate a large number of bags (depending on
type, format and size) hanging on the removable bar.

Fig. 4. Removable bar positions

Fig. 5. Range of dimensions for crossbars
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By incorporating an axis into its crossbar (Fig. 6), the option of sliding the device
through this axis is enabled in order to extend the space available for the fixing element.
As a result, the space to secure the bicycle in a fastening element is up to 300 mm in
maximum diameter.

Finally, we proceed to specify the diameter of the three bars in the U-shape and the
removable bar. The thickness should ensure their resistance to any type of attack, but,
in turn, should be thin enough to insert the removable bar between the rear wheel
spokes. Furthermore, the resulting weight of the device has to be suitable to move it
without too much difficulty.

The removable bar of the device cannot exceed a diameter of 30 mm, otherwise
anti-theft mode would not work. The thickness of the main bars should be less than the
removable bar in order to anchor the terminations in it.

Dimensional margins have been estimated for both thicknesses, which are between
12 and 18 mm for the main bars, and between 20 and 30 mm for the removable bar.

The average density of the steel is 7850 kg/m3. The approximate weight for the
maximum bar diameters (18 and 30 mm) is around 6 kg, which is excessive, while for
minimum bar diameters (12 and 20 mm) the desired anti-theft security would not be
obtained. That is the reason for choosing the midpoint of both margins (15 and 25 mm)
whose weight is 3.91 kg. Part of the device is supported on the seat post, so the actual
weight to be hold up during its manipulation becomes 2.47 kg, which would require an
approximate force of 24 N to lift the device from the safety position to the transport
one.

Finally, Figs. 8 and 9 show two virtual representations of the multifunction design
accomplished, such as transport system and anti-thief system. In a viewpoint of load

Fig. 6. Device parts
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transport, Fig. 8, it can be observed that both the shopping bag and the transport basket
can hide the light signals placed in the saddle. Some solutions need to be adopted such
as a reflective signal placed on the Velcro strap or in the back of the basket, or using
reflective devices for lateral fastening in the rear triangle of the bicycle.

In Fig. 8, it is shown that load lateral displacement is limited by the Velcro tape, by
the device sidebars or by the protruding on the removable bar that prevent the lateral
glide of the bags handles (Fig. 6). Other solutions could incorporate an elastic mesh
(Fig. 7) or, in this case, its own transport basket. Figures 8 and 9 have been realized
with 3DStudio Max® software.

Fig. 7. Elastic mesh

Fig. 8. Transport system
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5 Conclusions

In this work, a multifunctional device that helps daily bicycle users has been devel-
oped. The dual functionality allows the transport of merchandise of daily consumption
products and the anti-theft protection of the bicycle in the destination store. The result
of the study has conducted to an invention patent [16] no. ES 2 634 642 B2.
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Abstract. The present article describes the design, modeling and development
of a mechanical hand prosthesis driven by myocardial impulses. The design of
the prosthesis is based on the anthropometry of the hand, taking into account the
skeletal shape of the phalanges and metacarpals, the connection mechanisms
between phalanges, the system of flexor tendons and extension, ligaments and
muscles. Through the signals from the muscles, the control system performs the
operations of grip, rotation, etc. The control system consists of nano wreck, a
motor controller, DC motors and the muscle sensor system.

Keywords: Hand prosthesis � Myoelectric impulses � Modelling �
Anthropometry

1 Introduction

Nowadays, the usage of the robotics, EEG and myoelectric signal acquisition devices is
common in the development of the prosthetic devices. The main objective of prosthetic
devices is to substitute a missing or damaged part of the human body. Over these recent
decades, in addition to the previous function, the use of the prosthetic devices has been
also expanded to rehabilitation centers in order to facilitate the rehabilitation of the
damaged extremities. Damaged extremities, such as lower and upper limbs, are often
lost because of trauma, vascular brain diseases or craneoencephalic disease. The
prosthetic devices, also known as robots, are designed to strengthen the lower or upper
limbs during large training sessions.

The prosthetic devices are dated from Ancient Egypt, around 950-700 years B.C.
Their objective was to reinforce the bone structure or helping osseous tears or simply
for cosmetic appearance [1]. In Persia, 484 years B.C., solders amputate one of his legs
to escape imprisonment and replaced it with a wooden prosthesis [2].

Since the 1960s the improvement of the mobility as well as the increment of the
force of the patients became important necessities. Prosthesis was introduced in the
military training with the idea of the improvement of the solders force during different
programs, such as DARPA, etc. [3, 4].
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The upper limb prostheses are classified according to:

1. The degree of amputation:

– Transhumeral
– Transradial

2. Their integration:

– Osseointegration
– Suspension

3. Their function:

– Cosmetic
– Body powered
– Myoelectric.

The osseointegration prostheses are the invasive devices integrated in the human
body that are subcutaneous and in contact with the bone. On the other hand, suspension
prosthesis are devices that are suspended from the human body via belts, harness, etc.

In the era of new technology, the 3D printing and the advances in computer-aided
design (CAD) provide designers and manufacturers great freedom on the product
design [5]. These advances [6] have enabled the development of a flexible and more
anthropomorphic design of the human prostheses. Besides the anthropometric design of
the prosthetic hand/robotic hand, its functionality and the mechanism also play
important roles. Most common prosthetic hands are based on tendon simulation
working mechanism [7, 8]. Nevertheless, the main movements of the prosthetic device
are obtained with actuators, such as electric powered DC motors [9–11], pneumatic
[12], ultrasonic [13], hydraulic [14], etc. All previous research has shown that, in order
to improve the grasp and extension of the five fingers of the prosthetic hand, a high
number of actuators is required.

Considering the advantages and disadvantages of the designs proposed in the
existing literature on prosthetic hand [15], this work proposes the design and devel-
opment of a suspended myoelectric transradial (hand) prosthesis based on DC motors
and Arduino board.

2 Human Anatomy

The human hand has a complex anatomic structure. The hand or wrist is composed by
14 phalanges 5 metacarpal bones and the carpus (see Fig. 1). The hand bones are
structured as:

1. Fingers

– Proximal phalanges
– Media phalanges
– Distal phalanges
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2. Metacarpal bones
3. Carpus bones.

The radiocarpal, carpometacarpal and intercarpal joins are located between the
phalanges and bones. The joins contain two Degrees of Freedom (DoF): extension and
flexion. The carpus bones realize small movements around instantaneous centers. Since
these movements are very small, they are often ignored and it is considered that the
hand or wrist have only two DoF [16].

Human fingers joins and the concept of transmission mechanism for flexion and
extension are presented in Table 1 and Fig. 2a.

Figure 2b, and c, as well as Table 2 are aimed to illustrate the flexion/extension and
abduction/adduction movements of the thumb [17].

Metacar-
pal bones

Phalanges  

Carpus 

Fig. 1. Hand anatomic structure

Table 1. Wrist extension/flexion movement

Element Description Abbreviation Flexion (°) Extension (°)

0 Metacarpal MET – –

1 Proximal phalanxes PP – –

2 Media phalanxes MP – –

3 Distal phalanxes DP – –

H0 Metatarsophalangeal join MPJ 90 45
H1 Proximal interphalangeal join PIPJ 105 5
H2 Distal interphalangeal join DIPJ 90 10
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3 Materials and Methods

An Arduino Nano has been used as processing unit; five DC step by step servomotors,
one external battery, one muscle Sensor Kit and an Analog-to Digital Converter are the
other elements used in the construction of the prosthesis.

For the robotic hand design, the anthropometric measurements of the human hand
have been measured. Each phalange has been modelled with a three dimensional
drawing tool (Fig. 3). In total, 14 phalanges and 5 metacarpal bones have been

Fig. 2. a The wrist extension and flexion. b Thumb flexion/extension. c Thumb
adduction/abduction movements

Table 2. Thumb extension/flexion, adduction and abduction movement

Element Description Abbreviation Flexion
(°)

Extension
(°)

Adduction
(°)

Abduction
(°)

0 Metacarpal MET – – – –

1 Proximal phalanxes PP – – – –

2 Distal phalanxes DP – – – –

3 Interphalangeal join IPJ 90 45 – –

H0 Metatarsophalangeal
join

MCPJ 70 15 – –

H1 Carpometacarpal join CMCJ 71 38 71 20
H2 Metacarpal MET – – – –

Fig. 3. Modeling of the hand phalanges
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modelled, with their measurements, as well as the artificial carpus and the processing
unit support.

The processing unit support is composed by five servomotors, the Arduino pro-
cessing unit and the Analog to Digital Converter, that is fixed to the hand with a
harness. The contact with the human hand is made by silicone in order to reduce the
friction.

Figure 4 illustrates the integration of the carpus, metacarpal bones and phalanges.
It has to be mentioned that the design of the prosthetic hand is based on the real

anthropometric measurements of a young human hand. The idea of the anthropometric
measurements is to model and develop an adaptable personalized robotic hand.

The mechanical movement of the prosthetic hand is based on the human biome-
chanics. The Artificial carpus is a designed with 1 DoF that realizes the movement of
rotation. The artificial metacarpal bones are divided in two groups: the group of the
fingers is fixed to the carpus. Due to the small degree of movement of the metacarpal
bones with the carpus, the movement is considered null. The second group is composed
by the thumb metacarpal bone. Its movement consists of the flexion/extension and
adduction/abduction movement, which can be seen in Fig. 5.

Artificial carpus, sup-
port for the Metacarpal
bones and phalanges

Artificial Meta-
carpal bones 

Artificial 
Phalanges

Fig. 4. Integration if the artificial Phalanges, Metacarpal bones on the campus
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The main fixing system of the prosthetic hand relies on the tendons and the
muscles. The extensor tendons are placed on the dorsal area named opisthenar area (see
Fig. 6a, b, c and d).

The flexor tendon is located in the palmar area of the phalanges that realize the
flexion of the phalanges and make possible the grasp; it is represented in Fig. 6b.

Once all elements have been designed, they are printed with a 3D printer with
different resistance materials. The phalanges and the metacarpal bones, as well as the
carpal and principal support are printed in ABS hard material, whereas the tendons and
muscles are printed with elastic silicone material, described in Table 3.

•2 

•0

•T

Flexion / extension 

Flexion / extension 

Flexion / extension Adduction / abduction

Fig. 5. Phalange movement of the thumb the flexion, extension, adduction and abduction

Fig. 6. a Example of the extensor tendon. b Example of the flexor tendon. c Intrinsic muscle
modeling. d Example of the palmar tendon connection
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Between each phalange, a rubber pad has been inserted in order to avoid the friction
(see Fig. 7a). Each pad is designed individually for each connection surface of the
robotic hand phalanges. Figure 7b describes the sketches and the developed from
silicone fibrous sheath over flexor tendon sheaths.

The phalanges are covered with silicone glove.
The grasping is controlled by the Arduino Nano electronics and the pressure sen-

sors placed in the distal phalanges, see Fig. 8.

Table 3. Printing material properties

Abbreviation Silicone ABS

Hardness 40 R105
Tensile strength (psi) 850 6.100
Tear strength (ppi) 125 75,400
Density g/cm3 1.07 0.25
Color Translucent Beige

(c) (d)

(a) (b)

Fig. 7. Silicone elements of the human robotic hand. a The silicone pad example, b the silicone
fibrous sheath, c example of the adjustments of the fibrous sheath in the palmar side, and
d represent the adjustment of the fibrous sheath over flexor tendon sheaths in the dorsal side of
the hand
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4 Conclusions

This paper describes the design and development of an intelligent mechanical hand
prosthesis able to realize the grasping and extension of the fingers as well as taking
objects thanks to the use of pressure sensors. Based on the human hand anthropometry,
the presented robotic hand can be adapted to the user requirements. The phalanges and
carpal bones have been carefully measured and designed in order to be able to adapt to
different sizes. All elements of the prosthesis as pads between phalanges, the tendons,
ligaments and bones have been designed and integrated one by one. The control system
is based on Arduino nano board, DC motors, motor controller and the muscle sensor
system.

The work presents the experimental prototype. In the future, the work will be
improved with temperature sensors, improvement of the design of the adjustable
housing to the arm, as well as testing and validation in real environment.
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Abstract. Within the PROLISI research project, several transportable weighing
lysimeters have been designed whose technology determines with high precision
the water needs of crops. Until now, all the models were focused on a type of
crop such as lettuce and brassica, with a root depth of up to 30 cm. Due to the
excellent performance of these devices in horticultural crops, the need has
developed to cover another type of larger plant, such as the potato, with root
depth of up to 50 cm. For this reason, this communication shows the dimen-
sional adaptation of a new portable weighing lysimeter model for this type of
solanaceous crop. To ensure proper functioning, several analyses and simula-
tions have been carried out to check the resistance of the main structures and the
deformations they undergo. With this model, a prototype has been manufactured
and it has already been installed in an agricultural holding, with excellent
operating results.

Keywords: Precision agriculture � Lysimeter � Computer-aided design �
Structural analysis

1 Introduction

One of the most important challenges of irrigated agriculture is how to efficiently
manage irrigation water in order to increase the productivity of a horticultural plan-
tation [1]. To determine the water needs of the crops, it is necessary to obtain crop
evapotranspiration (ETc), which can be calculated by using weighing lysimeters [2, 3].
These devices establish a water balance between the water supplied (irrigation and rain)
and the water drained in a certain time interval. To do this, the increase or loss of water
in the soil is measured by weighing the container in which the soil is located. The most
common weighing lysimeters in agriculture are large and require expensive civil works
for their installation, so their use is usually limited to research centres [4]. The
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development of new technologies is making it possible to manufacture weighing
lysimeters oriented towards commercial use, allowing for higher operation precision
and a reduction in investment and maintenance costs [5–7].

Within the research project “Irrigation automatic programming system for
weighing lysimeter and soil salinity, with remote monitoring of the vegetative state of
the crop” (PROLISI), several transportable weighing lysimeter models have been
designed whose most important requirements are easy installation, portability and high
precision to quantify evapotranspiration by weight variations in small time intervals.
The prototypes designed and installed so far are focused on crops such as lettuce and
brassica (a species grown in agriculture and horticulture such as cauliflower, broccoli,
etc.), whose root depth reaches approximately 30 cm [8, 9].

Due to the successful functioning of the equipment, it has become necessary to
cover another type of crop with a greater root depth (� 50 cm), such as Solanaceae,
among which the potato is a member. The objective of this communication is to show
the adaptation in the design of a weighing lysimeter for this type of crop, whose
dimensional characteristics vary considerably with respect to the previous model. In
addition, different structural analyses of the most important parts have been carried out,
such as the culture vessel and the main structure, determining the stresses and defor-
mations they undergo, thus obtaining the validity of this new design.

2 Materials and Methods

In order to obtain a transportable weighing lysimeter adapted to the potato crop (model
LP-5, Fig. 1), the LP-4 model was designed for lettuce and brassica crops. This new
lysimeter model has been modified dimensionally to adapt it to this crop that can have a
root depth of up to 50 cm. First of all, the culture vessel was adapted to the new
dimensions of the plant because it is what harbours the crop portion and, later, the rest
of the structures were adapted to these new dimensions.

Fig. 1. Perspective view of weighing lysimeter LP-5
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In the model LP5, the weighing system of the culture vessel, formed by four load
cells, are placed in a different position to counteract the increasing of the charges
produced by the new dimensions of the culture vessel. Thus, the resultant forces can be
counterbalanced easily so that the section properties of the elements and the thickness
of the plates can be maintained.

Since the lysimetric vessel is independent of its environment, the lateral and cap-
illary rise flows are zero, so that the terms of the water balance expression can be
determined with precision. To drain and measure the water, which is filtered through
the volume of confined soil, a drainage tank is used. In order to know the variations in
the water content, the soil mass and the drainage tank, a weighing system is used.
Precipitation and irrigation are measured by means of rain gauges and conventional
volumetric methods; in this way, the lysimeter provides a direct measure of evapo-
transpiration in the period considered (Fig. 2).

All the weighing lysimeter models designed within the PROLISI research project
have been modelled with SolidWorks 2016 software, a computer-aided design program
for 3D mechanical modelling that allows the modelling of parts and assemblies,
obtaining both plans and any other type of information necessary for its production.
The structural behaviour of the culture vessel and the main structure have been studied
using SolidWorks Simulation.

The following are the most important structures that make up the LP-5 weighing
lysimeter:

• Culture vessel: what is used to the one that harbours a portion of the crop (Fig. 3).
The dimensions of the culture vessel of the model LP-4 are of 1000 � 600
300 mm (length � width � height). For the new model LP-5 the dimensions have
been changed to 1544 � 744 � 551 mm. As the dimensional increase is important,
several interior reinforcements with 20 � 20 mm profiles were added.

Fig. 2. Section view of model LP-5
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• Main structure: the outer container of the whole system which is in contact with
the ground (Fig. 4). It contains the culture vessel, the drainage tank and the
weighing system.

• Structural base: structure that serves as a support surface for the whole lysimeter,
levelling the main structure in case of possible differential settlements (Fig. 5).

To validate the new design, a static analysis has been carried out to simulate the
stresses and deformations that occur in the walls of the culture vessel and the main
structure under different load conditions. The simple loading cases and the combination

Fig. 3. Culture vessel: a front and top view, and b perspective view

Fig. 4. Main structure: a front and top view, and b perspective view
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loads are indicated in Tables 1 and 2. It has been considered that the ground under the
foundation is constituted by a semi-hard clay.

The main structure of the weighing lysimeter is formed by a set of elements that
ensure the containment of the ground, separating it from the crop container. The culture
vessel houses the reconstituted ground where the plantation develops and rests on a
weighing system. The weighing system registers the weight changes of the water flow
that enters and leaves the container, allowing the evapotranspiration of the crop to be
quantified. In order to ensure a good operation of the lysimeter, the culture vessel and
the main structure must be separated, avoiding that the deformations of their elements
interfere with each other and modify the measurements of the weighing system.

For the proposed weighing lysimeter, the external dimensions in the plant of the
culture container are 1544 � 744 mm, and the internal dimensions of the main
structure are 1566 � 768 mm, so that, once placed in their final position, between both
containers there is a 12 mm gap before loading.

The structure of the outer container is formed by square tubular profiles
35 � 35 � 2 mm, rectangular tubular profiles 20 � 40 � 2 mm and sheets of thick-
ness 3 mm. The structure of the culture vessel is composed of 20 � 2 mm square
tubular profiles and 2 mm thick sheets. The whole unit is designed in AISI 304
stainless steel. To make the finite element model, “BEAM” type elements have been
used for the tubular profiles and “SHELL” elements for the sheets.

Fig. 5. Structural base: a front and top view, and b perspective view

Table 1. Load cases and load combination considered for the culture vessel

Load case Load value (N/m2) Load distribution

1. Self-weight – –

2. Lateral earth pressure 10,000 Triangular
3. Vertical earth pressure 10,469 Uniform
Load combination 1 Load cases 1, 2 and 3
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3 Results and Discussion

For the culture vessel, the highest deformation obtained is 2.64 mm and the equivalent
Von Mises stress is 162.7 MPa. On the other hand, the main structure achieves Von
Mises equivalent stress and strain of 2.291 mm and 149.3 MPa, respectively. The
results of the structural analyses carried out are shown in Tables 3 and 4, and Figs. 6
and 7 show graphical representations of them. In order to carry out the different
analyses of the three-dimensional models with SolidWorks Simulation it was necessary
to simplify the original models, which has allowed to optimize the mesh size and the
computational resources [10].

Table 2. Load cases and load combination considered for the main structure

Load case Value of the load (N/m2) Load distribution

1. Self-weight – –

2. Lateral earth pressure 10,000 Triangular
Load combination 1 Load cases 1, 2 and 3

Table 3. Results of the analysis for the walls of the culture vessel

Von Mises equivalent stress
(MPa)

URES: Resulting displacement
(mm)

Load combination
1

162.7 2.64

Table 4. Results of the analysis for the walls of the main structure

Von Mises equivalent stress
(MPa)

URES: Resulting displacement
(mm)

Load combination
1

149.3 2.291

Fig. 6. Three-dimensional view of the results obtained in load combination 1 for the walls of the
culture vessel of the low cost weighing lysimeter. a Resulting displacement (mm), and b Von
Mises equivalent stress (MPa)
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The static analysis carried out indicates that the maximum deformations that they
experience, both the culture vessel and the main structure, do not exceed the separation
between them for the load situations considered. For the main structure, in several
combinations, the deformations experienced by the sheets exceed half the thickness of
itself, so that the principle of small deformations would no longer be valid. The linear
theory assumes that there are small displacements, so this method can generate inac-
curate results in cases where these assumptions are not valid.

Model LP-4 has overall dimensions of 1090 � 690 � 730 mm. The profiles that
make up the main structure are hot rolled steel tubes with square sections of
35 � 35 mm and rectangular ones of 20 � 40 mm. The base structure is formed with
steel tubes of 50 � 50 mm. The sheets that cover it are 2 mm thick. The materials used
in the whole set are stainless steel AISI 304. For the new model LP-5 all the structures
were modified to adapt them to the culture of the potato, reaching a general dimension
of 1640 � 840 � 860 mm, maintaining the same type of profiles in all its structures
except the base structure that was modified to hollow sections of 40 � 30 mm and
60 � 30 mm, to reduce the height of the set without losing the robustness. As the
dimensional increase of the set was important, it needed some extra reinforcement in
some of its parts to avoid deformations. Once the validity of the design was obtained
with the analyses carried out, a prototype of this model was produced, which is already
installed (Fig. 8).

Fig. 7. Three-dimensional view of the results obtained in load combination 1 for the walls of the
main structure of the low cost weighing lysimeter. a resulting displacement (mm), and b Von
Mises equivalent stress (MPa)

Fig. 8. Prototype LP-5 manufactured and installed on an agricultural holding
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4 Conclusions

Efficient management of water resources improves the productivity, stability and
quality of crops, thus allowing a rational use of water and energy. The current tech-
nological development allows for lysimetric weighing devices with a high precision in
the determination of crop evapotranspiration and small dimensions that facilitate
installation, transportability and a minimum alteration of the ground. In this commu-
nication, the design of a new compact low-cost weighing lysimeter for use in agri-
cultural operations has been presented. This new model is focused on horticultural
crops such as Solanaceae, among which the potato is a member, whose root depth
reaches 50 cm. To obtain the validity of this new design, different analyses have been
done on to the most important parts such as the culture vessel and the main structure.
The static analysis performed on these two structures shows Von Mises equivalent
stress and strain results of the walls that satisfy the requirements necessary for proper
operation. This new lysimeter has already been manufactured and is installed and
operating on an agricultural holding.
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Abstract. The management of spatial dimensional variations and 3D tolerance
stacks is a key issue to achieve high performance and robust solutions. The state
of the art in 3D tolerance analysis addresses two main difficulties: on the one
hand, the issue about the dimensioning and tolerancing methods, and the related
annotation transfer from 2D drawings to 3D parts. On the other hand, the lack of
integration of design methods for 3D tolerance stacks calculation in the design
process and, moreover, the restricted application fields in which tolerance
methods are applied, as in aerospace or automotive fields. In this scenario, we
propose a Computer-Aided Tolerancing (CAT)-based approach, integrated
within the embodiment design of the product development and able to support
the analysis and the design of 3D tolerance stacks in mechanical assembly, by
simulating the 3D effects of both the dimensional and geometrical tolerances.
Focusing on a gearbox assembly, the CAT-based approach aims to identify the
main contributors (sources) of variation within the tolerance stacks, by means of
a statistical and sensitivity analysis. After defining the design inputs (involved
parts, tolerances definition, assembly sequence, and required measurements), we
follow a bottom-up approach, starting from the part tolerances as set by the
designers, up to the assembly tolerances. The CAT software simulates how the
tolerances vary within their ranges. Finally, we are able to identify the main
contributors to variation, which may require tightening their tolerance values, in
order to improve the performance of the gearbox assembly.

Keywords: Computer aided tolerancing � 3D tolerance analysis � Geometric
dimensioning and tolerancing � Design method � Gearbox assembly

1 Introduction

Tolerance is one of the most important parameters in product and process design [1]:
the 3D tolerance stacks influence the design, the manufacturing, and the assembly
phases of industrial products [2–4], so the 3D tolerance management requires specific
methods and tools in order to achieve their analysis and assessment [5].

The management of spatial dimensional variations and 3D tolerance stacks is a key
issue to achieve high performance and robust solutions in all the industrial fields, in
particular in the automotive and aerospace ones. Tolerances are relevant in the design of
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machines, as mechanical transmissions [1] and hydraulic pumps [6], because affecting
their performance; tolerances are strictly connected with manufacturing costs [7], and are
a key requirement in robotic manufacturing processes, in order to guarantee high
repeatability of tasks, as in themachining of automotive components [8] or in thefinishing
operation of aerospace parts [9], or in mechanical assembly, as in [10], where the authors
aim to identify the most critical tolerances on the welded assembly of a car chassis.

The state of the art in 3D tolerance analysis addresses two main difficulties [2, 4,
11]: the first issue relates to the dimensioning and tolerancing methods, in particular to
the annotation transfer from 2D drawings to 3D parts. The simplification of 2D
drawings may be achieved by managing tolerances directly in the CAD model,
according to ISO [12] and ASME [13] standards, with consequent design time
reduction and improvement of the tolerance management.

The second is about the lack of integration of design methods for 3D tolerance
stacks calculation in the design process and, moreover, the restricted application fields
in which tolerance methods are applied, as in aerospace or automotive fields.

In particular, two main methods for the tolerance stack calculation are used
industrially [14]: namely, they are the worst case method and the root sum square
method, with a statistical approach. They can be easily implemented and developed by
means of a spreadsheet, but one main limitation is the lack of evaluation of 3D effects
due to geometrical tolerances (Fig. 1).

A more efficient method is based on Computer Aided Tolerancing (CAT) software
[15–17], which simulates the three-dimensional effects of both the dimensional and
geometrical tolerances, but its use is not widespread in industries, with the exception of
the automotive and the aerospace fields, other than in the research field. A CAT
software simulates the variation of parts and their tolerances [5, 18], mainly by inte-
grating other tools and approaches [10, 11, 19].

The use of a CAT software requires the definition of a model, of its functional
analysis, of the functional dimensions and their stacks. It may be based on tolerance
analysis or synthesis, and it compares the results with the expected values.

In this scenario, our goal is to develop a method able to support the analysis and the
design of 3D tolerance stacks in mechanical assembly, capable of being implemented
in industries. Focusing on the selected case study, a gearbox assembly, the method

Fig. 1. Pros and cons of traditional tolerance stack calculations
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aims to identify the main contributors (sources) of variation within the tolerance stacks
in the mechanical transmission field.

The paper is structured as follows. Section 2 describes the CAT-based approach for the
tolerance analysis, Sect. 3 presents its application to a case study selected among
mechanical transmission, a gearbox assembly, and finally Sect. 4 draws some final remarks.

2 A CAT-Based Approach

In order to face the main difficulties presented in Sect. 1 and to foster the diffusion of
CAT analysis in industries, we propose the development of a CAT-based approach
integrated early in the design phase (i.e. in the embodiment design phase, as in Fig. 2).
The approach aims to manage the spatial dimensional variations of the assembly parts,
for assessing and improving the definition of the assembly sequence and the tolerance
allocation. It is capable to identify the main contributors (sources) of variation within
the tolerance stacks for integrating the tolerance design in the gearbox analysis and
their optimization.

Fig. 2. Integration of CAT analysis into the design process
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The approach follows the steps shown in Fig. 3, and detailed in this section. Some
key features are:

– It is based on a 3D approach, able to evaluate the 3D effects due to geometrical
tolerances.

– It is integrated within the design environment.
– It is implemented in the early design phases.
– It identifies the main contributors in the tolerance stacks, by means of a statistical

and sensitivity analysis, and defines the tolerancing schemes.
– It simulates the assembly process.

(A) The input definition follows the listed steps:
(1) Definition of parts geometry. The first input is to identify the parts geometry.

Parts are imported in the CAT software and they may be reduced by elimi-
nating the non-contributing parts in the tolerance stack, as seals, covers, keys,
and others mechanical fasteners and components.

(2) Definition of the assembly sequence, i.e. how a part is positioned and located
with respect to another within the assembly.

(3) Set dimensional and geometrical tolerances (GD&T) on parts. In this specific
analysis, GD&T are inputs on the case, contributing to the axial alignment.

(4) Set the measurements, which are useful to understand the effects of tolerances.
The outputs of the simulation will refer to the measures set.

(B) In the strategy of the simulation, we follow a bottom-up approach, starting from the
part tolerances as set by the designers, up to the assembly tolerances. The bottom-up
approach, also called the analytical approach, starts from the part tolerances up to the
assembly tolerances, in order to determine if the objective of the model is met.

Fig. 3. Steps of the CAT-based approach
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The designers, by developing “what-if” studies, may determine solutions that
include both process and tolerances to keep costs down and quality up.
We use two commercial software, namely 3DCS Variation Analyst (DCS) and
Cetol 6r (Sigmetrix), which are both add-in workbenches integrated in the CAD
platform CATIA V5 (Dassault Systemes). The first employs a variational (sta-
tistical) approach, based on the Monte Carlo simulation, which simulates the part
variations within their tolerance ranges. In each run, each tolerance varies its value
according to a randomized value within its tolerance range. Each tolerance may
assume different statistical distribution (Gaussian, Weibul, uniform, etc.) in order
to simulate different manufacturing conditions. The second CAT software (Cetol
6r) employs a vector loop approach, based on a series of vectors arranged in a
loop to reproduce the effect of the variations on the final assembly, analysed by
means of a second-order tolerance analysis (SOTA) method [20].

All the parts are simulated as rigid models, without parts distortion.

(C) The main outputs are the statistical and the sensitivity analysis of the tolerances,
leading to identify the main contributors to variation, which may require tight-
ening their tolerance values. Conversely, the tolerances of the less critical con-
tributors may be increased. Moreover, the results may lead to evaluate assembly
sequences and tolerance alternatives by what-if studies in an iteratively way.

3 Case Study

The case study is a helical-coaxial gearbox. The gearbox is firstly analysed in order to
check the current tolerance scheme, which is the input for the further tolerance analysis.
The functional measures to be controlled in the tolerance stack analysis are the distance
variations along the X and Y directions between the three shafts of the gearbox.

(A) The input phase consists of the following steps:
(1) Definition of parts geometry, by identifying the components involved in the

tolerance stack:

– The CAD model of each component is imported in CAT environment.
– The element tree needs to be reduced by eliminating the non-contributing parts

in the tolerance stack.
– Finally, the assembly is reduced to 20 parts.

(2) Definition of the entire assembly sequence, i.e. how the gearbox parts are posi-
tioned and located in the assembly, with respect to the others. Figure 4 shows the
assembly sequence of the output side parts of the gearbox. Some parts, such as the
case, may be supposed as fixed.
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(3) In order to set the dimensional and geometrical tolerances (GD&T) on parts, we
need to define a Datum Reference Frame (DRF), as shown in Fig. 5 for the
gearbox case: then, we allocate the tolerances on its mating features. Similarly, we
define a DRF and allocate the tolerances on all the other parts by means of the
GD&T annotation, in order to evaluate how each dimensional and geometrical
tolerance contributes to the shaft distance variations.

Fig. 4. Parts of the output side of the gearbox and their assembly sequence

Fig. 5. The datum reference frame defined on the gearbox case
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As an example, referring to the gearbox case, we set:

– Dimensional tolerances on the bearing housings.
– Geometrical tolerances, with respect to the DRF: the position of the bearing

housing, the parallelism of the axis of the bearing housing, the concentricity of the
bearing housings, the position of the pin holes, etc.…

(4) We set four measurements (Fig. 6), which consist of the distances between each
pair of the three shafts along the X and Y directions in correspondence of the
meshing gears.

(B) After the input definition, we define the strategy of the simulation: in this first
phase, we follow a bottom-up approach, starting from the part tolerances as set by
the designers, up to the assembly tolerances. The simulation is performed with
both the CAT software, using both the variational and the vector loop approach,
and by considering all the parts as rigid models: the outputs of the two software
are fully comparable. Finally, we check the four outputs, which are the four
measurements previously described.

Measurement 1 (Dx1 − 2): The statistical analysis (Fig. 7) shows the distribution
of the distance along the X axis, its mean value, and its sensitivity analysis, which
shows that the main contributors to this measurement are:

– the parallelism tolerance of the axis of the bearing housing 2 (47.86%).
– the run out tolerance of the shaft 1 (19.76%).
– the position tolerance of the bearing housing 1 (13.46%).

Fig. 6. Measurements of the shaft distances. Left: The vertical distances between shaft 1 and
shaft 2, and between shaft 2 and shaft 3. Right: The horizontal distance between shaft 1 and shaft 2
(similarly, on the other side, between shaft 2 and shaft 3)
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Similarly, the main contributors on Measurement 2 (Dy1 − 2) are:

– the parallelism tolerance of the axis of the bearing housing 2 (47.86%).
– the run out of the shaft 1 (19.76%).
– the position of the bearing housing 1 (13.46%).

Again, the main contributors on Measurement 3 (Dx2 − 3) are:

– the position of the bearing housing 1 (27.59%).
– the parallelism of the axis of the bearing housing 2 (24.99%).
– the position of the first parallel pin (18.87%).

Finally, the main contributors on Measurement 4 (Dy2 − 3) are:

– the position of the bearing housing 1 (32.03%).
– the parallelism of the axis of the bearing housing 2 (29.01%).
– the perpendicularity of the axis of the first parallel pin (8.55%).

In all the four measurements, the position tolerances of the bearing housing and the
parallelism tolerances between their axes are determined as the main contributors to
variation. Therefore, when comparing the resulting tolerance ranges on the four mea-
surements with the expect values, two different scenarios may occur:

– If the tolerance ranges are too loose when compared to the expected value, we can
tight the tolerance values of the main contributors to variation, in order to improve
the performance of the gearbox assembly.

– If the tolerance ranges are too tight when compared to the expected value, we can
relax the tolerance values of the main contributors to variation, in order to reduce
the manufacturing cost of the parts of the gearbox assembly.

Fig. 7. Tolerance contributors on measurement 1
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Moreover, we can act on the less critical contributors to variation and increase their
tolerance values, without significantly affecting the tolerance stack and the final tol-
erance value, allowing the use of less expensive manufacturing processes (cost
reduction).

According to these outputs and to future “what-if” studies, we will act on the
tolerance schemes in order to test design changes by modifying tolerance values on
parts and by assessing how their contributions to variation will change, or by modi-
fying the assembly process.

4 Conclusion

In the present work, we propose a CAT-based method for the tolerance analysis of a
mechanical assembly. The method is applied to a gearbox assembly, selected as a case
study, and proves to be able to:

– identify the main contributors to variation,
– identify the less critical contributors to variation,
– evaluate different assembly sequences and tolerance alternatives by what-if studies.

Focusing on the distance variations between each pair of the three axes of the
gearbox shafts, the most critical contributors in the tolerance stacks are determined as
the position tolerances of the bearing housings in the gearbox case and the parallelism
tolerances between their axes. These results highlight the importance of the tolerance
analysis in order to perform actions only on specific tolerances (and not on all the
tolerances of a part or an assembly).

This output represents a first step towards the definition of a knowledge-based
framework, also called a design archetype, to support designers in the design of
gearboxes, which will be integrated in the entire design process. In fact, as future
developments, we will implement a top-down approach (tolerance synthesis approach):
starting from the assembly tolerances or the functional requirements on the assembly,
the tolerances on single parts have to be allocated aiming to achieve the expected
tolerance on the assembly.
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Abstract. In terms of diagnosis, planning and treatment, when a dental patient
needs a complex restoration or presents a temporomandibular disorder, it is
necessary to reproduce the mandibular movements out from mouth. The best
tool for this purpose is the virtual articulator. Virtual articulators enable a design
that takes into account the kinematics necessary for the design process of dental
restorations and at the same time, avoids possible collisions. The location of the
hinge axis constitutes just one step in attempting to reproduce mandibular
movement. However, the importance of this step arises from the fact that almost
all movements start at the axis and return to it. Therefore, this study focuses on
the virtual acquisition of the patient’s mandible rotation axis (kinematic axis)
using reverse engineering devices.

Keywords: Dental prosthesis design � Dental virtual articulator � Dental
CAD/CAM system � Reverse engineering � Kinematic axis

1 Introduction

This project arises out of the need to determine the kinematic axis of dental patients in
order to simulate and analyse mandibular movements of the human jaw when
designing with a dental virtual articulator. This can be achieved by means of CAD
systems and Reverse Engineering tools.

This development has been made at the Product Design Laboratory (PDL, www.
ehu.eus/PDL), in the Faculty of Engineering of Bilbao, University of the Basque
Country. This Laboratory has focused its investigation on Reverse Engineering and
Rapid Prototyping knowledge areas and is currently looking for new fields of appli-
cation for these new design methods in an effort to promote technological transference
with neighbouring companies.

To begin with, the determination of the kinematic axis was carried out through
different experiments. The registering process was carried out using the measuring
tools and Reverse Engineering tools available at the PDL. These tools are: ATOS I
rev.2 GOM 3D scanner (precision: 0,03 mm) and the Reverse Engineering and
Computer-Aided Inspection Software the Rapidform XOR.
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The experiments were carried out in three phases. The first phase was carried out
using a mechanical articulator as if it were the patient. Afterwards, the role of the
patient was played by a drum and the kinematic axis was determined. And finally, the
same procedure was carried out in real patients.

After a thorough analysis of the results obtained with different experiments, the
proposed methodology was able to determine the kinematic axis of any patient with
different deviations for any patient.

The ultimate aim of this process is to determine the kinematic axis of each patient in
order to design dental prostheses that take into account the accurate starting position of
excursive movements.

2 Approximation

In current dentistry, the conventional procedure remains common practice. However the
presence of the digital workflow (Fig. 1) is rapidly increasing in many fields such as
orthodontics, prosthodontics, orthognathic surgery, and so on [1]. This computerized
digital procedure provides more control over the planning and treatment process and
shortens the time necessary for many of its steps, especially for the designing phase [2, 3].

Besides this, some recent developments provide more control and accuracy to the
process as well as to the final product design. In dental restoration, the design process is
monitored and tailored to the patient’s requirements [4].

One of the lacks of this digital workflow is the location of the kinematic axis and
consequently the accurate transfer of the models to the articulator. On the conventional
procedure an axiograph is used to locate the kinematic axis on the patient and register the
mandibular movements [5, 6]. This requires time and besides, the use of such mechanical

Fig. 1. Digital workflow of the virtual design process
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device involves an inconvenience for the patient. Apart from this, in many cases the same
axiograph [7] is used to set the parameters of the semi or fully adjustable articulator.

On the other hand, a literature review shows the importance of the kinematic
intercondylar axis [8]. Due to the many purposes for which this axis is useful, it has
been intensively studied for a long time. The location of the hinge axis is just one step
in attempting to reproduce mandibular movement. However, the importance of this step
lies on the fact that almost all movements start at the axis and return to it. The arch of
closure determines the hinge axis and every contact position of the teeth is based on
this hinge axis. This closure results from the combination of the closing rotation and a
gliding path of the axis, after the first 3–5 mm.

Scallhorn [9] found 95% of the axis points located 13 mm anterior to the posterior
margin of the tragus on the tragus-canthus line to be within a 5 mm radius of the
kinematically located axis. On the other hand, Lauritzen and Bodner [10] said that 33%
of a patients true hinge axes are within 5 mm of the patients true axis, although in
practice many technicians do not use it because of the required time. Finally, the
research carried out by Palik et al. [11] found that the earpiece face-bow related the
maxillary cast to the hinge axis only 50% of the time. 92% of the time the arbitrary axis
was located anterior to the terminal hinge axis.

Therefore, this study arises out of the need to determine the kinematic axis using
reverse engineering. This enables an accurate transfer to the virtual articulator, and
hence a kinematic design of dental prostheses.

3 Materials and Methods

As it has been explained in the introduction, the first purpose is to determine the
kinematic axis. In order to achieve this, the following methodology is proposed (Fig. 2).

Firstly, the targets are located on the mobile part and fixed to the mandible. It is
important that the targets are placed on planar or surfaces with a big curvature.
Otherwise, the registering system could have problems. Besides this, at least 3 targets
are located on the fixed part. This is necessary in order to have a reference when
different sessions are aligned. Even more: in order to ensure a good alignment and
obtain a better reference, more targets are used on the fixed part.

Secondly, these targets are registered on 3 or more positions. In order to achieve
this, some plastic pieces are introduced in the mouth, this is, these plastic pieces are in a
static position at a known distance (Fig. 3). With just 3 positions it is possible to obtain
the rotation center for each plane using a method of least squares to determine the
circular path. Every time a new position is registered, the corresponding minimum
deviation arch is as well calculated.

Each position of the mandible is captured in one session, therefore, different ses-
sions must be aligned or matched into one. With this aim, fixed targets are made to
coincide whilst mobile targets remain in different positions.

Afterwards, once the path of different mobile targets is determined, the arch cor-
responding to each plane is drawn. Since more than 3 points have been obtained, the
minimum deviation arch is calculated.

Finally having the centers of these 3 or more arches, the tolerance cylinder and the
average axis, which is the kinematic axis of the patient, are determined.
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Fig. 3. Experiment with articulator. a Position taking a registration. b Back view. c Top view.
d The kinematic axis on the virtual articulator

Fig. 2. Proposed methodology to calculate the kinematic axis
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The methodology to determine the kinematic axis has been validated in 3 phases
with different experiments. The first experiment type was carried out on a
Panadent PSH mechanical articulator. The second phase was carried out using a plastic
skull or dum with a mobile jaw and the last phase took place with real patients.

4 Results

On the first phase, different sessions were carried out with 6 different “patient” cases. In
this case, as it occurs in most of mechanical articulators, the upper side is the moving
part (opposite to human mandible). In this upper mobile part 3 targets were located and
the rotation was calculated in 3 different positions. Due to the mechanical articulator
was digitized it was able to locate the targets in reference to the virtual articulator. In
this case it was possible to calculate the error of each, because the kinematic axis was
known on the articulator.

The diameter of rotation in each targets was different, while the axis was the same.
However, the value of the relative error (Table 1) was small enough to validate the
methodology.

Table 1. Results of the experiments of the first phase

Experiment Mobile point
number

Error
(E) [mm]

Diameter
(D) [mm]

Relative error
(E/D)

1A.I 1 0.35 347.99 0.0010
2 0.59 366.45 0.0016
3 0.18 410.25 0.0004

1A.II 1 0.28 363.12 0.0008
2 0.83 430.76 0.0019
3 0.67 417.50 0.0016

1B.I 1 1.32 88.63 0.0169
2 1.32 64.62 0.0204
3 0.10 150.77 0.0038

1B.II 1 1.32 88.63 0.0169
2 1.32 64.62 0.0204
3 0.10 150.77 0.0038

1C.I 1 1.49 159.28 0.0094
2 1.02 188.13 0.0054
3 1.75 208.90 0.0084

1C.II 1 0.21 157.82 0.0013
2 0.18 187.70 0.0010
3 0.44 207.92 0.0021
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The second phase was carried out on a plastic skull or “virtual patient”. The fixed
targets were located directly on the face of the skull and the mobile targets were located
using an arch fixed to the mandible with alginate. As Fig. 4 shows, different positions
of the mobile targets were aligned in the same session and different experiments were
carried out with the same patient using different combination of targets.

Table 2 shows the main result of this experiment; the diameter of the tolerance is
determined for each session.

Fig. 4. Experiment with plastic skull. a Position taking a registration. b Fixed and mobile targets
in one session. c Using 3 mobile targets. d Using 4 mobile targets

Table 2. Results of the experiments of the second phase

Session Number of
targets

Distance between targets
[mm]

Diameter of the tolerance
cylinder [mm]

1 3 �70 1.11
2 4 �50 0.44
3 5 �40 0.56
4 6 �30 0.34
5 5 �35 0.87
6 4 �40 1.34
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Finally, the methodology was tried with real patients (Fig. 5).

The results of different phases are quite different (Table 3).

5 Discussion

A literature review remarks the importance of the kinematic axis on dental prostheses
design. This is due to the fact that the relationship of the teeth as they come together is
determined by the relation of the condyle to the glenoid fossa [10]. The hinge axis
governs the arch of closure in every contacting position of the teeth. The rotation of the
asymmetrical condyles and the asymmetrical mandible is guided by the form of the
surface on the meniscus.

The purpose of an articulator is to reproduce on a mechanical instrument the
relations of the teeth as they come together in the mouth. The hinge axis is the key that
enables the virtual transfer of the patient to the laboratory bench.

Locating the hinge axis and reproducing the protrusive path (anterior slant and
curvature of the condylar path) and lateral paths (Bennett movement) allows all
combinations of movements to be made. To locate the hinge axis with a hinge bow, a
clutch is mounted on the mandibular teeth. The chin is dropped open with pure hinge

Fig. 5. Experiment with real patient. a Taking a registration on a real patient. b Fixed and
mobile targets in one session. c Some results

Table 3. Results of the experiments of the third phase

Session Number of
targets

Distance between targets
[mm]

Diameter of the tolerance
cylinder [mm]

1 3 �70 2.11
2 4 �50 1.44
3 5 �40 1.56
4 6 �30 0.94
5 7 �25 1.17
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motion while a stylus records the position opposite the condyle. No gliding of the
condyle should be allowed. The hinge axis must be located in the most posterior
superior position of the condyle which is centric relation.

The point of the stylus will reach the stationary point and the patient can be tattooed
for future reference. Mounting the cast on the articulator can be accomplished by using
the hinge bow as a transfer or face bow. Instead of the ala-tragus plane, the Frankfurt
Plane is used to relate the face bow.

This means that an arbitrary marking of the hinge axis may result in inaccurate
mounting of casts to an articulator, and occlusal discrepancies may appear if the centric
relation record is made with separation between the upper and lower teeth. Therefore,
the accurate location of the true hinge axis points is recommended by some authors
[12] and any chosen arbitrary location would not reliably represent the true anatomic
hinge axis.

Gordon et al. [13] said that locating the kinematic hinge point prior to extensive
treatment for edentulous patients’ results in a better occlusion and also saves time.

However, these statements were made many years ago and nowadays; there are
many different axiographs and jaw movement recording devices [8]. There are different
methodologies to register these movements, ultrasonic, LED, etc. and there is a variety
of marketed devices used by dental technicians: Freecorder®, Arcusdigma®, Zebris®,
Axioquick®, etc. The main disadvantage of these devices is that their use requires a
great amount of time as well as a substantial financial investment. What is more, these
movements’ recorders are not integrated in any dental CAD/CAM systems, so they do
not offer a direct connection to virtual articulators.

It should be noted that the accuracy of calculating the mandibular kinematic axis
can be improved. After analyzing the results of the various experiments, the conclusion
was that these could be factors to consider in order to minimize the deviation:

– Avoiding any movement of the patient while recording data.
– The fact that mandibular movement is not a pure rotation (first 5 mm).
– The scanner accuracy.
– The orientation of the targets.

6 Conclusions

The proposed methodology to determine the kinematic axis has been validated,
although some progress should be made to develop a specific device to record at an
affordable price the kinematic axis of a real patient.

These experiments have as well proven that these scanners themselves are an
effective tool to find the centers of rotation of moving points and, therefore, the rotation
axis of a solid element.

Acknowledgements. The authors of this paper thank the Faculty of Engineering of Bilbao for
locating the PDL in their facilities and the Country Council of Gipuzkoa and for financing this
project (75/18).
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Abstract. Since several decades ago, the technological enrichments and boosts
in information organism areas are expended to counterpart various modeling in
engineering and other disciplines. Because of its technological improvements,
many programs and lineups such as Multi-Criteria Decision Analysis (MCDA),
Geographic Information System (GIS), graphic modeling, etc. are required to
syndicate and work on the basis of the web and/or internet platform services.
These allow designers (engineers, architects, planners, policy authorities, aca-
demics, etc.) to simulating and assessing their projects into an interactive web
atmosphere supplementary to improved comprehend the dissimilar designs,
simulating different states of building process, and brining a new perspective of
them. This paper presents the design of an interactive web interface modeling
using graphics that, in a case study situation, consenting to gauge and envisage a
building projects’ visual impact. Here, particularly, GIS and visual theme
analysis were employed for that building project indicated. In visual elements
theme, GIS model depicted can be graphically exemplified. Consequently, the
results can be used to verify visual impact of sustainable and viable building
projects in the asynchronous and/or synchronous decision-making progression
distinguished space and spatial parts. Accordingly, the generation and authen-
tication of an interactive web interface could be an empirical interface for
judging visual impact, eventually accomplishing sustainable and viable design
and elaboration of built circumstances.

Keywords: Web graphics � GIS � Computer-aided design � Sustainable and
interactive design � Representation techniques

1 Introduction

In the information schemes extents, the technological enlargement and attainment are
fitting to the principal contrivance for the Spatial Decision Support System (SDSS)
granted [1–3]. The value and usefulness of information propagation for the Decision-
Makings (DMs) is reconnoitered by the SDSS, graphic modeling, depiction technique,
and the GIS and the MCDA classification and amalgamation [2, 4, 5]. Largely, a web-
based GIS classification is a general web-based SDSS classification. That gadgets the
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GIS evidence and information in the World Wide Web (WWW) upbringing. Occa-
sionally, the GIS gadget and software together with public source are employed, which
are merged and assimilated with the MCDA practices [3]. For decision-makers and all-
purpose contributors, the web-based GIS classification expedites to make decisions
among contributors and, thus, maneuvers meritoriously and conveniently to advance
the model classification as an entryway. With diverse and assorted qualifications,
interpretations, interests, establishments of their concerns, a bunch of contributor
clinches to apprehend the solutions that are community-enhanced in this classification
framework. These are convincing due to have a genuine and evenhanded tendency [6–
8]. The web MC-SDSS classification is required to be engendered as an interactive web
interface, which sketches is insinuated instead of the GIS and MCDA full and specific
integration and ArcGIS’s Visual Basic for Applications (VBA) and Model View
Controller (MVC) color regulation.

This technological enlargement and accomplishment allow designers such as
engineers, architects, planners, policy authorities, academics, etc. to simulating and
predicting their projects into an interactive web environment supporting to better
understand the different designs, simulating different states of building process, and
brining a new perspective of them. Currently, several studies have reconnoitered
diverse buildings’ manifestation to harm their visual impact in different environments
and sceneries [7, 9, 10]. The spot-on placement is pondered as one-character along with
landscape biological delineations, silhouette and form, constituents, insignias, consis-
tencies, sectioning of volumes. It is also related with the prevailing buildings and
assemblages and the conglomerate of the space and spatial bordering the building
conjoining the building to the panorama [3, 11]. Particularly, correct optimal choice is
the most imperative criteria to amalgamate building projects into scene usually, which
is more than on any other prejudiced aspects proposed [3, 7]. In the case of color, it is a
noteworthy architectural facet that is exposed to be befitted a foremost evocative piece
in the design progression [3, 7, 11]. When appraising and gauging the visual impact of
a building, the use of interactive web can assist designers as to encompass visual theme
facets. It is the configuration and design progression and is also to display the changes
shaped in the different aspects. Besides, it is a very influential communication means
that instructs a well-organized method for exhibiting the visual impact, as well as to
comprehend and envisage the future scenery for the stakeholders.

In this paper, we design and develop an interactive web interface modeling using
graphics as the first-prototype principles study. It can gauge and foresee the building
projects’ visual impact that a building project could generate in a Spanish case study
situation. Accurately, it is related with GIS building placement with visual constituents’
theme on the basis of the introductory results obtainable from an ongoing assignment. In
visual features theme, a geometrical archetypal can be graphically exemplified in.
Hence, we only concentrate on the spot-on location optimal with a building project color
assessment that can be employed to assessing and simulating them. The combined full
and specific GIS and MCDA classification was utilized herein as a methodology. Par-
ticularly, an interactive web interface methodological outline and scaffold is insinuated
for a comprehensive and specific GIS and MCDA classification with color adjustment in
ArcGIS VBA and MVC implemented and envisaged, presently built in the Internet
Information Server (IIS). The interactive web interface with graphics developed in this
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study could be a new-fangled tactic that will be expediently communal and re-used, and
substantiate sustainable and viable building projects’ visual impact differentiated space
and spatial segments in the asynchronous and/or synchronous decision-making proce-
dure and to extent contributors’ sensitivity and perception.

2 Case Study Area

In Extremadura area, man-made building projects’ encumbering and compression has
predisposed the endeavor, pursuit and sustainability for certain present-day building
projects for countless years. This study targets at simulating and assessing visual
impact in sustainable and viable building projects in Alange (Spain) as a case study
situation. This indication has sufficient values based on ethnic, entertaining, natural,
genetic, picturesque, and chronological slant. Alange (Spain) is pinpointed in Badajoz,
Extremadura with an around 160 km2 area. It is located in the epicenter of Extremadura
and the southwest of Spain. Thus, it has a particular reservoir with a roughly 35 km2

neighboring the municipal central (see Fig. 1). Specifically, building projects’ gradual
increasement has been occurred in this area together with extensive illegitimate con-
structions, which is the subject of this study. Hence, due to not sustaining contem-
porary vagaries of building planning and advance, it is necessary to be cogitated new-
fangled premeditated prerequisites and goalmouths, that is, for sustainable and coop-
erative ecosystem and individual reliability.

Fig. 1. Alagne, Extremadura, Spain: case study area indicated
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3 Methodology

In this section, GIS/MCDA was employed with sixteen criteria with elements specified.
They were congregated into four assemblies together with judgement on the basis of
pair-wise to get comparative prominence and their numerical tariffs (see Table 1) [3, 7].
Now, Weighted Linear Combination (WLC) employment and the sensitivity assay with
contributors scrutinize to check the results of apposite maps and visual impact.
Thenceforward, the architecture/outline of an interface web interface modeling with
graphics established was a comprehensive and specific GIS and MCDA classification,
precisely building placement with GIS and visual components theme. Particularly, in
visual elements theme, as shown in Fig. 2, a geometrical map consummates exemplify
realistically [12, 13].

The gauge/device of a fuzzified Likert parallel interactions with previous consid-
erations can be a fortitude significance, which can acquire certain matrix on criteria
means. Consequently, with Triangular Fuzzy Numbers (TFNs), fuzzy marks and
admissions can be portrayed in the outlook of its function/occupation as shown in
Table 2 [13, 14]. Thus, with Cause and Effect Relationship Diagram (CERD), coeffi-
cients of criteria/elements inspiration could be presumed and can be interconnected
with aggregate relationship matrix aforementioned.

The interactive web interface with a help of graphics will be a scheme and clas-
sification of clients and servers composed and implanted. It is also well-defined such as
cooperation and communication, which backing the DM manners of clients and servers
[15, 16]. To maneuver the interactive web interface, certain operative necessities are
necessary technically like instantaneous attaining and analysis, a few seconds enact-
ment per entreaty, contributor-side function. But it is only with low cost-maintained
web browser for contributors through heterogeneous and dissimilar circumstances
computed and calculated [8, 17, 18]. Accordingly, technical and practical support
necessities are wide-bandwidth internet, software and hardware along with certain tools
established. An interactive web interface with a help of graphics insinuates a full and

Table 1. Pair-wise appraisal to calculate the comparative prominence [3, 7]

More
concentration

Definition Less
concentration

1 Identical prominence 1
2 More or less identical to sufficient prominence 1/2
3 More or less sufficient prominence 1/3
4 More or less sufficient to robust prominence 1/4
5 More or less robust prominence 1/5
6 More or less robust to very robust prominence 1/6
7 More or less very robust prominence 1/7
8 More or less very to severely robust prominence 1/8
9 More or less severe prominence 1/9
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specific GIS and MCDA classification and integration by ArcGIS VBA and MVC
prearranged and predetermined. With an algorithm server in a web, the program lan-
guages interrelate and cooperate the MCDA classifications computed and calculated.
Nevertheless, the interactive web interface is currently resided in the IIS, which is
required to test final assignments.

Table 2. The gauge of fuzzified Likert equivalent interactions [13]

Linguistic terms TFNs Linguistic values

Very high stimulus (0.75, 1.00, 1.00) 1.00
High stimulus (0.50, 0.75, 1.00) 0.75
Low stimulus (0.25, 0.50, 0.75) 0.50
Very low stimulus (0.00, 0.25, 0.50) 0.25
No stimulus (0.00, 0.00, 0.25) 0.00

Fig. 2. Geometrical exemplary example from the Natural Color System (NCS) graph. S 1050-
Y90R equals to NCS 2edition 50% saturation (S), 10% darkness (B), and 10% yellow + 90% red
(H) [12]
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4 Results and Discussion

An interactive web interface methodological agenda and framework with a help of
graphics insinuates a full and specific integration GIS and MCDA classification
together with the VBA and MVC color adjustment calibrated (see Fig. 3). The pro-
totype interface is characterized by building placement with GIS and visual compo-
nents theme, which established contributors can access and simulate consecutively [19,
20]. It, in this exercise, resembles to the sequential act of the selection of location for
sustainable building projects and their visual components’ analysis. For validated
contributors, all segment fragments are all-in-one pages in the web. Particularly,
contributors ought to register and log-in as to practice interactive web sheets. Within in
the up-to-date map credentials, the contributors designate the criteria along with ele-
ments tangled into the contribution layer. It specifies data visualization as a convenient
interface accredited as decision matrix and delineates its objective (see Fig. 4). The
contributors in the objective sagacity choose and upsurge their preference on each
criterion with elements, which ought to be augmented or diminished. Likewise, the
results’ analysis and comparison are conceivable in this study programmed. All sus-
tainable and viable building projects have five diverse groupings to be sorted, that is, no
stimulus, very low stimulus, low stimulus, high stimulus and very high stimulus. To
stipulate contributors with location and color adjustment information, the web proto-
type can privilege sustainable building projects’ location and visual impact. Particu-
larly, it is theoretically appropriate and correct to be constructed and current buildings
built in the suggested situation. Consequently, contributors will know the assignment
and commission assigned after ensuring all progressions and activities, and are much
better decision-makers to pick location considerations and boundaries.

The proposed interface is a prototype by the inventor for up-to-date realization, but
still requests further and extra premeditations and restrictions. At minimum, to practice
amalgamated synchronization it is unavoidable to have the internet as to flinch the
server and get its outcomes. Like this, in the server interaction decorum, a meticulous
method and/or some fluctuations are no longer obtainable. So, the amalgamation
established and developed is no more activate. Hitherto, in coding lineups, this can be
remunerated as to evade time charges and as to acquire computer competence and
enactment.

5 Conclusions

This paper bestows an interactive web interface design and enlargement of using
graphics. It allows to gauge and envisage a building project visual impact shaped in a
case study venue (Alange), accurately the GIS building assignment and visual com-
ponents theme together with the introductory results obtainable from an ongoing
project. Particularly, with the criteria formerly nominated, contributors can check the
diverse building projects’ appropriateness constructed and formed. An interactive web
interface methodological outline with a help of graphics is insinuated at the full and
specific GIS and MCDA classification and the ArcGIS VBA and MVC color
amendment. Here, to subtracting MCDA classification, the program languages should
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Fig. 4. Screenshots of an interactive web interface with a help of graphics in the ISS
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interrelate with an algorithm server in the web and/or internet. Therefore, the results
can be employed to substantiate sustainable and viable building projects’ visual impact,
which can singularize space and spatial parts in the asynchronous and synchronous
decision-making progression. The interactive web interface model with a help of
graphics established can be an original technique and tactic. Besides, it can be expe-
diently distributed and re-used, and authenticate building projects visual impact to
extent contributors’ sensitivity. Thus, this prototype model can be the methodological
origination and endorsement that employ as an empirical apparatus of visual impact
impost, eventually undertaking sustainable and viable design of built circumstances.
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Abstract. Topological optimization is a fairly innovative numerical technique
that makes it possible to reduce the mass of mechanical components. It is an
alternative to the optimizations of shape or geometry that allow to highly
improve the efficiency of products. The recent development of metal additive
manufacturing technologies allows the production of pieces that were not fea-
sible before, permitting the use of topological optimization in many fields. In the
biomedical field, for example, the reduction of prosthetic and orthotic materials
allows to save weight, to the advantage of comfort, and to minimize the inva-
siveness of these systems. In this paper, an optimization of a system consisting
of a femoral nail and two screws is carried out. The pieces were obtained by 3D
scanning of prostheses, so as to obtain the true geometry. The femur is the
standard one in literature. Following topological optimization, a new nail, with a
mass of 60% of the previous one, was obtained, without limiting the func-
tionality or the reliability of the product. Results and methodological problems
are discussed.

Keywords: Additive manufacturing � Topology optimization � Biomedical
engineering � Reverse engineering � Femoral nail

1 Introduction

The constraints imposed by the traditional manufacturing processes limit the engineers
to the physical realization of products of optimal topology. In many cases, the opti-
mized product is difficult or very expensive to produce with traditional subtractive
manufacturing process [1]. In many fields of engineering, the researchers try to find
new solutions for a green production of energy [2, 3]. Also in the mechanical field,
there is need to optimize the products in order to use the minimum quantity of material.
In the last years, reverse engineering and additive manufacturing (AM) have pushed the
research towards a new idea of design methodology. Paulic et al. [4] showed the
practical aspects in the use of the reverse engineering technique and the successively
remanufacturing with AM process of the same product with an improvement in terms
of design and efficiency. A state of art of the AM processes and the principal
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advantages of this technique is proposed by Gardan [5] and [6]. Shapiro et al. [7]
showed the potentiality of the application of this new process for the aerospace
industry, focusing the attention on seven different main applications in which AM can
provide a benefit. Leal et al. [8] proposed a new concept design for body panels in
automotive industry. A very deep description of an application of Design for Additive
with Selective Laser Melting system is showed by Graziosi et al. [9], in this case the
field of application was sport, the principal aim was to optimize an re-shape the cam-
system of a compound-bow. The additive manufacturing also allows to manufacture
elements with lattice shape [10] and this type of solution could be very useful for
applications concerning core-sandwich subjected to repeated impacts [11]. In the
medical field, the relative small dimensions of the objects allow to produce them with
the use of the AM. Comotti et al. [12] proposed new design rules provided by AM in
the prosthetic field of lower limb amputees. Many studies involve new prosthesis
solutions in order to minimize the post-surgeon effects on the patient [13]. In all the
optimization processes a great effort is produced for the simulation [14] of real working
conditions. The authors in this study want to investigate the entire process of opti-
mization, from reverse engineering to final optimization product. The field of interest is
the medical one and the application concerns the optimization of the Gamma nail part
of an intramedullary trochanteric prosthesis. This prosthesis is useful for the fractures
of the trochanteric part of the femur.

The first part of paper describes the geometries involved and the acquisition of the
different parts of the prosthesis by means of 3D blue-light scanner. A description of the
principal dimensions of these parts and the material used is reported in a second
part. The last part describes the static structural simulation with a Finite Element
method and the loop of shape optimization in order to reduce the weight of the nail.

2 Geometry, Materials and Method

The flowchart used in this paper is showed in the Fig. 1.

Standard 
femur 

modelling

Nails and 
screws

3D Scan

1° CAD 
reconstruction

FEM Static
analysis

FEM 
topology 

optimization

2° CAD 
reconstruction

Fig. 1. Flowchart
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The femoral bone used in this paper has been modelled thanks to a standard library
for this kind of geometry (Fig. 2). The longitudinal direction is the one along the z-axis.
In the same figure is possible to see the Fracture line that this kind of prosthesis fixes.

The femur modeled is divided in two different parts. The external one defined by
the cortical zone and the inner part defined by a spongious zone. In order to simplify
the model, the medullary cavity has not been modelled. The cortical bone is the 3D
Boolean subtraction of the two parts showed in Fig. 3.

The principal dimensions of the femur are: the total length, the shaft length, the
neck-angle and the femoral head diameter [15]. The total longitudinal length of the
femur under investigation is 487 mm. The length of the shaft-part of the femur is
340 mm. The neck angle is 125° and the femur head diameter is 51.2 mm (Fig. 4).

Fig. 2. General geometry of femur in anterior view

Fig. 3. On left the external surface of the cortical. On right the external surface of the spongious
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The femoral bone is composed of two different materials, cortical and spongious.
The behavior and mechanical properties of these two parts have been investigated by
many authors. The mechanical properties of the femoral bone are dependent of the
apparent density (mass of mineralized bone divided by bulk volume including porous
surface). In the papers proposed by Wirtz [16] and Taylor et al. [17] is shown the
dependence between Young’s Modulus and apparent density in isotropic and ortho-
tropic conditions. Peng et al. [18] showed the difference in the assignments of isotropic
mechanical properties or orthotropic mechanical properties. The results have shown
that the differences between the two material property assignments are small under two
loading conditions (double-leg standing and single-leg standing) [19]. In the case under
study, the authors preferred to use the maximum capacity of simulation defining the
two parts as orthotropic elements for cortical bone [20] and isotropic elements for
spongious bone [21]. The properties used are summarized in Table 1.

The second element of the simulation is the system for the treatment of trochanteric
fracture (trochanteric nail). It is made by three elements. The principal part is the
Gamma nail, it is cannulated, during the surgery, inside the femur bone in order to
stabilize the entire structure of the femur. The other two parts are screw elements in
order to fix the system with the bone.

Fig. 4. On left the Neck Angle (125°). On right the Femur Head Diameter (51.2 mm)

Table 1. Principal properties of femoral materials

Materials E [GPa] G [GPa] m

Cortical (orthotropic) Ex 12 Gxy 4.53 mxy 0.376
Ey 13.4 Gxz 5.61 myz 0.235
Ez 20 Gyz 6.23 mxz 0.371

Spongious (isotropic) 1 0.388 0.29
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In the case proposed by authors, the real geometry of the Trochanteric Nail has
been acquired with a 3D Blue-Light scanner system. The reconstruction involves the
three principal elements of this part: the Gamma Nail, the Gamma Lag screw and the
distal locking screw (Fig. 5).

The different parts of the trochanteric nail have been modelled after an acquisition
with a 3D scanner. Reverse engineering allows to acquire the true CAD geometry of all
parts of the nail. This phase involves the use of a 3D scanner with a blue structured
light with a precision of one hundredth of a millimeter. The scanner allows obtaining a.
stl file. The process involves the use of section curves and a loft procedure for the
surface generation and 3D model reconstruction (Fig. 6).

Thanks to this reconstruction, it is possible to obtain all the dimensions of the
Trochanteric nail. The total length of the trochanteric nail is 180 mm. The diameter
changes along the nail, in the proximal zone it is equal to 15.5 mm, in the distal zone it
is equal to 10 mm. The distance between proximal hole and distal hole is about
110 mm. The total length of the Gamma Lag screw is 95 mm and the bigger diameter
is 10.5 mm. The length of the threaded zone is 30 mm. The length of the Distal locking
screw is 32.5 mm and the diameter is 5 mm. The neck angle between the Gamma Nail
and the Gamma Lag screw is 120°.

Fig. 5. Elements of the trochanteric nail

Fig. 6. On left the stl reconstruction with 3D scanner. On right the 3D modeling with section
curves
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The material of the nail is titanium alloy with anodized type III (ASTM Grade 3)
surface treatment and the principal properties are summarized in Table 2.

Thanks to the acquisition and reconstruction of the different elements it is possible
to assembly the entire system for Finite element simulation.

With all parts modelled, it is possible to define the entire assembled system for the
Finite Element simulation (Fig. 7).

A mixed hexa-tetrahedral mesh has been used with a maximum number of elements
equal to 81529.

The reaction of joint and the hip abductor produce the load conditions, as shown by
Beaupre [19]. The reaction of joint is along a direction of 24° with respect to the
femoral shaft body axis and with a value of 2317 N. The hip abductor reaction is along
a direction of 28° with respect to the femoral shaft body axis and with a value of 703 N.
The distal zone is completely constrained. In order to simulate the fracture, the bone
has been divided, along the fracture line, in two parts. The two surfaces in contact are
free to slide without friction.

The optimization has been carried out by means of the Ansys Topology Opti-
mization modulus. As shown by Coutinho et al. [22], a very useful objective function
for topology optimization is the minimization of the compliance. The constraint of the
optimizer was to retain the 60% of mass. In Fig. 8 are reported the design and
exclusion regions of the Gamma Nail. The process required 7 iterations to achieve the
convergence conditions.

Table 2. Nail and screws material properties

Materials E [GPa] m Yield Strength [MPa]

Titanium grade 3 107 0.33 450

Fig. 7. The entire assembled system
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3 Results and Discussion

The result of the topological optimization was an effective reduction of 32.3% of
Gamma Nail mass, starting from an on original value of 7.83E−2 kg, to a final value of
5.30E−2 kg. In Fig. 9 are shown the retained and removed region of the nail.

After the optimization, two different CAD reconstructions of the Gamma Nail have
been proposed (Fig. 10), with a mass reduction of 40.2 and 33.7% respectively. The
reconstructions allow to obtain again continuous curves and surfaces, overcoming the
discretization of the geometry. This phase is important for both manufacturing and
setting needs.

The structural assessment of the two optimized geometries have led to equivalent
Von Mises stress lower than the original geometry, as reported in Table 3. It is also
evident a stress decrease in cortical bone while an increase in spongious bone occurs.

Fig. 8. Design region for topology optimization

Fig. 9. Retained and removed region of the nail
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This is due to the drastic reduction of material and, consequently, to the higher specific
energy which each structural material particle is subject to. In Fig. 11 are reported the
stress distribution of the two optimized geometries and the original one.

Fig. 10. Two different CAD reconstructions after topology optimization

Table 3. Stress range comparison between original and optimized geometries

Original geometry
[MPa]

Optimized geometry 1
[MPa]

Optimized geometry 2
[MPa]

Gamma nail 0.33 � 233.16 0.13 � 119.69 0.10 � 131.23
Cortical bone 0.28 � 56.34 0.24 � 30.33 0.27 � 30.34
Spongious
bone

0.02 � 6.55 0.02 � 17.36 0.02 � 17.25

Original Geometry Optimized Geometry 1 Optimized Geometry 2

Fig. 11. Stress distribution for the optimized geometries and the original geometry
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4 Conclusions

Topological optimization allows to obtain highly efficient products, with great uti-
lization factors. In the paper, a structural compliance analysis has been carried out on a
femoral nail. The optimization has led to a consistent mass reduction, up to about 40%,
with a little increase of equivalent stress on the nail and without an appreciable change
on both the cortical and the spongious tissues.

The material saving allows, not only a less invasive intervention, but also a weight
reduction, with an obvious comfort benefit. The optimized topology can be easily
manufactured with metal additive manufacturing. Further studies could also be con-
ducted in order to orient the optimization toward osteointegration.
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Abstract. One of the major challenges for the aerospace industry is to manage
a range of complex products during their manufacturing and assembly process.
Digital Mock-Ups (DMU) are nowadays extensively used as supports of
information during the aforementioned phases. In this paper we introduce the
concept of updated DMU which actually reflects the product being assembled.
For this purpose, the nominal product geometry needs to be updated in order to
reflect the as-built geometry of the product’s components at a given step of its
assembly. The geometry of the next components to be assembled, called
interface components, are consequently updated in order to adapt to geometrical
variations, while the rest of the DMU stays in its original as-designed config-
uration. A comprehensive method to update the DMU from its as-designed
configuration to reflect the actual configuration of the product being assembled
is thus proposed. To this end, a framework inspired from the Reverse-
Engineering field is developed, then assessed thanks to a simple case study.

Keywords: Reverse-Engineering � Product manufacturing � As-built model �
Digital mock-up

1 Introduction

In order to speed-up the manufacturing and assembly processes, physical mock-ups of
aeronautical products have been gradually replaced with their digital counterparts,
leading to the concept of product virtual representation also known as Digital Mock-Up
(DMU). The DMU typically consists in a detailed 3D representation of the product’s
geometry but also contains information related to manufacturing and assembly pro-
cesses such as tolerances, machining programs, assembly planning, inspection proce-
dures, and so on. During manufacturing and assembly phases, the DMU stands for the
reference geometry of the product. More particularly, the geometry of the elements
constituting the DMU is described in the product as-designed configuration, which
means the components are without geometrical deviations and in their theoretical
position.
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Tolerancing methods aim to confine product geometrical variations within an
admissible interval so that it satisfies the functional requirements expressed in the
DMU. Geometrical constraints are thus established between elements to be manufac-
tured or assembled, and specified elements of the initial product. Tolerancing methods
are often coupled with Computer Aided Tolerancing Tools [1] relying on the DMU,
enabling worst case and/or statistical tolerancing of rigid assemblies. Improvements
have been made all along the years in order to provide more realistic tools for aero-
nautical assemblies [2], which are considered flexible due to large size and low
thickness components.

Despite the use of tolerancing methods and tools, the management of product
geometrical variations does not allow an accurate prediction of the entire geometry of
the actual product at each step of the assembly process. Aeronautical products are
typically composed of thousands of parts, often made of composite materials and
presenting a high length-to-thickness ratio, which makes geometrical variation esti-
mation very tedious. As a result, unpredicted discrepancies inevitably appear between
the actual product and its reference digital model [3, 4]. Consequently, features of
already assembled components do not constitute a valid basis to continue the assembly
process.

In order to avoid cost-ineffective adjustment operations or the generalized use of
jigs, some authors propose to use techniques derived from Reverse-Engineering in
order to adapt to discrepancies by manufacturing custom-made components [3, 4]. The
geometry of specific interface components is customized so that they perfectly fit
within the available space. More particularly, geometrical data are captured in the shop
floor assembly station, in order to adjust the interface component CAD model. Interface
components are afterwards manufactured then assembled.

In this paper, we introduce the concept of hybrid representation of the updated
DMU in order to reflect the actual geometry of a product during its assembly. The
updated DMU is composed of as-built components, describing the actual configuration
of the product being assembled, interface components and as-designed components.
The use of such a DMU allows a more comprehensive management of the product’s
geometrical variations by establishing bi-directional relations between the physical
product and its virtual model, often referred to as digital twin. In a broader scope, some
authors show that the establishment of such relations between physical parts and their
virtual models would enable a more efficient execution of the product activities all
along its lifecycle [5].

Obtaining such an updated DMU, reflecting the actual geometry of the product
including its geometrical deviations, is not straightforward and serious difficulties must
be overcome. Within the context of Reverse Engineering, only a few papers aim at
reconstructing models of existing products in order to underline geometric changes
with a preexisting DMU. In most cases, the information—geometrical or linked to the
product use—extracted from an eventual preexisting DMU only serves as an initial
estimate of the product to be reconstructed [6]. In [7, 8] authors decompose the initial
CAD model of the product into a set of tessellated components that can be easily
matched to measured data. These components are first recognized in the CAD model,
along with their properties and global relations in order to facilitate the matching. Once
the matching between tessellated components and measured data is carried out, a
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registration algorithm is used in order to calculate the as-built pose of the CAD model
components, controlling the compliance of the product with respect to corresponding
dimensional tolerances. Other authors propose to use CAD templates of mechanical
parts [9, 10] containing a set of design features which parameters can be modified
thanks to data extracted from the real world (mainly 3D measurements). Such a
template-based reverse engineering method consists in exploiting a parametric
description of the object in order to retrieve a meaningful digital representation. An
extension of the previous method to mechanical products is proposed in [11]. The main
advantage of this approach is that it eventually results in a fully editable CAD model
which is consistent with the original design intent which mostly makes it suitable for
redesign purposes only.

This paper gives a detailed description of our proposition of an updated DMU
based on a hybrid representation. Contrary to the as-designed model, the geometry of
the updated product reflects product geometrical deviations. Based on this information,
the geometry of the components to be assembled is also updated in order to impact the
manufacturing and assembly activities based on the DMU. An illustration of our
Reverse-Engineering framework for updating the as-designed components to as-built
and interface components using data acquired from optical measurements and the
available engineering knowledge is also presented.

2 From the As-Designed DMU to the Updated DMU

Our concept of an updated DMU based on a hybrid representation, is illustrated
through a simple case study based on a product consisting of four assembled parts: a
flanged box (Meccano® part n°236), two triunions (Meccano® part n°126) and a
perforated strip (Meccano® part n°4). The as-designed DMU (Fig. 1) is constructed
using the CAD software CATIA® V5 and the part’s engineering drawings. As it is
often the case, and for a better understanding, fixturing parts are not represented in the
DMU.

Fig. 1. Partial representation of our case study functional requirements
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Global references are defined as a set of three planes, named A, B and C, repre-
senting respectively the primary, secondary and tertiary references. Geometrical
requirements are defined as a localization tolerance that aims to position a set of three
holes regarding to the global references (Fig. 1). Here tolerancing aims to confine the
position of each hole axis into the cylindrical region specified by the tolerance value.

In the proposed scenario, the first three parts, i.e. the yellow box and the two green
triunions are manufactured then assembled (Fig. 2b). The geometry of the actual
product is acquired, and thus updated in the DMU thanks to our method in order to
reflect the as-built configuration of the already assembled components. Based on the as-
built geometry, the geometry of the last component is updated so that, once assembled,
the functional requirements of the final product are met. More particularly, the position
of the pattern of holes is updated so that the position of the specified hole axes in the
desired tolerance interval.

With the classical manufacturing approach in the aerospace industry [1–4], a
specific tolerance is allocated to each functional surface or local reference of the
product. In the best case, a statistical or worst case calculation is performed in order to
find a tradeoff between the overall production costs induced by these tolerances and the
assurance that functional requirements will eventually be met. Very often, these tol-
erances cannot be directly assessed and the as-designed DMU serves as reference
model to transpose geometric constraints between elements to be manufactured and
global references into much simpler constraints where only local references are
involved. For example, the first fixturing hole axis is assumed to be in the same
position than in the as-designed DMU, and the second one is drilled so that the final
part remains parallel to reference A. As discrepancies tend to appear between the actual
product and the as-designed DMU, this scenario often leads to several mandatory
additional adjustment steps in order to guarantee that the final assembled product
eventually meets the specified functional requirements (Fig. 1).

The situation of the local references, here the fixturing hole axes (L1 and L2) and
the contact plane with the triunions (L3), relatively to the global references, and how it
impacts the product’s functional requirements is the key concern of our approach. Each
local reference is expressed in the frame defined by the global references together with
the product’s functional requirements. In the as-designed DMU (Fig. 2a), the local
references (L1, L2 and L3) are theoretically positioned regarding to global references.
This configuration does not account for the actual geometry of the product.

We use a Reverse-Engineering based method to update the product’s already
assembled components so that they reflect the actual geometrical configuration of the
product at a given step of the assembly process (Fig. 2b). The updated as-built com-
ponents integrate the geometrical variations between the as-designed model and the
actual product. As a result, the situation of the local references in the frame defined by
global references is known by the user.
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The newly defined situation of the local references (L1*, L2* and L3*) is used to
adapt the geometry of the next component to be assembled, called the interface
component, so that the respect of the product’s functional requirements is ensured
(Fig. 2c). Therefore, following manufacturing and assembly operations, which are
based on the interface component’s geometry, are impacted.

In the case study, the DMU only contains as-built components and interface
components. Nevertheless, we could imagine a scenario where some additional com-
ponents would be assembled to the interface part. In this scenario, the previously
specified hole axes would serve as local references in order to continue the assembly
process. As the geometry of the interface part has been updated in order to meet the
product specified functional requirements, these local references constitute a valid basis
to continue the assembly. Therefore the to-be-assembled component geometry would

(a) As-designed DMU (b) Built product

(c) Updated DMU

L2* 
L3* 

L1* 

L1 L2
L3

Fig. 2. The product as-designed model (a) is updated to reflect the built components at a given
assembly step (b), following manufacturing and assembling operations are also impacted (c)
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not require to be updated and the assembly process could be carried on accordingly to
the information initially contained in the as-designed DMU. As a result, the updated
DMU would contain as-build components, interface components and as-designed
components.

In the general concept of updated DMU based on a hybrid representation, as-built
components coexist with interface components and as-designed components. As-
designed components are components which are already present in the initial as-
designed DMU and which have not been assembled yet. As-built components corre-
spond to components that have been manufactured and whose geometry has been
acquired and updated in the DMU in order to integrate their geometrical deviations.
Interface components correspond to components that have not already been manu-
factured and assembled and whose design has been updated in order to be assembled to
the as-built components so that the product’s functional requirements are met.

In the next section an overview of our Reverse-Engineering method is presented.
Our method allows the updating of the product’s as-designed configuration to as as-
built configuration as presented previously (Fig. 2b). The different steps of our method
are individually assessed.

3 Illustration of the Proposed Approach

The proposed method aims to update components of an initial as-designed DMU to the
as-built configuration which reflect the actual state of a given product.

The first three components are assembled and digitized using a laser plane sensor
(Kreon Zephir K2 25) mounted on a CMM. The different steps of our reverse-
engineering framework (Fig. 3) are implemented in Python and Matlab® and run on a
laptop with a 2.3 GHz CPU and 8 GB of RAM. The as-built DMU is reimported in
CATIA® V5.

Data acquired from optical measurements are used as a representation of the real
product. These data need to be processed, relying on the as-designed geometry and
user’s knowledge about the product, in order to retrieve the product’s components in
the as-built configuration. Our method consists in five steps: data preprocessing, global
registration, segmentation, local registration and 3D modelling.

The component surface geometry is acquired using an optical measuring system
which delivers a numerical representation of the geometry as a point cloud. The
obtained raw point cloud, generally dense, non-homogeneous and highly noisy, is not
readily usable for our application, and needs to undergo a data preprocessing step
(Fig. 3a).

During the second step (Fig. 3b), the point cloud is registered to the as-designed
geometry. In order to establish a meaningful correspondence between the data and the
model, engineering knowledge about the product’s functional requirements is used. In
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our case, we use the knowledge about the reference surfaces of our model, i.e. the
global references, in order to register the point cloud to our reference frame so that
geometrical deviations, extracted during further steps, are also expressed in this ref-
erence frame.

During the segmentation step (Fig. 3c), the actual situation of the product’s com-
ponents and elements of interest, i.e. local references, is identified from the point cloud.
The first goal specifically aims to divide the point cloud into a set of features repre-
senting the assembly components.

Geometrical deviations between the segmented elements and their as-designed
equivalents are then characterized, and a step of local registration is next performed in
order to integrate these deviations into the initial model (Fig. 3d). The position, the
orientation and also the form of the components are adjusted in order to minimize an
error metric between the geometry and the measured point cloud.

Finally, the resulting geometry is exported into a commercial CAD software. The
global model consistency is checked and adjustments are made in order to guarantee
that no gaps or intersections are found in the final as-built geometry (Fig. 3e).

(a) Data preprocessing (b) Global registration

(c) Segmentation (d) Local registration

(e) 3D modelling

1.2mm

0mm

Fig. 3. Illustration of the Reverse-Engineering method on a simple assembly
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Once the component’s as-built geometry has been reconstructed, the situation of the
local references regarding to the global references can be deduced in order to impact
further manufacturing and assembly operations. In the proposed case study, the drilling
operation to manufacture the fixturing holes is here impacted (Fig. 4). Indeed, the
design of the interface component has been updated so that functional requirements of
the assembly are met without the need of adjustment operations. The component is
positioned in the global reference frame and features corresponding to local references,
here the two fixation hole axes, are updated thanks to the information extracted from
the as-built geometry.

4 Results and Discussion

In this paper, we proposed to use a hybrid representation of an updated DMU in order
to provide a better management of geometrical variations during assembly. The orig-
inality of our approach is that the updated DMU not only reflects the actual geometry of
the product, including its geometrical deviations, but also serves to adapt manufac-
turing and assembly operations so that the final product’s functional requirements are
met without the need of cost-ineffective adjustment operations.

The Reverse-Engineering method presented in this paper provides theoretical tools
necessary to update a given DMU from its as-designed configuration to its hybrid
updated configuration. The obtained Digital Mock-up reflects on the one hand the as-
built geometry of the product’s already assembled components, including geometrical
deviations, and on the other hand the geometry of the components to be manufactured
and assembled, which is updated in order to adapt to existing geometrical deviations.

However, interfacing as-built components with as-designed components is not
straightforward and raises some interesting questions. Interfaces between as-built
components and as-designed components involve on the one hand surfaces with
geometrical deviations and on the other hand surfaces without geometrical deviations.
In this case, deducing the assembly behavior resulting from the contact of these sur-
faces does not admit a simple solution and would strongly depend on the underlying
assembly model.

A solution for a simple test case is proposed in this paper but both theoretical and
practical developments will be needed in order to adapt it for industrial aeronautical
products.

(a) Part before drilling (b) Part after drilling

Fig. 4. Adapting the drilling operation in order to meet functional requirements

A Reverse-Engineering Approach for the Management … 201



Based on the results already presented in this paper a roadmap for future devel-
opments is established. Future work will primary focus on a better modeling of the
product’s geometrical behavior and a better interface modeling between as-built and as-
designed components. To this end, integrating graph based and skeleton based
approaches to our Reverse-Engineering method seems promising.

Acknowledgements. The research work reported here has been carried out in partnership
between Airbus Group Innovation and the LURPA—ENS Paris-Saclay.
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Abstract. This paper deals with a method to extract the free-state shape of
aeronautical assembly components from part measurements independently of
the assembly configuration of use. Knowledge of the free-state shapes enables to
assess the geometrical conformity of an assembly through the assembly simu-
lation using Finite Element Method (FEM). The component is measured, using
optical means in a given configuration for which the set-up is well-known.
A coarse cleaning is thus applied on the measured data to obtain manipulative
data in the CAD model frame. Meanwhile, displacements due to the measuring
set-up and to gravity are evaluated from the nominal geometry using FEM.
Finally, the free-state shape, as a finite element mesh, is obtained by moving the
nominal mesh nodes by a distance equal to the measured defect minus the
evaluated displacement. The approach is applied to an aeronautical component.

Keywords: Geometrical deviations � Flexible parts � Optical scanning �
Free-state shape

1 Introduction

Within the context of aeronautics assembly structures, the geometry of an assembly is
defined through the geometry of its components, described in their nominal configu-
ration, i.e. without form deviations and in their theoretical relative position. In practice,
the geometry of manufactured parts differs from its nominal geometry due to manu-
facturing process variations. Because of these imperfections, the inspection of assembly
geometry is a major issue in industry.

During the assembly process, the geometrical conformity of components is verified
by measuring the key characteristics (KC) that must respect given specifications to
answer the functional requirements of the assembly. The classical method to achieve
this purpose is to compare the actual component geometry to its nominal model, most
often its CAD model [1, 2]. The actual geometry is generally obtained by surface
measurements, and the measured data are compared to the CAD model to determine if
the manufactured geometry lies within the tolerance zone. When geometrical devia-
tions out of the admissible tolerance interval are detected on the component, adjustment
operations are carried out in order to get closer to the nominal geometry. This
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procedure turns out to be very expensive. However, in some cases, the assembly of
non-conform components could result in assembly conformity. Moreover, an average
assembly geometry, differing slightly from the nominal geometry could be just as
functional as the geometry initially chosen.

Therefore, analyzing the impact of the geometrical deviations of components on the
geometrical functionality of the assembly is a challenging issue due to various diffi-
culties. First, the assembly process generally includes many assembly stages. The
output geometry of one stage is the input of the next stage, and thus, the assembly
geometry is modified from station to station [3, 4] due to the succession of assembly
operations [5]. In addition, the flexibility of aeronautical components makes their
inspection arduous because of the deformations induced by the gravity load and by
fixturing conditions [6]. The inspection of such components is generally performed
when components are in the assembly configuration, at different stages of the assembly
process. However, the assembly conditions are not necessarily the same as the con-
ditions of use. Ascione and Polini [6] propose a method to control component geometry
using coordinate measuring machines (CMM) in their conditions of use. These con-
ditions are reproduced thanks to modular equipment. Another approach, described by
Franciosa et al. [4], consists of coupling a prediction of the defect patterns of a com-
ponent with a measurement step to find the real causes of these defects at different
stages of the assembly process. The previous described methods require the configu-
ration of use to be reproduced, which turns out to be expensive in the context of large
aeronautics components.

Some studies propose to use the Finite Element Method (FEM) for assembly
inspection. Radvar-Esfahlan and Tahan [7] used FEM simulation that take into account
the boundary conditions associated to the measuring configuration of the component
geometry. This allows authors to compare the nominal geometry to the measured
geometry in the same conditions, even if they are different from the conditions of use.
Jaramillo et al. [8] developed an approach which consists in simulating the required
deformations to match the reference points before comparing the partial view of the
actual geometry restricted to regions that need to be inspected. To evaluate the
assembly component geometry from scanned assembly geometries in the context of
repair analysis, Yu et al. [9] proposed to assess component geometries through the
simulation of a virtual assembly process. Gentilini and Shimada [10] focused on FEM
to predict the assembly geometry from measured component geometries through the
simulation of the assembly process. Authors note an error between predicted and actual
assembly geometries which is probably due to the variations of measuring conditions,
which modify the loading conditions (including gravity).

To perform accurate assembly simulations whatever the configuration, the intrinsic
geometry of components, called the free-state shape, must be known. The free-state is
the shape a component should have in absence of loads [11, 12]. The free-state turns
out to be difficult to identify when flexible parts are concerned, which is the case for
aeronautical assembly structures, gravity loads and part fixturing indeed induce part
deformations.

In this context, a method using finite element simulation to evaluate the geometrical
conformity of assemblies is proposed, based on the free-state of components. The
geometry of the components is extracted by measuring the components. Then, a FEM

204 F. Gringoz et al.



enables assembly simulation which is used to assess the assembly conformity. This
paper more particularly focuses on the step of geometry extraction from part mea-
surements regardless of the assembly configuration of use. The originality of this
method is to extract the free-state geometry of the component based on FEM
simulations.

This paper is organized as follows. In Sect. 2, we detail our method to extract the
actual free-state shape of a component. A case study is then reported in Sect. 3.
Section 4 presents the conclusion and perspectives of this work.

2 Method for Free-State Geometry Identification

The approach, summarized in Fig. 1, is applied to the aeronautical component of an
assembly defined by its CAD model.

First, the measurement of useful geometries is only performed in a given config-
uration, leading to Sconfmeas. A step of data treatment follows in order to obtain a point
cloud that is representative of the geometry in the measuring configuration, giving
Sconfact . In parallel, a simulation of the component deformation under the gravity and
loads (associated to the measuring configuration) is carried out using FEM. Finally, the
actual free-state is obtained by comparing both geometries.

Sconfact = Sfreeact + Dconf
free ð1Þ

Processing of 
measured data

Computation of actual 
geometry in free-state

Measurement of useful geometries

Measured geometries (Smeas
conf

Simulation of the impact of 
measuring configuration

Displacements (Dfree
conf)

Treated data (Sact
conf)

Actual geometry in free-state (Sact
free)

Nominal geometry (Snom

Fig. 1. Method actual free-state geometry identification
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This shape, Sconfact , is the superposition Eq. (1) of the shape that the component
would have in its free-state Sfreeact (free from any loads), and of the deformations induced
by the loads associated to the gravity and the measuring configuration, Dconf

free . The
following sections detail how the different terms of the equation are obtained.

2.1 Acquisition of the Component’s Actual Shape

The acquisition of the component’s actual shape gives the numerical representation of
the actual component geometry. This is performed through two stages: measurement of
the geometry and processing of the measured data. The first stage yields data that are
not directly exploitable, and the second stage makes them usable, thus leading to Sconfact .

Geometry measurement: For the measurement, the stereovision sensor, ATOS
Core, mounted on a tripod, is used (Fig. 2). The measurement noise and the mea-
surement error of this sensor, given by the constructor, are respectively 0.003 mm and
−0.019 mm. The system positioning is obtained thanks to a set of targets which define
the reference frame.

The measuring set-up plays a major role, as it may ensure part accessibility, but it
also defines the boundary conditions that will be used in FE simulations. Therefore,
once the measuring set-up is defined, it must be scanned so that its position is com-
pletely defined. Then, the component is set in position to be scanned in the same frame.
Measuring these two elements in the same frame enables to evaluate the position of the
contact points between the measuring set-up and the component. At the end of the
measuring stage, the acquired data, expressed in a STL format, represent the measured
shape in the given configuration, Sconfmeas.

Fig. 2. Stereovision sensor ATOS core
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Measured data processing: To compute the actual free-state shape of the com-
ponent, both its actual shape in the given measuring configuration Sconfact , and the
configuration, must be known. Data treatment thus consists in two main steps. First,
points that are not representative of the shape are removed from the measured point
cloud (data cleaning). Then, the measured shape is registered to its CAD model. This
registration is carried out by matching the common geometrical elements of both
shapes. The position of the contact points between the component and the measuring
set-up has to be identified for FE simulation. As the measuring set-up is measured in
the same frame as the component, the registration previously performed permits to
detect the position of the supporting points directly in the CAD frame.

2.2 Displacement Computation by FE Simulation

The measuring configuration induces deformations due to the gravity load and the
component’s positioning on its measuring set-up. These deformations are evaluated
thanks to FE simulation. First, the simplification and the sampling of the CAD model
are carried out to obtain a finite element mesh. Due to the thin shape of aeronautic
components, shell elements are used for the meshing. Then, the contact between the
part surfaces and the set-up are expressed as boundary conditions, whereas gravity is
considered as an oriented acceleration. To achieve the simulation, the mechanical
behaviour of the component is assumed to be elastic linear. The result of this simu-
lation, carried out in the finite element module of CATIA V5©, is a displacement field,
Dconf

free , which represents the displacement of each node of the mesh in the CAD frame.

2.3 Free-State Shape Computation

The free-state shape computation is expressed by Eq. (1). The first step gives the actual
shape in the measuring configuration, Sconfact . The second step leads to the displacement
field due to the impact of the measuring configuration, Dconf

free calculated using FE
simulation. However, although data are expressed in the same frame, both point clouds
are not homogeneous; the measured point cloud is denser than the CAD mesh. In order
to homogenize both point clouds, to each node of the nominal mesh, pi, a corre-
sponding mean point mi, is computed on the point cloud considering a small neigh-
borhood defined by a cylinder at the vicinity of the node. Furthermore, as the free-state
will be the basis for FE simulations [11], it is represented by a finite element mesh.

For this purpose, our approach consists in moving pi along its normal vector ni
! by a

distance equal to the projection of the distance between the node pi and its mean point

mi onto ni
!, minus the calculated displacement at the node, Di

!
, with Di

!
the component

of Dconf
free for each node of the mesh. The method is summarized in Fig. 3, using the

notations displayed in Table 1.
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The final result is a finite element mesh which is consistent with finite element
software. This mesh is a representation of the actual geometry in the free-state, which
enables to simulate various positioning configurations. Our approach is illustrated by
an example in the next section.

Measured 
data

Nominal mesh

Deformed mesh

pi

ei

di

ni

Fig. 3. Deformation of the nominal mesh

Table 1. Notations

pi Node of the nominal mesh

ni
! Computed normal vector of pi
mi Mean point of the neighborhood of pi
ei ¼ pimi

��! � ni! Distance between pi and mi following the direction ni
!

Di
�! Computed displacement thanks to FEM

Dip ¼ Di
�! � ni! Computed displacement along ni

!
di ¼ ei � Dip Geometrical deviation
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3 Case Study: A Flexible Aeronautical Component

In this example, the component used is a part of the forward frame of the thrust reverser
of the airplane engine nacelle, the front panel (Fig. 4). This component, made of
composite material, is very thin, which makes it flexible. Currently, the whole
geometry of this component is inspected before assembly, and the geometry of its
external skin is inspected after assembly. Predicting the component geometry would be
useful to improve the assembly process. In this direction, the use of the actual free-state
geometry enables to get rid of the measurement configuration, and thus of the gravity,
and is a good support for FE simulations.

The first step of the method is the measurement of the component actual geometry.
One face only is measured, as the nominal mesh is a 2D mesh. The component is
positioned on an equally geometry constrained set-up, and both the component and the
set-up are measured in the same frame (see Fig. 5a). The coarse treatment is then
applied, through GOM Inspect software, to the 750,000 measured points. All the points
that correspond to the set-up are manually removed from the measured data (Fig. 5b).
Finally, the measured data are repositioned in the CAD frame. This alignment is
achieved by matching common geometrical elements to both the measured and the
nominal geometries. For the case study, the geometrical elements correspond to the
front panel which positions holes on the forward frame during assembly. This stage
gives an exploitable point cloud of 600,000 points expressed in the CAD frame.

Fig. 4. The Front Panel, a part of the forward frame

(a) Measured data (b) Treated data

Fig. 5. Acquisition of the component actual shape
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In parallel, the displacements induced by gravity and by measuring set-up are
computed thanks to FE simulation. The CAD model is simplified as a surface model to
build a 2D mesh composed of shell elements with 11,503 elements and 6365 nodes.
The implemented material properties are the same than the ones used by the modeling
and simulation department for the in service tenue calculation. The contact points are
identified from the measured data after their registration on the CAD model. At these
points, boundary conditions impose that the displacements along the normal at the
contact points be null. There are no additional loads to implement thanks to the use of
an equally geometry constrained set-up. The gravity is implemented as an oriented
acceleration along the~x axis (see Fig. 5b). The simulation yields to the displacements
of the mesh nodes, which are here relatively small compared to part form defects (see
Fig. 6).

Finally, the free-state shape can be computed according to the method detailed in
Sect. 2.3. The mean points in the neighborhood of each node of the finite element mesh
are computed, and then projected onto the normal vector at the node. The size of the
neighbourhood (cylinder diameter) is defined in function of the size of the mesh. The
evaluated displacements at the nodes are substracted from the projected distance
between the node and its mean point. Nodes are then moved of the computed distance
along its normal. The result is a finite element mesh, which is representative of the
actual geometry of the front panel in the free-state, with geometrical deviations (see
Fig. 7).

0.0331mm

7.75e-006mm

Fig. 6. Displacements

Emax (mm) 

Emin (mm)

x

y
z

Fig. 7. The actual free-state shape of the front panel
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The displacements and the actual free-state shape are shown (see Figs. 6 and 7) to
have an idea of the expected results. Values of geometrical deviations cannot be
communicated for confidentiality reasons.

4 Conclusion

In this paper, we proposed a method to extract the free-state shape of a component
independently of the assembly configuration of use. This method relies on the com-
ponent geometry measurements. For this purpose, the component is positioned on a set-
up that is entirely defined during the measuring stage. When positioned on its set-up,
the component is subjected to deformations caused by both the gravity load and the
measuring set-up. These deformations, evaluated using FE simulations, are substracted
from the measured data to obtain the free-state shape of the component. Finally, the
nominal mesh is deformed to obtain the free-state shape of the component as a finite
element mesh. Applied to an aeronautical component, the method provides a finite
element mesh which is representative of the component’s free-state shape that can be
used to evaluate the geometry of the component in different configurations or for
assembly simulations. If the whole approach seems relevant, each step of the method
has now to be assessed. Specific attention will be paid in future work to the evaluation
of the mechanical model, by using more than one configuration.
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Abstract. In dentistry, for different reasons, several processes necessary to
respond to different patient needs must be performed outside the mouth. This
forces to have an “extra ore” model of the patient’s masticatory apparatus. For
this purpose, the best alternative today is the virtual articulator. For an effective
use of the virtual articulator, it is necessary to transfer the patient’s data to the
virtual environment. This is the base of the virtual facebow technique. There are
different virtual methods that meet the function of the facebow, all of which use
reverse engineering software. However, the accuracy of these methods is not
well-known, and it is therefore clear that this is a matter of analysis before
putting it into practice in everyday life. Thus, the aim of this study is to analyze,
by means of in vitro tests, the accuracy of one of the virtual methods for
transferring the digitized maxillary models to the virtual articulator: the virtual
facebow transfer by using a facebow fork.

Keywords: Virtual articulator � Dental CAD/CAM system � Reverse
engineering � Virtual facebow transfer

1 Introduction

In dentistry, over the years, different methods and processes have been elaborated to
respond to the different patients’ needs. For technical and comfort reasons, as well as to
be able to predict results, some of these processes must be tested and/or performed
outside the patient’s mouth [1]. Among these processes can be highlighted those for the
production of dental prostheses and restorations, as they require a customized design
and manufacturing. These procedures force to have ‘extra ore’ a mechanical replica of
the human masticatory apparatus to be possible to carry them out [1]. This mechanical
replica, known as dental articulator, has substantially developed since its origins,
becoming increasingly similar to the patients cranio-mandibular static-cinematic situ-
ation. Thus, these dental articulators have evolved from being simple hinge-type
devices, far apart from the patient’s reality, to complex mechanisms that, by trans-
ferring different records made to the patient, can be adjusted to simulate a reality very
close to their own [2–4].
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Between the different tools and instruments used to transfer patient data to the
dental articulator, the facebow stands out. The facebow is an instrument used to record
the spatial relationship of the maxillary arch to some anatomic reference point or points
and then transfer this relationship to a dental articulator, in this way, orienting the
dental casts in the same relationship to the opening axis of the articulator [5]. Since its
inception, this instrument has evolved in parallel with the dental articulator [6–8].

In recent years, dentistry has made a huge impact on technological advances, and
the methods used to date have resulted in new processes. This has also had a great
impact on the functionality, safety and aesthetics required by patients [1]. As a result,
computer technologies, known as Computer Aided Design/Computer Aided Manu-
facturing (CAD/CAM), are becoming increasingly important in this field of medicine
[1, 9].

This is reflected in the fact that, in recent decades, the aforementioned mechanical
dental articulators are being replaced or supplemented by a CAD/CAM system [10].
These digital systems have improved design by incorporating new materials and
automation and, consequently, reducing the workforce, thereby increasing performance
by achieving better quality control [1]. Working in the dental digital workflow, the
results have been improved and the cost of these systems has been significantly reduced
[10].

However, one of the biggest problems of the virtual environment lies in the patient
data transfer. It is precisely from this problem that the virtual facebow arises, which, as
its name suggests, is the homologue of the facebow in a virtual environment. There are
different virtual methods that meet the function of the facebow [10–13], all of which
use reverse engineering software. However, the accuracy of these methods is not well-
known, and it is therefore clear that this is a matter of analysis before putting it into
practice in everyday life.

Thus, the aim of this study is to analyze, by means of in vitro tests, the accuracy of
one of the virtual methods for transferring the digitized maxillary casts to the virtual
articulator: virtual facebow transfer by using a facebow fork [10].

2 Material Resources

For the application of the proposed methodology, the following material resources have
been required:

– A dum equipped with a maxillary plaster cast.
– A facebow fork consisting of two main parts: front (fork) and back (tray).
– An elastomeric impression material (Aquasil Soft Putty).
– The digitization systems ATOS (composed by the optical scanner ATOS Compact

Scan and the software ATOS Professional V7.5), GO (composed by the optical
scanner Go! Scan 3D G1 and the software VX Elements) and AGI (composed by a
digital camera, in this case the Pentax K-S1, and the software Agisoft Photoscan).

– The reverse engineering software Geomagic Studio.
– The inspection software GOM Inspect.
– The statistical software SPSS.
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3 Methodology

The proposed methodology to analyze the accuracy of the aforementioned virtual
facebow transfer method can be subdivided in two clear phases. In the first phase, the
virtual facebow transfer is applied to the dum used as a patient in this in vitro study and
in the second phase, the accuracy of the results obtained is evaluated.

3.1 Phase 1. Virtual Facebow Transfer by Using a Facebow Fork

The following is a step-by-step description of the virtual facebow transfer by using a
facebow fork, in a generic way, shading in each of them the adaptations that have been
made for this in vitro study:

1. Digitization of the maxillary arch with an intraoral dental scanner (Fig. 1). Con-
sidering that this is an in vitro study that starts from a maxillary plaster cast and that
the accuracy of the digital maxillary model obtained with an intraoral dental scanner
is not the topic of analysis, to avoid errors in this digitization that eclipse the results
obtained with the analysed method, the current digitization has been carried out
with the high accuracy digitization system ATOS.

2. Sticking three adhesive targets on the patient’s head (anatomical points): two near
the temporomandibular joints and one above the infraorbital point (Fig. 2).

3. Depositing an elastomeric impression material onto the tray of the facebow fork and
introducing this part of the facebow fork into the patient’s mouth, squeezing it
against the maxillary arch (Fig. 3). The elastomeric impression material used has
been the silicone Aquasil Soft Putty, since the durability that it presents avoids the
deformation of the impressions.

4. Digitization of the patient’s head while holding the facebow fork. This digitization
has been carried out with the aforementioned digitization systems ATOS, GO and
AGI (Fig. 4). Therefore, in the rest, three cases will be distinguished, one for each
device used to approach this step: ATOS_U, GO_U and AGI_U.

Fig. 1. The digital maxillary model obtained from the digitization of the maxillary cast with the
high accuracy digitization system ATOS
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5. Digitization of the impression on the back part of the facebow fork and of the front
part of the facebow fork with an intraoral dental scanner. For similar reasons to
those mentioned in step 1, this digitization has been carried out with the high
accuracy digitization system ATOS (Fig. 5).

6. Alignment of the digital facebow fork model to the digital maxillary model in a
reverse engineering software by using the best fit command (Fig. 6). The software
used has been Geomagic Studio. Thus, a local alignment has been carried out based
exclusively on the surfaces that both digital models have in common: the dental

Fig. 2. The three adhesive targets on the patient’s head (anatomical points): two near the
temporomandibular joints (a and b) and one above the infraorbital point (c)

Fig. 3. Depositing an elastomeric impression material onto the tray of the facebow fork (a) and
introducing this part of the facebow fork into the patient’s mouth, squeezing it against the
maxillary arch (b)
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surfaces of the digital maxillary model and its negative formed by the impression on
the back part of the digital facebow fork model.

7. Repetition of step 6 to align the digital model obtained in that step to the digital
models of the patient’s head holding the facebow fork obtained in step 4. In this
case, the surfaces selected to perform the corresponding local alignments have been
those that belong to the front part of the facebow fork and are visible in both digital
models to be aligned. Note that this step has had to be repeated for the cases
ATOS_U, GO_U and AGI_U (Fig. 7).

Once these steps have been completed, to culminate the transfer, in practice (but not
in this study since it is outside of the field of analysis) it would only remain to define a

Fig. 4. The digital models obtained from the digitization of the patient’s head while holding the
facebow fork. Cases ATOS_U (a), GO_U (b) and AGI_U (c)

Fig. 5. The digital model obtained (b) from the digitization of the impression on the back part of
the facebow fork and of the front part of the facebow fork (a) with the high accuracy digitization
system ATOS
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cranial reference system from the three anatomical points defined in step 2, locate the
maxillary digital model with respect to this reference system and transfer this model to
the virtual articulator software, making the newly defined coordinate system coincide
with the virtual articulator’s coordinate system.

3.2 Phase 2. Evaluation of the Accuracy of the Results

The following is a step-by-step description of the evaluation of the accuracy of the
results obtained with the virtual facebow transfer method described in phase 1:

1. Getting the digital reference model. For this purpose, firstly, the dum has been
digitized with the maxillary cast mounted with the high accuracy digitization system
ATOS. Subsequently, due to the impossibility of obtaining in the desired way the
maxilla of the digital model of the set, this digital model and the digital maxillary
model obtained in step 1 of phase 1 have been aligned in the reverse engineering
software Geomagic Studio by using the best fit command. For this, only the sur-
faces that both digital models have in common have been selected: the dental
surfaces visible on both digital models. As a result, a single digital model has been
obtained (Fig. 8).

2. Alignment of the digital models obtained in the step 7 of the phase 1 to the
reference model in a reverse engineering software by using the best fit command
(Fig. 9). The software used has been Geomagic Studio. Taking into account that the
accuracy of the results obtained with the method described in phase 1 is reflected in
the disagreement of the orientation of the digital maxillary model obtained by this
method with respect to the orientation of the maxilla of the digital reference model
obtained in step 1 of the phase 2, in order to avoid falsifying the results, the surfaces
selected to perform the necessary local alignments have been those corresponding to
the ears and nose of the dum that can be observed in both digital models to be

Fig. 6. Result of the alignment of the digital facebow fork model (down to the left) to the digital
maxillary model (up to the left). In red the surfaces selected for local alignment

218 E. Solaberrieta et al.



Fig. 7. Results of the alignments of the digital model obtained in step 6 (down to the left) to the
digital models of the patient’s head holding the facebow fork obtained in step 4 (up to the left). In
red the surfaces selected for local alignment. Cases ATOS_U (a), GO_U (b) and AGI_U (c). For
clarity, the maxillary digital model has been hidden

Analysis of the Virtual Facebow Transfer by Using a Facebow … 219



aligned. Once the task had been completed, only the pairs of aligned maxillary
digital models have been saved, deleting the remaining data.

3. Comparison of surfaces in an inspection software. The software used has been
GOM Inspect. With this software, the deviations between the dental surfaces of the
digital models aligned in the previous step have been measured, i.e. the deviations
between the tooth surfaces of the digital maxillary model oriented by the analysed
method and the maxilla of the digital reference model. Therefore, these deviations
indicate the accuracy of the analysed method: larger deviations indicate less
accuracy of the method.

4 Results

After having processed the values of the deviations measured in step 3 of phase 2 with
the statistical software SPSS, the values of Table 1 and of the box plot in Fig. 10 have
been extracted.

Fig. 8. The digital reference model obtained by the alignment of the digital maxillary model
(down to the left) to the digital dum’s model (up to the left). In red the surfaces selected for local
alignment
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As mentioned above, the measured deviations reflect the misalignment that the
digital maxillary model oriented by the analysed method presents in relation to the
maxilla of the digital reference model, which indicates the lack of accuracy of the
analysed method. By applying this method with different digitization systems (ATOS,
GO and AGI), the sensitivity of this method to the digitization system used can be
observed. Therefore as shown in Table 1 (or in the box plot in Fig. 10), the absolute
deviations obtained were equal to or less than 1,2868 mm in the case ATOS_U,
1.3061 mm in the case GO_U and 2.0976 mm in the case AGI_U. As for the trueness
of the results, a value of 0.5099 ± 0.5071 mm has been obtained in the case ATOS_U,
0.6626 ± 0.6598 mm in the case GO_U and 0.9524 ± 0.9451 mm in the case
AGI_U. So the results with greater accuracy and trueness have been obtained using the
ATOS digitization system, while the results with less accuracy and trueness have been
obtained using the AGI digitization system.

Fig. 9. Result of the alignment of the digital models obtained in the step 7 of the phase 1 (up to the
left) to the digital referencemodel (down to the left). In red the surfaces selected for local alignment.
Due to the similarity of this step in all three cases, only the ATOS_U case has been shown

Table 1. Accuracy and trueness of results

Case Average Median Standard deviation Min. Max.

ATOS_U 0.5099 0.4809 0.5071 −0.1599 1.2868
GO_U 0.6626 0.6418 0.6598 −0.0778 1.3061
AGI_U 0.9524 1.1941 0.9451 −1.1161 2.0976

Significant values
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5 Discussion

The deviations measured to determine the accuracy of the method analysed have
different origins. Among them, the most influential are those caused by the numerous
best-fit alignments required by the method and those caused by the digitization system
used to perform it. The errors caused by the numerous best-fit alignments are reflected
in the deviations measured in the case where the most accurate digitization system was
used (ATOS_U case), while those caused by the digitization system used are reflected
in the deviations measured in the remaining cases (GO_U and AGI_U cases).

Fig. 10. Accuracy and trueness of results. Box-plot: distribution of the deviation magnitudes in
millimetres on the vertical axis and the case to which they refer on the horizontal axis
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Therefore, in contrast to the advantage of allowing the position of the upper dental arch
in relation to the patient’s facial morphology there are the disadvantages of the
numerous alignments by means of the best fit that it requires and its susceptibility to the
digitization system used.

However, taking into account that in the cases ATOS_U and GO_U the greater part
of the deviations measured have a value less than or equal to 1 mm, it can be stated that
the results obtained in this study indicate that this method may be appropriate if a
digitizing system with a certain accuracy is used.

6 Conclusions

As evidenced by the results obtained, the accuracy of the analysed virtual facebow
transfer method may be appropriate if a digitization system with a certain accuracy is
used. This fact highlights the need for further tests to analyse whether this method can
be applied with the current digitization systems available for dentistry.
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Abstract. There are some areas of project engineering where it is especially
necessary to know the spatial distribution of the elements that make up an
industrial installation to diverse aims: the planning of future actions in the
installation, like expansions, reparations and modifications; the documentation
of the current state of an installation; and the construction, supervision and
control of execution. It is in these areas where photogrammetry has a high
potential to develop. The aim of this article is to establish a methodology that
defines the way in which photographs should be made, the main parameters of
the camera, the use of markers and targets and so on, so that the 3D recon-
struction of industrial facilities is possible, quantifying the error committed. On
the other hand, the improvement of smartphone camera lenses and the popu-
larity of their use, as well as the proliferation of fish-eye cameras and action
cameras like the GoPro as the main reference, has generalized the use of this
type of device, which can be used at a very low cost to make 3D reconstructions
using photogrammetry. This article will study, in a comparative way, the fol-
lowing tools: a high-end mobile camera, a fish-eye camera and a high-end single
lens reflex (SLR) camera. These methodology and configurations will be tested
in diverse industrial areas: a computer room, a warehouse with fluid facilities, a
mechanized workshop, a mechanical assembly workshop, a workshop for
electrical assemblies and a warehouse with a plastic crusher.

Keywords: Photogrammetry � Industrial facility � 3D reconstruction � Reverse
engineering � Project engineering

1 Introduction

One of the main problems that arise when carrying out any type of action in an
industrial installation, such as a chemical plant, an assembly line or any other type of
existing installation that usually has a certain age, is the lack of technical documen-
tation that spatially defines the installation. This is due to reasons such as the loss of the
documentation or the implementation of successive modifications and extensions of the
installation through different projects. That is why, usually, when considering any new
expansion or modification of the installation, it is mandatory to know the spatial
arrangement of the elements of the existing installation.

This aspect is especially important in some types of facilities such as chemical and
petrochemical plants where there is a complex network of pipes and ducts, or in the
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assembly lines of a company where there is a large number of elements such as
conveyor belts, rails, etc. In these cases, the arrangement of these elements is not a flat
layout, but a three-dimensional arrangement. Therefore, to integrate new elements in
the installation, it is necessary to know the three-dimensional location of existing
elements. Finally, with this information, it is possible to generate a 3D model to work
within to integrate the elements of the new installation.

Currently, to generate the 3D model of an existing installation, as Rashidi [1]
indicates, there are some diverse tools that can be complementary to each other that can
be used, such as measuring tapes, total stations, ultrasonic measuring devices, laser
scanners and other technologies based on the use of images such as for photogram-
metry. It should be pointed out that, currently, most of the reconstructions continue to
be carried out by measuring tapes and topographic stations, which entails a high
temporal cost and a high level of risk during the execution of the measurements.
However, it is increasingly common to use new tools such as scanners, mainly those
based on Light Detection and Ranging technology (LiDAR), as Qin [2] indicates, or
photogrammetry, as can be seen in the work of Abily [3].

Regarding the use of LiDAR technology within the industrial sphere, it is important
to mention the work of Cabaleiro [4], applied to the digitization of a 3D structure using
these tools, and the work of Conde-Carnero [5], applied to a bridge. In both works it is
possible to appreciate the advantages of the application of LiDAR technology, such as
speed, danger reduction and the amount of points obtained. However, there are also
several problems in the use of these techniques, such as the propagation of errors due to
the change of scanner location and the errors due to reflection of the signal or the
diameter of the laser that make this technology especially sensitive to atmospheric
conditions, to the angle of incidence of the laser and to the level of reflectivity of the
materials, as also indicated by García-Gómez [6]. Additionally, the high cost of this
type of device may be prohibitive for some applications.

However, the use of photogrammetry can partially solve some of the limitations
presented by LiDAR technology, as it only requires an adequate camera and the
adequate software, which makes it more economical. Additionally, photogrammetry is
not affected by the change in position of the device, although it remains sensitive to the
level of reflectivity of the materials and the angle of incidence. It should be noted that,
in the case of photogrammetry, the time of work in the field is much less due to the time
necessary to perform a scan in comparison with the time needed to take a photograph as
well as the time necessary to change the location of the scanner and the geolocation of
the scanners in each position. That is why photogrammetry is a tool as attractive as
LiDAR technology, as Gasparovic [7] indicates.

After a study of the state-of-the-art referred to the generation of 3D reconstructions
based on photogrammetry, there are several related works such as that of Garcia-Leon
[8] about open pit mines, the work of Rice [9] about a cement plant or the work of Hou
[10] about a petrochemical plant where LiDAR scanner and photogrammetry tech-
nologies have been used; in addition, the use of drones for the generation of aerial or
in-height photographs was necessary.

Since the point of view of the photogrammetry, the development of digital pho-
tography has led to a considerable reduction in the cost of the cameras necessary for
photogrammetric reconstruction and an increase in the performance of these cameras.
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That is why, nowadays, it may be possible to carry out a photogrammetric recon-
struction using a smartphone camera.

Therefore, the objective of this article is to discuss the development of a
methodology for the realization of photogrammetric reconstructions in an industrial
field, contemplating diverse procedures, types of cameras and lenses. To carry out the
3D reconstruction, Agisoft PhotoScan software, as well as various cameras and
methods, have been used, which are discussed below.

Agisoft PhotoScan is specific software that performs photogrammetric processing
of digital images enforced with computer vision methods and generates 3D spatial data.
So, it can be used in GIS applications, cultural heritage documentation, and visual
effects production as well as for 3D reconstruction and indirect measurements of
objects of various scales.

Throughout various case studies PhotoScan proves to produce quality and accurate
results and has some interest aspects that make it perfect for this purpose like the
possibility of the use of markers, the compensation of the fish eye lens, etc.

2 Materials and Methods

2.1 Study of the Influence of the Type of Camera and Lenses

In order to carry out a comparative study of the influence of the camera and the lenses
used in a practical way, three different cameras with very different characteristics have
been selected, including an action camera like a GoPro, a SLR camera and a high-end
mobile camera. The data of the cameras used are presented in Table 1.

The cameras have been selected depending on the type of lens (normal or fish-eye),
excluding panoramic types. Based on the recommendations of Kedzierski [11] and Li
[12], the use of fish-eye cameras is discouraged due to the high distortion generated by
the lens; although, it should be noted that the main photogrammetry programs are able
to correct this distortion. The main reasons for selecting the fish-eye camera are its
versatility and functionality, its light weight, the large number of accessories it can
include (watertight housings, remote shutters, poles, etc.) and the high lens angle,
which is practically 180°. The mobile camera has been selected for its versatility, low

Table 1. Main characteristics of the studied photo cameras

Camera BQ Acuaris 4.5 GoPro silver 4 Nikon D330

Type Smartphone Action camera SLR
Type of lens Normal Fish eye Normal
Sensor dimensions (mm) 4.54 � 3.42 5.37 � 4.33 23.5 � 15.6
Lens opening (f) 2 2.8 3.5 a 5.6
Resolution (MPx) 13 12 24.2 (Used: 13)
Focal length (mm) 3.2 17.2 a 34.4 15.6 a 23.5
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weight and availability. The SLR camera has been selected as the optimal reference
camera and is recommended for the realization of photogrammetric reconstructions.

It should be noted that main photogrammetry programs [13], suggest that pho-
tographs should be taken without flash, with the maximum possible resolution of each
camera and with the maximum focal length. In this article to try to reduce the influence
of the resolution of the camera, in the case of the SLR one it has been used a resolution
of 13 MPx, similar to the other cameras.

On the other hand, as regards to the error committed in a photogrammetric
reconstruction, as Dai [14] indicates, this depends on the overlap of the photos, the
camera itself and the position and angle of the captures. It is usually assumed that this
error is between 1 and 4 times the ground sample distance (GSD), depending on the
overlap, the number of photos, etc. The GSD is defined as:

GSD ¼ Dw

Rw
¼ H � Sw

Fr � Rw
¼ H � F ð1Þ

where Dw is the distance covered by the photograph, Rw is the horizontal resolution of
the sensor in pixels, Sw is the width of the camera sensor, H is the maximum distance
from the camera to the object/room and Fr is focal length.

Table 2 shows the data of the used cameras and the objectives. As shown, the
F factor, which allows comparing cameras, is much lower in the Nikon D330 camera,
mainly due to its objective. Therefore, this camera will present the smallest error in the
case of taking an image at the same distance.

It must be pointed that the reconstruction may depend of the algorithm and of
process to take initial pictures so, to avoid this factor, in each reconstruction, for each
camera it has been taken the same number of photos and in the same location and
orientation using tripod (same height, angle and orientation) and changing in each
location the camera.

2.2 Selected Locations

Some different facilities have been selected for the photogrammetric reconstruction: a
manufacturing workshop that includes lathes and mills; a small fluid installation that
includes tanks, pipes, etc.; a computer room; a warehouse that includes a plastic
crusher; a mechanical assembly hall; and an electrical assembly hall. These facilities
are quite different due to the aim of the methodology to use various industrial areas, so
they include various types of elements such as large machines, pipes and tanks,

Table 2. Main parameters of the cameras to determine the error

Camera Sw (mm) Fr (mm) Rw (pixels) F

Nikon D330 23.5 200 2951 (used 1585) 7.413 E−05
GoPro silver 4 5.37 17.2 1475 0.00021167
BQ Acuaris 4.5 4.54 25 1600 0.0001135
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machine tools and work stations. Figure 1 shows some of the analysed installations. It
should be noted that, due to availability, locations smaller than 200 m2 have been
selected, although the methodology used could be applied to larger facilities, gener-
ating partial reconstructions by zones in chucks and uniting them using photogram-
metry techniques.

2.3 Methods to Take the Photos

After conducting a study of the state-of-the-art ways of capturing images, there are
hardly any articles related to the methodology to be used in large indoor spaces such as
those studied. It should be noted, too, that there are some studies about working
outdoors, such as Klein [15] capturing large structures such as bridges, while other
authors such as Armesto [16] indicate the methodology to be used in the case of facades
and building exteriors. There are a few references about the methodology that can be
used for capturing images in large enclosed spaces; one of them is the work of Roh
[17], using an object-based approach, and another is the work of Lee [18] for the
digitization of fluid installations. It should also be pointed out that the importance of
videogrammetry as a future work method, as Brilakis [19] indicates, is not sufficient for
the proposed work.

For a good photogrammetry reconstruction, there are some critical aspects to
consider. On the one hand, a large overlap between images that common points to align
between them, on the other hand some images at a suitable distance so that an
admissible error is achieved and finally, a number of suitable images. It should be noted
that, in the case of working with a high number of images, a high computational cost is
expected because the computer has to compare the different images and then align them
by comparing all the pixels of the photos. To avoid this computational cost, it is
advisable to generate photos sequentially and to align these photos only by comparing
the nearby photos; this reduces the computational cost considerably. To reduce the
computational cost, it is also essential to reach a balance between quantity of photos
and precision and detail obtained.

For the generation of the photographs, the parallel key method (see Fig. 2) was
initially used. This method allows the maximum space available between the camera

Fig. 1. From left to the right: computer room, fluid installation and manufacturing workshop

Methodology for the 3D Reconstruction of Industrials Facilities … 229



focus and the area of the environment to be photographed, as one of the main problems
is the lack of distance that allows a correct visualization of the area to be photographed.
This is a quite common method for the realization of indoor reconstructions, especially
for rooms.

Based on the keyway method results, this method in areas with a high ceiling
height, as in the case of industrial installations, presents serious problems because, due
to the lack of an angular opening, especially in the case of the BQ 4.5 camera, the
camera is unable to capture the entire height of the industrial warehouse through a
single photograph. For this reason, an innovative methodology called ‘triple parallel
key’ was developed in which, at each point where a photograph was previously taken,
three photographs with different angles were taken (see Fig. 2). So, the operator, from
the ground and without the need to subject himself to height hazards, is able to cover
the entire height of the industrial building. It should be noted that this method has
several disadvantages because when using different photos from the same location, it is
difficult to align the vectors of the various photos because the trigger point is in the
same position.

Finally, a new methodology was developed, denominated in cross (see Fig. 3) to
allow a greater alignment of the photos with each other through the correct crossing of
the different photos with an angle between them of 90° and 45° with respect to the
walls. This methodology was developed mainly for the digitization of specific lateral
zones of an installation instead of a complete installation. It should be noted that,
through this methodology, the depth dimension was perfectly cached. It must also be
noted that a series of markers was used for the measurement and verification of the
error and for the alignment of the photos with each other.

Fig. 2. Left: parallel key method, layout of the capture points of the photographs. Right: triple
parallel key method

230 R. Miralbes et al.



3 Results and Discussions

After analysing the results obtained with the different cameras, with equal number of
photos and the same method of generation, it has been concluded that, even for small
spaces, the three analysed cameras are capable of generating adequate reconstructions.
In the case of large environments, only the SLR camera allows adequate models to be
obtained (see Fig. 4). However, the GoPro camera due to it fish eye lens has not
allowed any suitable reconstruction, so its use is discouraged. Another aspect that is
important is the camera definition because a higher definition implies a higher number
of points in the dense cloud model and a lower error.

Regarding the errors, these were obtained by studying the different installations by
means of distance between different points contrasted with those obtained by means of
measuring tapes and various manual tools. Figure 5 shows the reconstruction generated
for the plastic crusher in which the high quality of the reconstruction can be appre-
ciated. Table 3 shows, for example, the error in the reconstruction of the fluid
installation.

Based on the error analysis, it is possible to calculate that for the camera indicated
in Table 3 and according to the characteristics of the camera, the error for a shooting
distance of 20 m should be between 7 and 21 mm (3–5 times GRD using Eq. 1), but,
as shown in Table 3, this error is higher than the previously estimated.

Regarding the various options of alignment, point cloud union, mesh generation,
etc., PhotoScan itself allows different qualities (low, medium, high, very high, etc.). By
performing a comparative analysis, the obtained results show that there are hardly any
variations in the result with the average or superior qualities, while the use of medium
and low qualities is undesirable.

Fig. 3. Methodology in cross for the reconstruction of lateral zones
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Analyzing Fig. 5, it can be seen that the 3D model is not highly accuracy at the top
of the machine due to the fact that the photographs are taken from the ground. The final
3D model is not good enough because it has been obtained using the automatic 3D
model reconstruction of the PhotoScan but the most suitable method will be manual

Fig. 5. From left to the right: plastic crusher photo with markers, dense cloud points and final
3D model using the SLR camera

Table 3. Study of the error with the GoPro camera (H � 20)

Measuring Real measurement
(mm)

3D model measurement
(mm)

Error
(mm)

Error
(%)

1 3040 3318 −78 2.35
2 2390 2361 29 −1.23
3 1820 1793 27 −1.51
4 1590 1600 −10 0.62
5 1460 1451 9 −0.62
6 1490 1513 −23 1.52
7 860 860 0 0.00
8 925 913 12 −1.31
9 3025 3008 17 −0.57
Total Error 31.2

Fig. 4. 3D reconstruction of fluids installation with SLR camera (left) and smartphone BQ 4.5
(right)
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using other programs like Rhinoceros or 3D magic. With these programs it is possible
to obtain a parametric 3D model of the facility that can be integrated in another 3D
model with a higher accuracy because it is possible to select the points to use of the
dense cloud and to obtain accuracy models and surfaces.

4 Conclusions

The main conclusions obtained from the study are that it is possible to carry out a 3D
reconstruction in the industrial environment with any type of camera with the exception
of fish-eye cameras that generate enormous distortion. Although the reconstructions
generated with the SLR camera are of higher quality and less error, with the same
number of photos and the same methodology; the improvement is mainly due to the
focal length and the type of lens. It should be noted at this point that, due to func-
tionality, the SLR camera is more appropriate because the focal length and the focus
can be optimized.

In relation to the methodologies to be used, it must be indicated that, although an
increase in the number of photos generates greater precision and a greater number of
points, this aspect is not the most determining factor to increase the quality of the
reconstruction; the position and the angle of the shot have greater importance and
demonstrate that the parallel key method for applications in general, the triple parallel
key method for high spaces and the method in cross for concrete areas (such as a wall
or a lateral space) are decisive for a correct reconstruction. The option of including
markers in the measurements has been assessed as very positive because their presence
allows the division of the photographed set into several digitalisations that can be
joined automatically and also allows errors made during digitalisation to be verified.

Finally, the potential use of this method is the possibility to obtain easily and
without risks, the 3D model of any existent industrial facility and so, it can be inte-
grated in a expansion project or to verify the dimensions of a location where a new
machine must be installed.
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Abstract. This paper shows an introduction to a new proposal in the use of
quantitative indicators for visual impact assessment over large areas. Imple-
mented in a new software called MarRojo©. It is part of a project named
AMBEMAR, which objective is to create a Multi Criteria Decision Support
System (DSS) tool to find the optimal siting for offshore wind farms on the
Cantabrian coast. The work consists in generating graphical information that
allows introducing visual impact criteria in the design stage, and inside
AMBEMAR and is essentially oriented to wind energy projects.

Keywords: VIA � GIS � Seascape

1 Introduction

Visual Impact Assessment (VIA) is the analysis of the landscape or seascape changes
produced by the construction of a new infrastructure and the resultant effects on visual
amenity and people’s responses to changes [1]. The measurement of these effects have
a high importance because of social and environmental aspects [2]. Typically, the
evaluation of these visual effects is carried out for a particular wind farm in a fixed
position. When the effects on multiple positions over a large study area have to be
measured, the computational time suffers an increment associated to the number of
locations to be calculated.

There are other techniques applied to large areas. Usually, they are based on the
calculation of the Cumulative Viewshed or Total Viewshed. A Cumulative Viewshed is
the result of the viewsheds addition for selected of points, while a Total Viewshed is
the result of the viewshed addition for every point in the study area. They have been
long used in GIS visibility studies and represented in 2D and 3D [3]. Nowadays,
Cumulative Viewshed indicator is widely used [4, 5]. The viewsheds are continuous
spatial representation of visibility that indicates whether a viewpoint on a surface can
be seen from a particular observer position [6].
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In our case, instead of calculating the viewsheds for a set of points inland, they are
calculated for multiple points of views located on the sea. It allows characterizing
directly the impact of a specific sea location. In this approach, it is not needed to
consider other viewsheds, which also optimize the required computational time of
calculation.

The result is graphically represented with maps, and calculated with a new software
tool called MarRojo. In this work, the results concern the Cantabrian coast (Bay of
Biscay, North of Spain) because of project requirements.

2 Study Area

The Cantabrian Coast has a seashore with good wind sea conditions. Besides, there are
large available zones for locating wind farms, which makes Cantabria a potentially
good place for locating offshore wind farms [7].

The study area, shown in Fig. 1, has been defined following the next steps: first,
one kilometer buffer around shoreline is made; second, this line is manually simplified
using the tangent segments between its points placed more to the North; third, a buffer
of 32 km up to this line is calculated.

The regulatory framework in the region (PLENERCAN [8, 9]) indicates that a wind
farm placed at a distance higher than 30 km has very low visual effects. In this case, the
considered affection area for a 200 m high turbine is limited to 35 km. This is based on
supplementary considerations taken from the Sottish National Heritage Guide [10], and
studies of Manchado et al. [11] and Bishop and Shang [12].

Fig. 1. Study area, represented in blue color
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The visual inventory is composed of all elements with information about the
landscape, population, culture, planning, land uses, etc. as well as any relevant infor-
mation for stakeholders.

3 Methodology

Any visibility or VIA index measures quantitatively visual effects over some (or all)
elements of the visual inventory. There are diverse kind of indices. Some of them are
presented in this paper, such as the land surface area with visibility of a wind turbine,
the kilometers of visually affected roads, the area of visually affected nuclei population,
the population visually affected, or the magnitude of visual effect (MVE) [13]. MVE is
an index obtained by the simple product of population, area of nuclei, and kilometers of
roads affected. Other indices, like the ones belonging to the Spanish Method [11], are
used in AMBEMAR, but their full description is out of scope of this article.

The calculation of the visual effects requires the use of GIS and computational
techniques that allows carrying out all the processes in acceptable time. The following
sections describe the necessary steps to take.

Step 1: Viewsheds

The study area is discretized in cells composing a raster model. Each of them in the
area defines a possible placement for a wind tower (WT). Consequently, each cell is a
potential target point and a viewshed must be calculated for it. Calculation accuracy
depends directly on the resolution selected. The higher the resolution considered, the
more cells exist and the more accurate is the final output.

Viewsheds must be calculated under the same DTM. In this case, a 25 m resolution
has been used. According to this, it is necessary to define a common basis for the raster
grid where the pixels of diverse viewsheds can be associated among them, avoiding
gaps and overlapping.

Step 2: Visual Inventory

The visual inventory needs to be discretized with the same resolution of the viewshed
and its raster grid. This work is carried out for each element of the visual inventory
individually.

Step 3: Index Calculation

For each cell of the study area, an index value is calculated. The viewshed for each cell
has to be treated with the different elements of the visual inventory. One pixel of an
element is considered with visual affection, if this pixel simultaneously has visibility
and belongs to the element of visual inventory analyzed. The treatment of this data
depends on the nature of the index that is being calculated.

Step 4: Visual Impact Results

All impact values for an index and an element of the visual inventory are sorted and
stored in raster format, which makes up the output map.
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The step 1 is fulfilled with the software Moyses® [14], and the steps 2, 3 and 4 are
carried out by the software MarRojo®. Both of them, Moyses® and MarRojo®, use
parallelization techniques in all the steps; this is essential when working at a regional
scale. In this order, the use of sequential programming would imply a lot of computing
time. For this reason, the use of threading techniques allows dividing the task among
the computer cores, decreasing and optimizing the calculation time.

4 Results and Discussion

In this section, some maps with VIA results for the Cantabrian coast are shown. These
maps have a cell resolution of 25 m. All the maps are presented with the same color
scale: the red color means the highest value of the impact, whereas the blue one means
that there is null or no relevant impact.

The chosen resolution has been taken to optimize the computational time needed.
For example, time calculation for cell size of 5 m is 25 times greater than 25 m cell
(assuming the relation between an increment in data size and time calculation is linear).

Figure 2 shows the visual effects for affected population. Each color represents the
amount of people visually affected. The meaning is that the value in a pixel represents
the visual effect for a particular VIA index, extended to the whole land territory. Thus,
a pixel showing a blue color means that if a WT were placed in this position it would
elicit a null or almost null visual effect. Conversely, a red pixel means that a WT placed
there would involve a serious damage from a visual impact point of view.

Fig. 2. Affected population in a typical 2D GIS view
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In Fig. 3, the same output map is shown as 3D view from a South-West camera
point. The zeta elevation represents the value of the VIA index, in the same terms
indicated in the paragraph above. It is clear that the zones with the highest impact are
around Santander and Bilbao, the most populated cities in the area. Conversely, the
West of Cantabria holds extensive rural areas where much less population lives.

Figure 4 shows four different outputs associated to other VIA indicators. Figure 4a
represents the product of the maps in Figs. 2 and 4b, d, which defines the MVE
(composed of area of nuclei, length of roads and population affected) index. Figure 4b
represents the visually affected roads in the area of study; Fig. 4c represents the land
area with visibility, and Fig. 4d shows the area of visually affected population nuclei.

In Fig. 4a, b and d, the worst areas are around Bilbao and Santander because of the
distribution of roads, nuclei population and population. However, Fig. 4c represents a
high impact near to Asturias. In the West, the typical landform near to coastline are less
mountainous than in the East, where highland landform prevails. It means that visibility
increases in these zones since there are more plain zones near to shoreline.

As expected, in all these maps, the minimum values are always far from the coast,
while the maximum values are near to the coast. However, there are some areas where
the indices show an inversion of this trend, as happens in the coast near to Bilbao. In
this case, the visibility of the turbines is lower than in other points further than the
seacoast due to the topography of the land near to the shoreline.

Fig. 3. Affected population in South-West perspective
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According to these maps (and these indicators), sea zones near to Bilbao and
Santander are not suitable to locate a wind farm. This reasoning is carried out only with
nuclei, roads and population, but there are other elements in the visual inventory with
high landscape values that could give different results.

5 Conclusions

The shown methodology gives rise to a new way to introduce visual impact criteria as a
design factor, allowing directly characterizing visual effects according to a specific
indicator along the whole study area. Indeed, it is possible for designers (or planners) to
query the map and immediately to know its impact value immediately instead of
calculating the value each time wind farm position is changed. It reduces a lot the time
needed for choosing the location that minimize the visual impacts. The methodology
that has been proposed in this paper is applicable to a local or regional scale.

With the method described in this paper, the execution requires excessive time. For
this reason, it is currently being improved with the use of interpolation techniques, by
calculating indices in some selected pixels, and generating the rest of them by
interpolation. Results will be compared with real values obtained with the above
methodology.

Acknowledgements. The research work reported here was made possible thanks to the
support/funding of the Regional Government of Cantabria. Project AMBEMAR with reference
RM16-XX-045—SODERCAN/FEDER.

Fig. 4. VIMs for different indices. a Magnitude of Visual Effect (MVE). b Road Longitude
affected. c Land surface affected. d Area of affected population nuclei
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Abstract. In 1557, King Philip II started a project consisting in the creation of
a network of watch and defence towers for the coast, which would be used to
warn neighbouring towns of the frequent pirate attacks. After having examined
the area and having planned the number and location of such towers, a great
number of these defensive buildings were constructed all along the Mediter-
ranean coastline. Unfortunately, this important historical and architectural her-
itage of the Mediterranean coastline has lost one of its main characteristics,
unity, since many of these towers have disappeared and some of them are
neglected. In the Region of Murcia, from the twelve coast towers that were built
for watch and defence purposes, eight towers have disappeared. Three towers
have been recently restored. From the old watch towers there is only one left,
which is almost ruined, and no intervention is planned to guarantee its proper
preservation and enhancement: Navidad Tower. That is why this tower has been
chosen to be studied and graphically documented. Thus, the research project that
is being developed is mainly aimed at depicting the common legacy of all watch
and defence towers in the Murcian coastline and documenting the Navidad by
laser scanner and photogrammetry in order to obtain the three-dimensional
model. This graphic work shall be subsequently supplemented with the carrying
out of works for the dissemination of documentation. Likewise, an analysis of
towers through the use of Geographic Information Systems.

Keywords: Geomatics engineering � Digital photogrammetry � Defence
towers � Heritage restoration

1 Introduction

From 1568 to 1571, the Mediterranean had become a natural border between the
Spanish and Turkish empires; so, the Andalusian, Murcian, Valencian and Majorcan
coasts were the target of permanent attacks by Turkish-Berber pirates from northern
Africa [1].

Against the countless pirate attacks from the Maghreb, in the late 1560s, the Crown
had assigned to the Italian military engineer Giovanni Battista Antonelli an ambitious
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project to fortify and defend the whole Mediterranean coastline, which combined the
construction of defence towers with urban fortification [2].

The key feature of this defence network was visibility and coordination between the
various towers. Therefore, this network of watch and defence towers would include
three types of buildings. The first type would be the coast watch towers, which were the
first alert network against enemy attacks. The second type would be made up of
fortress-towers, located inland but having visual contact with watch towers along the
coast. The third type would be the inland towers, located far from the coast and used to
warn and protect more important towns (farming and mining towns) that could also be
attacked by North-African pirates [3, 4].

In order to fortify and defend the Murcian coastline, King Philip II entrusted the
project to the Italian military engineer and expert in fortifications Vespasiano Gonzaga
Colonna. Gonzaga requested the collaboration of Antonelli. Both of them travelled the
whole Murcian coastline by land and by sea in order to design and improve the few
existing defences. In August 1570, each one of them advised the Crown on how and
where the watch and defence towers should be built on the Murcian coast.

Unfortunately, this important historical, architectural and cultural heritage of the
Mediterranean coastline has lost one of its main characteristics: unity. Many of these
towers have disappeared and some of them are neglected. In the Region of Murcia,
from the twelve coast towers that were built for watch and defence purposes, eight
towers have disappeared. As regards these towers, the space of three of them was used
for the construction of lighthouses (El Estacio, Cabo de Palos or San Antonio and
Portman) [5].

Three towers have been recently restored (La Azohía or Santa Elena, Los Caballos
[6] and Cope or Santo Cristo). And, from the old watch towers there is only one left,
which is almost ruined, and no intervention is planned to guarantee its proper
preservation and enhancement: Navidad Tower in Cartagena.

This research is aimed at obtaining the documentation of the Navidad Tower, from
the graphic, historical and building point of view, which can serve as a basis for a
future restoration project of this tower. This shall be done by means of techniques, such
as digital photogrammetry and laser scanning, that are sufficiently developed from the
technological point of view and are used to carry out heritage 3D surveys [7–9].
Finally, this work includes the dissemination of documentation, since the awareness of
heritage is the best way to appreciate and to preserve it.

2 Materials and Methods

2.1 Constructive Analysis. The Navidad Tower

In his report from August 1570, Vespasiano Gonzaga suggested the construction of
these towers with stone blocks or masonry, not with rammed-earth walls, because these
are less resistant to weather exposure, salty water or the attack with picks by pirates.
Furthermore, he considered that the ground plan of towers had to be hexagonal and not
square or round, as suggested by Antonelli. Likewise, the towers had to include, at
least, a cistern, an oven, a warehouse for gunpowder and a chimney.
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In order to determine how these towers had to be built, the «Condiciones con que se
pregonan y rematan las torres que se hazen en el reyno de Murcia» were drafted in
1578. This document states that towers must be built with a mixture of lime, sand and
concrete and with a hexagonal ground plan measuring fifty-three feet (14.84 m) in
diameter, with a reduction of one foot of slope for every five feet, until reaching fifteen
feet high, and from that point, they were vertically constructed (Fig. 1). Above the
embankment, the wall had to be ten feet thick, 2.80 m approximately. One of the
elevations would have the access door, at the height at which the embankment ended.
On the right hand, when entering, there would be a spiral staircase leant on the wall, to
have access to the first floor and the terraced roof. On the left, not on the stretch of wall
opposite the door, but on the following one, there was a chimney. The vaults of both
floors (ground and first floors) had to be built of solid brick or concrete slabs. The piece
of artillery, the ammunition depot and the room for tower keepers were located on the
upper floor. The six corners had to be reinforced with large and properly cut stones, in
order to make the building more resistant. Inside, on the ground floor, there had to be
an underground cistern to be self-sufficient in drinking water. The estimated time for
the construction was three months, approximately. Therefore, the aim was to build
large defence towers, visible from a certain distance, resistant and with capacity to
house a crew of three guards and a chief, a medium-size piece of artillery, ammunition,
weapons and enough provisions to face a siege. However, these towers were seldom
equipped with the necessary artillery, weapons and ammunition [1, 10].

Fig. 1. Cross-section, ground and elevation plan of the Tower of Santa Catalina or Azohía.
Copied by Manuel Martínez Nubla (1819) from the original by Juan José Ordovás (1779) [11]
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The Navidad Tower was built according to the specifications given for a watch and
defence tower on the Murcian coastline. It is located halfway up the hillside and its
ground plan is hexagonal, with an internal diameter, between two opposite vertices, of
approximately 13.00 m, and of 11.00 m between two of its opposite sides (Fig. 2). The
wall thickness ranged from 2.50 to 3.00 m. Its wall stretches were built with masonry
and its edges, window jambs and wall structure courses were built with solid brick-
work. The same building criterion was applied to edges or corners resulting from the
intersection of two sides of the hexagon. This building system was probably used due
to the lack of good stonework or the lack of funding, in such a way that the rough
stones were used to fill the wall stretches whose edges and corners were carefully
defined by the solid brickwork.

Bearing in mind the drawings of the towers done in 1799 by the military engineer
Juan José Ordovás (Fig. 3), the parts made of red brickwork were executed with facing
bricks, with a quite regular and homogeneous layout of stones, as with the masonry
area. Nevertheless, a more thorough inspection allows us to determine that, at least, the
masonry wall stretches were originally coated with lime mortar, and the brickwork
stretches would be probably exposed. Therefore, the tower would originally have a
whitish look, where the red colour of bricks stood out at the corners and window jambs.

Nowadays, the state of preservation of the Navidad Tower is quite worrying, since
it is abandoned and nearly ruined. Only the stumps of walls and the elevations are
preserved up to the height of ground floor gaps (if it ever had two heights, since it
apparently just had a ground floor and a terraced roof). The wet and salty environment,
together with the wind, rain and cold weather have gradually eroded the solid bricks—
especially, at the corners—and the fixing mortar. Nowadays, it is almost hidden behind
the Navidad Fort, an impressive defence building constructed according to the Defence
Plan of 1860, which has been recently restored. Likewise, it is worth mentioning the
difficulty to reach the Tower entrance. This building is located on a highland and with a
quite sheer relief. Its hill slopes make it difficult to construct a path allowing visitors to

Fig. 2. Current image of the Navidad Tower
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have an easy access; consequently, the restoration project for this tower should recover
the historical path, which is currently covered with brushwood and partially destroyed.

2.2 Methods Laser Scanner and Photogrammetry

For the graphic documentation of this tower, a field observation has been made with a
total station, where a traverse has been observed and, subsequently, data have been
collected at some of its vertices through laser scanning (MS50 multi-station) to obtain
the point cloud for the tower, by linking this point cloud to classical topography. For
the collection of data, a closed traverse has been carried out (Fig. 4a), observed and
compensated, made up of 10 vertices surrounding the tower.

Fig. 3. Cross-section, ground and elevation plan of Navidad Tower and battery and its
immediate surroundings. Copied by Manuel Martínez Nubla (1819) from the original by Juan
José Ordovás (1779) [11]

Fig. 4. a Ground plan showing all the vertices, from A to K, of the traverse. b Point cloud of the
Navidad Tower obtained through laser scanning from two of the seven stations
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The cloud of points taken in the field from seven stations (A, B, D, F, H, I and K),
with a distance between points of 1 cm (Fig. 4), with a minimum and maximum
distance, to put a limit to the measured points and establishing the observation window
centered on the tower and there have been approximately half a million points of each
station.

The point cloud has been dumped into the processing software Leica Infinity and
subsequently debugged, by creating a triangle mesh with 3DReshaper. Gaps have been
closed and each triangle has been properly placed in the mesh in order to obtain the
final model, closed and complete (Fig. 5).

For digital photogrammetry 126 images have been made, which have been oriented
with the Agisoft Photoscan program and the texture has been applied with them on the
three-dimensional model obtained with the laser scanner and with photogrammetry
(Fig. 6). Eight support points measured with total station have been used to solve the
absolute orientation and give the model the actual size.

Fig. 5. Model views, obtained following the closure of its triangles

Fig. 6. Model views, above the cloud of points and application of the texture
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2.3 Methods Geographical Information Systems

Finally, in 1578, although the King accepted that it was necessary to erect thirty-six
towers [8] on the coast of the Kingdom of Murcia, as suggested by Antonelli. From
those 36 towers, only twelve were constructed.

We have visited all the towers to verify in situ their state of preservation, how to
reach them and their coordinates (Fig. 7). The georeferencing of all the towers has been
done with gvSIG, a free GIS, indicating those that are still preserved and those that
have disappeared. From North to South: the tower of El Pinatar, La Encañizada, El
Estacio, San Antonio or Cabo de Palos, Portmán or San Gil, Navidad, La Azohía or
Santa Elena, Almazarrón, Los Caballos, tower of Cope or Santo Cristo, San Pedro de
las Águilas and San Juan de los Terreros Blancos [12].

The fundamental importance of these towers is that they formed a unit and their
visibility was essential to their proper functioning, since it was basic to warn the rest of
the population to send reinforcements in order to defend the tower and to take popu-
lation to a safe place, given that one of the goals of Berber attacks was to capture and
hold people for ransom or for sale as slaves.

Fig. 7. Coast map of the Region of Murcia with the twelve watch towers constructed during the
16th and 17th centuries: black icons represent the missing towers and white icons represent the
existing towers
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3 Results and Discussions

Once that the whole model has been obtained, as shown in Fig. 8, a section is made to
compare it and to check the adjustment of plans and drawings attributed to Antonelli to
the plan section. Bearing in mind that the hexagonal ground plan measures 53 ft
(Fig. 8a) in diameter and that a Castilian foot measured 0.28 cm approximately, this
circumference would be 14.84 m in diameter. According to this comparison, we
observe that the remains of the existing walls form a hexagonal ground plan and that
each side was slightly longer than the sides shown in the designs attributed to Anto-
nelli, since they would be inscribed into a circumference that was not 14.84 m, but
19.23 m in diameter, as shown in Fig. 8b; therefore, it was built on a ground plan larger
than the theoretical hexagonal ground plan of the tower.

Fortresses were repeatedly besieged and were the object of successive restorations,
although these did not—in general—alter their plan. Projects were not usually
accompanied by the necessary funds, and that is why we can assure that the Navidad
Tower was built in the 16th century with a hexagonal ground plan inscribed into a
circumference that was 19.23 m in diameter, approximately.

A reconstruction hypothesis of the Navidad tower has been made, presenting it in
both elevation and section, (Fig. 9) considering that its height was of one plant based
on the plans and sections of said tower, and considering the proven slope.

All the historical, graphic and building documentation provided is being used to
prepare a restoration project for this tower, which would allow to preserve the building,
to visit it and to prevent its collapse. This would prevent the current risk of loss of this
historical heritage declared an Asset of Cultural Interest under the category of
Monument.

Fig. 8. a Hexagonal ground plan of the tower, attributed to Antonelli. Municipal Archive of
Towers of the Navy, no number [13]. b Hexagonal ground plan of the Navidad Tower with
heights and measures in unbroken lines and compared to the plans prepared for similar towers on
the Murcian coastline of that period in broken lines
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4 Conclusions

We have located and mapped the towers constructed from the 16th to 17th centuries on
the Murcian coastline as ordered by Philip II through free GIS. From the 36 towers that
were planned, only 12 were built; nowadays, there are only four left: three of them have
been recently restored, while the Navidad Tower is nearly ruined and forgotten.

We have prepared the graphic documentation of the remains of Navidad Tower by
means of direct measuring methods, classical topography, laser scanning and pho-
togrammetry. We have modelled the point cloud with a triangle mesh and have con-
ducted studies based on this mesh, from which we have obtained the necessary sections
to determine the original dimensions of the tower. These dimensions are larger than
those specified in the information and descriptions obtained from the filed documents
found, and we have verified that it has a hexagonal ground plan, that the thickness of its
walls ranged from 2.50 to 3.00 m, that it was built with red brickwork and masonry,
and that the project slope coincides with the actual slope. With all this, a reconstruction
hypothesis of the single-story tower has been carried out.

This research represents the basis for the preparation of a restoration project for the
Tower. The aim of the Christmas Tower is to make these towers become a vehicle for
culture. As the recovery, improvement, dissemination and access to these towers will
contribute to the enrichment of the coastal zone through the use of culture as the engine
of social and economic development.
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Abstract. The work investigates a solution of powered upper arms exoskeleton
designed as haptic device for use in VR scenarios. The mechanical structure and
the actuation system of the exoskeleton system are presented. To develop a
powered upper limbs exoskeleton possessing, natural safety and transparency in
the mutual “man-robot” interaction, the hybrid actuation approach is used. The
latter includes in each joint parallel actuation of pair pneumatic actuators and a
back drivable direct current (DC)-motor. An impedance controller with model
feedforward compensations and an algorithm for joint torque control are
designed, in order to provide accurate force response from the virtual envi-
ronment to the operator. For this purpose, computer simulations are carried out
to assess the developed exoskeleton capabilities to provide forceful effect on the
operator, in the full range of arm joint motions. The experiments demonstrate
that by proper selection of the additional DC actuation the desired power
feedback can be achieved throughout the exoskeleton’s workspace.

Keywords: Exoskeleton arm � Haptic device � Virtual reality � Impedance
control � Hybrid actuation

1 Introduction

The importance of exoskeletons such as haptic devices increases when it comes to
applications in virtual reality (VR). Through the exoskeleton as a haptic device, the
operator feels the forces of interaction generated in the virtual environment (VE). These
features of exoskeletons come into play also when operations in a virtual environment
are designed for rehabilitation and training [1–3].

When an exoskeleton is intended for rehabilitation [3], it must be able: (i) to create
great forces to support, assist and guide the patient’s arm; (ii) to follow the human arm
without opposition.
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In order to achieve transparency and natural safety when using exoskeleton as a
haptic device, it must be designed with the lowest natural impedance. There are two
main approaches to reduce the device’s impedance: active and passive approach.
Active control is a more widespread approach where impedance compensations have
the form of either feedforward [4] or force feedback control [5].

By means of an active impedance control compensation can be achieved in a wide
range. However, transparency and safety can be reduced due to disadvantages of active
control such as instability of the servo system, sensor noise and poor sensor resolution.
The level of safety and transparency can remain high by using a passive impedance,
independent of servo system. There are many solutions for implementing passive
impedance. All are based on embedding in the structure of passive compliant element [6].

One of the best–known solutions for implementing passive impedance is the
pneumatic artificial muscles (PAM) drive [7–9]. The PAM drive is characterized by the
highest ratio of power/weight and power/volume compared to other drives. Air muscles
have low inertia, natural compliance and damping, so their output impedance is low in
a wide frequency range. However, the high natural compliance of the air muscles
results in a low dynamic force response, which limits the efficiency of the drive. Other
drawbacks of the PAM drive are the limited amount of motion, due to limited muscle
contraction, and the limited capacity of the muscle force.

There are a number of solutions to overcome the disadvantages of artificial mus-
cles. Some of them consist in changing the structure of the muscles and/or the air flow.
By reducing the dead volume of the muscle and control of the air flow is achieved an
increase in stiffness and actuation bandwidth [10]. Other solutions are based on the use
of a larger pulley to increase the driving torque [11].

There are also some approaches that rely on control strategies. The hybrid actuation
approach [12], for instance, involves parallel operation of a pair of PAM’s and a low-
inertial DC motor. Artificial muscles perform the low-frequency macro component of
the actuation torque, and the DC motor complements the torque error. According to
another embodiment of the hybrid actuation [13], the advantages of both actuators: DC
motor with harmonic drive and a pair of air muscles are combined. High pressure
PAMs provide the basic magnitude of the torque while the harmonic drive actuator
ensures the high precision of the torque. In another solution [14] to enhance security,
the hybrid actuation approach is expanded by combining PAM’s and magnetic brake.
The authors show that while hybrid actuation with PAM’s and DC motor demonstrates
a more rapid dynamic force response, the hybrid drive with PAM’s and magnetic brake
is more effective in large shift of inertial loads.

In this context, the aim of the work is to find and evaluate an appropriate solution
for actuation of upper arms exoskeleton designed as haptic device for use in scenes of
VR, providing accurate force feedback and achieving transparency and natural safety in
the interaction “human-robot”.

In Sect. 2 the mechanical structure and its actuation are presented. The modeling
and the control are described in Sect. 3. The simulation and performance evaluations
are then shown in Sect. 4. Conclusions and future works are given in Sect. 5.
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2 Mechanical Structure and Actuation

The exoskeleton mechanical structure consists of two arms built of five parts (seg-
ments), one of which is grounded as shown in Fig. 1a. Each arm includes four active
joints, like joints in natural human arm from the shoulder to the elbow.

All segments of the arm have adjustable length thus allowing quick and easy
adjustment according to users’ size. The human hand is attached to the main segments
by means of straps and plastic shells. The prototype of two arm exosceleton is shown in
Fig. 1b.

Aluminum alloy is used to make the exoskeleton’s basic segments. Their masses
(Fig. 1a) are M1 = 0.437 kg, M2 = 0.594 kg, M3 = 0.364 kg and M4 = 0.434 kg. In
the initial setup, the exoskeleton arm and forearm lengths were selected 0.286 and
0.370 m respectively. The exoskeleton range of motion is defined by the range of joints
(Ji) motion as follows: J1(110°), J2(120°), J3(150°), J4(135°). Thus the exoskeleton
meets the requirements of “Activities of daily living” (ADLs) [15].

To develop a powered upper limb exoskeleton possessing natural safety and
transparency in the mutual “man-robot” interaction, a PAM-based actuation is devel-
oped. To overcome air muscle limitations, the hybrid actuation approach is used.
A low-inertia DC-motor is attached in parallel to a pair of PAM actuators. Each PAM
actuator in the pair consists of muscles with different number.

Braided pneumatic artificial muscles are self-developed, allowing greater control
over the dimensions, forces and overall performance. The actuators represent a bundle
of several pneumatic muscles (Fig. 2a). The bundle muscles are fed together with air to
a maximum pressure of 500 kPa. Each bundle is equipped with a pressure sensor. The
muscles of the bundle are mechanically connected at one end and the other end where
they are attached.

The arm segments are actuated by cable transmissions and pulleys located in the
joints (Fig. 2b). Each pulley is connected to a pair of PAM actuators a and b, coupled
to a DC-motor (DCM) in parallel (Fig. 2b).

Fig. 1. Two arm exoskeleton: a mechanical structure; b prototype
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The pair of PAM actuators a and b, make an antagonistic interaction similar to the
biceps-triceps muscle system. This interaction creates a two-way movement and force
on the pulley 1 (Fig. 2b). A back drivable DCM is attached to the pulley 1 in parallel.
Second pulley 2 is located in the arm joint. Cable transmissions T1 and T2 connect
pulleys 1 and 2. All actuators are mounted on a stationary structure behind the operator.
The number of muscles in each bundle of the pair is selected so, as to provide a
nominal torque in the joint over a range of joint motion. Bundles antagonists a and
b consist of a different number of muscles denoted by mia and mib, i = 1, …, 4. The
numbers of muscles for the four joints are: m1a = 7, m1b = 3; m2a = 6, m2b = 3;
m3a = 4, m3b = 2; m4a = 4, m4b = 3.

In antagonistic scheme (Fig. 2b), muscles in each bundle are attached to the joint
pulley, so that their contraction is determined by the pulley radius r = 0.0315 m and
the joint position q. To maximize muscle strength, muscles are attached so, as to work
with a minimum contraction, i.e. in one end position of the joint qmax, one bundle has
zero contraction and in the other end position of the joint qmin, the other bundle has a
zero contraction.

Braided PAM become like a pressure-dependent spring with variable stiffness. To
describe the PAM used as non-linear quadratic springs, a simplified static model
presented in [9] is used. This model is transformed for the case when muscles form
bundles [16]. The forces generated by the two PAM bundles “a” and “b” are repre-
sented by the equations

Pa ¼ ðkao þ ka1paÞðCmax � rðqmax � qÞÞðLn � rðqmax � qÞÞ; ð1Þ

Pb ¼ ðkbo þ kb1pbÞðCmax � rðq� qminÞÞðLn � rðq� qminÞÞ: ð2Þ

Above; kao, kbo and ka1, kb1 are empirically derived coefficients, depending on the
number ma, mb of muscles in the bundle; pa, pb are the supply pressures of the bundles;
Ln and Cmax are nominal length and maximal contraction of the muscles used. The
antagonistic action of muscle bundles in each joint creates pneumatic generated torque:

Qp ¼ ðPb � PaÞr; ð3Þ

where Pa, Pb represent the antagonistic forces (1) and (2) and r represents the pulley
radius.

DCM q

0

a

Ln

La Ca

CbLb

Pа

Pb 1rb 2

T1

T2

(a) (b) 

Fig. 2. Actuation system: a pneumatic actuator as a bundle of PAMs; b scheme for joint
motion/torque
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3 Modelling and Control

According to the kinematic scheme shown in Fig. 1a, a mechanical model of the right
exoskeleton arm is build up (see also Sect. 4). As previously said the arm structure is a
four DoF mechanism. Thus, it is described with (4 � 1) dimensional vector of joint
coordinates q.

The model is built when the contact between the operator and the exoskeleton is at
the point of end effector (EE). In this case, the vector X of EE coordinates is (3 � 1)
dimensional and Jacobian matrix J is (3 � 4) dimensional.

Impedance controller has been developed [16] as the most appropriate for reflection
of the force of the virtual environment on the user (Fig. 3). In the block diagram,
feedforward compensations based on a stiffness model and a gravity model are included.
Data transfer between exoskeleton and virtual scene takes place through a VR Engine.

Modelled exoskeleton stiffness in joint-space is indicated in the diagram by Ke
f ,

while the natural exoskeleton stiffness by Ke. The role of the natural stiffness controller
above is to adjust in Cartesian space the natural exoskeleton stiffness Ke

c to the refer-
ence value Kd

c. This is achieved by planning the pressures of PAM actuators pa and pb
such that the natural stiffness to obtain the characteristics of the desired stiffness.

Control force commands in joint space according to block diagram of Fig. 3 are
represented by the vector

DQ ¼ Qd þQf þG� Qh ð4Þ

where: Qd denotes the desired force command, Qf and G denote force commands
according to the feedforward compensation models of exoskeleton stiffness and
exoskeleton gravitation, and Qh denotes, in the joint space, the forces that the operator
exerts on the exoskeleton end effector. The vector (4) includes the exoskeleton joints
torques

+
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Fig. 3. Block diagram of exoskeleton control
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DQ ¼ Q1; . . .;Qi; . . .;Q4½ �T ð5Þ

The torque Qi is a sum of the torques of pneumatic and electric drives Qpi and Qei.

Qi ¼ Qpi þQei; i ¼ 1; . . .; 4 ð6Þ

In the block diagram for control of the torques in the exoskeleton joints (Fig. 4) the
pressure pa of one PAM actuator (antagonist) is set by natural stiffness controller to
achieve the desired stiffness. The pressure pb of the other PAM actuator (agonists)
determines the pneumatic actuation torque (3). Pressure pb is calculated according to
Eqs. (1)–(3). Both pressures pa and pb are monitored by pressure sensors to control the
filling and vending valves of each bundle. As the supply pressure has a certain upper
limit, the magnitude of the torque (3) is limited.

A torque sensor is mounted in the exoskeleton joint (Fig. 4). The torque tracking
error calculated as the difference between the set and the measured torque
(Qi − Q) determines the force command of the electric drive. Electric motor
(DCM) compensate the torque difference between the set and the resultant torque as it
is controlled by an open loop current controller. The role of the additional electric drive
is both to compensate the slow dynamic of pneumatic drive and to complement the
magnitude of joint torque to the desired value.

4 Simulation and Performance Evaluation

The upper arms exoskeleton designed as haptic device for use in VR scenarios, allows
tracking position and orientation thus providing force feedback to human arm. For data
transfer between exoskeleton and virtual scene, 3D Unity Virtual Engine is used.
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Fig. 4. Block diagram of joint torque control
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To track the head position and orientation Optical tracker HMD Oculus Rift is used
(Fig. 5).

Simulations of virtual gymnastics scenes were carried out to assess the designed
exoskeleton capabilities (Fig. 5). For calculation and evaluation of mechanical
parameters a MATLAB application was created.

First experiments are carried out when the exoskeleton is driven only by PAM
bundles according to the method described in Sect. 2. For desired EE force Fd = [Fdx,
Fdy, Fdz]

T in the virtual scene, the joint torques and bundle pressures for all ranges of
joint motions are calculated with a step of 20°. The Fdy is selected as non-zero com-
ponent, as its direction corresponds to the gravitational load to achieve maximum load
on the joint drives. Only gravitational compensation is considered in this experiment.
The natural stiffness controller is not included and the pressures pa for actuators
antagonists are set to zero.

The calculated pressures pb of the actuators agonists are assessed whether they are
within the set limits of 500 kPa. If, in one arm position, all bundle pressures are within
the given range, this hand position is recorded and plotted (Fig. 6). By circles, of
different sizes and colors, are presented forces of different values achieved in the
respective position. Figure 6a shows a solution to achieve a force Fd set with the
following values of its components:

Fd ¼ 0; 0; 1½ �T;Fd ¼ 0; 0; 15½ �T;Fd ¼ 0; 0; 30½ �T;Fd ¼ 0; 0; 45½ �T: ð7Þ

Pneumatic actuators being positioning dependent, on different points of the
workspace, forces of different magnitude are achieved. In Fig. 6a the circles shown
correspond to the highest value of the force achieved in the respective position. The
simulations show that setting a high value of the force from VR Engine cannot be
achieved in all exoskeleton arm positions. In this case, the force on the operator hand
will be different from the force of the virtual system (in magnitude and direction).

Fig. 5. One arm exoskeleton as a haptic device for a VR application
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Other experiments are carried out to assess the potential for achieving the desired
power effect by adding joint torques from parallel electric drives. For example, to
achieve the EE force (Fd = [0, 0, 30]T N), torques of electric drive are added according
to (6). In this case, through proper selection of the magnitude of the complementary
moment, the desired power reflection on the operator’s hand can be achieved
throughout the workspace as shown in Fig. 6b.

The torque variations in the first two arm joints in this experiment are shown on
Fig. 7a, b namely: the desired joint torques Q1 and Q2, the torques of the pneumatic
drive Qp1 and Qp2, as well as the supplementary torques of the electric drive Qe1 and
Qe2. The maximum values of the complementary torques for the two joints are
Qe1 = 11.62 Nm, and Qe2 = 14.57 Nm. If the desired power of the effector is
(Fd = [0, 0, 15]T N), the maximum values of the complementary torques for the two
joints are Qe1 = 1.04 Nm, and Qe2 = 3.52 Nm. At power values (Fd = [0, 0, 10]T N),
the complementary moments are Qe1 = 0, Qe2 = 0.

Fig. 6. Graphical representation of force feedback achieved in different arm positions when:
a only pneumatic drive; b pneumatic and electrical drive in parallel
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5 Conclusion

A design solution of powered upper arms exoskeleton, as haptic device for use in VR
scenarios, is presented in the work. To develop a powered upper limbs exoskeleton
possessing natural safety and transparency in the mutual “man-robot” interaction, the
hybrid actuation approach is used, which includes in each joint parallel actuation of a
pair of PAM actuators and a back drivable DC-motor. Simulations are carried out to
assess the developed exoskeleton capabilities in order to provide forceful effect on the
operator, in the full range of arm joint motions. Cases when the exoskeleton is only
pneumatically driven and when using pneumatic and electric drive in parallel are
discussed. For the first case simulations show that setting of a high value of force from
the virtual system cannot be achieved at all points of the exoskeleton’s workspace since
the pneumatic actuator forces are positioning dependent. For the second case, hybrid
actuation approach, experiments demonstrate that by proper selection of the additional
DC actuation the desired power feedback can be achieved throughout the entire arms

Fig. 7. Variation of the joint torques for generating force feedback Fdy = 30 N: a in joint 1; b in
joint 2
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workspace. In this case, the values of the complementary joint torques of the parallel
electric drive are not large and DC micromotors can be used mounted directly to the
arm joint. Future work is going to involve installation of suitable DC motors and
conducting experiments to assess the impact on the operator.
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Abstract. This work presents a methodology of 3D modeling suitable for the
design and manufacture of components with complex forms of organic inspi-
ration. It is applied to a real case of development of a sculptural element related
to the corporate image of a company. In the introduction, the boundary condi-
tions of the project and the product to be modeled with the starting specifications
are presented. Next, the stages followed for the execution of the project that give
justification to the methodology developed are described. The document shows
the general flow of activities presenting in each one the particularities and
resolved contingencies. The tangible results of the project that includes the
variations of the model generated for 3D animation equipped with articulated
bones are also exposed. It has been experimentally verified that the proposed
modeling methodology allows the integration of components designed by CAD,
generates topologies coherent with innovative criteria that they facilitate pro-
duction through additive manufacturing with related surfaces free of errors. It is,
therefore, a hybrid method based on the manipulation of mesh polygons with
accessible tools that is suitable for the design and manufacture of bio-inspired
products, paleontological reconstructions, prostheses or bio-engineering com-
ponents. The UV coordinate maps and the designed textures make it possible for
the same geometry or simplified versions of the manufactured model to be
modified by means of 3D animation techniques with skeletons, to be used in
virtual representations and in augmented reality environments, increasingly
demanded in the field of Graphic Engineering.

Keywords: Polygonal modeling � 3D mesh optimizing � Retopology � Digital
sculpting � Uv.mapping � Organic modeling

1 Introduction

This work is related to the development of a product used for an advertising campaign
of a local company. It was a sculpture that represented a human being adjusted to a
concept and aesthetic specifications contributed by the client of the project. The main
objective was to build the reproduction by additive color manufacturing using ceramic
powder injection technology with surface impregnation of inks with CMYK palette [1].
Due to this, there were significant specifications imposed by the resistance of the
material used and the tolerances inherent to the manufacturing process [2]. Addition-
ally, the general modeling should adhere to the following technical requirements:
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• The model had to be built at full size: A human 120 cm high.
• The dimensions of the product exceeded the capacity of the manufacturing bucket

by a factor of 1/8. The figure had to be broken down into several parts that could be
assembled.

• The productive considerations recommended an obvious reduction of volume of
injected material. It was necessary to design hollow components with wall thick-
nesses according to the printing possibilities and resistance of the prototype.

• The pieces obtained were assembled on axes that provided rigidity and cohesion to
the final figure. It was necessary to define and model auxiliary geometric elements
that facilitated the assembly on the support system (holes, guides, junction records),
confluences, partitions and reinforcements. For the appropriate dimensional inter-
pretation of the auxiliary geometry, CAD would be used.

• The final geometry of each of the pieces to be manufactured would consist of a
mesh of triangles free of errors, superficial intersections and connected in a specific
format. The print machine used the format .3DS [3] that allows to represent objects
in color. This type of file structure has limited size expressed in bytes. Therefore the
meshes had to have a variable level of detail, susceptible to reduction, to reduce the
volume of information and be able to be printed in color in the available machinery.

• The final prototype had to show the textures of the materials according to the color
manufacturing technology. You had to define some projection system associated
with the model that was compatible with the print file.

Due to the aforementioned requirements it was necessary to establish a 3D mod-
eling methodology that combined the representation of mechanical forms with others of
subjective creation, typical of sculpture. The resulting model would be defined by
polygons of variable density and with a 2D image projection system, to represent
patterns or color textures. In short, a hybrid method of 3D modeling to design and
manufacture non-conventional mechanical components and organic appearance.

Finally, it was considered of interest that given the application context of the
product, the 3D models obtained could be used for other purposes and achieve sec-
ondary objectives:

• The sculpture could be adapted to smaller formats for more economical repro-
ductions with other 3D printing devices creating alternative products useful for
merchandising.

• The mesh of polygons required to shape the sculpture could be used with 3D
animation techniques [4] and provide audiovisual content.

2 Description of Modeling Techniques

Figure 1 summarizes the basic methodology activities implemented in the project. The
information inputs and the results obtained or expected are included. Describes a
logical sequence of modeling activities by using various specific 3D software tools in
pipeline process. Next, these activities are reviewed.
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2.1 3D Conceptualization

It is common in projects of product development that the starting point of the activities
is a sketch or a conceptual drawing with details of its function, structure and appear-
ance. In the case studied, there was a single image prepared by a graphic designer
selected by the client. It represented a human being with an exaggerated anatomy
proper to the caricature or the cartoon. The posture and expression of the face provided
basic information about his personality and emotional state [5]. The character was
dressed in vestments of the late eighteenth century. No details or complementary views
were included that would allow having objective data of the back of the model or of
certain dimensions or hidden forms in the available view. The illustration did not
include any coding of the tone palette used although it contained characteristic details
related to the corporate image and colors of the company.

With this starting information, it was considered necessary to redesign the character
for its correct interpretation and clarify various details that were ambiguous or non-
existent in the original sketch. Consequently, it was decided to develop a new concept
directly in 3D [6].

Fig. 1. General diagram of activities
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Free-use software and open source Wings 3D 2.5.1 [7] were used in the Project. It
is a 3D tool with simple, intuitive commands. By working directly in the space, you
avoid the problems of interpretation or detail typical of the sketch and its auxiliary
views. It has different polygonal subdivision algorithms, which allows representing
smooth surfaces [8, 9]. If it is desired to maintain the hardness of the characteristic
curves, characteristic of the concept drawing, it can be done by increasing the local
density in the mesh related to them.

The character object of the project was modeled in a neutral position. The “T”
position was chosen with hands down and legs closed. The aim was to obtain an
anatomical shape with a plane of symmetry that simplifies the work of 3D modeling
and, what is more relevant, makes it possible to use the mesh in animation processes.
These positions are necessary if you want to give the model a system of articulated
bones [10], which was necessary to create variations of pose as reviewed later.

2.2 Establishment of the Master Model

The master model represents the essential polygonal geometry of the product to be
manufactured. It will be used as a starting point in all subsequent stages of modeling.
Its correct definition is a critical point of the general process.

Figure 2a shows the pattern of the figure related to the project. It is a mesh of
quadrangles and triangles similar to the one created in the conceptual stage, after being
subjected to a check that takes into account the following aspects:

• Absence of singularities: Vertexes originated by the confluence of two edges,
polygons of more than four vertices, vertices with excessive confluence of edges,
interferences between surfaces or normal inverted polygons that are part of the same
shell. These types of problems are common in components imported CAD pieces.

• Geometric stability of the polygonal subdivision: The surfaces must maintain the
normal ones according to the design criteria in the conceptualization. For example,
if the existence of a reference plane or a cylindrical functional surface has been
established, they must maintain that condition in the subdivisions executed. It has
been verified that the visualization of the model by Phong shading [11] allows to
detect these problems.

• Density of the mesh adjusted to the detail: The model must have the necessary
polygons that correctly define the desired surface. The excess of polygons does not
provide information. This aspect is essential for the creation of optimal models of
low density compatible for their audiovisual use, animations in real time, virtual or
augmented reality.

• Correct location of isolines of polygons: This is an aspect of each type of model,
shape or anatomy. A harmonic mesh has an explicit topology. It is preferably
composed of quadrangles and shows alignment of the edges with respect to certain
directions, preferably those of conformation. This circumstance is evident when the
surface has been obtained by extrusion. The correct distribution of the isolines
facilitates the adequate application of the subdivision algorithms and is essential if
they are to model physiological forms related to muscles and joints. They are
especially interesting in the face area.
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• Existence of functional edges: Such is the case of reference or symmetry sections
that the model can demand. Another example are the edges of detail increase
necessary to effectively represent flexions or partial movements typical of 3D
animation that manipulate the meshes as elastic objects. The seams that allow
making the mapping layouts obtained in the next stage would also be within this
category.

2.3 Preparation of the UV Layouts

The original starting sketch was colored with a variety of graphic resources. It com-
bined flat colors, motifs or patterns, texts and logos. The most convenient solution in
this case of heterogeneous graphics, is to provide the 3D model with a UV parametric
coordinate projection system [12] that allows to represent them in a convenient way
without deformations or discontinuities. Fortunately, the software chosen for the
conceptual design and modeling of the 3D pattern was equipped with experimental
tools to define the coordinates of projection and editing of the mapping layouts. The
integration of this skill in the polygonal modelers is very useful since it allows to adjust
the mesh, to obtain the ideal seams. The seams are the border edges that define the
“islands” or areas in which any 3D object is divided as it develops in the plane. The
islands correspond to logical zones of the model: Surface of the same material, relevant
physical parts, front/back views of a component, among other criteria. Once completed
it was evaluated using test images (see Fig. 2). They are chess look patterns that show
the irregularities of the projection of a sample image and its discontinuities on the
seams.

Fig. 2. Examples of meshes. a Pattern in low number of polygons in position “T”. b Pattern
model showing the projection of a checkered texture for evaluation of its UV map system.
c Digital sculpture in high density in a new pose and improvement of details
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2.4 Sculpture and Digital Painting

The term digital sculpture can be applied to modeling tasks in which tools similar to
tools for sculpting or painting are used. In fact, these are local mesh manipulators that
allow to modify it and perceive a similar result to make a slit, a protrusion or a weld
bead. It allows to represent surface details of the dermis, organic tissues and con-
struction materials, to name a few examples. In order to act in this way the mesh of the
model must increase its density. It is verified that an iteration of three subdivisions may
be sufficient to operate in low/high relief sculpture. For more precise surface details
such as fabric reliefs, grains or cracks of a deteriorated material, one or two more
subdivisions may be required. At that point the model can have several million
polygons.

In our case we used digital sculpture for:

• Increase the quality of general surface detail.
• Modify the position of the character from the neutral in “T”.
• Get the facial expression with wink of an eye and grimace of the mouth.
• Sharpen wrinkles and folds in clothing and hair.

To perform this task, the open source application SCULPTGL [13] was used. This
online application is capable of manipulating the models of the previous stage with
digital brushes to sculpt, deform and paint the mesh. It respects the original UV layout
and can incorporate images as projected textures to represent materials such as those
required in the project. It also has algorithms for subdivision control and mesh topology
editing tools.

Fig. 3. Set of pieces associated with the life-size figure. and mesh details of the components of
the figure at full size. On right, you can see the construction elements some of then designed with
CAD
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2.5 Design of the Pieces Set Figure

Once the work of modeling the sculpture was completed, we proceeded to design the
components that would make up the figure to be built. Its volume should be less than
that of the work bucket. They were obtained by sectioning the sculpture using char-
acteristic planes with respect to the vertical direction of the model, trying to maintain a
certain continuity in key areas of the sculpture (such as the face). The resulting set is
shown in Fig. 3. It was composed of 27 pieces. Assembled it reached a height of
1150 mm. Each piece contained an outer shell corresponding to the sculpted surface
and an internal surface designed to provide support with the adjacent pieces and with
the tubular structure that provided support. Various constructive solutions were
applied:

• Solid pieces with through holes in the lower area of the model subsets G01-05 and
the hip part F01 that was an essential component for assembly of the set.

• Hollow pieces, such as arms, head and neck.
• Plate-type pieces, such as the tails of the frock coat, F02-03 or the cockade of the

hat. The abdomen and thorax was composed of several pieces of this type assem-
bled around the axes (see Fig. 4).

The CAD elements were imported in .STL format. Its geometry was simplified to
quadrangles by post-processing with the application of polygon modeling. The mesh
topology was also modified by trying to simplify shapes and reduce the number of
vertices with triangles. For each piece, specific internal surfaces were modeled. The
same modeling application with polygons of the previous stages was used. The work
concluded with the redesign of the UV layouts, respecting the existing configuration for
the external zone and taking advantage of the textures designed in the previous stage.

Fig. 4. Mesh details of some pieces that make up the figure. a Head showing the hollow interior
with CAD records for the guide axis. b Area of the thorax in which the different support plates
that were designed with CAD. c Shoes and legs parts, showing the registration for the guide shaft
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3 Final Results of the Modeling Project

Each of the parts was tested using a specific software of the ZPrinter 650 [14] machine,
to verify that it could be manufactured. The viability for printing of the patterned
meshes was the general characteristic. Despite the formal viability of the process, the
final set was not built due to productive considerations related to the cost: The high
consumption of ceramic powder (more than 29 kg), the working time of the machine
(about 140 h) and the unsatisfactory quality of the pigmentation obtained in the trials.
However, a reduced copy of 200 mm was made, which was decomposed into six solid
pieces (hat, head, body, legs, right-hand baton and stand) for demonstrative purposes.
The pattern was used to make various audiovisual products that are shown in Fig. 5. It
was exported in various 3D formats used by mobile devices to visualize augmented
reality. A skeleton version was prepared to be animated and to obtain video clips. From
the digital sculptures, 3D versions were obtained for their interactive evaluation in
HTML and 3D PDF format.

4 Last Conclusions

• The validity of the methodology has been verified by completing the geometric
modeling of a product of non-conventional morphology and the advantages of using
polygonal modeling versus 2D drawing in the conceptualization phase of the
product.

Fig. 5. Version with articulated bones of the model used for animation. On the right display of
the model in augmented reality through a mobile device
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• Modeling with polygons has also provided very satisfactory results for obtaining
error-free components in additive manufacturing. It has been noted the possibility of
integrating geometric elements designed with CAD, creating hybrid modeling
components that can have UV layouts to represent patterns of complex color.

• The method is compatible with the simultaneous obtaining of virtual prototypes or
for augmented reality.

• The technique developed allows for the design of bio-inspired and medium-sized
prototype design projects. The use of color printing should be reviewed until the
technology improves its chromatic quality. Methods to optimize wall thicknesses
and alternatives for the creation of structures that lower manufacturing costs are also
being studied.
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Abstract. The hollow cylindrical geometry is frequently used in several heat
transmission processes, such as: (i) columns in construction, (ii) cylindrical
building, (iii) thermal insulation in cylindrical tanks, etc. In these constructions,
several stratums usually form environments, one of them are usually the non-
thermal conductor stratum (also called insulating stratum), placed in the central
zone, while the others usually have other mechanical properties or chemical
properties required by the design. Nowadays the insulating of cylindrical tanks
is generally a great interest problem in chemical industry and energy industry
because most tanks used in the industry enclose dangerous substances fluids,
stored to different ranges of temperatures. The model of this cylindrical sym-
metry is represented by a system of coupled nonlinear equations where the
material properties depend on its own temperature, such as density, specific heat
and thermal conductivity, so they change when the temperature varies an
therefore the behaviour of the material. In the same way, the boundary condi-
tions also depend on the temperature, and it can differentiate between: (i) radi-
ation, (ii) convection, (iii) constant temperature and finally (iv) radiation and
convection. In this work, we study the behaviour of temperature in different
cylindrical structures, solving the system of coupled nonlinear equations, and
varying one of its design parameters, the kind of material, and their boundary
conditions. In addition, the obtained solutions will be compared with the
assumption of maintaining the material properties constant.

Keywords: Heat transmission � Cylindrical symmetry � Network Simulation
Method � Non-linearity

1 Introduction

The hollow cylindrical geometry, shown in Fig. 1, is frequently used in several heat
transmission processes, such as: (i) columns in construction, (ii) cylindrical building,
(iii) thermal insulation in cylindrical tanks, etc. In these constructions, several stratums
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usually form environments, one of them are usually the non-thermal conductor stratum
(also called insulating stratum), placed in the central zone, while the others usually
have other mechanical properties or chemical properties required by the design.

From a structural point of view, a tank or column could be considered as a sym-
metric bidimensional element with two dimensions: radius and height. From a heat
transmission point of view, different materials are used to isolate the tank, with the
internal or external layers like insulators, depending on whether it is important to
maintain a higher temperature inside the tank or vice versa.

Nowadays the insulation of cylindrical tanks is generally a great interest problem
in, chemical industry and energy industry because most tanks used in the industry
enclose dangerous substances. Fluids stored to different ranges of temperatures, even at
high temperature, but at those degrees the materials that these tanks enclose could react
in a way that this may be translated in a risk for the external environment. In the case of
drinking water tanks, the temperature must be maintained in a range to avoid the
growth of microorganisms. In the case of the chemical industry, these tanks should be
in a specific range of temperature because of the substance they contain, since a steep
rise or sudden drop of its temperature might cause a counterproductive alteration in the
optimal conservation conditions of the product. For this reason, the necessity arises to
find models, which satisfy the industry requirements and, obviously, will be expected
that the industries have this type of tanks with the purpose of guaranteeing the complete
safety of the people.

The model for this type of cylindrical symmetry is represented by a system of
coupled nonlinear equations where the material properties depend on its own tem-
perature, such as density, specific heat and thermal conductivity, so they change when
the temperature varies and therefore the behaviour of the material [1]. In the same way,
the boundary conditions also depend on the temperature, and it can differentiate
between the following: (i) radiation, (ii) convection, (iii) constant temperature and
finally (iv) radiation and convection. When two layers of the tank at different tem-
peratures come into contact, the conduction mechanism is produced. In this case, the

Fig. 1. Cylindrical geometry
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heat will flow from the higher temperature object to the less temperature object until to
reach the thermal balance (both objects at the same temperature). However, the radi-
ation heat transmission does not need a physical contact between the heat source and
the object we want to warm. On the other hand, convection mechanism is produced by
means of a fluid that transports heat between zones at different temperatures. The
condition of radiation and convection is, obviously, a mixture between both that we just
talked about. Finally, a constant temperature condition means that the material we are
going to analyse will be at the same temperature all time.

In this work, we study the behaviour of temperature in a cylindrical structure with
three different materials, solving the system of coupled nonlinear equations. We
analyse a cylinder of five meters of radius and five meters of height, which has adia-
batic conditions at top and bottom extreme and radiation plus convection condition at
50 °C at the right one. The left extreme is the cylinder centre and is considered with
symmetry. The initial temperature of the cylinder is 25 °C. In addition, the obtained
solutions will be compared with the assumption of maintaining the material properties
constant. The problem is solved by the Network Simulation Method that provides all
the variables involved in the process. This numerical method, accurate and reliable, is
explained in detail in several papers and is run on NgSpice, a free electrical circuit
simulation software [2, 3].

2 The Governing Equations

For cylindrical geometry, the heat conduction equation is the following
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Where r is the radius (m), u is the angle (rad), z is the height (m), T is the
temperature (K), q is the density (kg/m3), Ce is the specific heat (J/kg K) and finally k
is the thermal conductivity (W/mK).

If we consider the thermal diffusivity a (m2/s) as:

a ¼ k
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ð2Þ

The heat conduction equation in two dimensions will finally be considered as:
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The deduction of this equation could be found in several textbooks, including
[2, 4–7].

The dependent equations of temperature for density, expression (4), specific heat
capacity, expression (5) and thermal conductivity, expression (6), follows the next type
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of model, depending on the material and the property we are going to analyse, the
coefficients will change.

q Tð Þ ¼ aþ b T � 298ð Þ ð4Þ

ce Tð Þ ¼ aþ bT þ cT2 ð5Þ

k Tð Þ ¼ aþ bT þ cT2 ð6Þ

3 Network Method

The network method uses the analogy between the electrical components and the
physical governing equations and has been detailed in several papers and books [8, 9].
For the design of the network model expressions (2)–(6) are used, to which the
boundary conditions must be added. Finally, the cylinder is spatially discretized into
volume elements and time is a system variable. Moreover, this method has been used as
an educational tool, Sánchez-Pérez et al. [10].

4 Results

The problem that we have proposed is a cylinder with the boundary conditions and
initials specified in the introduction section. In this work, we study three materials with
great differences between their properties: Aluminium A319 (LM4; Al–5Si–3Cu),
Copper alloy Cu–Al (Al–bronze) and 316 stainless steel. In all cases 10 h have been
simulated with the above conditions to be able to compare the behaviour between the
materials.

Table 1 shows the values for the constants of Eqs. (4) and (5) considering the
properties of temperature-dependent materials [1].

Table 1. Dependent properties of the temperature

Material Property

Emissivity Density
(kg/m3)

Thermal conductivity
(W/mK)

Specific heat capacity
(J/kgK)

a b c a b c a b c

Al 319 0.09 2753 −223 0 76.64 0.2633 −2 � 10−4 747.3 0.2 5 � 10−4

Cu–Al 0.15 7262 −486 0 7.925 0.1375 −6 � 10−5 353 0.3 −1 � 10−4

316 stainless Steel 0.28 7950 −501 0 6.31 0.0272 −7 � 10−6 412 0.2 −2 � 10−5
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Table 2 shows the values for the independent properties of the temperature at 25 °C.

Figures 2, 3, 4 and 5 show how the properties we have mentioned vary with the
temperature from 25 to 36 °C for the three materials we are going to study.

In Fig. 2, we can see how the density decreases its value in accordance with the rise
of the temperature. It also shows us the differences between the three materials. We can
see how Stainless Steel 316 and Cu–Al have a similar range of density while Al 319
has a density less than half of other materials.

Table 2. Independent properties of the temperature at 298 K

Material Property
Emissivity Density (kg/m3) Thermal conductivity

(W/mK)
Specific heat capacity
(J/kgK)

Al 319 0.09 2753 137.34 851.3
Cu–Al 0.15 7262 43.57 433.5
316 stainless Steel 0.28 7950 13.79 469.8

Fig. 2. Density from 25 to 36 °C

Fig. 3. Thermal conductivity curve from 25 to 36 °C
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In Fig. 3, we can see how the thermal conductivity increases its value slightly in
accordance with the rise of the temperature. We can see how Stainless Steel 316, which
varies approximately between 13.8 and 14 W/mK, and Cu–Al, with a range between
43.6 and 44.7 W/mK, have a similar range while the value of Al 319, varies between
137 and 138 W/mK, is much bigger, about 100 points beyond the others.

In Fig. 4, we can see how the thermal conductivity increases its value in accordance
with the rise of the temperature. We can see how Stainless Steel 316, which varies
approximately between 470 and 472 J/kgK, and Cu–Al, with a range between 433 and
436 J/kgK, have similar values while the value of Al 319, varies between 851 and
857 J/kgK, is much bigger, approximately twice the other values.

In Fig. 5, we can see how the thermal diffusivity increases its value in accordance
with the rise of the temperature. We can see how Stainless Steel 316 and Cu–Al have
similar values while the value of Al 319 is much higher. For all cases studied the
convective heat transfer coefficient is the same for air free convection, h = 10 W/m2K.

Fig. 4. Specific heat capacity curve from 25 to 36 °C

Fig. 5. Thermal diffusivity curve from 25 to 36 °C
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In the following figures we are going to see a section of the cylinder we have
simulated. The bottom and the top of the figures show the covers of the cylinder, the
right side shows the exterior of the cylinder and finally, the left side represents the
cylinder centre and it is considered with symmetry.

Figures 6 and 7 represent the results for the material 316 Stainless Steel. As we can
see, there is a difference of approximately 0.1 m for the same temperature between
constant and varying properties. In addition, we can see how varying properties reaches
6 °C more than constant properties.

Figures 8 and 9 represent the results for the material Cu–Al. We can see how the
temperature enters into the cylinder in a similar way in both cases, reaching 26 °C at
3.75 m, with variable properties, and 3.92 m, with constant properties. The temperature
raises 2 °C more for variable properties.
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Fig. 6. Results for 316 Stainless Steel with variable properties
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Figures 10 and 11 represent the results for the material Al 319. We can see there is
a difference of 0.5 m more or less for the same temperature, penetrating more for
variable properties. We can also observe how the variation of the temperature does not
affect as much as in the other materials.
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Fig. 8. Results for Cu–Al variable properties
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Fig. 9. Results for Cu–Al constant properties
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Finally, we study the behaviour of the materials for the same case. The material in
which the temperature penetrates more is Al 319, followed by Cu–Al and finally
Stainless Steel 316 with a difference of 1 m approximately between Al 3619 and Cu–
Al and half a meter between Cu–Al and Stainless Steel. The reason for this phe-
nomenon is the thermal diffusivity of these materials. While in Al 319 the thermal
diffusivity is higher and has more variation with the increase of the temperature, Cu–Al
and Stainless Steel 316 have lower thermal diffusivity. In Cu–Al we can see, in Fig. 5,
how this property has an influence of the temperature while in Stainless Steel 316 this
variation is negligible. That is, when the dependence of the material thermal diffusivity
increases with the temperature, the results difference increases when considering the
properties as constants or not, thus increasing the error committed.

The reason why the temperature increases more in Stainless Steel than in Cu–Al or
Al 319 is the emissivity. If we observe the Tables 1 and 2, the material which has the
highest emissivity is the Stainless Steel 316, allowing it to reach a temperature of 36 °C.
Cu–Al and Al 319 has a similar value for the emissivity, reaching similar temperatures
in both cases, 31 and 29 °C respectively.

5 Conclusions

After studying the same problem with three different materials, Stainless Steel 316, Cu–
Al and Al 319, we can conclude how the temperature influence in the properties
(density, thermal conductivity and specific heat capacity) affect the result of our
problem, presenting an evident difference between taking these properties like con-
stants or not. That is, when the dependence of the material thermal diffusivity increases
with the temperature, the resulting difference increases when considering the properties
as constants or not, thus increasing the error committed. It is more evident in Al 319
with a difference in temperature penetration of 0.35 m between considering the
properties constant or not, since its properties are the most sensitive to the temperature
variation. On the other hand, the reason why the temperature increases more in steel
than in the rest of materials, is due to it has a higher emissivity and a lower thermal
diffusivity.
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Abstract. In this work, we present an Augmented Reality framework for
handheld devices that enhance users in the comprehension of plant information
traditionally conveyed through printed Piping and Instrumentation Diagrams
(P&ID). The proposed framework augments on the P&ID of a plant some virtual
interactive graphics (hotspots) referenced to specific components drawn on the
P&ID. In this way, it is possible to easily find all the components belonging to
the same category (e.g., all the pumps). By tapping, on the tablet screen, on a
single hotspot further multimedia information can be displayed: technical data,
3D CAD model of the component, and 360° images of the plant section. The
application is connected to the factory database where all the information
associated with the plant components is stored. We used, as a case study, the
cleaning section of a milling plant. With the tool presented in this work, tech-
nicians will be able to find information updated and in less time, so reducing the
intervention time and increasing the accuracy of the operations. Furthermore, the
cognitive load associated with the task of understanding the plant is highly
reduced through the use of virtual information displayed using Augmented
Reality.

Keywords: P&ID � Augmented Reality � Technical information � Industry
4.0 � Industrial plant

1 Introduction

One of the biggest impacts of the fourth industrial revolution on industrial companies is
the shift from mass production to mass customization of their products. Mass cus-
tomization mainly implicates the centrality of the consumer, with a revision of the
production chain management models as well as the use of innovative technologies
(Augmented and Virtual Reality, 3D printers, new materials, and so on). Production
lines then will be suitable for rapid change in their configuration to satisfy customer
requirements.

In these smart factories, plants will be even more complex, and their configuration
will change over time (e.g., in case of maintenance, plant upgrade, and so on). It is
important to provide operators that work on the plant always with all the updated
information about it. For example, designers that are planning a new production need to
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know the layout and the interconnections between the components of the plant,
maintenance operators need information about the history of maintenance of a machine,
new operators need to understand how the plant is made, and so on. Currently, all this
information is stored in the P&ID (Piping and Instrumentation Diagram or Process and
Instrumentation Diagram). It is a drawing showing the interconnections between the
equipment of a process, the system piping and the instrumentation used to control the
process itself.

According to Weber [1], P&ID are widely used in the planning and maintenance in
the process industry. Common tools for the creation of these graphical plans for
hydraulic systems are (amongst others) Autodesk AutoCAD, Microsoft Visio, and
Lucidchart. However, the representation through the P&ID of a plant is not the best
visualization method, especially for complex plants. A deep knowledge of the plant is
necessary to understand the function of each machine quickly. Otherwise, it would take
a long time to receive all the information from the scheme. The P&ID does not contain
additional information on machinery, such as the description of the machine’s func-
tionality or maintenance history. It also requires constant updating because of system
modifications.

Many companies use P&ID in paper form, for which the recognition of the various
components and their functions is often tied to the know-how of the technicians
working in the company. To improve the comprehensibility of P&ID, other works have
already been presented in the literature. Many specialists have tried to develop systems
that automatically transform the P&ID from a paper to a digital form, including the
automatic recognition of the component. Arroyo et al. [2] presented a method based on
optical recognition and semantic analysis, which is capable of automatically converting
legacy engineering documents, specifically P&ID, into object-oriented plant descrip-
tions and ultimately into qualitative plant simulation models. Tan et al. [3] proposed a
novel framework for automated recognition of components in a P&ID of raster form,
based on image processing techniques to make a mathematical representation of the
scanned image. They further extended this method to acquire also the connectivity
among the components [4].

With this tool, technicians can easily understand the components and connections
in the plants even if they do not know the coding of the symbols used in the P&ID.
However, this tool does not help operators in support of decisions, since it does not
provide further information, for example for the planning of maintenance procedures.

In this work, we propose to use Augmented Reality (AR) to help operators in the
correct understanding of a plant and to retrieve useful information about the plant (e.g.,
machines layout, history of maintenance, and so on). AR has been successfully used to
support operators in all the phases of the product lifecycle. Nee and Ong [5] provided a
review of some studies of AR applications in manufacturing operations, such as pro-
duct design, robotics, facilities layout planning, maintenance, CNC machining simu-
lation and assembly planning. From the literature, we know that AR allows technicians
to reduce intervention times, helps the learning of new technicians, improves safety in
the work environment [6–8].

Uva et al. [9] used real technical drawings as a tangible interface for design review.
However, they stated that a practical drawback of the system is due to the limits of the
optical tracking system, based on fiducial markers printed on the drawing, which is
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sensitive to camera quality, calibration, illumination. In this work, we used the image-
based tracking which is more stable and accurate, and it further does not imply
modifications on the original drawing.

Hou et al. [10] made an experimental study to demonstrate that the AR/VR training
system that they developed can enhance the quality of training with respect to tradi-
tional training paradigms, based on P&ID: it can save the manpower, decrease the
travel distance during the work, reduce the learning time, and improve the learning
performance. Andaluz et al. [11] developed a VR application to create virtual envi-
ronments to allow undergraduate students to start familiarizing with physical connec-
tions, instrumentation, and equipment as they would be in real process. The virtual
environment was created by converting a P&ID into 3D CAD models using AutoCAD
Plant 3D. These training systems provide a high level of details for operators that
should make step-by-step procedures on the plant. Authoring of these environments
require a high effort and they are not easily updatable.

Li et al. [12] made a review of VR/AR prototypes, products and the related training
and evaluation paradigms within the research and construction industry in the past two
decades. They found that AR has been effectively used for on-the-job training of
operators in the conversion of safety information directly from paper-based plans to
actual work. It is important to note that the authors underline the concern about what
kind of educational methods, theories, and tools could be smoothly embedded into
VR/AR systems to improve the performance of training and education.

This concern may be solved with the development and testing of training platforms
in different domains, like the one described in this work. We developed a dedicated
Augmented Reality framework for efficient visualization of technical plant information,
through a handheld device, augmenting the printed P&ID without modifications to the
drawing. The proposed framework helps inexperienced operators to understand com-
plex plants in less time and to retrieve technical information more efficiently and
engagingly, respect to the traditional manner based on the reading from paper docu-
ments. Furthermore, technical information is always up to date thanks to the connection
to a database where all the plant’s data are stored.

The main features of the application that we developed are the followings:

• Displaying of virtual hotspots in correspondence of plant elements on the P&ID; the
hotspots could be of assorted colors to indicate different elements: e.g., pumps,
conveyors, filters, and so on.

• Filtering of the hotspots displayed at the same time, grouped either by category
(e.g., all the pumps, all the conveyors, and so on) or by subsections of the plant.

• Displaying of technical information of a selected component of the plant; this could
be either plate data (e.g., model number, supplier, efficiency, and so on) or history
data (for example about maintenance and modifications).

• Displaying of a 3D representation of a selected component; this could be done
through a 3D CAD model of the component, if available, a 3D reconstruction of a
scan, or finally a 360° picture of the selected section.
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2 Materials and Methods

The framework was designed using Unity 3D and Vuforia for the AR behavior. As
for the tracking method, we tested both the Vumark tracking by Vuforia and the image-
based tracking, using the P&ID image as trackable. The Vumark technique had the
following disadvantages. To have a precise tracking, the camera must frame the
Vumark, so it was hard to visualize virtual hotspots far from the Vumark on the
drawing. To overcome this problem, we used the extended tracking, but there was a
drift, so the location of the virtual object was not always correct. Adding Vumark on
existing drawings would not be accepted by companies because it removes space for
the drawing unless it was not placed in the title block. However, in this case, it was
hard to track the rest of the drawing that in most cases are printed on large sheets. For
these reasons we decided to use the image-based tracking using the digital version of
the drawing as trackable (Fig. 1); an important remark is that all the lines in the
drawing should be black in order to achieve the highest tracking quality. Black lines on
white sheets are mostly used in technical drawings, according to the drawing standards
(UNI EN ISO 128-20:2002), however for P&ID other line colors are often used
because many lines may overlap and also to distinguish the fluids flowing.

From “AutoCAD plant 3D” [13] we exported a datasheet of the (X, Y) coordinates

Fig. 1. Feature points used by Vuforia for the tracking
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of the plant components and they were used for the positioning of the virtual hotspots
in Unity. We associated a precise color to the hotspots according to their category,
as resulting from AutoCAD classification. Then, we made a script to filter the visu-
alization of the components displayed at the same time (Fig. 2). In this way, users
would have fewer troubles in the identification of components in the P&ID.

When users tap on the virtual hotspot on the device, that hotspot gets bigger,
whereas the others get smaller and become not selectable, and the name of the plant
component is displayed. A menu appears on the screen with three selectable buttons.
We tested both 2D buttons, i.e., with a fix position on the GUI, and 3D buttons (pie
menu) that are registered on the trackable as a generic virtual element (Fig. 3). In the
final application, we decided to use the latter because they cause less occlusion of the
real world and their usage is more intuitive since they appear just close to the selected

Fig. 2. Example of usage of the application: users can filter the visualization of the hotspots
through a menu displayed on the GUI
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hotspot. When the user clicks on the hotspot, the buttons appear (Fig. 4) while clicking
a second time they disappear.

A first button opens a technical chart of the component with all the information
retrieved from a database (Fig. 5a). We used an SQLite database automatically gen-
erated from AutoCAD Plant 3D. The information can be added either in AutoCAD
Plant 3D or in the database since they are synchronized.

A second button opens a navigable 3D CAD model of the selected component to
learning how it is made (Fig. 5b). The CAD model could be either a model generated
from scratch or a mesh reconstruction of a point cloud deriving from the scanning of
the real machine.

Fig. 3. Comparison of the hotspot menu layout: 3D on the top and 2D on the bottom

Fig. 4. User tapping on the hotspot to visualize the menu to access technical information
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A third button opens a 360° image of the component and its surroundings in the real
plant (Fig. 5c). In this way, it is possible to learn how the component is connected to
the rest of the plant and its real location within the plant.

3 Results and Discussion

As a case study, we tested the application developed in this work for the following
scenario: inexperienced operators are asked to retrieve information on some plant
components displayed on the P&ID. We simulated that they were in the plant, i.e., they
could not access to personal computers, but only to paper manuals or handheld devices
(smartphone, tablet). The P&ID was that of the cleaning section of a milling plant.

The AR application is the one described in Sect. 2, and the displayed hotspots are
on conveyors, tanks, filters, and inline instruments. From the menu on the GUI users
could display the hotspots of the desired classes, e.g., only conveyors. The pie menu
allows the operators to display useful information from a database (e.g., the floor where
the selected component is located), a CAD model of the component, and a 360° image

Fig. 5. Visualization of additional technical information through a pie menu: a technical chart
with information retrieved from a database (a), a navigable 3D CAD model (b), and a 360° image
of a plant section (c)
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of the component within the real plant. The application was tested on the tablet
SAMSUNG Galaxy Note 10.1, and the smartphone OnePlus 3.

We made a study with undergraduate students to test the usability of the application
and gather useful feedback to improve the application design. The task was that of
finding information on five different components indicated on the P&ID.

The main results of the usability study are:

• users found the pie menu not so comfortable, especially when the button to be
pressed is behind the hotspot;

• users suggested to leave the user the possibility to rotate the pie menu around the
hotspot freely;

• users preferred the smartphone from an ergonomic point of view because it is more
comfortable to handle;

• users preferred read information on the tablet because the screen is larger.

The case study developed is just an example of how this application could be used
for the training of new operators. However, the application can also be used for other
industrial activities. The other potential beneficiaries of this application are:

• Maintainers: they can know the position and all the needed information of the
components to be repaired. In this way, maintenance operations would be more
accurate and require less time to be accomplished.

• Designers: they can easily make changes to the layout of the plant through the
correct understanding of the single components and their connections.

• Security technicians: they can be aided in the updating of the plant security devices
through the knowledge of the number, location, and features of the machines.

• Supervisors: they can control the state and the history of all the machines on the
plant remotely.

• Visitors: they can be trained on the functioning of the plant through a direct
association between the functional information of the drawing and the real form of
the components in the plant.

Our work could be integrated with the method developed by Neges et al. [14]. They
proposed the synchronization of engineering data, including the P&ID, via a dynamic
graph-based model. With the integration of the two frameworks, it would be possible to
both visualize and manipulate in real time, the P&ID, and the related technical infor-
mation. A future step of this research is that of displaying dynamic information like
Key Performance Indices of the plant directly from the P&ID. Other future works will
involve the optimization of the Graphical User Interface through user studies and the
development of the framework on other AR devices.
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4 Conclusion

In this work, we present an Augmented Reality framework for the displaying of
technical information on plant components attached to the P&ID of the plant. As
observed by Nakai et al. [15], sharing plant information is important for making quick
decisions and prevent miscommunications. However, they proposed as a communi-
cation mean text messages and P&ID, whereas we propose to enhance the P&ID with
digital and updatable information displayed in Augmented Reality with a consequent
reduced cognitive load for final users, as shown by the literature in the field [7, 8, 16].

The main development issues addressed in this work, supported by a usability
study, are:

• Tracking of the printed P&ID: we compared marker based-tracking with image-
based tracking, choosing the second one for this application. Contrary to marker-
based tracking, dozens of feature points may be found from a single image, which
means that the picture can be partly covered up, and the tracking will still work.
With the increased computing speeds of the processors in the modern mobile
devices, the tracking speed is no longer an issue with image-based tracking, as it
was in the past.

• Choice of the device for the visualization in AR: we designed an application for
handheld devices since they are readier to use in an industrial context. Users did not
show particular preferences for the smartphone or the tablet. In future develop-
ments, we will explore the possibility to implement this framework on other AR
devices (e.g., Head-Worn displays, projection tables) with a specific study on user
interaction.

• Development of a dedicated user interface: we derived the shape of the hotspot from
that of web mapping services like Google Maps. We also tested two types of menu
buttons, 2D and 3D, to access technical information about a specific component.
We decided to use 3D buttons in the form of a pie menu since they cause less
occlusion and are more engaging for the final user. However, users did not feel
comfortable the pie menu, and they suggested to leave the user the possibility to
rotate it freely.
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Abstract. Nowadays, Building Information Modeling (BIM) is a common
design approach to support the life cycle of projects in the field of Architecture
Engineering Construction (AEC). New constructions’ projects require a BIM
modeling to provide digital information within a 3D digital mockup. The main
target is to reduce time and cost related to the elaboration of additional and not
integrated documentation. This issue is also common in projects focused on the
renovations of existing buildings. In fact, the BIM approach provides tools to
improve interoperability between different software to integrate analysis and
simulations within the architectural representation. The renovation projects
require reverse engineering tools and methods for the 3D modeling of existing
structures. One of the issues concerns the digital photogrammetric survey of
glass surfaces. This paper proposes a design approach to support BIM phases for
already existing structures with a test case focused on a hallway with a con-
tinuous glass wall.

Keywords: BIM � Steel-glass buildings � Photo survey � Photo matching

1 Introduction

Building Information Modeling (BIM) is an approach to support the design of structures
in the field of Architecture Engineering Construction (AEC) [1]. This modeling approach
was born about 30 years ago [2, 3]; one of the first BIM tools was ArchiCAD®,
developed by Graphisoft in the 80s. However, today this method is fully developed in
only few countries in the world [4], such as Anglo-Saxons nations. United Kingdom is
one of the more important countries in the world for the widespread development of BIM
modeling in private and public areas [1, 4, 5]. In Europe, different initiatives have been
implementing [5] in Italy, Spain, French, and Germany for 5–10 years.

Nowadays, many countries require BIM models in the public procurement agree-
ment for AEC contracts [1, 5]. This approach is not only applied for new constructions,
but it is also used for renovation activities in existing buildings and cultural heritage. The
necessity to use BIM models in public procurements enhances the use of it in private
applications as well. This modeling approach provides many advantages [2, 5] such as a
great reduction of printed documents, a good interoperability between different software-
tools (such as CAD and FEM solvers), the maintenance scheduling, and the use of an
Objected-Oriented model with every attribute and information. Projects of new buildings
can be elaborated using BIM software and methods; however, today, many projects of
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renovation also require BIM models due to the related advantages. Even if a BIM
representation can be expensive for already existing structures, the possibility to manage
all life cycle [6] is a very interesting issue. The scheduling of maintenance and the
possibility to integrate all project information in one file have been increasing the use of
BIM in several civil applications. A BIM model is also suitable since the possibility to
integrate structural and architectural models with the digital representation of piping and
electrical routings (MEP, Mechanical/Electrical/Plumbing).

This paper proposes a design approach to support BIM phases for already existing
AEC structures. In particular, the test case shows the interior modeling of a glass
hallway. The study case is focused on the former Centro Istruzione IBM, which is a
famous Italian building used by IBM as education center for its employees between
1974 and 2003. Nowadays it’s the main office of the University eCampus (Fig. 1). This
complex building was designed by the Italian architect Bruno Morassutti, who was a
student of Frank Lloyd Wright. In 1970s this structure was considered as an icon for
modern steel-glass structures.

The BIM modeling of a 120-m glass hallway has been proposed in this research. In
particular, the modeling starts from the photogrammetric survey of the hallway
structure that represents a cheap and fast technique to obtain the 3D digital model of
buildings for the BIM implementation. The complexity of this specific survey is due to
the vertical glass surfaces, which don’t allow the automatic meshing to be elaborated
using photo matching algorithms.

The remainder of the paper consists of an introduction to the reverse engineering
problems for glass facades, a description of the overall approach, and a test case with
results and discussions.

2 Glass Facades: Reverse Engineering

Advanced surveying methods, as LiDAR (Light Detection And Ranging) and pho-
togrammetry, can be used to acquire 3D geometries from physical structures, also with
integrating approaches between the LiDAR data and the multi-image techniques [7, 8].
Usually, this step is the beginning of a BIM modeling related to a renovation work.
However, glass surfaces, such as facades, are difficult to be elaborated using commercial
instruments. LIDAR instruments cannot be applied because laser rays cross the glass plate

Fig. 1. The building complex of University eCampus (architect Bruno Morassuti)
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[9] due to transparency. On the other hand, algorithms for the automatic restitution of a
photogrammetric survey present difficulty in the processing due to the glass reflection and
transparency. Unfortunately, the modern architectural buildings are characterized by
wide glass and reflecting surfaces, that often cover the entire structure of the buildings.

Transparent or reflective surfaces such as glass can be hardly measured with the
digital image sensors and with LIDAR as well, because these surfaces can create
mismatches and blunders. The reflections of the surrounding objects around a glass
facade or surface can even produce ghost structures [10]. For these reasons the glass
surfaces of a building façade are usually removed from the images during the matching
process. As solution, this paper describes a methodological approach for the modeling
of structures with vertical glass surfaces. The proposed test case shows how the
combination of 3D modeling and photo matching can support the CAD representation
in a BIM project for existing buildings with glass surfaces. The employment of photos
in the 3D modeling activity allows the vertical parts of a structure to be easily repre-
sented into a CAD system. In fact, technical documents of existing buildings often
regard drawings with sheets more focused on 2D layout than vertical structures.

3 Method

A design approach to support BIM phases for already existing buildings is described in
Fig. 2. This methodology can be used for the digitalization of structures, which are
difficult to be surveyed with automatic tools such as laser scanner of photogrammetry.
Glass facades are an example of surfaces which cannot be recognized with automatic
survey algorithms and tools. They require a manual modeling of the geometrical
domain. However, the modeling phase can be supported by set of photogrammetric
images. The modeling from photos is a valid practice [11] in architecture and engi-
neering. Some commercial tools, such as Sketchup®, provide features to rapid mod-
eling volumes and surfaces from photos. However, a methodology approach is
necessary to support the complex BIM design of a structure.

Fig. 2. The BIM modeling for an existing building
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The approach, highlighted in Fig. 2, shows a mix of input to support the definition
of a BIM model. Drawings and native projects are necessary to define the project layout
per each building’s level. General and detailed information can be gathered to be added
into a BIM model. Information can regard the maintenance booklet, the list of provi-
ders, the description of materials and so on. The set of digital photos is a collection of
images which can be used as a baseline point for the digital modeling. A simplified 3D
digital model can be elaborated from manual or automatic photo matching. This paper
proposes a manual recognition of surfaces and edges to be used in a further 3D
modeling. The use of photos is important since they show the building in the present
form, which can be different from the early project drawings. Therefore, the pho-
togrammetric survey can be considered as a necessary task in the BIM modeling of
existing structures. While the survey of the interior design only requires the use of
traditional terrestrial cameras, cameras could be mounted on UAV (Unmanned Aerial
Vehicle) platforms for the surveying of exterior design. Summarizing, modeling input
consists of a set of images, technical drawings, and any information about materials,
plants, maintenance, etc. These three levels of information are necessary to define a
BIM model.

Figure 3 describes an example of photo matching to support the 3D modeling of a
part of an interior building. In particular, Fig. 3 compares the match of a photo with the
relative 3D model. The photo matching is proposed as a rapid digitalization approach to
reproduce 3D bodies and surfaces into a CAD environment. The interaction between
photo matching a technical 2D drawings can improve the accuracy of the resulting
model. The interoperability of common BIM tools allows digital model to be imported
and exported from and to different CAD platform. In fact, while some CAD tools are
very suitable to draw 3D entities inside a conceptual project, other ones are better
suited for the information management.

The resulting 3D representation is an interpolation between drawings and photo
matching. Within the geometrical modeling phase, every necessary information should
be added to the digital mockup. In fact, the BIM approach provides that each structure
element is classified using an IFC (Industry Foundation Classes) description. The IFC

Fig. 3. Photo matching (a) and the resultant 3D model (b)
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platform is a neutral and open file format, which is has been developed by build-
ingSMART (also known as the International Alliance for Interoperability, IAI) and
standardized by ISO 16739:2013. The IFC format is an object-oriented information
which includes construction data such as geometry, manufacturing, materials, provi-
ders, and so on. The IFC structure, related to the analyzed digital mockup, encloses the
digital representation with every added information.

4 Study Case

This section describes the BIM modeling of a 120-m glass hallway (Fig. 4), which is a
part of the ground floor of the eCampus building (Fig. 1), as described into the
introduction section.

A BIM model related to the highlighted glass hallway has been defined as a test
case. The resulting BIM model only concerns one object, which is a 120-m glass
hallway related to the ground floor level of the building. However, the representation
level consists of three sub-levels such as Floor System, Vertical System, and Ceiling
System, as described in Fig. 5, each sub-level concerns a set of Objected-Oriented
(O-O) items such as glass panel, downlight block, doors, walls, and so on. These items
are components and they are classified with attributes inside the BIM model. First, a
BIM component has a geometrical representation which regards the definition of the
full 3D features with details about colors and constitutive parts. Then, other attributes
regard variables for the resizing of a BIM component and output parameters such as
weight and metric information. Finally, the last set of parameters concerns the IFC
classification and the construction information related to each component.

Fig. 4. Photo of the glass hallway analyzed in the proposed paper
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The paper shows a BIM model defined using the Sketchup® framework. Even if
Sketchup® is not formally a BIM tool, it can be involved in a BIM modeling activity
due to its advantages such as rapidly, open libraries, O-O modeling approach, IFC
classifier, and so on. A 3D Warehouse, with several libraries of components, allows the
interior areas to be represented with a high-level of details if compared with the use of
traditional BIM tools. However, customized scripts and plugin must be implemented in
Sketchup® to optimize the analysis related to metrics information, cost estimation, and
maintenance booklet. Therefore, Ruby scripts have been developed to perform the
information management and analysis related to the BIM model proposed.

Figure 6 describes the photo survey, which was carried out for the 3D modeling.
About 100 photos have been collected to support the modeling activity. As highlighted
in Fig. 7, the technical drawings only describe the information concerning dimensions
and layout. Additional information such as glass panels, steel frames, door type, and
lighting are missing. All this information can be only added using a BIM-based
approach. Therefore, while the 2D drawings have been used to reproduce the structure
layout, photos have been used to complete the detailed modeling.

Fig. 5. The structure of the BIM model

Fig. 6. The technical drawing and a description of the photo survey
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As result, a first BIM model has been achieved for the proposes hallway. While
Fig. 8 describes the internal area of the proposed hallway, Figs. 9 and 10 show the
external representation with the continuous glass façade.

Fig. 7. Detail of technical drawing

Fig. 8. An internal 3D view of the hallway area

Fig. 9. An external view of the glass hallway with the glass façade
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5 Conclusions

The paper describes a methodological approach to support the BIM modeling for
existing structures. As case study, a glass structure has been proposed to show how
photo matching can overcome limits related to LIDAR and photogrammetry survey for
transparent surfaces. An input mix of photos and technical drawings has been applied
to perform the building model of a 120-m glass hallway.

Typical modeling difficulties have been noticed during the design phase. While
some of them are related to the differences between the structures and technical
drawings, others concern problems in photo matching. In fact, due to the quality of
interior photos, sometimes the edge recognition has been difficult to perform for the
matching phase. Additionally, a computer with a good-level of performance is required
for the modeling of complex structures. However, using a set of low-cost photographic
images and software already known by specialists (architects and engineers), like
generic CAD tools and Sketchup®, a first BIM of a part of the building has been
obtained and this deliverable could be used to drive, for instance, the energetic
requalification of the 70s buildings, changing the glass and their frames.

As future development, the authors would like to define a matching algorithm using
Ruby programming scripts to support the automatic matching of photos during the 3D
modeling phase. This approach could be applied for the exterior modeling of buildings.

Acknowledgements. The authors thank Università degli Studi eCampus for providing them
data and information related to the test case proposed in this paper.

Fig. 10. The model of the glass hallway (120 m)
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Abstract. Surgical interventions for jaw reconstruction require the design and
the production of surgical guides that allow the surgeon to operate quickly and
accurately. In some cases, the reconstruction is performed by inserting a
prothesis, thus operating exclusively on the jaw, while in other cases the
reconstruction is performed by withdrawing and inserting part of the fibula in
place of the original jaw bone. This project aims to develop a procedure that
allows 3D modeling of the surgical guides necessary for surgical intervention.
The idea is to find a surgical guide archetype, a starting shape for the surgeon so
that the cutting planes can be oriented without the surgical guide having to be
redesigned from scratch for every single patient. The first step of the procedure
is the segmentation, performed applying the thresholding operation on the
images provided by magnetic resonance MR in order to identify the region of
interest (ROI). The second step is the reconstruction of the 3D model, so that a
mesh is obtained from 2D images. Subsequently the mesh is post-processed and
the cutting plans along which the surgeon will intervene are defined.

Keywords: Surgical guides � 3D modeling � 3D reconstruction � Maxillofacial
surgery

1 Introduction

In surgical interventions, as in maxillofacial operations, the bones borders that have to
be resected are determined by using a specific tool: the surgical guide [1]. The
advantages of using them are to reduce surgical time and, most of all, enhance clinical
outcomes.

Surgical guides are usually designed from scratch for each specific patient and this
entails a considerable cost in terms of money and time. In particular, in case of urgent
interventions, such as the removal of a mandibular tumor [2], the time to obtain a
surgical guide may not be sufficient and it is necessary to search for other solutions.
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Due to these issues, the development of a procedure that leads to the modeling and
printing of cutting guides [3] on site would be desirable [4]. Nowadays the cost of 3D
printers has greatly decreased [5, 6] and can easily be amortized by medium-large
hospital facilities.

The 3D reconstruction process of parts of human body, and in particular bone
structures, is a widely dealt with topic in literature and it has been studied in deep in all
the steps of the process.

Medical images are segmented to identify regions of interest (ROIs) and this can be
done by choosing one of the several methods described in literature, including
thresholding [7], clustering [8], edge detection [9] and region based algorithms [10].

The reconstruction step of a 3D model is performed using the marching cubes
algorithm [11] implemented in many open-source [12, 13] and paid software [14].

Once the 3D model is obtained, it is possible to develop various applications, which
can be helpful mainly during the diagnosis and post-intervention evaluation phase [15–
17]. However, 3D modeling is not limited to the sphere of virtual visualization [18].
For several years there is the possibility of printing prostheses of an increasing number
of parts of the body such as the arm [19], parts of the skull [20] tissues and organs [21]
and to use rapid prototyping techniques for oral and maxillofacial surgery [22] thanks
to the improving of accuracy that is growing up day by day [23]. Eventually, the 3D
model could be useful in the operating room, after solving the problems linked to the
sterilization phase [24].

All the steps listed above compose a procedure that nowadays is performed by
different people, an issue that do not conciliate with money and time constraints. This is
the reason why maxillofacial surgeons are recently dealing with software able to
reconstruct 3D model of mandibula and surgical guides, obtaining interesting results in
terms of speed, accuracy and satisfaction [25]. Ganry et al. [26, 27] developed a
procedure to standardize the solutions advanced by few independent surgical teams for
the mandibular reconstructions with the fibula free flap.

In other works, such as [28–30], the surgical guides were correlated to the
pathology, presented, used and the results in terms of clinical outcomes were discussed.
But these works did not describe how to obtain 3D reliable and precise information
from the CT/MRI slices, how to define the cutting plane positioning and orientation
and the modeling procedure of the guides based on a proper 3D geometrical definition
of the models features.

In the present literature, there is lack of clear guidelines and a specific protocol for
designing surgical guide with an objective methodology is desirable.

This article aims to illustrate a method for modelling surgical guides exploiting
GD&T principles [31] in order to obtain a more stable tool defining proper reference
system. Stability and proper positioning is a critical issue in this type of interventions
due to the presence of soft tissue between the surgical guide and the bone to be
resected, especially in low-curvature areas that does not constrain the degrees of
freedom of the guide. Thus, a more objective definition of cutting planes positioning is
provided. The method will be treated in the next section, the results will be shown in
the third paragraph and in the last paragraph conclusions will be drawn.
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2 Methods

Before implementing the design process, a bone model has been produced transforming
TC Dicom images in a 3D mesh using open-source tools like 3DSlicer or InVesalius.
After that the choice of the proper modeling environment has been considered. Some
feature-based parametric CAD programs were tested for the purpose, but it resulted that
the imported 3D mesh is managed as a single entity on which the common CAD
operations like selection, coordinate and normal vector measurement and sectioning
don’t work properly. So, the testing was oriented toward 3D computer graphic appli-
cations that can properly manage mesh models and Blender [32] has been chosen as a
case-study platform.

The case-study consists in resecting the lower part of the mandible due to the
necrosis that is affecting the tip of the bone. Figure 1 presents a practical example for
describing the design methodology and the relevant geometrical features.

The steps required to design the surgical guides are:

1. identification of the cutting plane position and orientation,
2. definition of the tangent plane where to build the guide,
3. definition of the guide block as a solid feature,
4. definition of the guide reference frame for precise positioning during the surgery

operation,
5. merge of the two models,
6. formation of the fixing holes and
7. formation of the blade aperture by means of subtract boolean operation.

Fig. 1. Patient initial state. It was subjected to a previous surgical intervention where the
mandible was resected and substituted with a metallic prosthesis. Due to complications the lower
part of the other side mandible (highlighted in red) is going to be resected
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In the first step the surgeon is asked to define an initial trial position for the cutting
plane. This is done by using the plane manipulators in order to define the centre point O
of the plane and the orientation of the plane normal vector ~n (local z axis). The plane
normal is then automatically adjusted through the rotation around the x; y axes between
a �D angle limit, with a fixed angle step set to D/th. For each iteration the section area
is computed and the configuration giving the smallest area is assumed to be the proper
orthogonal section. The resulting section area is described by a contour of connected
lines, divided by point entities, as shown in Fig. 2.

The tangent plane is defined by choosing a P point in the section contour. Con-
sidering that the data set of the contour contains all the points locations and their
connections it is possible to select the points preceding ðP1Þ and following P2ð Þ the
point P. The orientation of the tangent vector~t can be defined as the average orientation

of the two vectors P1 � P
����!

and P� P2
����!

(which is simply P1 � P2
�����!

) then cross-multiplied

with ~n:~t ¼~n� P1 � P2
�����!

.
The tangent plane is oriented with a rotation around the~t vector in order to make

one of its principal axis parallel to the normal plane~n. The rotation angle is computed
as the dot product of the two vectors: a ¼~n �~t.

The modeling of the guide block is now possible: upon the tangent plane, that is
properly positioned, it is possible to draw the shape of the surgical guide referring to
the P point and the local x; y axes for position and orientation. In the example of Fig. 3
a simple parallelepiped has been modeled: a rectangle has been centered on P, aligned
with the local coordinates, with the width considering the thickness of the saw plus the
thickness of the two walls on both sides and the height considering the height L of the
mandible, measured from the section of Fig. 2, plus the thickness of the material above
and below the saw.

Fig. 2. Normal plane and tangent plane identification
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The rectangle is extruded in two directions: away from the mandible, to define the
guide height and toward the mandible. The extrusion toward the bone has a depth
greater than any gap between the tangent plan and the bone model. Using a boolean
operator, the mandible is then subtracted from the guide to shape the guide block with
the negative shape of the bone. This allows the proper contact of the surgical guide
against the bone. The edges of the block are smoothed with a fillet.

The positioning of the guide on the mandible is another issue. The concave shape
impressed on the block in that particular position is quite similar to a cylindrical
surface, so it allows the translation of the block along its axis and the rotation around its
axis. Depending on the surgeon intentions, two alternatives can be pursued: if the
surgeon requires the possibility to adjust minutely the guide position, then the block so
obtained requires only to be completed with fixing points. Otherwise, if the surgeon
requires a precise and error-proof positioning, a reference frame has to be modeled.

The term “reference frame” is borrowed from GD&T definition of the international
standards ISO-16792 (and related norms) or ASME Y14.41. Here the goal is to define a
set of geometrical features (planes, axes, points) that can be used to build a coordinate
system on which both the part to be measured and the measurement system are aligned
and zeroed. Suggestions on how to define a stable, repeatable and exact constraint1 datum
reference by selecting appropriate geometrical entities can be found in Refs. [33, 34].

Figure 4 shows the geometrical entities that are relevant for this work:

1. The principal datum A is the lateral surface of the mandible. It is to be approximate
to a plane to plane constraint because of its low curvature. This orients the guide in
the space and removes three degrees of freedom: the object will be able to translate
along two directions tangent to the plane and rotate around its normal.

Fig. 3. Properly positioned normal and tangent planes (on the left). Extrusion of the guide block
(on the right)

1With an exact constraint all the 6 degrees of freedom of an object in the Cartesian space are locked.
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2. The secondary datum B is the lower border adjacent to the mandible angle. This can
be simplified as a line to line contact, removing two further degrees of freedom and
locating the object in a precise position in the principal plane. The object will be
only able to translate along this axis.

3. The tertiary datum C will be a contact point on the rear vertical border adjacent to
the mandible angle. This will remove the last degree of freedom, locking the object
in a precise position along the secondary axis.

The selected geometrical features can properly orient and locate the surgery guide
against the real mandible.

The corresponding surfaces are selected in order to build the reference part of the
surgical guide. The surfaces need to be offset from the bone model through the
implementation of a scale operation: the scale center is automatically placed in the
center of mass of the model, given the distance d of one model point from the origin,
the scaled measure will be: d0 ¼ d � s with s the scale factor. The wall thickness of the
reference body is th ¼ d0 � d ¼ d s� 1ð Þ. Inverting this, it is possible to obtain the
scale factor required to build a wall of a chosen thickness: s ¼ th

d þ 1.
The so scaled surface presents an offset from the mandible model equal to the

thickness of the reference body. It is sufficient to extrude the surface along the principal
direction or the normal (mean) vector of the principal datum surface to produce the
desired model as shown in Fig. 5.

The last step requires to join the two bodies and then cutting the blade aperture the
fixing holes. The tangent plane and its insertion point are used again to draw the
rectangle of the blade cutout. This is extruded in both direction and subtracted from the
guide. Holes are sketched as circles on the tangent plane, then extruded as cylinders
and cut from the guide volume. The final result is shown in Fig. 6

Fig. 4. Rear view of the mandible with the features defining the reference system
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3 Results and Discussion

Following the procedure described in the previous section a surgical guide for the
resection of a mandible affected by necrosis has been modeled in about 4 h. The patient
had complications due to a previous prothesis implant intervention, nevertheless the
modelling of the surgical guide explained above focused on the remaining right part of
the mandible.

Fig. 5. Scaling and extrusion of the reference part (in red), overlapping the guide block (green)

Fig. 6. Final surgical guide. Reference and block parts were joined, fixing holes and blade
cutout were added
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The surgical guide has been obtained conciliating GD&T principles, in order to
achieve a better fit between the guide and the bone surface thus a better stability, and
the surgeon’s need of customize the guide for the specific patient. For this purpose, the
cutting plane positioning and orientation refer to the surgeon and the guide is modelled
considering his choices and a proper geometrical description. The lack of a proper data
structure able to implement feature-based parametric modelling requires to partially or
totally erase the geometry and rebuild it if an optimization change is required. So, the
procedure is not completely automatic, an issue that will be faced in future work.

However, the surgical guide has been theoretically validated by surgeons and a
picture of the 3D printed model is the underlying Fig. 7.

4 Conclusions

This case-study aims to illustrate the design of a surgical guide exploiting geometrical
features of the mandible surface and to draw the guidelines for standardize the pro-
cedure. The model obtained has been positively evaluated by the medical team, then
3D printed and finally validated by the surgeons. Indeed, it is going to be used on the
actual case to perform the resection of the mandible area affected by necrosis.

The future work will be focused on two different directions. Firstly, the procedure
will be tested on a more extended set of case studies. Then, it will be simplified
automatizing the single steps required for obtaining the 3D model. Finally, a Principal

Fig. 7. 3d printed model of the surgical guide

308 L. Ulrich et al.



Component Analysis will be performed to achieve an archetype of surgical guide, a
baseline for the modelling process. A Cluster Analysis could be required if morpho-
logical differences between various mandibles will result too wide, the overwhelming
likelihood due to different patients’ categories and pathologies.
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Abstract. Although the CAD parameters allow to update easily the geometrical
model, the numerical models updating into Finite Elements (FE) software with
different mesh result to be often heavy, due to the necessity both to create new
mesh and to make usually time consuming and complex CAE calculations for
updating the loading conditions. The aim of the present research is to devise a
reliable methodology and at the same time to reduce computational burden in
the shape optimization studies of mechanical components. In particular, an
integrated Multibody (MB) and Mesh-Morphing (MM) approach was developed
to perform shape optimization, in order to reduce maximum tensions. Using the
RBF Morph ACT Extension plugin implemented in the commercial solver FEM
ANSYS® Mechanical vers. 18.2 along with the commercial MB software MSC
ADAMS® vers. 2017, shape optimizations can be obtained in a very short time,
by acting directly at the mesh so updating node positions and mesh elements
geometry without bringing different geometrical models of the component into
the FE environment. To validate the methodology, a crankshaft for a high
performance Internal Combustion Engine (I.C.E.) was chosen, as case study, to
optimize the fillet zones between web and pin.

Keywords: FEA � Multibody � Stress analysis � Fillet zones � Crankshaft

1 Introduction

Crankshaft is one of the most characteristic components of an internal combustion
engine due to its role in the transmission of motion and the complex issues surrounding
its development, which involve important decisions and challenges in terms of structure
and vibration [1, 2]. Considering the design of such a component, it appears evident
that the crankshaft can not be studied alone, since it is strongly affected by the presence
and behaviour of the main bearing, connecting rod and the crankcase [3, 4]. Such a
system, considered as a whole and from a dynamic point of view, represents a con-
tinuous system containing deformable bodies and should be studied like this in the
determination of the equations that constitute its mathematical model [5]. This
approach leads to considerable complications in calculation, which can be solved only
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in a limited number of cases by means of multibody codes. In addition, the differential
equations that constitute the mathematical model can rarely be integrated and the
problem is even more aggravated by the presence of difficult boundary conditions. The
solution of dynamic problems in complex structures by models related to the contin-
uous systems is therefore excluded in most cases of practical interest. The methodology
for resolving complex dynamic problems encountered in the design step is usually
addressed by building models based on the discretization of continuous systems which
also include so-called lumped parameter models and finite element models. From the
point of view of the vibration, the inertial and active forces of reciprocal elements
exerted on the crankshaft constitute a system of forces the resultant of which is not zero
and is variable in time [6]. The decoupling between the axial, torsional and bending
behaviour is not possible, if not as a rough approximation, and the vibration modes
become complicated. There are several studies in literature, some of which are recently
published, aimed at modelling the crankshaft and various elements connected to it,
particularly with regard to the simulation of the dynamic behaviour for fatigue analysis
[7, 8], to reduce consumption and emissions [9], to improve performance [10, 11] and
to reduce manufacturing cost [12].

The modeling and simulation process often involves many iterations of geometric
design changes. Geometric parameters are driven automatically via an optimization
procedure and the ability to automatically update an existing mesh to conform to a
modified geometry is a necessary capability to enable rapid prototyping of many
alternate geometric designs [13]. The main mesh update methods are mesh morphing
[14, 15], mesh warping [16, 17], or mesh moving [18]. These algorithms first maintain
constant mesh topology, while computing new locations for mesh nodes in order to
conform to geometry changes.

The aim of the present research is to devise a reliable methodology and at the same
time to reduce the computational burden in geometric optimization studies of machine
components. An integrated MB and MM approach was developed and applied to
optimize the fillet zones in a crankshaft for high performance I.C.E. Using the com-
mercial software MSC ADAMS® vers. 2017 and the plugin RBF Morph ACT Exten-
sion implemented in the commercial solver FEM ANSYS®. Mechanical vers. 18.2, the
dynamic loads, being applied to the crankshaft, were calculated and shape optimization
was obtained acting directly on the mesh, so updating the nodes positions and the mesh
components geometries, without bringing the geometrical model of the component into
FE environment.

2 Method

As previously stated, the proposed methodology has provided the use of two different
computational models. The first multibody model with concentrated parameters
(lumped parameters model) has allowed the dynamic vibration analysis of the crank-
shaft to be performed by evaluating the forces which act on bench and crank pins under
exercise conditions. The second model, the one with finite elements, has allowed to
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perform the shape optimization evaluating the stresses and related safety coefficients. In
Fig. 1 the workflow of the used methodology is shown.

By following the procedure described in [1], the dynamic boundary conditions
acting on the shaft through the multibody simulation carried out with the commercial
software MSC ADAMS® vers. 2017 have been evaluated. In particular, the forces
acting on bench and crank pins have been analyzed dynamically both at steady and
transient speeds considering both the RPM acceleration and deceleration cases. These
forces, as illustrated in Fig. 2 for the case of maximum constant speed equal to
8000 rpm, have been verified and compared with those provided by Fiat Chrysler
Automobiles (FCA).

By applying the so calculated forces to the FE model, shape optimization was
possible using the mesh morphing method. The stages which have occurred in the
shape optimization process are briefly described as follows.

Fig. 1. Work flow of the implemented methodology

Fig. 2. Loads on crank pins integral with the crank computed with MB
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In the first step the status of tension of the shaft has been considered. This analysis
has brought forth that the most stressed segment of the shaft is the one of the extremity
between the force outlet and the beginning of the consecutive span (Fig. 3a). The
maximum tension concentration (according to von Mises) mainly resides in the junc-
tion zone between the web and the crank pin (Fig. 3b).

After locating the most stressed area, the geometry of the critical volume, that is to
say the volume where to act by operating the shape optimization minimizing tensions,
is defined. By using the mesh morphing method, the parameters of this volume are
stated geometrically. Such a plugin is based on the mathematics theory of the Radial
Basic Functions (RBF) [19]. The RBF are recognized as belonging to the best math-
ematics tool for the mesh morphing. It is a powerful and versatile tool which was
introduced to solve multidimensional interpolation problems able to interpolate a
function defined at discrete points everywhere in the space, keeping the precise value of
this at the starting points (origin points).

The choice of the maximum and minimum dimensions of the geometric parameters
which characterize such a volume has appeared to be very important for the further
phase of discretization (mesh creation) of the component to be optimized. In particular,
the mesh optimum dimension (mesh size) in the critical volume (shape optimization
area) is strictly linked to the characteristic dimensions of this volume. The present study
has enabled to obtain the following empirical formula:

msmin � lmin

5
ð1Þ

This relation has permitted to assign the mesh size in the critical volume (shape
optimization area) by allowing the elements to warp in a regular way. Being ms the

(a) (b)
PIN

WEB

Fig. 3. Most stressed segment in crankshaft: a 3D model. b von Mises equivalent stress
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mesh size of the elements in mm and lmin the length in mm of the smallest feature
among those in the main directions which characterize the geometry of the critical
volume.

Having studied in the analyzed case the maximum tension concentration according
to von Mises in the junction zone between the web and crank pin, the chosen critical
volume has been the one indicated in Fig. 4a, characterized outside by a cylindrical
crown with a parabolic section.

Being the initial value of lmin 6 mm (Fig. 4b), the length msmin is thus:

msmin � 6
5
¼ 1:2 mm ð2Þ

The geometric parameter definition has been carried out through the a and b pa-
rameters as shown in Fig. 4b. In particular, fillet zone has been modelled through a
parabolic profile, providing parameters for the position of the tangency point on the
generatrix of the crank pin (parameter a) and the position of the tangency point in the
radial direction on the web (parameter b). This parabolic profile has allowed to model
by means of NURBS the external surface of the critical volume.

Fig. 4. a Critical volume. b Geometric parameterization

Table 1. Range of optimization parameters

Optimization parameter Initial value Minimum value Maximum value

a 3.5 2.5 4
b 3.5 2.5 6
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In Table 1 the initial design values of the geometric parameters to be optimize and
their variation ranges are indicated.

In Fig. 5a the mesh of the whole segment of the shaft is illustrated; it consists of
118484 node and 70913 Tet 10 element. The min mesh size and max mesh size are
0.18 mm and 1.2 mm respectively. In Fig. 5b, the limits correspondent to the minimum
values and to the maximum values of the geometric parameters of the critical volume
are indicated with red and blue circles, respectively.

2.1 FE Model

In the FE model, the external surface marked in blue remained fixed while the surfaces
in red loaded with time variable forces evaluated by MB model (Fig. 2). The segment
was constrained with a fixed joint in the surface (A) and the force were applied by its
radial and tangential components which were distributed on the crank pin (Fig. 6).

The shape optimization was performed on the 3D mesh modelling again the geo-
metric parameters (a and b) of the fillet zone and propagating the effect in the volume
mesh through the set-up of the mesh morphing model (rbf-morph.com), according to
the process proposed in [20].

Figure 7 shows the action of the mesh morphing on the external surface of the
critical volume; the red points represent the nodes used as origin points in the initial
position and the blue points represent a preview of the same points at the deformable
position by the mesh morphing referring to the couple of values of the two geometric
parameters (a = 3.5; b = 4).

Fig. 5. a Segment mesh. b Limits of the morphing zone
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Fig. 7. Surface morphing effect: un-deformed points (red nodes); deformed points (blue nodes)

Fig. 6. Load model in the segment
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The volume concerned with the morphing process was controlled by fixed points to
define the action of the deformation field and by the parameters procedure of the
geometry in fillet zone.

The updating of the calculation mesh was realized through RBF plugin which
brought the points of the junction surface into the wanted position. The points at the
border of the domain were kept fixed while the surfaces and the volume mesh inside the
domain deformed regularly (Fig. 8). The dimension of the morphing volume was set as
to have space enough to deform the mesh (compressing or extending the finite ele-
ments). This volume referred to about 2400 nodes of the mesh.

3 Results

The model has been analyzed by studying the von Mises’ tensions in a prospective of
DOE optimization about the two geometric parameters (a and b). In particular, the
parameters a and b change inside the range defined in Table 1 with a 0.1 mm increase.
The DOE method allows to value continuously the model response in the parametric
space (Fig. 9).

Fig. 8. Post mesh morphing: a Mesh in the segment. b Mesh in the fillet zone
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The maximum equivalent von Mises stress in the fillet zone have the minimum
value for a = 4 mm and b = 6 mm. In Figs. 10 and 11 are illustrated the state of
maximum equivalent von Mises stress the fillet zone and a detail of the same state in
the longitudinal section, before and after the RBF optimization respectively.

Fig. 10. von Mises stress before (a) and after (b) the Mesh Morphing optimization

Fig. 9. System response to the two morphing parameters
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4 Discussion

The shape optimization using the RBF Morph plugin related to the appropriate
selection of geometric parameterization enables to develop the right geometrical shapes
that minimize the stress concentration. Adopting a parabolic fillet with an a value of
4 mm and a b value of 6 mm a reduction of −14% of value of the maximum von Mises
stresses was obtained in proximity of the junction area with the crankshaft pin.

The plugin used allows a precise evaluation of many geometrical solutions
updating geometric model, FE mesh and boundary conditions quickly.

In particular, the use of the parabolic fillet after defining parameters in the tangency
points allows to evaluate separately the influence of the parameters a and b on the value
of maximum von Mises Stress in the fillet zone. It has come out from this analysis that
the increase of both parameters reduces maximum von Mises stress, but the increase of
the parameter b results as slightly having more influence on this reduction as shown in
Fig. 9. The plugin adopted finally allows the reconstruction through NURBS of the
new optimized shape of the component, which can therefore be used immediately in the
manufacturing process. The MM method has been applied until now mainly in the CFD
field and therefore this work is one of the first applications in the structural field. The
capability to optimize geometry, while minimizing stress, appears to be significantly
favorable for the development of mechanical components such as the crankshaft.

5 Conclusions

A mesh morphing procedure to help the designer in seeking the best way to optimize
the crankshaft shape design has been described. The steps used in the procedure have
been illustrated and the choice of the parameters of the optimization and the algorithms
outlining in RBF Morph ACT Extension plugin have been shown and discussed. The
developed procedure has underlined mesh morphing and multibody model being used

Fig. 11. Detail of the stress state in the longitudinal section before (a) and after (b) the Mesh-
Morphing optimization
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together as a powerful tool in order to reduce the maximum equivalent von Mises
stresses, which is a very important factor usually for sectors such as the automotive
industry. In particular, the method has allowed to get a relevant reduction of the value
of the maximum tension according to von Mises (−14%) in proximity of the junction
area of the crankshaft pin. Finally the proposed method has provided for the recon-
struction through NURBS of the new optimized shape of the component, which can
therefore be used immediately in the manufacturing process.
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Abstract. Interventions of ancient bronze statues restoration may last long
periods, involving several activities from material and structural analysis to set-
up of museum exhibitions, passing through reconstruction of fragments. In this
paper, we describe procedures and methods used for evaluation of the current
posture of “Principe Ellenistico”. In fact, the statue seems to present some
inaccuracies, in the fragments assembly, made during the last restoration activity
(one of this effect is clearly observed in the spear inclination). The final aims are:
(1) evaluation of differences among the postures before and after the last
restoration; (2) recognition of the original fragments embedded in a previous
restoration; and (3) the study of a possible better positioning of them. Methods
applied are related to feature recognition on acquired point clouds, image
analysis through control points and algorithms to find centerline of the elements
that could need to be repositioned. In the final part, a concept design for a new
inner-support is presented, giving the possibility to avoid assembly inaccuracies.
Future developments are presented as the prospect of additive manufacturing the
support, firstly with a FDM prototype and then through SLM or similar
technologies.

Keywords: Cultural heritage � Bronze statue restoration � 3D-reconstruction �
Feature recognition � Virtual prototyping

1 Introduction

Traditionally, restoration of ancient bronze statues encompasses several activities like
material integrity assessment, reconstruction of fragments, movement and set-up for
museum exhibitions. Interventions may occur in long periods, with different experts, in
different moments, so that, results and data documentation become relevant.

Nowadays, CAD-CAE methods, as well as rapid prototyping, are used in many
cultural heritage applications [1, 2]. Advantages of this usage are relevant in terms of
analysis of reconstruction hypotheses, digital reproduction and copy for data archive
and enjoyment, improved understanding of stability and strength, anti-seismic or
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integrity actions related to basement, supports or carriage [3–5]. In [6], a detailed
survey about methods and post-processing techniques concerning 3D-reconstruction
from digital shape acquisition is presented. Although complex and expensive com-
putations are necessary, digital models for cultural heritage are becoming a well-
established approach (see, for examples, [7, 8]). A specific branch of research concerns
fragment digitalization and artifact reconstruction. In [9, 10], methods oriented to these
targets have been applied for improving measurement of pottery fragments, and for
fragments matching and alignment.

The general workflow for these activities starts from feature recognition (mainly
regarding central axis and curvature changes on fragments), inserting thickness eval-
uation and curve matching to solve the “puzzle”, achieving the coincidence between
fragments [6, 11]. Apart from pottery, other fields of applications are mosaics and
epigraphs that could have been approached as 2D puzzles through image analysis
techniques [12] and marble or ceramic statues found in pieces [13]. Image analysis
techniques are also applied for other applications. Among them, one of the most
relevant is data post processing of ground-penetrating radar, with post-processing
similar to DICOM [14], and image processing acquisition and post-processing for
paintings [15]. Other ad hoc applications are those related to transcription and recog-
nition of ancient documents [16], restoration of warped documents [17]. From the
cultural heritage point of view, the reconstruction of new findings is not the only case
which asks for digital model of fragments and their post-processing. They can also help
restoration activities that involve a review of solutions found in the past. During
centuries, according to technical progresses and aesthetical style, reconstructions were
made in different ways, including also artificial remaking of missing fragments.
Ancient large bronze statues, especially those found in the 19th Century, may give an
example of this problem. Often found in pieces, they were restored and exhibited
through reconstruction with artificial parts, ex-novo casted. During the 20th century,
disassembly of the pieces was sometimes necessary for the recognition of bronze
integrity and its maintenance. Reconstructions were then made empirically with partial
substitution of the artificial casted inserts with resin, especially in case of wide frag-
ments. New materials and support systems may have induced reconstruction errors that
computer-aided technology may investigate.

In this paper, an application concerning this kind of investigation is provided,
working on a bronze statue of the 2nd century B.C., found in Rome in the 19th century,
known as the Hellenistic Prince (“Principe Ellenistico”), now conserved in Museo
Nazionale Romano. This statue, found in fragments, have been restored two times since
the finding, until today. Photographic evidences show different postures among these
interventions, so that major investigations about possible reconstructions seem neces-
sary. With this research, we aim to face this specific problem, which have been also
approached by other authors in other case-studies [18, 19]. Taking care and high-
lighting the specificity of the fragments related to the Principe Ellenistico, as derived
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from digital acquisition, we are going to present the approach used to align the frag-
ments, so that optimal posture hypotheses can be built through algorithms of section
lines superimposition, surface best fitting, and image analysis. Finally, experimental
evidence of the hypotheses will be given through a conceptual virtual prototype, able to
change the arm position, trying to avoid assembly errors, via a guided assembly system.
In Sect. 2, the description of the ancient bronze statue is given together with the
explanation of the restorers requirements. Section 3 describes the analysis made and
the procedure investigated for the posture evaluation and its possible reconstruction,
then, in Sect. 4, results and procedures are used to concept a virtual prototype of a new
inner-support. Finally, Sect. 5 outlines the major conclusions and future perspectives of
the research activity.

2 The Principe Ellenistico and Its Restoration Issues

In this paper, we present the activities made in a collaboration between Department of
Mechanical and Aerospace Engineering (DIMA) of “La Sapienza” University of Rome,
Museo Nazionale Romano and Istituto Superiore del Restauro, on the statue called
“Principe Ellenistico” (Fig. 1a). This bronze, dated from the 2nd century B.C., was
found at the end of 19th century during an excavation made in Rome, near the
Quirinale Hill (probably in the ancient area of the Costantin’s thermae). It is 2,04 m
tall, and it was found in pieces (body, left arm and right leg, the spear is not original).
Since its finding, many restorations have been made, together with hypothesis about its
meaning and original posture. Only the most recent interventions, from the 80’s of the
past century up to now, have been focused on the concept of “preserving”, applying
also experimental and numerical investigations.

Restoration and maintenance of bronze statues obviously concern with surface
investigation and material integrity, so that, a preliminary assessment via CAE methods
has been already done to investigate stress-strain distribution, allowing the evaluation
of critical-strength areas, the effect of the support and constraint system on the stability
[20].

CAE model derives from the digital acquisition of the statue, which also allows to
generate a CAD model suitable to investigate the posture analysis related to the
reorientation and reconstruction of the left arm. As shown in Fig. 1b, the arm was
found as a fragment, generating needs for correct connections with the thoracic portion.
Its reconstruction was made two times: the first one adding a bronze detail (19th
century, Fig. 1a), the second one via reconfigurable inner-support plus resin addition
(20th century, Fig. 1b).

Resin addition connects four fragments that, considered in pairs, share a common
small area that may be seen as a common point (Fig. 2). Fragments are: the statue up to
the left shoulder (yellow edge), the arm (green and blue edges) and a triangular part at
the armpit (red edge).
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Edges are rough and not always clearly overlapped. As shown in Fig. 2c, yellow-
edge fragment and red-edge one are those with better matching. Unfortunately, the red-
edge is related to an artificial part casted in the 19th century.

In following restorations, made during the 20th century, the red fragment was left,
although the final positioning with the other fragments has resulted with a step among
red and blue edges, as shown in the RX of Fig. 1b.

This absence of alignment and different empirical comparisons with photos taken
before the last disassembly, give evidence of a different positioning of the left arm, thus
of spear and of the whole statue posture. It seems leaning forward, in an unnatural
manner. In the next section, some evaluations are made about the entity of this
misalignment and a virtual reconstruction is proposed.

The 3D model of the statue has been achieved through a digital acquisition made by
a 3D Scanner Artec Eva, able to process up to two million points per second with up to
0.1 mm accuracy. The obtained 3D model has more than 2 � 106 points, suitable to
reproduce many of the smaller details, like hair, fingers and muscles and resin-fragment
edges. Figure 3 shows a preliminary fragments detection on the 3D model according to
the edges highlighted in Fig. 2. It shows also the left arm spine detection, found
according to the method explained in next section.

Fig. 1. The Principe Ellenistico: a after the XIX Century reconstruction. b RX of the actual left
arm conjunction
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Fig. 2. Highlights of the statue fragments in the left arm

Fig. 3. 3D model of the fragments with left arm spine detection (in white)
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3 Developed Procedures and Methods

3.1 Spine Detection

The spine, reported in Fig. 3, has been found through CAD software, selecting the
interface zones for yellow and green fragments, considering also the resin made zone
(filling surface). In fact, due to the width of the yellow and the green fragments, for the
obtainment of the spine and the following developments, the blue and the red fragment
are considered united with the green one, assuming that they can be placed consistently
after the right relative orientation of yellow and green.

The spine represents the centerline of the considered surfaces and it can also be
used for defining the direction of rotation and translation for the repositioning, as
explained in Sects. 3.3 and 4.

3.2 Image Analysis to Assess the Change of Posture

The restoration made in the 19th century is documented through few photos like those
previously shown in Fig. 1. One of the most impressive differences among postures
before and after the restoration of the 20th century is the spear inclination, which
increases the effect of leaning down. Spear has been added after restorations and, as
resulted by experimental tests and also by simulations, it seems not loaded, so its
inclination may be changed after restoration works [20, 21]. Due to the fact that the left
arm has “guides” for the spear (on the hand and along the forearm), it is clear that the
position of the left arm must be modified to attenuate the inclination issue.

Photos and visual evaluations are obviously affected by the perspective, never-
theless some of them can be mapped onto orthogonal views, through geometric con-
siderations. In particular, an orthogonal view of the statue’s 3D-model can be converted
into a perspective view, mimic the result of a camera. The applied method adopts this
concept, to obtain images of the current posture that are compared with the photos of
the old posture, making a correction of the perspective. An orthographic view of the
statue 3D model is adopted as Reference Image (RI), while a photo taken before the last
restoration is selected as Moving Image (MI).

Image Registration through control points, which are mapped in both RI and MI,
can result with a geometrical transformation able to map MI into RI. If the control
points are related to areas without changes of posture (mainly yellow-edge fragment)
and the MI is reasonably similar to the orthographic view adopted in the RI, the final
overlapping must give evidence of the misalignment of the arm.

The Control Point Registration function of Matlab2017, is a basic tool in computer
vision, nowadays applied for spatial referencing of photogrammetric maps [22, 23].

In our case, it has been firstly applied on a couple of RI and MI images that are
related to a front view of the statue. The adopted Control Point set has 17 points taken
outside the left arm fragments. This avoids the selection of control points where change
of posture has occurred. Figure 4a shows the control points related to the trunk. The
other selected points are positioned on the feet and the vertexes of the basements. On
the left, Figure 4a shows the MI, on the right the RI. It has been obtained as a parallel
view of the 3D model after a visual rough alignment with perspective according to MI.
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Figure 4b shows the pair visualization of the two images after the transformation, while
the numerical result is shown in Table 1. In Fig. 4b white areas reveal details without
matching. They are located along the left arm and in the rear part of the basement that is
not seen in the RI because it is taken from a front view. The good match along the
edges of the statue can be seen as proof of the different posture between the assembly
of the 19th century and that of the 20th. A preliminary validation of the difference
along the left arm has been made through a second Image Registration along a different
point of view, which can be seen as equivalent of an axonometric view.

Figure 5a summarizes its results in terms of Control Point set, composed of 14
points. We decided to not consider the legs area due to accuracy problems of their point
selection in both images. Figure 5b shows the result of registration. In this case,
basement, trunk and right leg have good match, while a lack of accuracy is present in
the right arm, probably due to a bad selection of the Control Points in a small area of
the image. Despite this, white area along left arm is again consistent with an arm
rotation that moves the hand and the spear backwards and the armpit high up.

Table 1 reports the rotational matrices, able to map MI into RI, according to the two
photographic registrations we have made.

Fig. 4. Image registration front view: a control points of MI (left) and RI (right). b Results
through image overlapping after registration (white areas are that without matching)
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3.3 Hypothesis of Fragment Reconstruction

According to the results achieved through Image Registration, the two left arm postures
have a relative rotation. To estimate its value, the fragments in the 3D model were
rotated in the range 2°–5° with a step of 0.5°, so that the left hand allows a vertical
insertion of the spear. Rotation has been made assuming the spine articulated inside the
end section of the shoulder. In addition, fragments may respect: (a) the invariance of
the central spine of the left arm; (b) the match between yellow and other edges.

Figure 6 shows the best solution, achieved through a rotation of 2.5°. It has been
detected through visual inspection of the corresponding image alignment.

Fig. 5. Image registration axonometric view: a control points of MI (left) and RI (right).
b Results through image overlapping after registration (white areas are that without matching)

Table 1. Transformation of the image registration according to “per-
spective” mapping

Front view transformation Axonometric view
transformation

N1 N2 N3 N1 N2 N3

1.97 0.17 0.00 2.71 0.44 0.00
−0.07 1.90 0.00 −0.14 2.50 0.00
−17.71 −31.05 1.00 39.09 10.20 1.00
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Figure 7 shows the image analysis of the new posture overlapped to the old photo
(MI). In this case, a front view (in perspective) of the new posture has been assumed as

reference view for the image mapping (RI).
Good agreement between the two views is obtained, since no white areas are clearly

visible. It represents a preliminary validation of the hypotheses of a reconstruction

Fig. 7. New posture: results through image overlapping after registration

Fig. 6. Green surface represents the arm fragment in the original positioning, Orange surface
represents the rotated fragment
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deviation, after the second restoration, of about 2.5°. The transformation matrix of the
final alignment is shown in Table 2.

Finally, after the repositioning of the arm, a filling surface has been made to build
the missing area of the bronze. It is made according to an aesthetic evaluation of the

shape made by the restorer and to the respect of curvature and tangency continuity on
the contour lines of the fragments.

4 Conceptual Virtual Prototyping of a New Additive
Manufactured Inner-Support

After the finding of a more correct orientation of the pieces, the research moved its
focus on the design of a new inner-support. In fact, one of the problem highlighted by
restorers, is the necessity of avoiding assembly errors, as the one that caused the current
wrong orientation of the left arm.

In order to reach this target, we decided to develop a virtual prototype of a support
that will be manufactured in additive way. Starting from the acquisition of the inner
surfaces of the fragments to be connected, we designed “negative” filling volumes
(Fig. 8) capable to be inserted in the shoulder and the arm respectively. As displayed in
the Fig. 8, in the shoulder negative, a prismatic guide has been designed and, in the arm
negative volume, a cylinder has been added.

Through a prism with a cylindrical guide (Fig. 9), these pieces can be connected.
This system allows to isolate the rotation and the translation of the arm in order to
correct small errors of alignment, avoiding assembly errors through the possibility of a
fine “tuning” of the orientation.

Obviously, this type of connection needs the selection of a roto-translation axis,
blocking the other four degrees of freedom. The choice is to assume, as axis, the linear
approximation of the spine in the support region. In fact, using the approximated

Table 2. Final transformation matrix

Transformation matrix
N1 N2 N3

1.58 0.16 0.00
−0.05 1.53 0.00
21.31 −48.96 1.00
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centerline, respect to the rotation in positioning, the displacement of the boundary is
minimized, allowing the best alignment.

We want to highlight that the design of assembly system guarantees the possibility
of choice the degree of freedom that has to be activated. The restorer can distinctly
translate or rotate the arm in order to align it as best as possible, before applying resin
for covering.

Fig. 8. Filling volumes a shoulder negative volume. b Arm negative volume

Fig. 9. Assembly system
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5 Conclusions and Future Developments

The presented paper provides some evidences of a change in the fragment alignment
and reconstruction of an ancient bronze statue. It starts from a subjective evaluation of
the misalignment, through photo comparison, and restores experiences, during over 40
years of work on the bronze statue. Evidences are detected through image analysis
techniques based on a photo registration algorithm, called Control Point Registration.

The developed procedure applied to the Principe Ellenistico, found in fragments in
19th century, showed that, in a subsequent restoration, the left arm fragment has been
wrongly oriented. Through the algorithm, we compared images taken before and after
the second (and last) restoration of the statue, obtaining that, to improve the statue
posture, the left arm has to be rotated of 2.5°. This could lead to design a new
restoration of the statue, finalized to solve this problem.

Although this application was not developed for defining a general procedure, it
seems to be useful for restoration analysis of fragmented artifacts whose photographic
evidences are available (e.g. restoration after earthquakes). According to this, a future
development will be made, to quantify the misalignment, evaluating robustness and
accuracy of the algorithm results.

Recently, as explained, a virtual prototype of the inner-support has been concep-
tually developed, in order to guarantee the possibility of roto-translate the fragment.
The new inner-support will be manufactured, (starting from the acquisition of the inner
part of the fragments) through additive technologies, firstly as Fused Filament Depo-
sition (FDM) mock-up, to arrive, then, to plan a new restoration intervention, assem-
bling fragments with a metal additive manufactured inner-support (manufactured via
Selective Laser Melting (SLM) or other metal powder based technologies), containing
the same assembly system of the prototype.
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Abstract. In engineering, genetic algorithms (GA) have been successfully
applied to some cases. The current state of this technique has evolved to allow
computer designs from a sketch. Thus, GA generate a solution by optimization.
Here the final solution is restricted by the final specifications. While CAD
systems employ basic useful parameters to allow users to build the final design,
GA utilizes preliminary designs from the beginning. CAD systems use primi-
tives (points, lines and splines), which are controlled by users to build the
design. In an evolutionary design system, it is GA that must modify designs to
reach the final solution. When GA reach the solution, the design meets the final
specifications. For this reason, the representation of an evolutionary design
system based on GA must have a good parameter definition. Compared to the
configuration design, a preliminary design is more difficult to computerize given
its more marked emphasis on creativity. Therefore, the first step is to identify the
ways to computerize the process involved in design. A bibliographic review sets
the basis of using GA in the industrial design process.

Keywords: Industrial design � Optimization � Genetic algorithm � Computer-
aided design

1 Introduction

Nature offers solutions to engineering problems. Nowadays, many engineering solu-
tions mimic those that nature has built through evolution [1]. Evolution is the system
that nature uses to adapt to its environment. It is a complex system, but has phases and
processes that can be emulated with computation [2]. Genetic evolution is the most
widely used tool by nature. Today we better know the processes that control genetics
[3], and to the extent that we can emulate it with computational algorithms.

Genetic algorithms (GAs) emulate the process that characterizes genetic evolution
using genetic operators [4]. These operators apply to a population from one generation
to another. Each generation is evaluated according to the fitness function [5]. In this
way, the evolutionary system perfects the solution in each generation.
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The engineering design process can have different levels of complexity. In
industrial design, the desired solution optimizes quality values. However, the design
process can involve many parameters that complicate optimization, and the design can
contain many non-linear parameters. When the goal function has many local extremes,
problems can appear [6]. In these cases, GA can solve the problem [7].

The most widely used optimization methods have problems [8]. The gradient
method optimizes only local extremes [9], and the stochastic search method only
disturbs the solution of the gradient method [10]. However, GA keep and evolve
solutions in a search space.

GAs have been used in many optimization applications. We can see the application
of GAs as: image processing [11], numerical optimization [12], programming [13],
machine learning [14] or data structures [15]. This optimization method evolves
solutions in a search space to obtain the desired result. Using GA as computer tools was
introduced by Fraiser [16].

In this bibliographic review, we introduce a GA framework, and then see the
relationship between GA and design. Next we see some examples of applying GA in
industrial design.

2 Genetic Algorithms: Framework

A GA algorithm contains a search space formed by a population of individuals. Each
subject, the so-called specimen, is composed of chromosomes. The so-called genotype
forms the information contained in chromosomes. The so-called phenotype is the
chromosome appearance. For each subject, the fitness function associates and evaluates
an aptitude. From one generation to another, the population is submitted to the so-
called genetic operators: crossing, mutation and cloning. Therefore, this process is
evolutionary multiobjective optimization (EMO). We can establish a relationship
between elements of nature and computation (Table 1).

GA have the following stages (Fig. 1). First, the initial population is set up. In stage 2,
the fitness function evaluates each specimen. If the evaluation is positive, the subject moves
to the next generation through cloning. If the evaluation is negative, the subject is selected
according to its level of adaptation. In stage 3, genetic operators create new specimens to
form the next generation. Stage 2 is repeated until the satisfaction criterion is met.

Table 1. Relationship between nature and evolutionary
computation

Nature Computation

Specimen Individual solution
Population Set of solutions
Fitness Evaluation
Crossover Binary operator
Mutation Unitary operator
Cloning Recover/save operator
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Each specimen represents a solution that needs to evolve from the beginning to
reach the final specifications. To build the solutions space, we can use a complex or a
simple representation. When we work in design, two problems can appear [17]. On the
one hand, if we use a simple representation, GA spends a lot of time searching irrel-
evant regions. If, on the other hand, chromosomes representation is complex, the next
generation can evolve without reaching the point of equilibrium. Zhao et al. [18] has
worked in the gene theory to simply the design process.

2.1 Genetic Operators

In each step from one generation to another, GA apply genetic operators. There are
three genetic operators: crossing, mutation and cloning. GA performance depends on
the choice of crossing and mutation operators [17]. Cloning operator is a save/recover
operator. Cloning consists in copying the solutions that adapt well to the final speci-
fications. The crossover operator creates a new specimen from two other individuals.
To make the crossover, GA use one crossing point or more by recombining chromo-
somes to form a new genotype. A recent survey [19] suggests that the geometric
crossover operator (or the topological crossover operator) is well-defined when the
solution is defined with distance (geometrically). Mutation creates a new specimen by
making changes in its genotype. Modifications consist in changing part of the genotype
or adding/removing chromosomes.

2.2 Fitness Function

As with nature, the survival of a specimen depends on its adaptation to the environ-
ment. In GA, the fitness function evaluates the fitness of each specimen. This fitness
function must contain the requirements and specifications desired in the final solution.
In this way, the degree each specimen’s adaptation represents its distance to the final

Fig. 1. GA schema
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solution. The fitness function is considered the search core of GA. In design opti-
mization, the fitness function is considerably important. An experimental study [20]
establishes that an improved fitness function (IGA) has better convergence than tra-
ditional GA.

3 Involving GA in Design

Design generates solutions to cover products and specifications, and must contain
information needed to manufacture them. Manufacturing imposes additional restric-
tions to design. Therefore, design is a task that involves a search to fulfill specifications
and requirements. In 1962, a study by Asimov [21] showed the organization while
solving a design task without taking into account the role that knowledge plays. It is a
huge simplification, but the bases of this model are used in CAD-CAM systems.

Another model that enable knowledge of the design process is the so-called cog-
nitive model [22]. This model can describe the designer’s reasoning and decision
making in design stages. However, this model is very difficult to translate into com-
putational terms without using a broad simplification [23]. Here the design process is
assimilated into parametric design thinking (PDT). PDT englobes the parametric
design, the cognitive model and the computer-aided design. In short, the thinking
process, involved in design, can be divided into two aspects: creative thinking and the
pre-knowledge-based design (e.g. parametric design or configuration design [24]). We
can see how GA can be used in these two contexts: creative design and configuration
design.

3.1 Creative Design

Computerizing the creative design is a challenging task. In the creative design, there are
two research lines: assisting human creativity and solving creative problems. In the
former, users evaluate the population. So it is not necessary to define a fitness function.
However, this causes a limited iteration speed because users cannot evaluate large
populations. Frazer [25] concludes that a computer system´s creativity is attributed to
the originator of the method.

A method to expand the search space is to reduce the number of the fitness
function’s restrictions. In this way, the system can change the initial representation.
Then the system can build solutions beyond the optimization problem. The creative
problem could have been solved by searching a solution that was not initially repre-
sented. This theory has been defended by Boden [26].

Another method is the so-called embryogenesis theory [27]. Here the fitness
function evaluates the phenotype. Embryos are used to explore the search space. In this
way, search parameters are not fixed.

Other studies have attempted to transform the creative process into an algorithm.
Yang et al. [28] proposed dividing the search space into three: design flow space,
knowledge inspiration space and solution operating space. In this way, GA acquire a
certain level of creativity. Shieh et al. [29] propose three hybrid representations to
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obtain creative design alternatives. Golberg David [30] explains how to design creative
GAs based on human comprehension.

3.2 Configuration Design

While the creative design is based on creative thinking, we can see modeling methods
based on the problem’s pre-knowledge. The configuration design [31] is based on the
selection and assembly of components to build the final solution. The relationship
between specifications and configurations is known. Therefore, it is a search to acquire
an optimal configuration [32].

We can set a clear analogy between the configuration design and GA: configurable
elements are encoded as genes with chromosomes. These elements evolve by GA
(Fig. 2).

In the configuration design, the configurable elements set the search space. The
efficiency of GA is excellent due to the intensive exploring and exploitation that the
genetic operators allow. Zou et al. [33] built the airspace grid design with configuration
design-based GA. The search space, in this case, is formed by different grid configu-
rations. GA evolve the grid testing alternatives configuration for each grid element. Da
et al. [34] evaluated an evolutionary design composed of composite parts with different
configurations. Andres-Perez et al. [35] used an enhanced mutation operator to generate
different configurations in the search space. Chandrasekaran and Banerjee [36] resorted
to a multiobjective evolutionary algorithm to offer an efficient and effective means to
obtain a Pareto near-optimal set of solutions.

Fig. 2. Relationship between GA and the configuration design
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4 Applications of GA in Industrial Design

The potential use of GA in industrial design is remarkably high as they apply to most
engineering fields: mechanical, electrical, aerospace and civil engineering. We analyze
their application in three tools used in industrial design:

• Conceptual design
• Parametric design
• Reverse engineering

4.1 Conceptual Design

In conceptual design, either new components are used, or old components are com-
bined in a novel way. There is no fixed method. Goldberg [37] presents a structure with
four components: a problem to solve (the design challenge), someone to solve it (the
designer), one conceptual design or more, and one method to compare alternative
designs. This author presents GA as “a lower limit in the capacity of a designer in the
processes of recombination and selection”.

In conceptual design, GA are used as the method to compare and to search for
alternative designs. This search can be guided by the designer, or the GA guide to the
designer, to choose alternatives. Zhu et al. [38] used a GA-based selection method to
accomplish an optimum multi-link transmission mechanism design. These authors
adopted a polygon model into the iterative optimization process to describe the dom-
ination relationships of the individuals on the Pareto front. Mueller and Ochsendorf
[39] proposed a computational approach for designing space exploration, which
extends existing interactive evolutionary algorithms to enhance the inclusion of
designer preferences. Zhang and Mueller [40] used GA to balance conflicting
requirements in a conceptual structures design. Skiborowski et al. [41] introduced an
interesting hybrid evolutionary-deterministic optimization approach for a conceptual
design. They used successively relaxed mixed-integer nonlinear programming (SR-
MINLP) to reduce the search time. Another approach to conceptual design optimization
is shown by Zhang et al. [42], who followed an improved concurrent subspace opti-
mization strategy (CSSO) and an improved differential evolution (DE) algorithm to
solve the system-level and discipline-level optimization problems in conceptual design.

4.2 Parametric Design

In industry the shape of a component is important. Technical specifications and
manufacturing costs depend on component shape (weight, torque, strength, etc.). In
shape optimization, a parameter value must be found. The dependence function
between the objective parameter with the shape variables can be non-linear or dis-
continuous. GA can assimilate this dependence function. Constraints can be determined
by using a differential evolution algorithm in which the parameters are intermediate
design variables [43].

The application of GA to parametric design has been successful in different studies.
Gunpinar and Gunpinar [44] used GA to change the position of the points in parametric
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design. Particles are placed at points in the shape space by optimizing the fitness of the
particle positions with a permutation GA (Fig. 3). Mostofizadeh et al. [45] performed
the parametric design of a row of cylindrical film cooling holes to use GA in the
optimization of gas turbines. In this case, the use of parameters improved the artificial
neural network (ANN). Dandy et al. [46] compared the use of parameters in two GA: a
traditional GA and a modified GA with improved operators. Renzi [47] utilized non-
linear constraints to test individuals within each generation with geometric bounds and
related parameters in an integrated design environment (IDe). Zhu et al. [38] compared
the use of different model parameters in GA by choosing between the deterministic
optimal design point and the robust optimal design point. Sekulski [48] selected the
genotype by testing phenotype parameters.

4.3 Reverse Engineering

A reverse engineering process begins by recording existing points by matching the
model represented with the physically existing model. The next step is to establish a
topology in the unstructured points cloud that reflects the mirror relations between the
model and the real object. The rebuilding phase is based on belonging to subsets of the
extracted elements.

For all these phases, GA have been investigated by different authors. Zhang et al.
[49] applied Euclidean distance to duplicate the position of atoms in a material
structure. Brunnstro and Stoddart [50] built mirror relations for points of correspon-
dence in GA. The chromosomes of this model represent a correspondence between two
sets of points (model point—real object point). The fitness function reflects the cor-
respondence quality by calculating the distance between a pair of points. Its genetic
code is composed of the transformation matrix parameters and the fitness function that
minimizes the distance between each pair of points.

5 Results

The bibliographic review has introduced improvements into GA applications in
industrial design. We describe the characteristics of different GA examples in several
industrial design fields (Table 2). The design tool and case studies show that multiple
GA applications are possible with different GA specifications.

We can see priority GA specifications to improve industrial design using GA.
These parameters could be: a constrained fitness function, a chromosome substring, a

Fig. 3. Car hood models generated by parametric GA [44]
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good selection of genetic operators. In [47], we predict that a constrained fitness
function is better than a nondeterministic function. In [43] and [48], we observe that a
constrained representation improves evolution. In [38], we discover that modified
genetic operators are decisive to accomplish the final design specifications.

6 Conclusions and Future Work

GA can be successfully applied to industrial design. By even considering the creative
factor in design, GAs can show the designer additional solutions.

Table 2. Comparison between the GA applications reported in the literature

Reference Application Methodology GA specs Results

[39] Rigid frame 2D
model, generation
of conceptual
designs

Interactive GA User-guided
search space
exploration

Lower
computational
cost than free
exploration

[48] Ship hull
structural
optimization (2D)

Nonlineal
multiobjective
optimization

Chromosome
substring,
constrained
control
parameters

*30% less
generations
needed to
cover fitness

[38] Multilink
transmission
concept design
(2D)

Multi-objective
optimization
design
(MOOD)

Ranked genetic
operators

*35% total
improvement

[47] Integrated design
environment
(IDe) (3D
modeling)

Integrated GA
with numerical
simulation

Constrained
fitness function

98% iteration
time reduction

[45] Cooling holes
CFD (3D)

Integrated
artificial neural
network-GA
(ANN-GA)

Independent
search space
(database
generation)

CFD
Improvement

[44] 3D modeling Particle tracing
(PT) algorithm

GA optimizer of
the particle
position

72% iteration
time reduction

[43] Laminated plates
(2D)

Differential
evolution (DE)

Constrained
genes modified
objective
reduction

Quick
evolution

[49] Reverse material
engineering

GA with
particle swarm
optimization

Nondominated
mutation

Promise tool
for computer-
driver material
design
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In this bibliographic review, we study the definitions of the elements that compose
a GA. We link these elements with the design process, which we see at both the
creative and strictly procedural levels. Finally, we describe the characteristics of dif-
ferent GAs examples in several industrial design fields.

With all this, we see how GA have difficulties in creative and conceptual designs.
However, we can verify how the fields of parametric design and configurations design
have a high potential when applying GA. This is where our path is discovered by
developing an optimization method in industrial design.
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Abstract. Scan path planning for on-machine inspection in a 5-axis machine
tool is still a challenge to measure part geometry in a minimum amount of time
with a given scanning quality. Indeed, as the laser-plane scanner takes the place
of the cutting tool, the time allocated to measurement must be reduced, but not at
detrimental of the quality. In this direction, this paper proposes a method for
scan path planning in a 5-axis machine tool with the control of scanning
overlap. This method is an adaptation of a method dedicated to a robot that has
proved its efficiency for part inspection.

Keywords: On-machine inspection � Laser-plane scanner � Overlap � 5-axis
machine-tool � Digitization

1 Introduction

Machining process monitoring is an essential challenge for the control of the quality of
manufactured parts. To improve process productivity, part inspection procedures are
increasingly integrated in the machining process as they allow high speed of inspection,
measurement flexibility, and the possibility of 100% inspection [1]. Within this con-
text, on-machine inspection becomes more and more popular as it allows a rapid
decision-making with regards to part geometry conformity, and potential machining
process corrections [2].

During on-machine inspection, the measurement of the part geometry is performed
without removing the part from its set-up when the machining process is stopped. This
facilitates the comparison of the machined part to its CAD model. Non-contact mea-
suring techniques are generally used, as they represent a good compromise between
data acquisition speed and resolution [3]. As an example, a laser-plane sensor can be
integrated in a milling machine tool by taking the place of the cutting tool to measure
geometrical deviations of the machining part [2]. In this context, a challenging issue,
still unsolved, concerns scanner path planning. Actually, scan path planning methods
for part inspection in a 5-axis machine tool are little addressed in the literature. The
main difficulty lies in the generation of a set of ordered scanner configurations
(positions and orientations) defining the trajectory that answers classical scanning
constraints, and is consistent with the description format of a tool trajectory for
machining (Fig. 1).
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Classical scanning constraints, widely studied in the context of trajectory genera-
tion on Coordinate Measuring Machines, are related to visibility and quality criteria
[4–7]. For on-machine inspection, the scanner trajectory is the succession of positions
and orientations (CE; VL; VC). The driven point CE positions the scanning laser line in
the field of view, and the couple of vectors (VL; VC) orients the scanner, with VC the
director vector of the light-beam axis, and VL, the director vector of the scanning line.
As it takes the place of the tool, the scanner has thus a greater accessibility due to its
possible movements: 5 degrees of freedom (dof) plus the spindle rotation for 5-axis
machine-tool.

The path planning strategy consists in finding the trajectory of the driven point CE,
and the continuous evolution of the scanner orientations defined by the couple (VL; VC)
allowing the scanning of the part. Although this problem has not yet been addressed in
the literature, some methods dedicated to part inspection with industrial robots give
some interesting insights [8–11]. Most of these methods also rely on visibility and
quality criteria.

This paper aims at defining a scanner trajectory well-adapted to on-machine
inspection with 5-axis machine tool. In a previous work, we have developed a method
that proved to be efficient for scanner path planning on industrial robots that integrates
the control of overlap as an additional quality criterion [12]. This approach generates a
scanning trajectory dedicated to a structure with 6 dof that must be adapted to 5-axis
machine-tool. Indeed, the trajectory expressed in the part frame as a set of coordinates
(X, Y, Z, I, J, K, I*, J*, K*) is expressed in the machine-tool frame thanks to the
Inverse Kinematics Transformation (IKT). In the case of a RRTTT machine tool,

Fig. 1. Parameters defining the scanner path for on-machine inspection
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the IKT leads to (X, Y, Z, A, C, W) in the articular space where A and C are the
classical angles, and where W allows the spindle indexation. The main difficulty here is
that the spindle indexation cannot be continuously controlled between two scanner
configurations. It is thus necessary to fix the spindle indexation to a constant value Wcst

for all the scanner configurations (Fig. 1). The initial trajectory must thus be modified
according to two different ways. Priority can be given to quality, with sensor orien-
tation control, or priority is given to measuring time with overlap control.

This paper is organized as follows: the scan path planning method is presented
briefly in Sect. 2 and is followed in Sect. 3 by the method for adapting the trajectory to
5-axis scanning on a machine-tool. Finally, some conclusions are drawn in Sect. 4.

2 Scan Path Planning Method—ISOvScan

The originality of the proposed method is the control of the scanning quality, while
minimizing measuring time, based on the control of the scanning overlap. In a previous
work, the importance of the overlap on the scanning quality has been discussed [12],
leading us to develop the Iso-Overlap Scan path method (ISOvScan). This method is
based on the stretching of the 3D mesh surface representative of the part to be measured
on a 2D parametric surface by the Least-Square Conformal Maps (LSCM) method
[13]. The n triangular facets Tj of the 3D surface are transformed into n facets tj in the
2D space. Then, equidistant paths, each one defined by a set of driven points, are
generated in the 2D space, thus transformed in the 3D space by the inverse LSCM. For
each driven point, the scanner orientations are finally calculated to satisfy quality
constraints. The different steps of the method are briefly detailed in the next sections.

2.1 Generation of the Scanning Driven Points

Driven points are defined in 2D as the intersection between parallel planes and the
parametric surface. To control the overlap, parallel planes are equidistant of a value I2D,
corresponding to the distance between two successive paths in the 2D space (Fig. 2).
As the objective is to control the overlap defined by the distance I3D between two
successive paths in the 3D space, a relationship between I2D and I3D is established
considering that the ratio of both values is equal to the proportionality coefficient of
similar triangles Tj and tj (Fig. 2) where ATj and atj, are the area of the facet, respec-
tively, Tj and tj.

Each driven point cei is then transformed into its corresponding point CEi by the
inverse transformation. Once all driven points are calculated, the next step is to
determine sensor orientations for each driven point.
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2.2 Determination of Scanner Orientation

Scanner orientations are determined in two steps: the vector director of the digitizing
line VL is determined first, and then the light-beam axis VC.

A constant scanning distance is first imposed for all the driven points to ensure that
the measured surface at the driven point belongs to the Field Of View (FOV) of the
scanner, and to also ensure an expected scanning quality, defined according to the
scanner qualification [14].

The width of the laser line, Lopt associated to this scanning distance is constant with
respect to the scanned surface. In order to maximize the scanned surface, the laser line
must be perpendicular to the direction of displacement along the scanner trajectory in
the 3D space. The laser-line width lopt in the 2D space is defined from Lopt and using
the proportionality coefficient: lopt = Lopt (I3D/I2D). At each point cei, the laser-line is
positioned perpendicularly to the path and centered at cei. The width lopt defines the two
end points pi1 and pi2 of the laser line (Fig. 2). The coordinates of the corresponding
points Pi1 and Pi2 are calculated using the LSCM inverse transformation. Thus, the
director vector of the digitizing line VLi at the driven point CEi is obtained from the
coordinates of Pi1 and Pi2.

The vector of the light-beam axis VC is determined so that the scanning direction is
always perpendicular to the surface. The local normal vector to the surface nCEi at each
driven point CEi is calculated as the mean value of all the normal vectors to the facets
related to the laser line at CEi. Finally, the director vector of the light-beam axis is
defined at each driven point by: VCi = nCEi.

Fig. 2. Calculation of the scan path
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The whole trajectory is thus obtained as a set of positions and orientations (CEi; VLi;
VCi). The scan path planning method with overlap control ISOvScan is implemented in
Matlab©. This scan path is assessed by a simulator previously developed [15]. Green
facets correspond to scanned facets, whereas yellow facets belong to overlap zones
(Fig. 3).

3 Adaptation of the Scanning Trajectory
to 5-Axis Machine-Tools

Before executing the measurement in the 5-axis machine tool (RRTTT architecture),
the scanner configuration (Xpr, Ypr, Zpr, I, J, K, I*, J*, K*) corresponding to (CEi; VLi;
VCi) and defined in the part frame must be transformed into the articular configuration
(Xm, Ym, Zm, A, C, W) in the machine frame. This transformation is carried out by IKT.
Details of the geometrical modeling of the machine tool, and of the IKT are proposed in
the appendix.

The values of the angles A and C are determined from the director vector of light-
beam axis VC (I*, J*, K*) in Eq. (1) where the matrix M is defined in appendix
according to the kinematic transformation from the sensor frame to the part frame:

I�

J�

K�

0

2
664

3
775
ðOpr ;xpr ;ypr ;zprÞ

¼ M �
0
0
1
0

2
664

3
775
ðOc;xc;yc;zcÞ

;

I� ¼ sinðCÞ � sinðAÞ
J� ¼ � cosðCÞ � sinðAÞ
K� ¼ cosðAÞ

8><
>: : ð1Þ

(a) Scan path generated by ISOvScan (b) Scanning simulation

Fig. 3. Generated scan path and scanning simulation
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The value of angle W is determined from VL(I, J, K) and the angles A, C:
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0

2
664

3
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ðOpr ;xpr ;ypr ;zprÞ

¼ M

1
0
0
0

2
664

3
775
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;

I ¼ cosðCÞ � cosðWÞ � cosðAÞ � sinðCÞ � sinðWÞ
J ¼ sinðCÞ � cosðWÞþ cosðAÞ � cosðCÞ � sinðWÞ
K ¼ sinðAÞ sinðWÞ

8><
>: : ð2Þ

As mentioned previously, the spindle indexation cannot be continuously controlled
between two adjacent scanner configurations. The scanner trajectory must be trans-
formed into (Xm, Ym, Zm, A, C, Wcst) where Wcst represents a constant value of the
spindle indexation for all the scanner configurations. In a first approach, the value of
Wcst is determined by calculating the angle between the mean value of all the director
vectors of the digitizing line VL of the original scan path and the x-axis. The adaptation
of the scan trajectory from ISOvScan to a trajectory well-adapted to a machine-tool is
carried out in two ways. In the first method, the adapted scan path is computed with
priority given to measuring time, with overlap control, and in the second method,
priority is given to quality, with sensor orientation control.

In the first case, the adapted scan path respecting the control of overlap is obtained
while keeping the director vector of the digitizing line VL from the original scan path,
and by only transforming VC into the adapted vector VC′. Angles A and C are obtained
from Eq. (2) with the original vector VL and considering a constant value Wcst. The
adapted vector VC′ is thus simply computed thanks to Eq. (1). Finally, the adapted scan
path respecting the control of overlap defined by (CE; VL; VC′) and the scanning
simulation are shown in Fig. 4.

In contrast, the adapted scan path with priority to scanning quality is carried out by
keeping the director vector of the light-beam axis VC, and by calculating the adapted
director vector of the digitizing line VL′. Angles A and C are calculated from the vector
VC by Eq. (1). The adapted vector VL′ is then calculated by (2) with W = Wcst. The
scan path is also assessed by the simulator in Fig. 5. The red color represents the zones
that are not scanned by the scanner.

(a) Scan path with priority to the control of overlap (b) Scanning simulation

Fig. 4. Scan path with priority to the overlap control and scanning simulation
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Results and discussion: The results shown in Figs. 4 and 5 bring out the good
similarity between the original ISOvScan and the adapted scan path with priority to the
control of overlap in terms of scanning quality and overlap zones. The computation of
the angle deviation between VC′ and VC in Fig. 4 has highlighted that this deviation is
less than 22°. This ensures that the scanner view angle is still less than the maximum
view angle (60° for such a scanner [12]), which is linked to visibility and quality
criteria. On the other hand, scanning simulation in Fig. 5 (adapted scan path with
priority to the scanning quality) presents many scanning holes (red color zones).
Although the director vector of the light-beam axis VC is unchanged from the original
scan path, the large deviations between the adapted director vector of digitizing line VL′
and VL result in many unscanned zones on the surface. This is likely due to the fact that
VL is calculated from three parameters A, C, W while VC only depends on two
variables A and C.

In our case study, arbitrary choices of both the constant angle Wcst and the pro-
gramming frame associated with the part setup may also influence results. Actually, the
part setup is arbitrarily positioned in the machine working space without relation to
scanning accessibility. However, these first results suggest that the adapted scan path
with priority given to the control of overlap can be used as the suitable scan path for on-
machine inspection in the 5-axis machine tool.

4 Conclusion

In this paper, we proposed a method to generate a laser-scanner trajectory suitable to
5-axis scanning in a machine tool. We successfully adapted a previous method that was
developed for laser-scanning on a robot, which ensures scanning quality and the control
of overlap between two adjacent scanning paths. As the kinematics of the machine-tool
does not enable to directly apply the initial scan trajectory it must be adapted by fixing
the value of the spindle indexation W. For this purpose, two different ways are
explored: the value is fixed considering that priority is given to time measurement with

(a) Scan path with priority to the scanning quality        (b) Scanning simulation

Fig. 5. Scan path with priority to the scanning quality and scanning simulation
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overlap control, or priority is given to quality with sensor orientation control. First,
results have demonstrated the relevancy of trajectory adaptation, with better results for
the adapted scan path which prioritizes overlap control. Nevertheless, only a few
experiments have been performed, and the work must be completed by investigating in
particular the choice of the constant spindle indexation value, and the influence of the
part setup on scanning performance. Future works, highly innovative and already in
progress, concern the assessment of our method for on-machine measurement using a
laser-plane in the 5-axis machine tool.

Appendix: Modeling of the 5 Axis Milling Machine Structure

The Mikron UCP 710 is a 5-axis milling center with an industrial numerical controller
Siemens 840D. The architecture of this machine is CAXYZ for which two rotations are
applied to the part, and the tool orientation is fixed in the machine frame (Fig. 6).

The different frames are defined from the architecture of the machine [16]:

– The spindle frame (Obr, xbr, ybr, zbr) is linked to the spindle, the scanner frame
(OC, xc, yc, zc) is linked to the scanner,

– The machine frame (Om, xm, ym, zm) is linked to the machine structure; its axes are
parallel to the XYZ axes; zm is parallel to the tool axis,

– The tilt frame (S, xb, yb, zb) is linked to the tilt table; xb is parallel to xm, S is located
on the A axis,

– The table frame (R, xp, yp, zp) is linked to the rotary table; zp is parallel to zb, R is
defined as the intersection between the C axis and the upper face of the table;

Fig. 6. Definition of different frames [16]
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– The programming frame (Opr, xpr, ypr, zpr) is linked to the part, which represents the
frame used for scan path planning.

To transform between different frames, we define the matrix that converts a vector
expressed in the one frame into another frame:

Pcbr ¼

cosðWÞ sinðWÞ 0 xOcObr

� sinðWÞ cosðWÞ 0 yOcObr

0 0 1 zOcObr

0 0 0 1

2
6664

3
7775;Pbrm ¼

1 0 0 xObrOm

0 1 0 yObrOm

0 0 1 zObrOm

0 0 0 1

2
6664

3
7775;

Pmb ¼

1 0 0 xOmS

0 cosðAÞ sinðAÞ yOmS

0 � sinðAÞ cosðAÞ zOmS

0 0 0 1

2
6664

3
7775

where Pcbr is the transformation matrix between the scanner frame and the spindle;
Pbrm, the transformation matrix between the spindle frame and the machine frame and
Pmb, the transformation matrix between the machine frame and the tilt frame.

Pbp ¼
cosðCÞ sinðCÞ 0 xSR
� sinðCÞ cosðCÞ 0 ySR

0 0 1 zSR
0 0 0 1

2
664

3
775;Pppr ¼

1 0 0 xROpr

0 1 0 yROpr

0 0 1 zROpr

0 0 0 1

2
664

3
775

where Pbp is the transformation matrix between the tilt frame and the rotary table frame
and Pppr is the transformation matrix between the rotary table frame and the part frame.

The kinematic transformation matrix M from the sensor to the part is then defined
as following: M = P�1

ppr � P�1
bp � P�1

mb � P�1
brm � P�1

cbr:
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Abstract. Sand casting processes are simple and, generally, require a small
initial investment in machines and tools. These characteristics make this man-
ufacturing process very used in the metal industry for the manufacture of small
series of any size and complexity, where the dimensional and surface quality
requirements are not very demanding. Among the necessary tools, it is worth
mentioning the flasks and the patterns as the most important elements. Patterns
are usually reusable and manufactured with polymeric materials. However, any
change in the design or development of a new product involves the manufacture
of new patterns. In case of polymer patterns obtained by injection, these product
changes lead to the need of manufacturing new matrix, which deduces into
higher costs and time. In this regard, the use of Additive Manufacturing tech-
niques may help to solve these problems. Thereby, a methodology for the design
and manufacturing of different patterns by using Fused Deposition Modeling
techniques is exposed in this work. The results have been compared with those
obtained in injection processes, from a functional and economical point of view.
These patterns will be used in the manufacturing of parts for educational pur-
poses. Nevertheless, with the appropriate scale and higher 3D printing resolu-
tion, the methodology exposed could be implemented on industrial applications

Keywords: Additive manufacturing � Sand casting � Permanent model �
Expendable mold

1 Introduction

Rapid prototyping, developed in the 1980s, is suffering a rapid growth nowadays. Its
application can be exported to multiple fields allowing printing parts and models of a
wide variety. The main advances of this technology is the time and cost reduction and
the potential to create shapes difficult to manufacture by other processes. Entire models
or singular parts can be printed in order to facilitate the study or analyze its func-
tionality [1].

Among the rapid prototyping techniques, the use of Additive Manufacturing
(AM) in different industries is rapidly increasing, offering new production opportunities
and manufacturing possibilities, reducing manufacturing lead times and finally cov-
ering customers demand rapidly [2]. Also, the selection of appropriate materials for the
AM requirements is critical. These materials require a post-processed acceptability to
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enhance the geometry, the properties and the necessary performance in service of the
printed part. As the technology progress, materials like polymers, metals, ceramics and
composites are been considered and studied [3].

Focusing the present work in metal forming processes AM technology is suitable to
create dies for traditional forming processes. Its application for mass productions is still
not considered due to the time/cost efficiency compared with conventional manufac-
turing. Also, surface quality lacks on accuracy needed in most cases [4, 5]. Never-
theless, the different 3D printing techniques can offer quality and economic tools for
sand casting [5]. AM can be used to generate molds and mold tools directly, reducing
time and costs in patterns manufacturing [6, 7].

As seen in Fig. 1, several elements are needed to obtain a part by a sand casting
process: permanent patterns, flasks (cope and drag), gating system (pouring cup, sprue,
risers and feeding channels) and cores (only if needed). The aim of this work is to
manufacture some of these elements by AM process for educational purposes scaled
from real industrial examples, specifically by using a Fused Deposition Modeling
(FDM) process. This technique presents reduced material costs, geometric versatility,
easy post-processing, redesign and production of new units. Also, is automatable and
the equipment is affordable. The equipment that is used for the practical activities that
currently take place on the subjects where sand casting processes are taught, in the
different Industrial Engineering Degrees at the University of Malaga, can be renewed
with the application of the methodology exposed in this work.

The main advantages of FDM versus the conventional procedures (machining,
polymer injection molding, etc.) are that allows complex shapes, the pattern can be
reprinted as many times as desired and, in addition, it is an economical process [5].
Notwithstanding, there are negative points to take into account: low resolution (fin-
ishing operations are needed) and poor mechanical properties, among others [8].

Fig. 1. Sand casting process. Open mold with pattern extracted ready to be closed
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In this work, a methodology for the design and manufacturing of the main elements
involved in a sand casting process is exposed. All the necessary calculations for the
design of these elements have been carried out. In addition, the patterns (made of ABS)
were manufactured by FDM. Finally, the parts (made of a Tin alloy), were manufac-
tured by a sand casting process and the results obtained were analyzed. It is necessary
to highlight that the parts obtained for this work are not intended for a direct industrial
application but can be scaled for an industrial purpose in further studies, with higher 3D
printer resolution.

2 Methodology

There are currently three patterns at the manufacturing engineering workshop which are
used for the practical activities: an anvil, a bell and an anchor. They allow to simulate a
casting process of three characteristic parts types: one with compact geometry and
massive concentration of material (the anvil), which requires a split model for its
extraction; another with less material volume, with a thin wall, which requires a natural
model (the bell). Finally, the anchor, with small volume of material but a large surface.
They present a poor state due, mainly, to many years of use and the nature of the
practical activities, which involves the sand compression.

Figure 2 shows the three polymeric patterns. The anchor (Fig. 2a) presents different
breaks, the anvil with worn flanges (Fig. 2b) and the bell with a massive crack
(Fig. 2c).

Fig. 2. Current patterns. Anchor (a), anvil (b) and bell (c)
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So, the new patterns need to be didactic, cover different types and represent parts
that are manufactured with sand casting process in the current industry. At the same
time, there are some restrictions to take into account, like volume (V) and size. These
limits are established by the laboratory material, more specifically the furnace
(V = 1 dm3) and the flask (150 mm long, 200 mm wide and 100 mm high), respec-
tively (Fig. 3).

The first pattern considered is a scaled connecting rod (Fig. 4a). It replaces the
anchor since they have similar characteristics: a flat piece with 2 holes in the demolding
direction.

The second pattern considered is a piston. This full pattern replaces the bell. The
modifications in this case are the elimination of the compression rings and bolt holes,
generally located in the flat side areas (Fig. 4b). The casting part will be subjected to
other forming processes (machining) to achieve the final shape. The third chosen
pattern is an anvil and will obviously replace the previous one. The new shares its
design characteristics with its predecessor (Fig. 4c). The last pattern selected is a
crankshaft. It stands out for a more intricate design, with abrupt changes of section
which may result in several defects (shrinkage cavities, lack of full mold filling, etc.) if
the gating system is not correctly design (Fig. 4d).

Fig. 3. Furnace (a) and current mold (b)

Fig. 4. New patterns. Connecting rod (a), piston (b), anvil (c) and crankshaft (d)
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Many of the defects obtained in casting processes are originated due to a bad gating
system design. For its design and calculation, there are diverse analytical methods that
can be applied to obtain an optimal sand casting process. Assuring a complete and
correct mold filling is essential to avoid part defects. This can be achieved with a proper
calculation of the feeding channels and risers, among others [9].

For the design of all the patterns, the SolidWorks 2016 software has been used. It
can be especially highlighting the tool “Exit Angle Analysis”, a graphical tool that
allows to detect easily the pattern faces that needs an exit angle. These angles are useful
to make easier the pattern extraction from the sand mold. Figure 5 shows the process
with which the exit angle for the crankshaft is provided. Due to the large number of
faces perpendicular to the partition line, the software marks in yellow the ones that
need an exit angle. All patterns, except the piston, have been divided in 2 parts (cope
and drag) and a keyway is designed to make easier their attachment, following the
usual sand casting procedure.

To build the optimal part shape, an approximation to the different analytical
methods of calculation for the sand casting elements has been made. The gating and
feeding system (Fig. 6a) have been calculated with two different methods to ensure the
correct filling of the mold (Table 1). The nomogram method [9], following the “British
Non-Ferrous Metals Technology Center” guidelines, and the analytical method,
implemented in EES software.

A series of considerations must be taken in the design and calculation of the gating
system. As the Fig. 6 shows, the system consists of a base for the sprue (Dsprue base),
shaped as a cylinder of height (hsprue base) equal to twice the thickness of the casting
channel (ec) and a diameter equal to twice the lower diameter of the sprue (D2) (Eqs. 1
and 2). In addition, the area of the runners must be twice the area of the pouring
channel (Acc), the sprue has a conical shape and the casting channel will be square base,
being its thickness the square root of the pouring channel section (Eq. 3).

Fig. 5. Exit angle analysis by SolidWorks 2016
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The maximum filling time has been calculated using the Chvorinov equation [4].
This stipulates that the filling time (ts) will be equal to the solidification time in the
thinnest wall of the mold, that is to say the most critical point of the piece (Eq. 4),
being emin/2 the thinnest section of the piece and C the mold constant. Next, the mass
flow rate (Q) has been calculated using the following equation, which represents the
total mass between the filling time (Eq. 5).

hspruebase ¼ 2 � ec ð1Þ

Dspruebase ¼ 2 � D2 ð2Þ

Acc ¼ e2c ! ec ¼
ffiffiffiffiffiffiffi

Acc

p

ð3Þ

ts ¼ C � emin

2

� �2

min
ð4Þ

Q ¼ Mp þMsd

ts
ð5Þ

For this study, all the volumes have been calculated from known data and unified as
a total volume (Eq. 6). The equation achieved will be non-linear third degree. To solve
it, mathematical software or the Newton-Raphson method can be applied.

Vtotal ¼ Vsprue þVspruebase þVfeedingchanel ð6Þ

Table 1 shows the results for the cast gating system calculated, being D1 and D2 the
sprue upper and lower diameter, Dsprue base the sprue base diameter, hsprue base the sprue
base height and ec the pouring cup thickness. The riser has been also mathematically
calculated, maintaining the shape of the current riser used in the practical activities, a
truncated cone shape.

Fig. 6. Gating system
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The positioning of the riser is important due to its limited radius of action. Its
placement is critical. It should be located near the regions that are expected to shrink,
either by a sudden section change, a hot spot or another reason [10]. In this case, due to
the small size of the parts, it is possible to combine elements and the sprue will act as
the riser. Table 2 presents the volume, area and cooling module of the riser available at
the workshop at the Engineering Faculty of Malaga University.

In addition, a simulations corresponding to the fillings of the different parts have
been carried out with the calculated and generic sprues, applying the SOLIDCast 8.0
software, presenting a better understanding and visualization of the process [11].
Figure 7 shows the simulation for the anvil with a generic riser or sprue (Fig. 7a) and
the optimal one (Fig. 7b).

Fig. 7. Filing simulations for a generic sprue (a) and an optimal sprue (b)

Table 1. Sizing results of the cast gating system. Analytical method

D1 (mm) D2 (mm) Dsprue base (mm) hsprue base (mm) ec (mm)

Connecting rod 5.973 2.726 5.453 4.275 2.138
Crankshaft 5.516 2.518 5.035 3.948 1.974
Piston 5.384 2.458 4.915 3.854 1.927
Anvil 8.314 3.795 7.590 5.951 2.975
Generic sprue 25 14.05 12 15 8

Table 2. Riser volume, area and cooling module

V (mm3) A (mm3) Me, m = V/A

Generic riser 1 26587.04 6138.23 4.33
Generic riser 2 15962.96 5091.16 3.14
Generic riser 3 45880.24 9125.71 5.02
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From an industrial point of view, using a generic oversized sprue for all the parts is
not practical since it supposes an increase in the material needed and in the energy
invested in melting it, causing cost rising. However, in this case study, being a didactic
example and small size models is perfectly assumable and a generic sprue has been
established.

The manufacturing process of the different selected patterns has been carried out by
FDM. The pattern designs are imported (SLF file) to the software CURA in order to
obtain the CNC code. Then, the patterns are printed in ABS with a Dimension SST-768
printer [12] (Fig. 8b). It is possible to use this kind of printer due to the escalated size
of the patterns. To acquire an optimal pattern, several considerations must be taken into
account.

The printing orientation is relevant. The layers of the finished pattern need to be
oriented parallel to the partition line to resist the compression efforts during sand
compaction and avoid possible fractures in the patter. In addition, due to the low
resolution of the 3D printer available, the surface integrity of the patterns usually
damages the sand mold when is extracted. Hence, to avoid this problem, a finishing
operation has been performed on the patterns surface with sandpaper and a nail file
(Fig. 9). The first one allows sanding curved surfaces and reaching corners, while the
second is good with straight surfaces and size, presenting a better adaptation to the part
thanks to its small size. After, the patterns have been varnished. For this process,
transparent spray coating has been used, achieving a homogeneous outer layer on the
entire surface. Due to the parts surface finish after casting processes, no other finishing
operations are needed.

The aim of both operations is to achieve a smoother and easier surface to avoid
deterioration in the mold during the extraction (Fig. 10a). Sanding softens and varnish
equalizes and covers the outer layers. Figure 10b shows the correct extraction of one of
the patterns after the application of both operations, leaving the mold intact.

Fig. 8. CNC generation by CURA (a) and 3D printer (b)
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The model extraction is the most delicate step in the process, because the sand may
break. Because of this, two types of extraction systems have been designed and
implemented to make easier the pattern extraction by using a magnetic or a mechanical
bending system. The first method is only valid with the connecting rod due to the size
of the patterns. A T form handle has been designed for the magnet extraction, with
another magnet at its end. For the other patterns, several nuts have been embedded
(Fig. 10).

Fig. 9. Pattern finishing operation (a) and final pattern (b)

(a)

(c) (d) (e)

(b)

Fig. 10. Sand after extraction of the two pattern before (a) and after finishing operations (b).
Extraction methods. T handle with magnet (c), embedded nut (d) and embedded magnet (e)
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3 Results and Discussion

Once the parts have been obtained, several casting tests were carried out to ensure that
the casting process was successfully achieved. Finally, the part has been examined for
any type of imperfections and cleaned. Figure 11 shows the aspect of the final parts and
examples of possible defects. In general, the defects obtained are mainly due to the
casting process itself and not to the FDM pattern use. The principal defect attributable
to the FDM is the Z resolution, which is partially mitigated with the post-processing.
Also, it is a good way to teach students the pros (cheap and simple) and cons (poor
dimensional accuracy and high probability of appearance of visible and hidden defects)
of this type of process.

Additionally, the total cost of the materials used for this study (printing only one
model of each pattern) has been 46.00 € (compared to a complete set: 5.594,40 €). This
budget also makes feasible the implementation of additive processes in order to obtain
more patterns and any necessary equipment for the sand casting processes.

4 Conclusions

In conclusion, the implementation of FDM as an additive processes fulfills the aims of
this work, making additive manufacturing a good alternative to current and more
expensive techniques (machining, polymer molding, etc.) for the manufacturing of
patterns, used later in a sand casting process. FDM is presented as an easier technique
at an affordable cost. This last aspect makes it very interesting from a didactic per-
spective. In an economical and simpler way, it can be shown to the students, who have
previously acquired the necessary theoretical knowledge, how to execute this type of
processes, obtaining a functional piece.

In addition, all the calculations for the distribution systems have been analytically
developed, obtaining a mathematical code that performs this calculation for new pattern
designs, carrying out casting simulations to study and optimize the entire process.
Moreover, a post-processing of the patterns after 3D printing is implemented for a

(a) (b)

Fig. 11. Final parts. Connecting rod (a) and superficial defects in piston (b)
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correct extraction and is observed that the defects obtained can not be attributable to the
patterns’ manufacturing method.

Finally, the sand casting equipment available to the students in their practical
activities has been increased and complemented, having the possibility to continue
increasing the equipment if necessary due to the fast procedure and low costs.

Acknowledgements. The authors thank the University of Malaga—Andalucia Tech Campus of
International Excellence for its contribution on this paper.
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Abstract. This work is a first approach to the management applied to the
Periodical Technical Inspection (PTI) stations in the context of Industry 4.0.
Since 1965, PTIs are mandatory in Spain, initially only for public transport and
freight trucks, but since the 1980s they are compulsory for all types of vehicles,
in order to control vehicles technical performance to avoid traffic accidents.
Number of PTI stations and inspection lines have been increased from 1981 to
2017, from about 30 to more than 460 operative stations and from about 70 to
more than 1200 inspection lines. This fact makes necessary to implement a new
management model in the context of the Industry 4.0 that will lead to the PTI
4.0. The use of cyber physical systems, and the application of smart factory
concepts in the inspection processes will allow to incorporate new benefits to the
management of PTI stations, in addition to improving their effectiveness and
efficiency. Regarding 2016 data, more than 19.5 million of vehicles were
inspected in Spain and almost 24 million of defects were detected. Also, the total
number of vehicles has increased about a 3.6%, but inspections have been
increasing more than 5%. Taking into account the number of items to verify, the
use of Industry 4.0 theologies, such as Big Data, is highly recommended. In
addition, since 2013, Spanish DGT has launched Telematics’ Information
Exchange with the objective to get telematics data recording of the PTI results.
This make necessary to contemplate concepts based on Industry 4.0 for their
management.

Keywords: Periodical technical inspection � Vehicle � Management �
Industry 4.0

1 Introduction

This work is focused on the study of the management applied to the Periodical
Technical Inspection (PTI) stations in the context of Industry 4.0. This term defines the
fourth industrial revolution as a strategic initiative of the German Government adopted
as part of the High Technology Strategy Action Plan for 2020 [1]. There is an extensive
bibliography that study main principles for industry 4.0, such as [2, 3, 4], and in the
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current paper, different proposals for applying Industry 4.0 principles to the manage-
ment of PTI-stations are analyzed.

In the context of the automotive industry, principles of Industry 4.0 are being
implemented during last few years [5, 6]. From our point of view, this fact makes
necessary to apply the same principles not only to the automotive manufacturing
industry, but also to the companies responsible for the vehicle PTI. All those tech-
nologies bring along with them an improve not only in relation to cost, but also with
quality, and due to that, the aim of PTI: guarantee the appropriate mechanical per-
formance of vehicles during all their useful-life, and in the last case, the traffic safety
and the environmental protection. According to several studies, PTI stations avoided
11,000 traffic accidents, about 11,000 injured and 170 fatalities, which represents an
economic benefit of 300 M€ [7]. Other studies [8] show similar results. Besides,
current legislation about “periodic roadworthiness tests for motor vehicles and their
trailers”, that is contained in Directive 2014/45/EU [9] that repeals previous Directive
2009/40/EC, established PTI as mandatory.

An approach to PTI 4.0 is analyzed in the current paper, as well as how different
technologies could be implemented in PTI in order to improve the stations manage-
ment, such as Big Data, Cloud Computing, Collaborative Robotics, Augmented Reality
and Cybersecurity, in summary, the use of cyber-physical systems (interaction between
electronic and physical systems). The use of cyber-physical systems will allow the
incorporation of new benefits to the work carried out by the inspectors, in addition to
improving their effectiveness and efficiency. This paper describes an approach to the
implementation of intelligent factory concepts, this means, the implementation of
technologies such as collaborative robotics and augmented reality in the inspection
processes to, for example, improving the measurement of the vehicles and the check of
tasks during visual inspection.

Moreover, devices interconnection, such as Internet of Things (IoT), applied to PTI
stations, can facilitate the information flow. Gathering information about the vehicles
(e.g. manufacturer, type approval password, main characteristics, emission levels, etc.)
will facilitate the Inspection, but it makes necessary to implement adequate data
management and processing systems. In addition, the definition of mobile applications
will bring to clients an easier and better interaction before, during and after the
inspection: request a service appointment, payment of the service, delivery of docu-
mentation, access to the inspection line, information about the inspection, queries,
complaints and claims, etc. Likewise, it should take into account the possibilities
offered by Cloud Computing and Internet Services: provide new utilities and infor-
mation to customers, which will be accessible from different electronic devices
(computers, tablets, mobile phones, etc.).

In addition, in 2013, Directorate General of Traffic (DGT) of Spain launched the
ITICI project (Telematics’ Information Exchange with the Industry Departments). This
project came with the main objective of getting a real-time update of the data in the
vehicle registry, through the telematics recording of the results of the PTI and reforms
carried out by the PTI-stations. That makes necessary a better and faster online
interconnectivity of the PTI-stations to develop the inspections according to the new
reality of Industry 4.0 and that the companies that offer these services have to be
adapted to a PTI 4.0.
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2 Evolution and Current State of the Periodical Technical
Inspection (PTI) in Spain

Periodical Technical Inspection (PTI) starts in Spain in 1965. In the first moment, the
inspections were applied only to public transport and freight trucks. Inspection was
carried out by the Ministry of Industry (through Provincial Offices). In 1980, due to the
increase in the number of vehicles in circulation and the number of traffic accidents, the
Administration planned to carry out the inspection of all types of vehicles. In order to
carry it out, the exercise of the activity was allowed to the private companies.

The participation of private companies was done under the modality of ‘Admin-
istration Collaborating Entities’ by concession. This participation meant a strong
increase in the number of PTI stations and inspection lines in service, such it is shown
in Fig. 1, from about 30 in 1981 to about 460 in 2017, and also in the inspection lines:
from about 70 to more than 1200 in the same period.

During the 1980s, the PTI competence was transferred from the State to the Spanish
Autonomous Communities, which received the transferred competencies in industry
and, therefore, for vehicle technical inspections. From that moment, the Communities
acquired the functions of the organization of the service in their territory and of
supervision and control of the operation of the PTI stations. It should be noted that, in
terms of tariffs, each Community is able to establish them independently in each
territory, since the conditions for providing the service could be different in each one.

In 1982, 30 PTI-station operators, both private and public became the Spanish
Association of Collaborating Entities of the Administration in the Technical Inspection
of Vehicles (AECA-ITV). This association represents the majority of entities in the
sector and it is integrated by practically all the companies that operate the service. The

Fig. 1. Evolution of PTI stations and inspection lines in service in Spain (1968–2017). Source
Own elaboration based on data from PTI Entities Association and Ministry of Industry
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Association provides updated information on PTI services: stations, lines of operation,
registers, ‘ok’ and ‘non-ok’ rate, etc. According to the latest published data, in 2017,
the number of PTI stations in Spain is about 464 centers and there is a total of 1206
inspection lines. In 1990, the Ministry of Industry, in collaboration with all the
Autonomous Communities, published the first Inspection Procedure Manual for ITV
Stations. This document includes [10] the different operations to be carried out during
the inspection process, indicating the applicable legislation, as well as the interpretation
of the defects to be taken into account in each case. According to the database pub-
lished by AECA-ITV and by the Ministry of Industry [11] from 1992, when the
historical records begin, to last year with data, 2016 (pending the publication of the
year 2017), the yearly evolution of the inspections has increased, multiplied by 3, but,
on average, the number of rejections of this period is about 21%, remaining stable
throughout all these years, varying only between 18 and 24% (see Fig. 2).

3 Industry 4.0: Basic Concepts and Application to PTI
Stations Management

The term ‘Industry 4.0’ was originated in Germany as a new Government strategic plan
adopted as part of the Action Plan of the High Technology Strategy for 2020, whose
objectives are to ensure the future of the country’s industry. It was presented at the
Technological Fair of Hannover in 2011. This term refers to the 4th industrial revo-
lution characterized by the connectivity between machines and people, that means,
Cyber Physical Systems (CPS) in which the physical and virtual worlds converge to
achieve greater flexibility in manufacturing and process management. One of the main
points of this revolution consists in the integration of products, information and people
with high levels of digitalization and connectivity, aiming to achieve a qualitative leap
in the procurement of goods and services. It is based fundamentally on three pillars:

Fig. 2. Evolution of number of technical inspections and rejected vehicles in Spain (1992–
2016). Source Own elaboration based on data from PTI Entities Association and Ministry of
Industry
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Cyber Physical Systems (CPS), Internet of Things (IoT) and smart factories, with
several technologies involved: Big Data, Cloud Computing, Collaborative robotics,
Augmented reality and Cybersecurity, which are mentioned below, focusing their
applicability on the PTI processes.

3.1 Cyber Physical Systems (CPS)

The Cyber Physical Systems allow the hybridization of the physical and the digital
worlds and make possible the interconnection (collaborative work) between objects. It
is based on the concept of embedded systems and the integration of both hardware and
software into products: vehicles, machinery, equipment, instruments, etc. This concept
is useful to PTI stations where the installation of hardware-software in all the equip-
ment allow to get information automatically from them, integrating this information in
the inspection processes in an automated way and thus reducing time-operation.

For example, it is possible to digitize the measurements made by the equipment and
use them for the automatic qualification of the defects associated with them, while they
are transmitted to the station server and presented, to be visualized, on fixed screens
installed in the inspection lines and/or portable PDA-type screens handled by the
inspectors. In addition, they can register in these devices all other defects that they are
detecting, which are also transmitted to the station server for the subsequent generation
of the inspection report of each vehicle.

3.2 Internet of Things (IoT)

Internet of Things (IoT) concept was first used in 1999 at the Massachusetts Institute of
Technology (MIT). This term refers to the internet connection used on any object, not
only usual electronic devices (computers, tablets, mobile phones or televisions).
Objects should incorporate a unique identifier (UID) that would allow access to their
data and the communication among them. For this reason, the Internet of Things is also
called Machine to Machine (M2M) communication, due to the fact that it allows to
interconnect objects and devices, and share data between them. One specific applica-
tion of the IoT, in relation to the automobile industry, is Vehicle-to-Vehicle (V2V)
communication technology. The European Commission expressly refers to applications
of V2V in one document about the EU’s road safety objectives for the 2011–2020
horizon [10] which consists of a standard of communication between vehicles to
connect them with ‘the cloud’ (transmit and receive information in real time), in order
to increase the safety of traffic and avoid traffic accidents. The pioneer in the devel-
opment of these systems has been General Motors, but at the moment, there are also
other companies such as Toyota, BMW, Daimler, Honda, Audi and Volvo working on
it. Currently, a Car-to-Car (C2C) communication consortium has been set up. This is a
European car manufacturers organization that continues to increase the safety and
efficiency of road transport using a Cooperative Intelligent Transport Systems (C-ITS),
which will allow road users and traffic managers to share information and use it to
coordinate their actions, supported by V2V and vehicle-to-internet (V2I)
communications.
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3.3 Smart Factory

The smart factory consists of the interconnection of machines, processes, systems and
people to establish a communication network at an internal level and also linked to the
outside. This factory allows sharing information throughout the production process as
well as the logistic one, which includes not only manufacturing but also provisioning
and distribution. This aims to manage smarter, agilely and efficiently, and optimize it
quickly and flexibly to changes in the processes. This concept must be developed and
applied in PTI stations to promote a new management concept: PTI 4.0, which we
describe in the next section.

4 PTI 4.0: A New Management Model for PTI Stations
in the Context of Industry 4.0

During the last years, there has been an impulse of the digitalization in Spain with
initiatives such as ‘Connected Industry 4.0’ [11]. This report indicates that digitization,
social and specifically industrial, is an opportunity and a challenge that must search for
a hyper-connected client. To facilitate the change of the Spanish model to the con-
nected industry 4.0, four main lines of action are defined: digital evolution, training on
digitalization, creation of collaborative environments and impulse of digital tools.

4.1 Towards PTI 4.0

In order to respond to the challenges, the technical inspection of vehicles of the future
must take up the existing trends in the industry and, therefore, incorporate them into its
activities. A new management model must be implemented in the context of the
Industry 4.0, leading to the connected PTI 4.0. This will cause an important increase in
the competitiveness of the companies, being able to adapt better and faster to the
changes, and offering the flexibility in their processes and the personalization of their
services that increasingly demand the consumers. The use of cyber physical systems,
the application of smart factory concepts and the implementation of technologies such
as collaborative robotics and augmented reality in the inspection processes (for
example, for vehicle measurement o for checking tasks of visual inspection) will allow
to incorporate new benefits to the management of PTI stations, in addition to improving
their effectiveness and efficiency. Moreover, the use of some of the possibilities offered
by the Internet of Things (IoT) can facilitate gathering information about the inspected
vehicles, directly from the vehicle: manufacturer, type-approval password, main
characteristics, emission levels…). This also allows an interaction with clients by using
mobile devices, both before and after the inspection, and even during it: information
requests, payment, documentation delivery, access to the inspection line, information,
inquiries, complaints and claims, etc.

Given the huge amount of information generated in PTI stations, the use of Big
Data will allow a more appropriate treatment of data in relation to customers:
improvement of communication and interaction, strengthening of existing emotional

Approach to the Management Applied … 375



links, realization of commercial actions and, as a consequence of the above, increase of
their loyalty to the company which will be considered closer and more transparent and
reliable

The management of the information generated by the company contemplating the
adoption of concepts and tools based on cybersecurity technology -which, in addition,
will be unavoidable to the extent that progress is made towards interconnected PTI-will
make it possible to offer greater confidence to the Administration and users of PTI
service regarding the use of ICT, the protection of the data handled (guaranteeing, in
accordance with the provisions of the UNE-EN ISO/IEC 27001: 2014 [12], the
preservation of its confidentiality, integrity and availability, the ability to respond to
incidents that may arise and the treatment of existing risks.

In relation to PTI management of Information and communications technology
(ICT), it must be taken into account the huge amount of information generated. In the
Spanish context, inspections are regulated by the PTI-Station Inspection Procedure
Manual [13], issued by the Ministry of Industry, in collaboration with all Autonomous
communities and the Spanish Association of Collaborating Entities of the Adminis-
tration in the Technical Inspection of Vehicles (AECA-ITV). According to this manual,
vehicles are classified in five typologies and for each typology, ten specific chapters are
developed in the Manual with the instructions about the inspection units (documen-
tation, the number of frames and plates of registration for the first of those indicated)
which causes that during a technical inspection more than 100 items have to be checked
per vehicle. Ministry publishes a database about PTI in Spain [14]. In 2016, more than
19.5 million of vehicles inspected and less than 19% rejected. Almost 24 million of
defect detected more of them minor defects (17 million). Table 1 shows a more
exhaustive detail about typology of vehicle and inspections (ok and non-ok).

Beside this, Table 2 shows the yearly evolution of PTI in Spain during last years:
from 2014 to 2016. It is clear that the number of inspections is growing, also in relation
to the number of vehicles registrations. In fact, even the total number of vehicles
increase about a 3.6%, inspections have increased more than 5%. Taking into account
the number of items verified in each vehicle during the technical inspection and the
number of vehicle, the use of technologies such as Big Data is highly recommended.

Table 1. Database 2016: PTI, OK, non-OK vehicles

Motorbikes Touring Truck Bus Trailer Agric.
vehicles

Other Total

OK 803.921 11.206.227 2.583.608 397.421 64.101 268.541 458.931 15.847.526
Non-OK 165.946 2.369.151 791.106 143.997 20.689 93.203 52.601 3.661.854
Total 969.867 13.575.378 3.374.714 541.418 84.790 361.744 511.532 19.509.380

% Non-
OK

17 17 27 24 26 10 28 19

Source MINECO [13]
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In addition, in 2013, Spanish Directorate General of Traffic (DGT) launched the
ITICI project (Telematics’ Information Exchange with the Industry Departments). This
project is focused on getting a real-time update of the data in the vehicle registry,
through the telematics recording of the results of the PTI and reforms carried out by the
PTI-stations. That makes necessary a better and faster online interconnectivity of the
PTI-stations to develop the inspections according to the new reality of Industry 4.0 and
that the companies that offer these services have to be adapted to a PTI 4.0.

Finally, the management of the information generated must contemplate concepts
and tools based on cybersecurity, which will be unavoidable insofar towards PTI 4.0
interconnected, making possible to offer confidentiality between the Administration
and users.

5 Conclusions

This work is an approach to the management applied to the Periodical Technical
Inspection (PTI) stations in the context of Industry 4.0. An extensive review about
main principles of the Industry 4.0 is done, in order to study their applicability towards
a PTI 4.0. All those technologies bring along with them an improvement not only in
relation to cost, but also to quality, and due to that, the aim of PTI: to guarantee the
appropriate mechanical performance of vehicles during all their useful-life, and in last
case, the traffic safety and the environmental protection.

First, a study of the current state of the PTI in Spain and its evolution since its
inception was carried out. PTI starts in Spain in 1965 but in the first moment, only to
public transport and freight trucks. Since 1980, due to the increase in the number of
vehicles in circulation and the number of traffic accidents, the Administration planned
to carry out the inspection of all types of vehicles. It was necessary the participation of
private companies to provide the inspection services to all the vehicles and this fact
produced a strong increase in the number of PTI stations: from about 30 in 1985 to 500
in 2016, and also in the inspection lines: from 70 to more than 1200.

According to database published by AECA-ITV and by the Ministry of Industry,
from 1992 to 2016, the yearly evolution of the inspections is increasing multiplied by 3
(from 6 to 20 million of inspections) but, on average, the number of rejections of this
period is about 21%, remaining stable throughout all these years, varying only between
18 and 24%.

Table 2. Evolution of number of vehicles and PTI in Spain (2014–2016).

Year Number of vehicles PTI % PTI versus number of vehicles

2014 30.976.047 18.579.016 60.0
2015 31.389.683 18.757.553 60.0
2016 32.106.520 19.509.380 60.7
2014–2016 94.472.250 56.845.949 60.2

Source MINECO [13]
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During the last years there has been an impulse of the digitalization in Spain. To
facilitate the change of the Spanish model to the connected industry 4.0, four main lines
of action are defined: digital evolution, training on digitalization, the creation of col-
laborative environments and impulse of digital tools. In order to respond to the chal-
lenges, future vehicles’ PTI must take up the existing trends in the industry and,
therefore, incorporate them into its activity. A new management model must be
implemented in the context of the Industry 4.0 that will lead to the connected PTI 4.0.
The use of cyber physical systems, the application of smart factory concepts and the
implementation of technologies such as collaborative robotics and augmented reality in
the inspection processes (for example, for the checks carried out on tasks of visual
inspection) will allow the incorporation of new benefits to the management of PTI
stations, in addition to improving their effectiveness and efficiency.

According to the PTI-Station Inspection Procedure Manual, vehicles are classified
in five typologies and for each typology, ten specific chapters are developed which
causes that during a technical inspection more than 100 items have to be checked per
vehicle. According to 2016 data, more than 19.5 million of vehicles were inspected and
less than 19% rejected. Almost 24 million of the defects detected, most of them minor
defects (17 million). In fact, even the total number of vehicles increase about a 3.6%,
inspections have been increasing more than 5%. Taking into account the number of
items verified in each vehicle during the technical inspection and the number of
vehicles, the use of technologies such as Big Data is highly recommended.

In addition, in 2013, Spanish DGT launched the ITICI project (Telematics’
Information Exchange with the Industry Departments). This project come with the
main objective of getting a real-time update of the data in the vehicle registry, through
the telematics recording of the results of the PTI and reforms carried out by the PTI-
stations. In addition to this, the management of the information generated must con-
template concepts and tools based on cybersecurity to make possible to offer confi-
dentiality between the Administration and the users.
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Abstract. Plunge milling is an interesting production mean for machining deep
workpieces. It is identified as a process potentially able to afford significant
gains in productivity during the roughing phases, especially in the case of
workpieces made of hard materials. Within this paper, a study of cutting forces
in plunge milling of titanium alloy Ti-6Al-4V is conducted. Several types of
inserts provided by manufacturing tools suppliers with various cutting angles,
type of chip breaker and nose radius, are exploited along with different cutting
parameters. The results show the influence of the geometrical parameters and
cutting parameters on the cutting forces, and give various information to
establish next the optimal trajectories of the tool during plunge milling opera-
tions on titanium alloys, according to the type of workpieces.

Keywords: Plunge milling � Cutting forces � Titanium alloy Ti-6Al-4V

1 Introduction

When working in deep slots and cavities with traditional milling, tool bending and
vibrations are usually encountered. These problems are generally solved by reducing
cutting parameters. However, using this solution causes a loss of productivity, espe-
cially during roughing phases. As a better alternative, plunge milling can be employed
[1]. This technique involves a series of successive plunges (axially) into the stock, each
time separated by a radial offset as presented in Fig. 1. The benefit of plunge milling is
that the cutting forces change from radial to axial, leading to more stability, particularly
required when using a long tool assembly and machining difficult-to-cut materials like
titanium alloys. Thus, cutting parameters can be increased and less time will be needed
to remove the excess material.

Most of the previous works related to cutting forces in plunge milling were con-
ducted on materials other than titanium alloys such as stainless steel [2], magnesium
alloys [3], aluminum alloys [4] and they were mainly concentrated on the effect of
cutting parameters. On the other hand, plunge milling cutting forces in the case of
titanium alloys are little addressed [5] and their analysis didn’t take into account the
effect of geometrical parameters represented by cutting angles, type of chip breaker,
edge radius and nose radius. Therefore, our work focuses on studying the influence of
cutting parameters and geometrical parameters on plunge milling operation applied on

© Springer Nature Switzerland AG 2019
F. Cavas-Martínez et al. (Eds.): Advances on Mechanics, Design
Engineering and Manufacturing II, LNME, pp. 380–390, 2019.
https://doi.org/10.1007/978-3-030-12346-8_37

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-12346-8_37&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-12346-8_37&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-12346-8_37&amp;domain=pdf
https://doi.org/10.1007/978-3-030-12346-8_37


titanium alloys. The experimental procedure is described in paragraph 2. An analysis of
cutting forces in accordance with cutting and geometrical parameters is then carried out
in paragraph 3. Finally, a conclusion is given in paragraph 4.

2 Experimental Protocol

2.1 Material

The studied material Ti-6Al-4V is one of the most commonly used titanium alloys. The
composition of this alloy and its properties are presented in Table 1 and Table 2 [6].

Although titanium is as strong as steel, it is about 40% lighter in weight, which,
along with its high strength and exceptional corrosion resistance makes it an essential
structural metal for aerospace field [7]. However, machinability of titanium alloys is
considered as an important issue [8, 9]. In fact, titanium and its alloys have a low

Fig. 1. Plunge milling principle

Table 1. composition of Ti-6Al-4V

Element Al V N C H Fe O Ti

Percentage 6 4 <0.05 <0.1 <0.015 <0.3 <0.2 Balance
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modulus of elasticity and a high elastic limit, which causes the problem of spring back
during machining. Also, because of the relatively low thermal conductivity of titanium
alloys, the intense heat produced during machining is absorbed by the cutting tool
which eventually wears more rapidly. Added to that, the feed speed and cutting speed
required when machining these metals are generally low, which leads to a low material
removal rate. Therefore, an optimum choice of the cutting conditions and tool is
essential.

2.2 Cutting Tools

The cutting tools are chosen from the plunge milling products proposed by recognized
manufacturing tools suppliers. The first tool is a 32 mm diameter Mitsubishi AJX
milling cutter and the second tool is a 33 mm diameter Mitsubishi AQX milling cutter
(Fig. 2). Several types of inserts with differences in macro and the micro-geometries
are used in order to analyze the influence of those parameters on the process. The
cutters are designed for roughing, and the grades of the inserts are adapted for
machining titanium alloys.

Cutting angles and edge radius of the cutters are obtained with a profile projector
and the 3D optical measurement system Alicona (Table 3). Kr is the angle between the

Table 2. Properties of Ti-6Al-4V

Property Minimum value Maximum value Units

Density 4.429 4.512 g/cm3

Elastic limit 786 910 MPa
Young’s modulus 110 119 GPa
Ductility 0.05 0.18
Thermal conductivity 7.1 7.3 W/m K

Fig. 2. Cutting tools: Mitsubishi AJX (a); Mitsubishi AQX (b)

382 M. Fredj et al.



main cutting edge of the insert and the tool displacement, c1 and c2 are the effective
axial cutting angles (c1 = cn1 + cp and c2 = cn2 + cp), and fz* is the limit of fz
which defines the zone where only c1 is active (Fig. 3).

2.3 Experimental Procedure

A DMU 85 monoBLOCK 5-axis CNC machine is used to perform full width cut
plunge milling tests on titanium alloy Ti-6Al-4V blocks, with lubrication and only one
insert. Different values of cutting speed Vc, feed per tooth fz and radial offset ae
(Table 4) are used in order to analyze the influence of these parameters on cutting
forces. The cutting depth is 10 mm and cutting forces are given by a Kistler six-
component force measurement plate 9257B.

Table 3. Geometrical parameters of cutting tools

Mitsubishi—JL Mitsubishi—JM Mitsubishi—QOGT Mitsubishi—QOMT

re (mm) 2.3 2 0.4 0.8
rb (lm) 21 27 35 70
Kr ° 103 115 86 86
an ° 17 18 12 17
bn ° 54 57 59 64
cn1 ° 5 −19 19 −1.5
cn2 ° 19 15 9
cf ° −6 −6 0 0
cp ° 7 7 6 6
c1 ° 12 −12 25 4.5
c2 ° 26 22 15
fz* 0.27 0.19 0.22

Fig. 3. Geometrical parameters of the insert
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The measured forces are the three orthogonal components of cutting force Fx, Fy
and Fz. These forces are then converted into the rotating reference of the cutter in order
to obtain the tangential Ft, radial Fr and axial Fa forces using the Eqs. (1–3) based on
the angle of engagement of the insert h in the chip area and entry angle he (Fig. 4).
During tests, one of the cutting parameters is changed for each plunge, in order to
evaluate its influence on cutting forces.

Ft ¼ Fy � cos h� Fx � sin h ð1Þ

Fr ¼ Fx � cos hþ Fy � sin h ð2Þ

Fa ¼ Fz ð3Þ

3 Results and Discussion

The analysis is based on the maximum value of forces. The tangential force and the
axial force are maximum in the position h = 90° (Figs. 4 and 5). Although the radial
force reaches its peak before h = 90°, its value in this position is still close to the
maximum. In fact, the highest stress applied on the tool is at the position h = 90°, due
to there is a maximum chip area. Accordingly, all the forces are considered in that
position. Mitsubishi AJX tools will be referred as JM and JL and Mitsubishi AQX tools
as QOGT and QOMT.

Table 4. Cutting parameters

Vc (m/min) fz (mm) ae (mm)

50 0.1 2
60 0.15 3
70 0.2 4
80 0.25 5

0.3

Fig. 4. Chip area for full width cut plunge milling
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3.1 Influence of Cutting Speed

With a feed per tooth fz = 0.2 mm and a radial offset ae = 3 mm, tests with different
values of cutting speed Vc from 50 to 80 m/min are conducted (Fig. 6).

Fig. 5. Test conducted with AQX—QOGT tool using Vc = 60 m/min, fz = 0.2 mm and
ae = 5 mm (Low-Pass Filter 150 Hz)

Fig. 6. Influence of cutting speed on cutting forces
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For cutting speed Vc = 60 m/min, the cutting forces are minimum and from this
value, the cutting speed almost has no effect as we obtain a small increase and then a
stabilization. In fact, for that value of cutting speed, the thermal softening is sufficient
to cut the material with minimal force and energy. After that, even with greater cutting
speed (70 and 80 m/min), a stable cutting process is maintained and the cutting forces
almost remain the same. However, cutting speed is considered a very important
parameter in terms of the cutting tool life as found in previous works [5, 10].

3.2 Influence of Feed Per Tooth

Tests are carried out with a cutting speed Vc = 60 m/min, a radial offset ae = 3 mm
and several values of feed per tooth fz from 0.1 to 0.3 mm (Fig. 7).

Feed per tooth affects mostly the tangential force which increases almost linearly
with this parameter. The dependency of radial and axial forces on the feed per tooth is
lower. Indeed, since this parameter represents the height of the maximum cutting
section, it indicates the engaged part of the insert nose radius (Fig. 8). When the feed
per tooth increases (from fz1 to fz2), that part expands, which induces a raise of both of
the forces especially for tools with higher insert nose radius and edge radius.

Fig. 7. Influence of feed per tooth on cutting forces
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3.3 Influence of Radial Offset

Different values of radial offset ae from 2 to 5 mm are tested while using a cutting
speed Vc = 60 m/min and feed per tooth fz = 0.2 mm (Fig. 9).

A quasi-linear increase of the tangential force is obtained when radial offset
increases. Besides, a similar behavior is shown by the axial force. The main cause is
that when the radial offset increases, the engaged part of the insert becomes larger,
resulting in a quasi-linear increase of the axial force. About the radial force, two

Fig. 8. Dependency of the engaged part of the insert nose radius on feed per tooth (AJX tool)

Fig. 9. Influence of radial offset on cutting forces
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different behaviors are obtained: for Mitsubishi—JM/JL, a rise of the force is obtained
with the increase of radial offset. However, with Mitsubishi AQX, we have a com-
pensation between the components of the force through the main cutting edge, the nose
radius and a part of the vertical edge, (Fig. 10) resulting in a little increase and then a
decrease of the radial force for QOMT, and a progressive reduction of the effort for
QOGT. The two different behaviors are directly related to the cutting edge angle Kr. If
this angle is greater than 90°, we have the continuous increase of the radial force. If it is
less than 90°, we obtain the compensation between the components of the force.

3.4 Influence of Geometrical Parameters

Based on the variation of the maximum forces (Figs. 6, 7 and 9) and the geometrical
data of the tools (Table 3), several interpretations are made.

Tangential force is strongly influenced by the axial rake angle as it decreases with
the increase of this parameter. In fact, for example with the AJX tool, for feeds per
tooth up to fz = 0.25 mm (Fig. 7), the axial rake angle is mainly given by c1 (JM:
−12°, JL: 12°), and the insert JL exhibits then the lowest tangential forces. Edge radius
of the insert rb (QOGT: 35 µm, QOMT: 70 µm) has also an impact on tangential force
which is reduced when the tool is sharper, particularly for low feeds per tooth.

Axial force is heavily dependent on the sharpness of cutting edge (rb) and effective
axial cutting angle c. In fact, the edge radius of QOMT insert is twice as large as that of
QOGT insert, and the axial force given by QOMT tool is almost twice that of QOGT
tool. In addition to that, the cutting angle c1 of JM insert is negative (JM: −12°, JL:
12°), resulting in much higher axial force compared to that of JL tool, almost its
double.

Radial Forces are heavily influenced by the cutting edge angle Kr, mainly whether
it is more or less than 90°. We can see that the tools JL and especially JM (with
Kr > 90°) create significant radial forces, which increase when enlarging the engaged
part of the insert. But QOGT and QOMT tools generate less radial efforts, which also
evolve differently when machining more material (Fig. 9). Besides, radial forces are

Fig. 10. Representation of radial offset and cutting forces (Mitsubishi AQX tool)
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strongly dependent on nose radius re too. The laterally engaged part of the insert is
greater with using larger nose radius, which engenders higher radial forces. Finally,
radial rake angle cf (−6° for JM/JL against 0° for QOGT/QOMT) influences also radial
forces, as a negative cf makes the tool blunter and increases the cutting forces.

4 Conclusion

The influence of diverse parameters on plunge milling of titanium alloy Ti-6Al-4V is
investigated. Based on the analysis of elementary tests of z-axis milling with different
cutting tools, the following conclusions can be drawn:

– Plunge milling provides a minimal radial force, which results in less vibrations and
more stability during machining titanium alloys. Besides, radial forces can be
minimized by using an insert with a cutting edge angle equal to or less than 90°, a
zero radial rake angle, and small edge radius and nose radius.

– On cutting parameters, the radial offset is the most influential on cutting forces. The
feed per tooth has a less influence, but considerably important in particular on the
tangential and radial forces. While the dependency on cutting speed is relatively
low. A good choice of these parameters is essential in order to assure an excellent
productivity with acceptable levels of cutting forces.

– The geometrical parameters represented by cutting angles and edge preparation, are
very important to have a better behavior of the cutting tool during plunge milling.

– With the inserts JL/JM/QOGT, the tangential force is the highest cutting force. In
order to have axial forces of the same order as tangential forces, inserts with high
edge radius like QOMT have to be used.

– When using plunge milling for roughing very deep pockets, we can use a tool with a
reduced sharpness like AQX – QOMT tool, to have higher axial forces and low
radial forces, which results in a better stability during the process.

– The continuation of the study will be related to the wear according to cutting and
geometrical parameters, in order to make the best choice of the tool when roughing
a specific workpiece made of titanium alloy.
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Abstract. Molding is one of the most widely used processing technologies in
manufacturing. Among typical molding parameters, the mold temperature is a
critical one for the quality of the molding process. A solution to this issue can be
the employment of induction heating which, through a high-frequency elec-
tromagnetic field, produces eddy currents and a consequent rapid heating of the
material into the cavity of the mold. The necessity to maintain the mold walls at
the operative temperature makes the induction heating to be one of the most
efficient non-contact means of heating. In fact, induction heating is characterized
by quickness, efficiency, and energy saving; however, the design and the sizing
of an induction heating system is complex due to different parameters involved
in the electromagnetic and thermal phenomena. In this context, the paper aims to
define a methodology to support engineers in the design and sizing of an
induction heating system for molds, taking as case study a mold for composite
parts. A model-based approach is proposed to analyze and simulate the mold
heating, considering three different levels of modelling: Analytical (0D), Finite-
Difference Methods (2D) and Finite Element Methods (3D). The Analytical
approach investigates the solution of the physical equations applied to the
volume of the material involved. Instead, the Finite-Difference approach (2D)
solves the heat transfer problem by discretizing the domain and by solving for
temperature at discrete points. Finally, the Finite Element method (3D) solves
partial differential equations on a 3D discretized domain.

Keywords: Virtual prototyping � Model-Based simulations � Induction
heating � Mold heating � Resin curing � Epoxy-Based carbon fiber prepregs

1 Introduction

Nowadays, different technologies provide solutions for mold heating. A solution is the
use of eddy currents with induction systems. Induction heating provides many
advantages such as quickness, efficiency, and energy saving [1], if compared with the
use of electrical resistances. However, the design and sizing of an induction heating
system takes a lot of time due to the complexity of the electromagnetic phenomena [2].
Parameters to be optimized are geometrical dimensions, electrical current, and fre-
quency [3]. The design of a heating system is often a custom application related to the
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target-objected to be heated [2, 3]. In this context, virtual prototypes and simulations
are suitable to estimate energy consumption and validate the resultant temperature
profile [4]. In particular, the field of composites manufacturing (epoxy-based carbon
fiber prepregs) regards the development of tailored molds for applications such as
sports car, racing and aerospace. These applications require high geometrical quality
and zero scraps [5]. In addition, this production, which is focused on small batch,
requires agile-rapid tools and accurate methods to design and prototype molds.

A virtual prototyping approach is necessary to evaluate the temperature distribution
during the polymerization process. In fact, temperature is crucial for the composites
manufacturing [6]. The temperature control regulates the chemical polymerization
under a defined pressure condition [4, 5]. While the pressure is important to provide no
gas-bubbles trapped between the layers of a composite material, the temperature is
responsible for the resin curing process. Therefore, the temperature affects the resultant
product quality [7]. The necessity to maintain the walls of a mold at the operative
temperature, is the motivation on using induction heating in this research. The elec-
tromagnetic high-frequency induction is an efficient way for the non-contact heating of
magnetic surfaces [2]. Other variothermal-based processes, which use liquid, such as
water or oil, have the disadvantage of high cycle times and low productivity [8]. The
density of heat flux is very low, and the cooling time is very high. The induction
heating enables low cycle times due to the excellent heat flux density, and the possi-
bility to modulate the heating power.

2 Method

The paper describes a methodology to support the engineer during the design, sizing,
and simulation of a heating system for molds. A model-based approach is proposed to
reproduce the behavior of the related physical system. A model-based simulation is a
physical system represented by Object-Oriented (O-O) models, where each model
contains information and functions regarding the calculation of performance and sys-
tem behavior [9]. The model-based approach is an engineering design method applied
in several fields such as mechanics, informatics, and electronics [10].

The proposed research approach has been developed considering a test case based
on an induction heating system for molds. In particular, a mold for the composites
manufacturing has been described in the following test case section. Three different
levels of analysis have been considered and discussed to simulate the mold heating.
These three levels concern three different domains of geometrical representation: 0D,
2D, and 3D modelling. Figure 1 shows the design workflow to support the molds
modelling with virtual prototyping tools in the case of induction heating. Even if the
proposed test case is focused on the Conceptual Design phase, the approach has been
described from the input phase to the detailed design.

The first step regards the input definition, which interests the Early Planning phase.
The design input is a collection of geometry, material, thermal models, energy con-
sumption and temperature mapping. During the Early Planning phase, the engineer
describes the physical model analyzing all involved phenomena and reports them into a
graphical representation such as a block diagram.
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The second step is the definition of a Parametric Model. This model can be
performed in three different levels of details from 0D to 3D domain. The resulting
model constitutes the Model-Based Object (MBO) to be performed in the following
Simulation phase. As stated before, the Model-Based Object can be represented with
three different levels of domain such as 0D, 2D, and 3D. The approach assigns a
simulation level to each level of representation. While a 0D model can be solved using
a simple analytical calculation, a 2D model can be computed using a Finite Difference
Model (FDM) approach. Finally, a 3D representation is suitable for a Finite Element
Method (FEM) analysis.

The Simulation phase represents the third level of the proposed design workflow.
This phase concerns the Model-Based Simulation (MBS), which is based on the ana-
lyzed MBO. In this level of Conceptual Design, the boundary condition related to the
Heat Source definition, is evaluated using an analytical calculation. The Heat Source
condition concerns the induction heating generated from a copper coil (inductor) to a
target object to be heated. Therefore, the system efficiency and eddy currents are
evaluated considering a 0D analytical approach and solving the Maxwell Functions
applied in integral form. The virtual analysis involved in the MBS level regards the

Fig. 1. The proposed design approach
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thermal simulation with a FEM solver to reproduce the temperature distribution on the
mold surfaces. On the other hand, the Embodiment Design phase concerns the FEM
simulation of the electromagnetic phenomena.

TheModel Validation step is a necessary check analysis to achieve an early feasible
study about the performance of the heating system. In particular, in this research, this
level concerns the evaluation of the achieved temperature profile and energy con-
sumption. Temperature distribution and energy consumption are compared with the
technical specification, highlighted in the Early Planning phase as requirements. The
design loop iterates until the optimal performance is achieved.

The Conceptual Design phase ends with the end of Model Validation and the
beginning of the 3D Modelling phase. In fact, this modelling activity regards the
definition of a more detailed geometry and the beginning of the Embodiment Design
phase. This phase also involves virtual analysis; however, the overall simulations are
Detailed Simulations because the Heat Source conditions are calculated using a FEM
solver which performs the electromagnetic analysis. Therefore, this simulation level
concerns the coupling of two FEM solvers for the analysis of the thermal behavior and
the electromagnetic one. Then, the design workflow ends with the Detailed Design
phase which consists of Engineered System.

2.1 Levels of Analysis

As described in Fig. 1, the Parametric Model regards the definition of a MBO model
which reproduces the behavior of a physical model. In particular, three different levels
of modelling are proposed: Analytical (0D), Finite-Difference Methods (2D) and Finite
Element Methods (3D). This section describes the three levels of modelling (0D, 2D,
3D) to be used during the Conceptual Design phase. Generally, analytical models are
more affordable and, therefore, they are used in small-medium enterprises. Even if the
designer can use one of them, this paper proposes a comparison between each level of
representation. Following, a description has been reported for each level of modelling.

0D: Analytical Analysis

The analytical approach, represented in Fig. 2, considers the solution of the physical
equations applied to the volume of the involved material, without analyzing the
detailed shapes of the geometry. The approach is 0D-based; therefore, the heat dissi-
pated is calculated considering mass and average area of heat transfer. The heat source
is considered as an iterative input calculated at each computing step. The model of the
system includes the mass of the mold with its properties (such as heat transfer coef-
ficient, external surfaces, etc.), and the equation of thermal balance between the heat
source and the heat dissipated, which will provide the estimation of the average mold
temperature. The analytical calculation is applied over an already defined time
step. The output is the sizing of the inductor power to achieve a temperature target in a
time period. During the phase of Conceptual Design, the efficiency of the induction
system has been considered as supposed value to be verified in Detailed Design.

Generally, the analytical model is a simple representation of a problem because it
involves only analytical equations applied to a 0D domain. Analytical solutions are fast
and can give an early feedback about the system behavior during the early design phases.
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2D: Finite Difference Methods

In the FDM approach, the geometrical volume is divided into a pattern of nodes, called
as grid. This paper applied FDM for a 2D-based calculation. The domain regards the
2D section of a mold. However, the same approach also works with 1-D or 3-D
domains. Generally, the finite-differences approach is used to solve the heat transfer
problem by discretizing the space and solving for temperatures at discrete points called
the nodes [11]. In transient problems, temperatures change with time as well as
position, and thus the finite difference solution of transient problems requires dis-
cretization in time in addition to discretization in space [11]. Therefore, a suitable time
step Dt must be selected to repeatedly solve each temperature step until the solution at
the desire time is obtained. An example of a 2D discretization of the space by nodes is
highlighted in Fig. 3. At each node m, the heat transfer balance can be calculated
solving Eq. (1):

X
all sides

_Qi þ _Gi
element ¼ qVelementC

Tiþ 1
m � Ti

m

Dt
ð1Þ

where the rate of heat transfer Q regards the sum of terms such as conduction, con-
vection, heat flux, radiation etc. The term C is the specific heat of the element (1). The
temperature value of m-node is calculated at the i + 1 time, considering the values of
temperature at the i time for m-node and all sides (m – 1, m + 1, etc.). The second term
of Eq. (1) simplifies as a finite difference approximation the partial derivative dT/dt.
Figure 3 shows a rectangular 2D region in which heat conduction is significant in the
x and y directions. The heat can be considered as generated in the medium at a rate of _g
per the specific volume in the time.

The following Eq. (2) describes the transient Eq. (1) applied for the case of the
conduction heat transfer with heat generated in the medium:

Fig. 2. The workflow of the analytical calculation for a mold heating system
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where the term K is the thermal conductivity of the medium assumed to be constant,
and q is the density of the medium. This equation allows the temperature of node m at
the time i + 1 to be calculated. The same approach is suitable for the discretization and
solution of the steel block where the eddy currents generate the induction heat.
A similar approach is described in many research papers for the case of the heat
dissipated with the double effect of convection and conduction [2, 3].

Focusing on the case of the mold heating, Fig. 3 describes the possible space
discretization for a steel mold in a 2D space. The mold is the medium where are applied
the boundary conditions such as the heat generated by eddy currents (Heat Source), the
heat dissipated as convection and the conductive heat transfer (Fig. 4). As stated
before, the induction heating is generated as effect of eddy currents in the medium.

A finite difference approach is suitable for the determination of the temperature
distribution in a metal mold after a t time. This approach requires the use of a math-
ematical development framework for solving the FDM equations. Possible conver-
gence problems require the use of small time-step for the computing. Additionally, an
accurate solution requires a fine nodes discretization. Therefore, while this approach is
suitable and fast for simple geometries, custom solutions with complex geometries
require dedicated algorithm to generate the nodes discretization.

3D: Finite Element Method

The third level of representation involves a FEM computing applied to a 3D geometry.
The finite element method (FEM) is a numerical technique based on solving partial
differential equations. This method subdivides a domain of calculation into smaller
parts that are called finite elements. Thus, the problem is divided into a collection of
subdomains represented by a set of equations which are then recombined into a global
system of equations for the final calculation. The subdivision of a whole domain into

Fig. 3. An example of a 2D discretization of the space by nodes
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simpler parts, has several advantages such as accurate representation of complex
geometry and easy representation of a solution. Generally, tetrahedral elements are
used to represent a system for a virtual analysis. The discretized domain is called mesh,
and a CAD (Computer-Aided Design) tool is necessary to model the geometrical model
to be discretized.

The simulation of a FEM model is focused on a meshed geometry. The meshing
requires hardware resources and advanced numerical tools to be generated and solved.
Commercial tools provide tools to perform each phase of a FEM calculation such as
meshing, pre-processing (boundary conditions definition), processing (FEM comput-
ing), post-processing (results analysis). However, this solution method is more
expensive in terms of time and cost.

For the analysis of an induction heating system, the application of a FEM approach
requires a multi-physics approach for solving the electromagnetic problem and the
thermal heat transient. A typical induction heating problem can be solved by an iter-
ative solution of the time harmonic electromagnetic problem and the transient thermal
problem. The electromagnetic FEM analysis allows to study the electromagnetic
behavior of the structure. As stated before, the FEM calculation involved in Conceptual
Design is only based on the thermal analysis to reproduce the temperature distribution
on the mold surfaces. On the other hand, the Embodiment Design phase can include the
FEM simulation of the electromagnetic phenomena.

3 Case Study

While the previous section has analyzed the methodological approach considering the
design of a heating system for any molding application (Fig. 1), this section describes a
test case focused on a mold for the manufacturing of a composites component (epoxy-
based carbon fiber prepreg). This component is a part of a lighting system for sport
cars. The test case also proposes a comparison between the results achieved using each

Fig. 4. An example of a 2D finite differences scheme for mold heating
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level of representation (OD, 2D, and 3D). The comparison considers the resultant
calculation time and the gap between real and virtual tests.

The mold to be heated consists of three parts: a steel plate (bottom part), an
aluminum block (middle part), and a silicone rubber top (upper part). The geometry of
the composite component to be produced is shaped between the middle part and the
upper one. The molding process is the resin curing. The temperature is a crucial
parameter because it affects the polymerization and the curing of the resin. The test
case, highlighted in this paper, concerns an epoxy resin curing process where a tem-
perature value of about 130 °C is required on the walls of the mold cavity. This target
of temperature depends on the materials involved and it was previously evaluated by
experimental testing. The case study shows three levels of virtual prototyping to study
the heating effects in terms of temperature achieved on the mold walls.

The proposed heating process consists of four thermal effects: the induction heating
on the steel plate, the heat conduction between the steel plate and the aluminum block,
the heat conduction between the aluminum block and the silicone rubber top, and the
natural heat convection of the mold at room temperature. While the steel plate (bottom
part) is a ferromagnetic material and can be heated by eddy currents, the aluminum-
block can be only heated through the thermic conduction with the steel plate. In fact,
the induction system only transfers energy to the ferromagnetic parts. The inductor
consists of a coil, where each wire contributes to generate an electromagnetic field,
depending on the current frequency.

The first level of analysis has been based on a 0D modelling. The results achieved
by the Analytical Analysis shows the necessity to involve a 3000 W induction system
for the mold heating. The analytical model (2D) has been performed using MATLAB
Simulink® framework (Fig. 5). The main boundary conditions were a total mass of
about 20 kg and a heating time of 500 s. The resulting thermal power is 2500 W (2D
calculation), which is less than the value calculated by the 0D solution. The achieved
temperature value on the walls of the mold cavity is 145 °C. On the other hand, the
estimated temperature for the steel plate is 175 °C.

The second level of results has been analyzed using a FDM approach, based on a
2D model. MATLAB Simulink® framework has been also used in this second level of
simulations. In particular, two models have been developed: the thermal model and the
PID control. Figure 6 shows the thermal gradient on the mold cross section at the
simulation time of 500 s. The cross section is related to the middle aluminum block,
and it is applied on the middle plane of the cavity. The resulting trend of temperature

Fig. 5. The thermal model in MATLAB Simulink®
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confirms the results, analyzed using a simple 0D-based Analytical Analysis. However, a
FDM approach can provide more details about the temperature distribution. Moreover,
using a FDM approach is difficult to estimate the temperature distribution on the
surface of the cavity. The computation of this FDM approach estimates an induction
power of about 2800 W.

Figure 7 shows a temperature comparison between values simulated in FDM and
real values acquired from physical testing. Thermocouple probes were applied on steel
plate and aluminum block during the mold heating test. The green line describes the
average profile of temperature acquired by 8 probes on the steel plate. The imple-
mentation of a PID controller can regulate the power input and evaluate the energy
consumption over the operation time.

Fig. 6. A report of the temperature behavior on the cross section of the mold

Fig. 7. A comparison between the real (green line) and simulated (blue line) average
temperature profile as analyzed on the bottom surface of the steel plate
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The third level of simulation regards the use of a FEM model. In this case, a
commercial numerical solver has been used to simulate the thermal distribution
between the bottom and the middle part of the mold. As a difference with the other
analysis, a low-detailed 3D model has been defined in this simulation activity. Figure 8
shows the temperature distribution simulated on the surface of the cavity using the
FEM solver. The 3D analysis reports an average temperature on the mold cavity of
about 168 °C after a heating time of 500 s. The estimated power for the induction
heating is 2900 W considering the resulting data analyzed within this third level of
simulation.

4 Conclusions

A methodology to support the engineer in the design and simulation of an induction
heating system for molds has been proposed. Three different models (0D, 2D, and 3D)
have been described to simulate the behavior of the system. The proposed method is
general because it was developed thinking to different molding heating applications.
A test case, focused on a mold for a composite component, has been analyzed to show
the differences between each levels of analysis (0D, 1D, and 3D). While 0D and 2D
cannot evaluate the temperature distribution of the mold cavity, a 3D model can give a
stronger feedback to the designer about the thermal distribution. However, despite
these limitations and differences, the achieved temperatures result quite similar for each
approach. Additionally, a 0D approach is affordable and suitable in the context of
small-medium enterprises (SMEs), where a short time computing is a necessary feature.
Generally, the employment of an approach setup on model-based simulations concerns
the representation of a physical system through an Object-Oriented (O-O) model,
which implements analytical and numerical equations for the calculation. The use of a
model-based approach can be also suitable in simulations and computing related to a

Fig. 8. A FEM simulation report of a mold heating system
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Cyber Physical System. In this case, 0D and 2D models can be applied in real-time
analysis.

The FEM analysis confirms about 25% energy reduction on using an induction
heating system instead of a traditional electrical resistance circuit. As a future work, the
simulated 2D system will be tested using a Hardware-In-the-Loop approach. In addi-
tion, an electromagnetic FEM analysis will be performed and added to the proposed
methodological approach.
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Abstract. Human in the factory is one of the main themes of the Factory of the
Future; in this context the aim of this paper is to present the new issues for
workers safety and integrated design concepts or methodologies which have to
be taken into account. New paradigms come into being: the uncertainty of the
demand in terms of products as well as production rate, product customization,
product/service integration, variability in manufacturing processes and times,
reconfiguration of manufacturing machine tools and systems, space organiza-
tion, auto-organization and planning. Also, new technologies are implemented:
robots, “plug and play” devices, virtual/augmented reality, sensors, OPC stan-
dards and connected objects. Several tasks are performed by the workers, the
robots or both in collaboration. The workers are placed in the center of the
Factory of the Future but this concept introduce hazardous events, problems of
health and safety (physical or cognitive tasks, fatigue, stress, space and time
organization, human-robot interfaces to take into account in the different
working situations). So the aim of the paper is to present studies carrying out in
order to propose to the machine or manufacturing systems designers as well as
production managers structured methods, models and tools to get safe working
situations in the frame of the Factory of the Future paradigm.

Keywords: Factory of the future � Manufacturing systems � Human aspects �
Safety � Human-robot collaboration

1 Introduction

In the Factory of the Future paradigm, numerous studies highlight the importance of
taking into account and integrating human into production systems [1–8]. Analysis of
these literature shows that the Factory of the Future presents several angles of approaches:

– Adaptive and smart production systems, production control, organization and
planning, data management.
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– Virtual manufacturing, product –process design, engineering of complex systems,
augmented reality, …

– Equipment, robots, reconfigurable machine tools, sensors…
– Advanced manufacturing processes: additive manufacturing, innovative manufac-

turing processes …
– Human and societal aspects: human centered manufacturing, social assessment,

health and safety, sustainable manufacturing, wellbeing….

On the other hand new paradigms come into being:

– The uncertainty of the demand in terms of products as well as production rate.
– Product customization and product/service integration.
– Manufacturing process plans are not fixed, so the manufacturing times cannot be

foreseen.
– Reconfiguration of machine tools as manufacturing systems (physical reconfigu-

ration, routing, real time control, etc.).
– Space organization, auto-organization and planning.
– New technologies are implemented: robots, plug and play devices,

virtual/augmented reality, sensors, OPC standards, connected objects, big data,
artificial intelligence, cloud computing.

– Uses of products as manufacturing equipment are more and more complex.
– Integration of mechanical/electrical/electronical equipment on existing ones.
– Several tasks (physical as well as cognitive) are performed by the workers

(preparation, manufacturing, maintenance and machine reconfiguration, storage,
assembly, quality control, …), the robots or both in collaboration [9–12] following
the production needs.

Workers in the Factory of the Future are exposed to safety problems (accidents) as
well as health problems (stress, fatigue, repetitiveness of gestures, prolonged static
postures, vibrations, dangerous environments, possibility of anticipating dangerous
work situations) [8].

Inside the Factory of the future, the principal risks for health and safety are those
identified in the standards [13]. Nevertheless their occurrences, causes and severity,
depend directly on the new context and the new work conditions and situations, par-
ticularly in terms of equipment design for reconfigurability, human-robot interactions
(transport, assembly or product qualification) and the organization of production or
workstations (production control, lean-manufacturing, self-organization, margins of
manoeuver). This leads to numerous questions about the health and safety of
employees:

• How to specify, and then design safe production cells with functional perimeters
adapted to their evolving uses for different lifecycle working situations (mounting,
setting, exploitation, modification)?

• How to protect workers in constantly changing environment (autonomous plat-
forms, collaborative robots, modular machines)?

• How to safely manage reconfiguration phases?
• What is the impact of collaborative robots and new human-machine interfaces on

production activities for workers and supervisors?
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• Can we use ever-increasing production data to highlight slight signals announcing
dangerous working situations?

• Can the opening of manufacturing systems to the outside world through commu-
nication networks compromise workers safety?

• How to ensure the progress of production in a variable and disturbed environment:
difference between prescribed and real, transitional phases?

• How to ensure simultaneous responses to performance (productivity, flexibility,
quality) and health-safety objectives?

All these questions require acquisition and structuring of new knowledge from an
engineering point of view (specification and design methods, simulation tools, risk
analysis, definition of preventive measures) as well as human factors in order to
integrate flexibility and professional risk prevention to these requirements [11, 14–16].
These works are part of the “Integrated Prevention” approach, which consists of
applying as soon as possible safe design principles to future work equipment [17].

Also, the objective of this article is to specify barriers, missing knowledge, tracks of
studies and knowledge objects capable of giving to manufacturing systems designers as
well as production managers tools to answer to the identified questions. We present the
results of the reflection we have undertaken in order to go in depth our future research
(objectives, models, methodologies, knowledge …) on workers safety:

– How to specify the use of the manufacturing systems in order to get safety work-
place for all its life cycle (assembly, set-up, modification, production, disassembly,
…) and for different skills of workers involved (experienced, beginner, maintenance
person…)?

– Does actual simulation software for robotized workstation allow forecasting all the
working situations?

– What are the relevant parameters to take into account and relevant algorithms to
propose in order to develop dedicated simulation software?

2 Equipment Design and Re-configurability

Reconfigurable systems and machines have been studied for several years from a
purely technological point of view [18–20]. This reconfiguration can be considered at a
machine (modules or tools) (Fig. 1) or cell (machines and product flow) (Fig. 2) level,
in terms of physical characteristics, control (PLC, communication network) or com-
mand (centralized, coordinated, self-organization).

Design for Safety concept recommends the improvement of knowledge sharing
between different actors, with strong involvement of the health and safety expert, and it
has been the object of multiple works [21–26]. The analysis of the whole set of
methods, techniques and design tools, allows us to make the following remarks [17,
27]:

– There is no proposition of a formalized framework to ensure the identification of
key elements and links between use, design and prevention;
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– Consideration of all uses is mainly based on scenarios during validation stages:
collaborative project reviews with ergonomists and workers around modeling or
prototyping. Although necessary, this articulation of integrated prevention with
design process around solely the validation stages is not enough, because it does not
guide the designer through the autonomous making decisions process. Risk pre-
vention is therefore treated as a correction task and not as a specification for design.

Moreover, current models of use have limitations towards:

• Functional boundaries specification and evolving usages;
• Management from a health and safety point of view by the combination of possible

use scenarios and reconfiguration phases, and this in phases of architectural as well
as detailed design.

Fig. 1. Machine tool reconfiguration

Fig. 2. Product flow reconfiguration
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3 Human and Robot Collaboration

Robots introduction inside production cells with sharing workspaces and tasks is
increasingly relevant, the NF EN ISO10218-1: 2011 [28] standard defines four modes
for securing collaborative robotic cells:

– Mode 1 or “Controlled nominal safety stop”;
– Mode 2 or “Manual guidance”: user actions guide the robot. Safety of the worker is

mainly based on the utilization of a validation device;
– Mode 3 or “Speed and separation distance control”: while the worker is inside the

working zone of the robot, it must maintain a certain speed and respect a separation
distance with the worker, in order to avoid collisions;

– Mode 4 or “Robot power and force limitation”: contact detection and force limi-
tation mechanisms must be integrated into the robot, in the interest of reducing the
intensity of potential impacts between human and robot.

In mode 3, the human detection systems required for its implementation are still in
the research stage [29–31]. Users prefer to slow down or stop robot movements in case
of intrusion in the protected zone (mode 1) or in case of contact (mode 4) rather than
trying to modify its trajectory to maintain a separation distance.

Moreover, the Factory of the Future paradigm leads to a more global view of the
different approaches (Fig. 3): Resources and tools mobility; Safe collaboration between
human and robot; Robots’ mobility; Multi-armed robot; Real time perception of tasks
and environment; Cognitive contribution dedicated to each operator.

On one hand, simulation is increasingly used to reduce costs and risks related to
products and demand variability and quick validation of production objectives in terms
of quality or performance; on the other hand, proposed models remain limited. If some

Fig. 3. FOF-NMBP Thomas project [32]
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software includes modules for viewing and configuring safety zones in nominal
operation (paths, speeds and energies managed by the robot control system), it is not
guaranteed that these modules make it possible to verify compliance with safety
requirements in degraded conditions. Protection measures used to secure a collabora-
tive cell can be of different natures: safety functions specific to robot, protection
devices (perimeter, surface, volume). However, they all have as main function to send
to the robot a safety order, such as stop completely in the event of a potentially
dangerous situation: human intrusion into a protected zone or detection of a mal-
function of the robot for example. “Safety distance (S)” is one of the principal criteria
to consider when choosing, installing, and setting up protection devices (Fig. 4). This
distance ensures that the mobile elements of the robot will not dangerously strike a
worker.

4 Manufacturing System Design and Organization

Given the objectives of productivity and responsiveness, approaches such as Lean
Manufacturing or Just in Time, the exploitation of communication systems, the
development of connected objects and interfaces (smartphones, tablets, augmented
reality) lead to working conditions involving risks such as stress, musculoskeletal
disorders and fatigue. Also the concept of leeway “possibility or freedom of a worker to
develop different working ways to meet production requirements without adverse
health effects” [33] has been introduced by a number of ergonomic researchers and the
concept of a production cell with extended responsibility has been proposed. Leeway
increases the ability of workers to cope with the variability of work situations; it allows

Actual stop 

Stop command

Detection

Worker speed Robot speed

Safety device detection area 

Fig. 4. Safety distance and actual stop
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them to absorb the gap between the prescribed work and their actual work. Two levels
of margin implementation can be distinguished [34]: leeway in design situations (de-
signer will define a prescriptive framework more flexible and more adapted to the
constraints of the future production activity) and those operational ones (improvement
of working conditions of the operators once the facilities and the production organi-
zation is in place in the workshop).

Following these analyses, key parameters, constraints, and missing knowledge has
been identifying in order to go in depth future works and develop specific software.
This later will allow carrying out operating scenarios and thus identify the potential
risks in terms of health and safety in both design and operation in order to help
designers or production managers in decision making. So the modeling of production
cell configurations, the spatial organization of the characteristic elements, the opera-
tions to be carried out can be undertaken. Concepts and tools as Energy analysis for
systematic haZard Identification [17] or hazardous zones [26] combined with tasks
planning will be useful. Figure 5 shows an example of hazardous working situation.
This virtual representation of working place for each configuration will allow to
identify potential risks and to help the designer in the different phases of process
design. From the relevant parameters (energy level for example) it is possible to
estimate the risk seriousness.

Fig. 5. Hazardous zone model
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5 Conclusions

Significant technological leaps are induced by the implementation of the Factory of the
Future according to different aspects: reconfiguration of the production system using
“plug and produce” bricks, data acquisition and reactivity in real time, exploitation of
automated systems, physical and cognitive assistance to humans, virtual twin factory,
production organization and high added value processes. Thus the interactions between
human and production equipment are modified to meet the objectives of responsive-
ness, controllability and evolution of the work environment, this leads to new chal-
lenges for health and safety at work all along the design and operation cycle of the
system through a dynamical mastery (identify, evaluate, act) of the work situation
(system/workers/organization).

The consideration of all these elements within configuration models of production
cell, spatial organization of characteristic elements, operations scheduling to be carried
out, make it possible to create operating scenarios and thus identify potential risks in
terms of health-safety at a design and operational level. Key knowledge objects as
energy flow, dangerous zone, safety distant, generalized dangerous variables or use
specifications new approach and methodology have to be developed from existing tools
and knowledge by integrating these new issues, industrial objectives and societal
context.
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INRS and ENSAM/LCFC (safety design of working situation: functional requirements, equip-
ment design, working place management) which allows to bring the financial and scientific
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Abstract. The unique capabilities of additive manufacturing (AM) technolo-
gies highlight limits in commercial CAD tools. In this manuscript, after a
synthetic description of the main AM technologies based on international
standards classification, geometric modeling methods and data exchange file
formats available in the literature are presented. Twelve geometric models have
been studied to evaluate the effectiveness of the file format, noting the file
dimension and the time to open and close the file. As a result, a roadmap in the
development of new tools for design in AM is drawn, taking into account the
new possibilities offered by AM technologies.

Keywords: Design for additive manufacturing � Data exchange � Geometric
modeling � Additive manufacturing

1 Introduction

Additive manufacturing (AM) technologies have unique capabilities, making possible
the fabrication of (i) shape with any complexity (in the limits of the design rules, such
as minimal wall thickness and escape holes), (ii) parts having desired microstructure
(by controlling process parameters), mesostructure (adopting cellular solids) and
macrostructure, (iii) pieces having point by point specific materials, (iv) functional
mechanisms without the assembly of parts [1].

In order to fulfill these unique capabilities, dedicated design tools and methods are
needed, allowing, for instance, mass customization [2], parts consolidation [3], com-
plex free-form and organic shape modeling, voxel and 3D bitmap design [4], cellular
solids and topology optimization (multiscale design) [5–9], functionally graded
material design (FGM) [10], flow channels [3] and thermal optimization [11]. More
broadly it is possible to “maximize product performance in terms of manufacturability,
reliability, and cost, through the synthesis of shapes, sizes and material compositions,
subject to the capabilities of AM technologies” (adapted from [1]) which is the
objective of Design for Additive Manufacturing (DfAM). Few of the mentioned tools
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are available in commercial CAD software, while others are only described in research
projects.

To identify the potential of AM technologies, in this paper, firstly the international
standard classification of AM technologies is presented. Then, geometric modeling and
analysis approaches able to exploit the AM potential are presented, especially
according to the capabilities of complex shape and functionally graded materials
modeling. Finally, characteristics and efficiency of file formats for data exchange are
discussed, studying 12 test cases. Mesh and NURBS represent effectively and effi-
ciently both boundary and volumetric geometric models, while the implementation
tested shows the need to strengthen the data exchange file format supported by inter-
national standards.

2 AM Technologies

ISO/ASTM 52900 [12] and ISO 17296-2 [13] provide definitions, classification, and
description of the main AM technologies. Seven types of additive processes are
identified:

– vat photopolymerization in which liquid photopolymer in a vat is selectively cured
by light-activated polymerization,

– material jetting in which droplets of build material are selectively deposited,
– binder jetting in which a liquid bonding agent is selectively deposited to join

powder materials,
– powder bed fusion in which thermal energy selectively fuses regions of a powder

bed,
– material extrusion in which material is selectively dispensed through a nozzle or

orifice,
– directed energy deposition in which focused thermal energy is used to fuse mate-

rials by melting as they are being deposited,
– sheet lamination in which sheets of material are bonded to form an object.

Due to the limits of commercial CAD/CAM tools, the capabilities of AM tech-
nologies are not yet fully exploited. For instance, a number of studies show that it is
possible to obtain a continuous variation in material composition, varying gradually the
mechanical properties [4, 14, 15], but there are not yet adequate tools to support the
relevant design process. Other examples show the ability to embed 3D colors used as a
passive wear indicator or embed electronics using metal nanoparticles [16]. Moreover,
recent advances in using FGM in parts and AM technologies demonstrate the need of
commercial CAD systems for creating heterogeneous objects [17].

3 Geometric Modeling for AM

A number of geometric modeling approaches are available in the literature. These can
be classified in 3 main groups (Fig. 1): boundary representation (BRep), volume rep-
resentation (VRep) and constructive solid geometry (CSG).
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BRep is a method for representing the shape of an object by a collection of con-
nected surfaces describing the skin (i.e. boundary) of the solid and is the basic principle
of solid modeling on which all CAD 3D geometric kernels are based since 40 years.
In AM this approach is useful when the solid is made by a homogenous material and the
skin is the only part that presents variable characteristics such, as colors that can be
represented by a texture. A 3D surface can be represented by implicit, explicit or
parametric functions, or by polygonal meshes. An equation of form f(x, y, z) = 0 is the
implicit equation of a surface [18] also known as Function Representation (FRep),
widely studied in the literature [19]. Regarding AM, FReps are able to easily design
lattice structures [20]; for instance, triply periodic minimal surfaces (TPMS) are periodic
implicit surfaces often used in AM for their curvature continuity. On the other hand,
FReps are unable to represent and easily transform bounded surfaces. A parametric
representation of a surface is given by S(u, v) = (x(u, v), y(u, v), z(u, v)), where u and v
are independent parameters defined in an arbitrary interval usually normalized to [0, 1]
[21]. The parametric surfaces, such as Bézier, Spline and Non Uniform Rational Basis-
Splines (NURBS), are supported by numerically stable algorithms and allow more
natural design and representation of shapes in a computer than implicit equations [21].
Parametric geometry is easy to express in the form of vector and matrices allowing to
use relatively simple techniques to solve very complex analytical geometry problems,
providing a common mathematical format for representing any curve and surface,
drastically reducing the number and the complexity of subroutines required to solve
geometric-modeling problems [22]. It is difficult, instead, to manage very complex
shapes such as lattice structures by parametric functions [8]. Mesh models, which
represent the surfaces by adjacent closed polygons, can improve the usability of com-
plex shapes especially adopting subdivision surface algorithms [8]. Moreover, the
geometric models adopted in AM are usually based on meshes.

3D Geometric modeling approach

VRepBRep

Discrete Func on based

CSG

Func on basedDiscrete

Polygonal 
Mesh

Implicit
f(x,y,z)=0, TPMS, …

Parametric
x=f(u,v)
y=f(u,v)
z=f(u,v)

Spline, NURBS
…

Voxels Parametric
x=f(u,v,w)
y=f(u,v,w)
z=f(u,v,w)
3D NURBS

…Polyhedral 
MeshExplicit

z=f(x,y)

Octree

Implicit
f(x,y,z) ≥ 0, TPMS, …

Explicit
z ≥ f(x,y)

Fig. 1. Geometric modeling approaches
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When a part is made of heterogeneous materials, BReps are not enough. In this case
it is necessary to describe colors or composition point by point, by means of
VRep. Recently, voxel (a volumetric pixel) based modeling approach was proposed
with a resolution set equal to the native resolution of the AM process [4]. This
methodology can be improved by bringing together adjacent voxels with the same
properties, making more efficient the spatial-occupancy enumeration (Octree encoding
[18]). Alternatively, a more flexible approach based on polyhedral mesh can be adopted
in the design of heterogeneous materials taking inspiration from FEA/CAE method-
ologies. As in the case of BReps, a VRep can be represented by implicit, explicit or
parametric functions. Besides the previously mentioned troubles for implicit and
explicit functions, it is very difficult to work on different level of inequalities to set the
distribution of different materials: it is possible to set a material at each k value of the f
(x, y, z) = k, but is quite difficult or impossible to get an adequate match between
desired spatial distribution of the materials and f(x, y, z). Instead, parametric functions
such as NURBS 3D, show a number of advantages especially in CAD and FEA
integration (iso/geometric analysis [23–25]). This approach can be extended in FGM
analysis [26]. Moreover, volumetric subdivision can be adopted in both discrete and
function based approaches integrating iso-geometric analysis [27]. Additionally, this
approach could be integrated into mesh modeling for cellular materials [8], allowing
the design and the optimization of lattice structures.

A different approach in geometric modeling is CSG, in which a solid is represented
combining a number of primitives, such as prisms and cylinders, by using Boolean
operators. Usually, primitive geometries are defined as homogeneous solids and are
switched to BRep for visualization, data exchange, and manufacturing. Recent studies
show the feasibility of adopting heterogeneous primitives in CSG, redefining the
Boolean operations concept [28]. In this case, CSG can be likened to a VRep also
called VCSG.

In short, in our opinion, the geometric modeling methodologies highlighted in
green in Fig. 1 are the most effective approaches for AM, allowing geometric com-
plexity and an effective and intuitive geometric modeling approach, providing a unified
mathematical basis for every shape. Moreover, mesh and NURBS have become the de
facto industry standard for the acquisition, representation, design and data exchange of
geometric information, supported by many standards.

4 Data Exchange File Format for AM

In AM product development, there is a number of formats for data exchange partially
able to cover the different stages of the product development process such as geometric
modeling, design, manufacturing, and verification [29–31].

Stl file format is the de facto industry standard for transferring geometric infor-
mation, but it supports only triangles with face normal, without any other product and
manufacturing information (PMI) and color information. When exporting a free-form
surface in stl, the geometry is approximated with planar triangles, therefore reducing
the model accuracy [32]. Many other file formats can be used in data exchange for
additive manufacturing such as ply, Obj, Step, AMF, 3MF, WRLM, JT, slc, each one
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has its pros and cons. Unlike the other, ply format supports polygonal meshes that are
not necessarily triangles.

Step AP 242 (ISO 10303-242 [33]), developed by ISO, is probably the file format
that could better cover the whole product development stage, including PMI and
annotations, but the implementations tested do not support triangular meshes for now,
even if the next version of this standard is introducing a number of features dedicated to
AM such as curved triangles (mesh with normal at vertices), building orientation,
building volume, support structures. Moreover, in the 3rd edition, Step will include
heterogeneous materials, representation of lattice structures and semantic representation
of PMI for Additive manufacturing [34].

ISO and ASTM have developed a standard “Specification for additive manufac-
turing file format (AMF)”. The ISO/ASTM 52915 [35] is an XML-based format
describing parts by triangles. It supports color, texture mapping, few PMI (currently not
tolerances), possibly lattices and FGM. Moreover, ASTM is working on a new spec-
ification for AMF supporting voxel information, CSG representations and solid tex-
turing [36].

In 3MF consortium opinion, AMF is widely held to have gone into a standards
body too early, having some features not clearly defined and other features missing
[37]. AMF inspired the foundations of 3MF, that is an industry consortium working to
define a 3D printing format free of royalties, patents and licensing access and
implementation.

In order to evaluate the efficiency of different file formats in terms of file dimension
and time to open and save a file, 12 geometric models were studied, derived adopting 0,
2 and 4 iterations of the Catmull-Clark subdivision surface algorithm [38] on 4 cases: a
regular lattice [8], a random lattice [39, 40], a variable thickness triply periodic surface
and an organic model (Fig. 2). Subdivision surface algorithm was used for several
reasons: it allows to increase rapidly and consistently the model complexity, it is an
interesting approach in designing lattice structures and organic shapes, it can be
implemented in graphic card, it is widely used in visualization and rendering, and can
potentially can reduce the amount of data in file exchange. Table 1 summarizes the
number of vertices and faces for the test cases at different levels of subdivision: the
most complex surface is the random lattice after 4 iterations of the Catmull-Clark
subdivision scheme.

Table 2 shows the file dimension for each test case in MByte. The number of
iterations of the subdivision increases rapidly the file dimension. Moreover in the
implementation adopted (Rhinoceros 6 by Robert McNeel & Associates; native file
format *.3 dm [41]), AMF uses a large amount of memory, up to 10 GByte, about 10
times the ply format and 20 times the 3MF (a compressed version of AMF consisting of
a zip file exists, but requires higher computational time).

Table 3 shows time to open and save the file containing the regular lattice after 4
subdivision iterations. Stl is the fastest to save due to the few information contained,
but requests more time to open because the software needs to reconstruct the data
structure (stl file format describes each triangle by its vertices coordinates, duplicating
the vertex shared by adjacent triangles). In the implementation adopted, 3MF shows the
longest time to open and to save.
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Fig. 2. Test cases adopted for the investigation of data exchange file format: initial (a) and
subdivided mesh (b) of a regular lattice structures based on a cubic cell; initial (c) and subdivided
mesh (d) of a random lattice; initial (e) and subdivided mesh (f) of a quasi-gyroid lattice with
variable thickness; initial (g) and subdivided mesh (h) of an organic model
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5 Conclusion

In this study, geometric modeling approaches for AM technologies were surveyed,
identifying the most effective methods, considering the capabilities of AM such as
shape complexity and FGM. Mesh and NURBS show the potential to handle the link
between shape and function for both boundary and volumetric geometric models.

Moreover, few data exchange file formats were studied, highlighting the pros and
cons of their main features. In the implementation tested, file formats supported by
international standards show low efficiency. Future development of an adequate file
format for data exchange should support volumetric models, complex geometry, exact
geometry (tessellation is not fundamental), subdivision surfaces and hierarchical
structures along the whole product development, over PMI and color information.

Table 2. File dimension in MByte of the test cases at different levels of subdivision

Native ply AMF 3MF stl

Iter. n. 0 2 4 0 2 4 0 2 4 0 2 4 0 2 4

Case 1 0.9 9.6 177.8 3.1 21.6 387.8 9.4 215.6 3535.7 0.6 9.4 166.4 2.5 39.4 629.8

Case 2 2.0 60.1 1028.6 3.5 63.7 916.0 31.2 603.1 9836.3 1.8 33.2 511.3 6.4 108.7 1739.7

Case 3 0.7 11.1 272.4 1.2 20.7 357.7 10.7 198.6 3232.5 0.6 11.1 171.1 2.3 35.9 575.1

Case 4 0.04 0.37 4.01 0.02 0.21 3.57 0.13 2.24 36.4 0.01 0.12 1.94 0.03 0.41 6.62

Table 1. Number of vertices and faces of the test cases at different levels of subdivision

Vertices Faces
0 iter. 2 iter. 4 iter. 0 iter. 2 iter. 4 iter.

Case 1:
regular
lattice

98,400 390,200 6,294,200 24,600 393,600 6,297,600

Case 2:
random
lattice

61,014 1,078,360 17,388,040 72,397 1,087,312 17,396,992

Case 3:
gyroid lattice

22,679 356,038 5,747,398 22,464 359,424 5,750,784

Case 4:
organic
model

376 4294 66,174 266 4136 66,176

Table 3. Time to open and save the file in case 1 after 4 subdivision iteration

Time to open (s) Time to save (s)

Native 6.8 27.9
ply 79.0 42.4
AMF 1019.1 336.9
3MF 73.0 63.2
stl 118.7 18.5
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Abstract. Design and optimization of innovative tools are key aspects for
milling metal alloys with a hard machinability, being required for different
industrial applications e.g., automobile or aeronautical manufacturing. For this
purpose, a correct rupture and evacuation of the generated chips are two crucial
aspects, being possible to improve them paying attention to the geometry and
materials (particularly those used for coatings) of the milling tools. The influ-
ence of these two aspects can be barely registered with conventional video,
during a real milling process, while high speed recordings can provide valuable
information. In this research project, high speed video was applied to optimize
de performance of milling tools, paying special attention to Ti6Al4V, due to its
special requirements, as well as to its applicability to the aeronautical industry.
The obtained results made possible to compare different versions of the tool
geometries, facilitating the evacuation of the chips generated during the milling
processes. Thanks to these improvements, the number of unexpected tool
breaks, as well as their life were increased and the milled pieces obtained better
quality surfaces, in parallel to the reduction of problems caused by chip pres-
sures and collisions.

Keywords: High speed video � Milling � Tool geometry � Tool optimization �
Aeronautical alloys

1 Introduction

The applications of metal alloys with a hard machinability are increasing in different
industrial environments, thanks to their clear value in sectors like the automobile or
aeronautical manufacturing. Comparing mechanical features (density, hardness, etc.)
and thermal ones (increasing life of manufactured parts under high temperature con-
ditions) these alloys provide clear advantages compared with conventional materials.
For these reasons, although the required milling processes are considerably harder, their
convenient applications make essential to develop innovative tools and improving
machining processes.
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Trying to optimize these milling processes, two key aspects must be considered: a
correct evacuation of the generated chips and the ideal tool path to be implemented. It
is well known that thanks to the optimization of the milling paths, the cutting speed and
the tooth feed, it is possible to improve the manufacturing processes, as detailed in the
extensive previous literature. Nevertheless, in order to improve the chip rupture and
evacuation, efforts should be focused on the optimization of the geometry and materials
used to manufacture the milling tools (particularly those applied for coatings). The
influence of these two aspects on the rupture and evacuation of the chips can be barely
registered with conventional video, while high speed recordings would add valuable
information. According to this, high speed video was applied to optimize de perfor-
mance of milling tools, as it has previously used in other research fields, including
experimental biology [1], medical systems [2], surgery [3], physics [4], fluid science
[5], biomechanics [6], etc. Not only chip related aspects could be observed and anal-
ysed, but also problems related to harmonic vibrations and tool-blade damage were
detected.

In fact, the described methodology could be used in order to assess the accuracy of
previously developed approaches for modelling different parameters in milling, such as
chip thickness or cutting forces [7, 8].

Although different materials were milled, finally, special attention was paid to
Ti6Al4V, due to its special requirements, as well as to its applicability to the aero-
nautical industry. The obtained results made possible to compare different versions of
the tool geometries, facilitating the evacuation of the chips generated during the milling
processes. Thanks to these improvements, the tool life was increased and the milled
pieces obtained better quality surfaces, due to the reduction of problems caused by chip
pressures and collisions.

2 Experimental Method

The following sub-sections describe the most important features of the experiments that
were developed during this research, including the tools to be optimized, milling
equipment, recording set, including its required mechanical protection, and the details
of the experimental process.

2.1 Tools to Be Optimized

Three different milling tools were tested in order to optimize their results in a manu-
facturing process of 42CrMo4 steel parts used in e.g., vertical transportation or aero-
nautical industries.

The diameter of all the tools for this process was 13.5 mm and had 4 teeth. They
were made of tungsten carbide, with the features included in Table 1.

The first tool used in this study is commercially available [9], and its 3D model is
shown in Fig. 1, which also includes its geometrical section. The geometry of this
initial tool was optimized in order to improve the manufacturing process of the final
mechanical pieces, giving a second version of it (Fig. 4) and, finally, a third version
(Fig. 6) modified some additional aspects, as described in the following section.
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2.2 Recording Set Description

The sensor used for the video captures was a 0.52″ � 0.35″ Exmor RS® CMOS, with
an aspect ratio 3:2. The optical set was based on a ZEISS® Vario-Sonnar® T* Lens,
with a total of 10 elements assembled in 9 groups, being 9 aspheric elements plus AA
lens.

A specifically designed case, made of aluminium and polycarbonate, was used and
provided with an IR filter, in order to mechanically protect the whole set against
metallic chips and liquid coolant (required for the milling processes developed), which
was externally controlled by means of an adapted cable-based remote device.

All the videos were directly recorded in MP4 format [10] to a 64 Gb SDXC
Memory Card (UHS-I) and processed with different software tools in order to be
correctly analysed (Table 2).

Fig. 1. 3D model and geometrical section of the first tool

Table 1. Tool material features

Tool base material
Grain size Submicron (0.5–0.8 lm)
Binder (% Co) 10%
Hardness 1590 HV10
Coating material
Material AlCrN-based
Max. service temp. 1100 °C

Table 2. Recording conditions

Capturing frame rate 1000 frames/s
Frame width 1920
Frame height 1080
Final video length 2 min 31 s
Final video rate 25 frames/s
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2.3 Experimental Process

The experimental process was based on the milling of blind slots, in which difficulties
on chip evacuation usually can cause unexpected breaks (not only erosion) of tool
blades.

Table 3 contains the conditions that were programmed in the milling machine,
based on a cutting speed (vc), a feed of tooth (fz) and an axial depth (ap), according to
the previously described tools.

The unexpected breaks of the tools were considered to be due to an inadequate
material evacuation, causing chip retentions between tool flutes. This was the reason
why an exhaustive analysis was required and human vision was not sufficient to
develop it. High speed video was apparently a good alternative for this objective, not
trying to study the geometry details of the evacuated chips as described in previous
research papers [11], but paying attention to the chip ejection and its features e.g.,
regularity, order and direction.

With the observation and careful analysis of the high speed videos (Fig. 2), it could
be concluded that chip evacuation was a serious problem in the milling process of this
blind slots. After that, a modified version of the same type of tool was manufactured
according to the video analysis, softening the curves in the flute output and decreasing
its depth.

Fig. 2. Two frames from each of the initial high speed video tests

Table 3. Blind slots milling conditions

Tool diameter 13.5 mm
Number of teeth 4
vc 135 m/min
fz 0.035 mm/tooth
ap 9 mm
Workpiece material 42CrMo4
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3 Results

The results obtained during the experimental stage, using the three previously described
tools, in order to optimize their geometry for manufacturing 42CrMo4 steel parts, are
described in this section. These optimized aspects, developed thanks to the observation
and analysis of the high speed videos, are also included. Finally, some improvements in
the experimental process and their application to the milling of Ti6Al4 V thin wall
parts, for aeronautical purposes, are explained in this section.

The optimization process started with the filming of milling processes using two
tools with the same features. Two frames of the obtained high-speed videos are shown
below (Fig. 2). These videos were carefully observed and analysed with the tool
manufacturing experts, paying attention to the shape, dimensions and trajectories of the
chips.

After the previous analysis, several changes were applied to the tool geometries,
modifying their chip evacuation flutes as compared in Fig. 3.

The final design of the second tool, after the first optimization process, and its
geometrical section are shown in Fig. 4, which can be compared with the original one
(Fig. 1), noticing clear differences in the flute shapes.

Thanks to this optimization process, the number of unexpected tool breaks
decreased significantly, according with the final user of the improved tools, and the

Fig. 3. Chip evacuation slot profiles of the 1st tool (left) versus the 2nd one (right)

Fig. 4. 3D model and geometrical section of the second version of the tool
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high-speed video reveals how the chips are thinner and perfectly evacuated, as shown
in Fig. 5.

A last improvement was developed after paying attention to the previously
described video and its aspect can be observed in Fig. 6.

Finally, new experiments were developed using Ti6Al4V for aeronautical appli-
cations, paying special attention to the possibility of capturing the chips in movement
so their trajectory angles could be measured. For that purpose, the camera was
orthogonally placed in front of the milling tool and, as shown in Fig. 7, a chip was
followed frame by frame to graphically describe its trajectory. This made possible to
measure a and determine the relation between the chip movement and the helix angle
of each flute.

Fig. 5. Sequence of four consecutive video frames, milling with the optimized tool

Fig. 6. 3D model and geometrical section of the definitive tool, after final optimization

Fig. 7. Trajectory of a chip in a milling process of a Ti6Al4V part
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4 Discussion

Although the first videos gave valuable information about aspects like the chip
dimensions, evacuation and trajectory, due to the relative position between camera and
tool, it was impossible to take reliable measures of e.g., relative angles of the chip
trajectories. This was clearly improved in the next stage of this research, with the
Ti6Al4V thin-wall parts, as shown in Fig. 7. For that purpose, it was necessary to
design and develop a new fastening system for the recording protective case, which
was directly attached to the tool holder inside the milling machine.

Due to the visual limitations caused by the use of coolant (Fig. 8), it was considered
the application of different methods for cooling the milling processes, which could be
based on the projection of CO2 [12] or refrigerated air [13], although this would modify
the chip trajectories.

Finally, high speed video analysis can be useful to verify the correct direction and
angle for the chip trajectories, helping tool designers to optimise their geometries in
order to achieve clean chip evacuations, avoiding milling obstruction caused by the
accumulation of chips.

5 Conclusions

It was proved that high speed video has clear applications in the tool manufacturing
field. Particularly, improvements in the tool geometry can be developed from the
observation and careful analysis of the chips, thanks to this implementation.

Tool life can be increased, as previously described. Other features should be
explored, such as surface quality, which could also be improved by means of the
visualization of superficial chip impacts.

A cost reduction could be noticed thanks to this tool optimizing process, i.e. a
reduction of unexpected breaks of the tools was observed, avoiding premature
replacements and unnecessary tests.

Fig. 8. Video frame showing how coolant makes impossible to capture chip trajectories
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Industrial processes which involve aeronautical applications can easily be improved
thanks to the previously described optimization, reducing production times and
increasing sustainability.
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Abstract. In view of the wide scope of challenges concerning Industry 4.0, a
variety of enabling digital industrial technologies can support the digitization of
the manufacturing sector. Among them, Augmented Reality represents one of
the most promising innovation accelerators that will support human workers and
bring Smart Factories to a higher level of efficiency. To this end, the paper
presents an Augmented Reality tool that provides support at the workplace to
easily detect and collect design changes by augmenting virtual 3D models, as
defined in the project plan, on the actual design. The proposed tool runs on a
consumer smartphone and adopts hybrid tracking techniques to allow workers to
formalize and make more efficient the knowledge management of the design
changes within the overall design process.

Keywords: Industry 4.0 � Augmented reality � Knowledge-based engineering

1 Introduction

Industry 4.0 names the current upward trend of the industrial automation toward the
integration of the modern and efficient product and manufacturing technologies in order
to enhance the working conditions and improve the productivity and product quality.
The enhancement of the quality and productivity of the companies is tightly dependent
by the efficacy of the management and protection of the corporate know-how and its
preservation and sharing among the different company’s departments, offices, and
locations.

To this end, in the last years, many knowledge-based engineering systems and
methods [1–4] have been proposed in order to optimally leverage employee-generated
know-how, but there is still a number of areas that require the development of custom
applications. Among them the oil & gas sector in which the need for a structured
method has emerged for the conservation of the design changes and improvements that
occur in the production process, and in particular during tubing installations. In fact, the
complexity of the piping networks and systems often requires modifications and
improvements to be made on-site; a number of design changes that occur especially in
the first productions of small-series products made on order. These design changes
consist in a series of adjustments and improvements performed by qualified factory
workers in order to minimize the number of bendings, reduce overall dimensions,
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streamline pipe routes, and increase the visibility and manoeuvrability space for easier
assembly of the components.

At the moment, this sector lacks structured and reliable methods and tools that
allow to keep track and preserve the knowledge about these design changes and
improvements. This entails a significant increase of the production cycle’s time and
causes slowdowns and complications in the maintenance activities because of the
project variations.

In view of the wide scope of challenges concerning Industry 4.0, a variety of
enabling digital industrial technologies will support the digitization of the manufac-
turing sector. Among them Augmented Reality (AR) represents one of the most
promising innovation accelerators that will support human workers [5] and bring Smart
Factories to a higher level of efficiency thanks to the introduction of AR-based systems
and applications that can speed up the entire production chain.

On the basis of these considerations, the paper proposes an AR tool that allows to
reduce the time and make more efficient the management of the company’s know-how.
In particular, the AR application can be intuitively and easily adopted by workers at the
workplace to take annotations of the design changes made during tubing installations.
The AR application runs on a consumer smartphone, equipped with a camera, and
augments the 3D model, as established in the design phase of the project, on the
visualization of the physical product which can presents design changes because of the
operation performed by operators.

2 Related Works

In the last three decades, a plethora of AR-based systems and tools have been proposed
to support workers directly at the workplace. Most of these researches focus on the
adoption of Augmented Reality as an assistive instrument for providing instructions.
Virtual assistance is, in fact, one of nine design elements most representative of the
Industry 4.0 [6] that has been declined in a variety of technical and technological AR-
based solutions. The first application dates back to 1992 [7] where an HMD device was
adopted to show workers drilling distances and positions. Afterward, other HMD [8, 9]
and display-based [10, 11] solutions have been proposed to support an industrial
process by means of the AR technology. To augment information directly into the
worker’s field of view various studies have investigated the potentialities offered by
projector technologies [12, 13]. Mobile phones [14] and tablet-based systems [15–17]
have been used too for providing AR instructions. Thanks to the capability to automate
the design of presentations that explain maintenance and repair tasks, some of the
abovementioned solutions can be considered knowledge-based AR systems [18].

Although the extensive use of AR for virtual assistance applications, this tech-
nology can address almost every aspect of a product life cycle [19–21]. About the
adoption of AR for performing discrepancy check between real parts and their asso-
ciated construction data, only a few systems have been proposed. Furthermore, these
systems cannot perform a real-time check [22] because are encapsulated into a CAD
viewing software [23], or offer a limited maneuverability and precision because of their
dimensions and low-resolution camera [24].
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These limitations are overcome by the proposed AR tool because it runs on a
handheld device that can be easily adopted by operators at the workplace and adopt
hybrid tracking techniques to perform a robust real-time augmented visualization of 3D
data on the real parts. The AR tool acquires design knowledge from workers, formalize
the acquired information, and collects it into a database. The acquired knowledge is
then made available to designers directly into the CAD system in order to review and
update 3D models according to the documented discrepancies.

3 AR Tool

The Augmented Reality tool consists of an application developed with the Google
Project Tango Development Kit [25]. This software development technology, intro-
duced by Google in 2014, has been preferred to other solutions, such as Vuforia
Augmented Reality SDK [26] because it offers hybrid tracking techniques that combine
vision-based and sensor-based methods to calculate device’s motion and orientation in
3D space in real-time.

In particular, the application takes advantage of both marker-based and natural
feature-based techniques, and combine these ones with a sensor fusion technique that
uses the various sensors (motion tracking camera, 3D depth sensor, accelerometer,
ambient light sensor, barometer, compass, GPS, gyroscope) equipped on the device to
remember areas that it has travelled through and localize the user within those areas to
up to an accuracy of a few centimeters.

In the last years, Tango technology has been enabled for a small number of con-
sumer smartphones and tablets. In this regard, the proposed AR tool runs on a Lenovo
Phab 2 Pro smartphone [27]. This is an Android device equipped with a Qualcomm
Snapdragon 652 (1.80 GHz) processor, a 16 MP camera, and integrated depth and
motion tracking sensors (accelerometer, digital compass, gyroscope, proximity sensor,
ambient light sensor). Since all the computations are carried out on the device itself,
there are no other external hardware components required for the data input and pro-
cessing. The following illustration (Fig. 1) depicts the software architecture of the AR
application. It consists of different modules, programmed in 3D Unity, each one
dedicated to one or more specific operations.

In particular, the “Marker detection” module has been implemented by means of
the Tango SDK in order to perform marker detection, motion tracking, and video
overlay for AR functionalities. This module is also responsible for the identification of
the information and parameters, settled for each work session, that has to be stored in
the database. The “Offset” module has been developed by exploiting the inbuilt
functionalities of the 3D Unity engine to edit position, orientation, and scale of the 3D
models inserted in the AR scene. The “Color mode” module uses functions to set
parent/child relations among 3D models, and applies a script to each model to control
its material properties and change, from opaque to transparent, the rendering mode. The
last module is dedicated to the creation and editing of 3D annotations. It adopts Raycast
and Collision functions to recognize user touch and detect contacts between the ray
originated by user touch and 3D models of the scene. 3D notes’ position, type, and
content are saved into the local database by means of the “Data management” module.
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This module is responsible for reading and writing database operations, and it allows
also the access to an external file system in which the 3D models are stored.

4 Case Study

As abovementioned, the proposed AR tool allows workers to easily identify design
changes by superimposing the virtual 3D model, defined in the design stage, on the
actual design. Furthermore, this tool allows to formalize and make more efficient the
knowledge management of the design changes within the overall design process. In
order to provide a better comprehension of the main functionalities provided by the AR
tool, this section focuses on a case study consisting of an air handling unit (AHU) on
which the user verify the consistency of the actual tube routes with the 3D model
geometry originally defined in the project plan.

In order to perform the augmented visualization, the tool employs a visual marker
in order to set position and orientation of the virtual 3D model. As a consequence, as
depicted in the following figure (Fig. 2), a marker has been placed on the large metal
box of the AHU. Then the user can launch the AR application.

When the AR tool starts, the first screen offers to the user a set of options to allow
him/her to: create a new session; recall a saved work session; and access to a control
panel for setting network connection parameters. The following image (Fig. 2) shows a
screenshot of the AR tool when creating a new working session. Most of the screen is
dedicated to the live video stream from the camera of the smartphone device, and a
menu bar is displayed horizontally across the bottom of the screen. This menu allows
the user to interact with the AR tool by selecting, through direct manipulation, from a
list of nine buttons. For a proper use of the tool, the command buttons have been placed
in the menu according to the logic and chronological sequence of operations that have
to be performed by the user.

By clicking on the first button on the left, the device camera records real sur-
rounding, while the application is searching for the predefined marker. When the tool
detects and recognizes the marker the virtual model is displayed on the device display

Fig. 1. AR tool’s software architecture
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with a specific position and orientation (Fig. 3). The next button can be adopted by the
user to perform an accurate positioning of the virtual model on the physical AHU. The
user can specify new coordinates along the X, Y and Z axes, or proceed through user-
defined offsets along one or more axes. This feature becomes very useful when the
marker requires being placed in a not easily accessible point or for very large com-
ponents in which small positioning errors of the marker may entail big alignment
inaccuracies of the 3D model.

When the virtual model is correctly augmented on the live camera frame, the user
can customize the visual style in order to simplify the detection of design changes. In
fact, as depicted in Fig. 3, default setting provides a shaded display of the 3D model in
which is not possible to discern the various components of the assembly. In this regard,

Fig. 2. AHU and marker displayed on the AR tool

Fig. 3. 3D model augmented on the AHU and menu for fine positioning operations
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by selecting the third control button a checkbox menu is displayed on the left side of
the display device (Fig. 4). This menu shows a list of the components of the assembly,
that for the specific case study consists in two sub-assemblies: the large metal box, that
contains fan and filter compartments, heating and cooling elements; and the pipes. The
user can select one item at a time in order to: hide the component by clicking on the
toggle button; change its color by means of a color palette; set its transparency level
through a slider displayed on the right side of the screen.

When the user has concluded the customization of the visual style properties of the
virtual model, he/she can proceed by adding 3D notes simply by selecting the desired
point of the 3D model in which anchor the annotation. For the creation of the 3D
annotations, the user has to compile a text field with the content of the design change,
the size, and color of a virtual sphere that identifies the placement of the note on the
virtual model. The following image (Fig. 5) shows the box and pipe components
represented with a different color, in order to clearly differentiate them, and a semi-
transparent visualization to easily compare the virtual and the actual pipes and detect
design variations between them.

In addition to these main functionalities enabled by means of the first three com-
mand buttons of the menu bar, other six buttons facilitate a specific interaction. In
particular, the fourth button is a toggle that allows to hide the 3D annotations added by
the user. The two following buttons allow the user to take pictures of the design
changes and to email the data collected in the work session. 3D notes and screenshots
are, in fact, automatically saved and stored in a database that can be reloaded on request
by the user. Then users can load annotations taken in previous work sessions in order to
check, modify and accept them or simply to continue the tubing installation activities
that usually require more than one day of work.

The last three command buttons allow respectively to: display a help user guide on
the main functions of the tool; reset the current work session; end the current work
session.

Fig. 4. Menu for the setting of visual style properties of the virtual model

A Knowledge-Based Augmented Reality Tool … 435



As detailed in the previous section, the AR tool requires no external hardware but
the Tango-enabled smartphone. Thanks to its compact dimensions it is a handheld
device that lends itself well to be used in different industrial contexts. In fact, the user
can easily hold the device with one hand and interact with the dominant hand (Fig. 6).

As abovementioned, the design changes collected with the AR tool can be reloaded
to be visualized on the same device, but they can be also imported into a CAD system.
In order to formalize the knowledge management, it is fundamental in fact to make
these design changes accessible to designers. Figure 7 shows the 3D assembly of the
AHU, as defined in the design stage, in which the annotations taken by workers by
means of the AR tool have been imported. In this manner, designers are aware of the

Fig. 5. Augmented 3D model and annotations

Fig. 6. User while interacting with the AR tool
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design changes performed by workers in the production process and have a detailed
knowledge of their position and attributes, such as diameter and segment length, bend
radius, material, etc.

5 Conclusions

The paper has presented an AR tool that supports workers to take note of the design
change they made in the production process. In particular, the AR tool provides a real-
time augmented visualization of 3D model data, as defined in the design stage, onto the
physical product framed by the camera. Thanks to the augmented visualization users
can easily identify design changes and make annotations directly on the augmented 3D
model in order to capture and formalize design knowledge. Furthermore, the AR tool’s
capability to augment virtual models on the real scenario enables it to be used also for
assembly instructions. The virtual model, in fact, could be adopted as a reference to
guide operators in the assembly activities.

The AR tool has been specifically developed for the Tango platform that, starting
from March 2018, is not supported anymore by Google developers in favor of ARCore
development kit [28]. Similarly, Apple has announced ARKit framework [29] that

Fig. 7. 3D annotations visualized on the CAD model
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presents the same capabilities of ARCore, but even though these SDKs enable reliable
and robust hybrid tracking techniques at the moment they don’t make it possible to use
makers for deciding ex-ante a fixed point of reference for the virtual models.
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Abstract. Industry is always looking for ways to increase the lifetime of
assemblies, especially the fatigue lifetime, from the production phase of fas-
tening holes onwards. Helical roller burnishing is presented here as an inno-
vative mechanical surface treatment. Applied directly after orbital drilling, this
technique induces superficial plastic strains that reduce surface roughness and
increase hardening and compressive residual stresses. Several studies on 3D
finite element models of burnishing have been carried out but they are very time-
consuming. In this review, a comparative numerical study of helical burnishing
(in terms of calculation time and results on residual stress) between one 3D and
two 2D plane strain finite element simulations is performed on 2024-T351
aluminum alloy drilled parts. The impact of the process operating parameters is
also investigated. This comparison shows fairly similar results regarding the
residual stress profiles but levels are rather different. This could be explained by
the complex kinematics of helical roller burnishing, which is strongly three-
dimensional. The numerical results of one of the cases studied reveal com-
pressive residual stresses of around −100 and −490 MPa in the radial and
circumferential directions of the hole, respectively. Burnishing depth and
spindle rotation speed have a great impact on the final residual stress profiles.
These simulations are then confronted with experimental results obtained during
tests carried out using an orbital drilling unit (ORBIBOT). This demonstrates the
interest of the modeling implemented and also points out ways to improve the
developed models.

Keywords: Helical roller burnishing � Residual stresses � Hardening �
Finite element method � Aluminum alloy
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1 Introduction

Orbital drilling (or helical milling) is a hole-making process in which a milling tool
moves along a helical path while spinning on its axis (Fig. 1a). It has become
increasingly popular in hole drilling processes, particularly in the aerospace industry.
Compared to conventional drilling, orbital drilling has proved to be particularly
advantageous to achieve aeronautical-quality drilling through complex assemblies of
metallic materials in a single operation [1–3]. However, this process needs to be
improved, mainly in terms of the mechanical properties of the drilled parts. In fact, the
enhancement of fatigue lifetime is constantly requested for drilled parts. This is gen-
erally achieved by the production of compressive residual stresses and hardening in the
surface layers of parts. Several authors [4–8] have shown that burnishing introduces
compressive residual stresses, and improves the roughness and the hardening of parts.
Delgado et al. also noted that roller burnishing gives a better state of residual stresses
and hardening compared to shot peening and laser shock peening [9]. Hassan and Al-
Bsharat have shown that burnishing increases the fatigue life of aluminum pieces [10].
As a novel mechanical surface treatment, helical roller burnishing (or orbital roller
burnishing) appears to be an excellent solution to the lifetime problem insofar as it can
be applied immediately after orbital drilling. The main specificity of this innovative
roller burnishing technique lies in the kinematics of the tool. As an orbital drilling tool,
the burnisher (which is shaped like a torus) rotates around its own axis and simulta-
neously describes a helical path around the hole axis (Fig. 1b). But the benefits of
helical burnishing need to be investigated in depth. A 3D finite element simulation of
conventional roller burnishing has been carried out by Balland et al. and the results (in
terms of geometric state of the surface and residual stresses), obtained in a reasonable
simulation time, demonstrate the possibility of using this type of modeling as an
efficient replacement for 2D plane strain finite element simulation, which is rather
limited and approximate [5]. Nevertheless, the simulation time is still considered as
huge and the results are in only qualitative agreement. Thus, in this review, a com-
parative numerical study (in terms of calculation time and results on residual stress)
between one 3D and two 2D plane strain finite element simulations is performed first of
all. The impact of operating parameters (burnishing depth, spindle rotation speed) is
then studied. These simulations are finally confronted with experimental results. All
these studies were performed on 2024-T351 aluminum alloy drilled parts using the
finite element software ABAQUS®.

2 Finite Element Modeling of Helical Roller Burnishing
Process

2.1 Geometry, Material Characterization and Modeling

As mentioned earlier, we first simulated a 3D model on the one hand and two 2D
models (which are very time cost effective) on the other. It is important to start by
precisely defining the different interactions that occur in the planes involved.
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Figure 2a represents the directions of the different forces on a half hole during
orbital burnishing. Figures 2b and c show the decomposition of orbital burnishing
kinematics and forces in the 2 planes where 2D models were run. The purpose here is
to compare the results obtained by the 2D and 3D models and to assess whether they
are reliable. The 3D model was used to give the radial, orthoradial and axial residual
stresses (rR, rh, rZ) while the first 2D model gave radial and orthoradial residual
stresses (rR, rh) and the second 2D model gave axial residual stresses (rZ).

In order to further reduce computation time, all these simulations were run on a
portion of the hole (one eighth). Mathurin has shown that this portion achieves a good
compromise between the process studied and the calculation time [15]. The length of
the specimen considered was 25.4 mm. It was chosen large enough to minimize edge
effects. Its thickness was 1 mm. The hole diameter was 6.35 mm and the radius of the

Fig. 1. Schematic drawing of orbital drilling (a) and helical roller burnishing process (b)

Fig. 2. Decomposition of orbital burnishing kinematics
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helical path was 0.8 mm. In order to study the impact of the burnishing depth, the
different tool diameter values were 4.762, 4.79, 4.81 and 4.83 mm, which gave bur-
nishing depths “e” of 6, 20, 30 and 40 µm respectively. The tool height was
0.6 mm. This study was performed on AA2024-T351 aluminum alloy parts. It was
fundamental to determine a robust material for the constitutive model so that the strains
could be modelled accurately. The constitutive model used for this material is generally
a Johnson-Cook model [11, 12] which is defined by equation (1).

�r ¼ AþBepn½ � 1þC ln
_�e
_�e0

� �� �
1� T � T0

Tf � T0

� �m� �

A Yield stress
B Strain factor
C Strain rate factor
n Strain exponent
Tf Melting temperature
T0 Ambient temperature
m Temperature exponent

However, the parameters of this constitutive model depend on the type of simu-
lation and the experimental operating conditions used to assess them. As we were using
severe plastic deformation and high strain rate process modeling, the following
parameters were considered (Table 1).

The tool was made of a tungsten carbide material, which had much greater hardness
than our specimen (HVWC = 2242 and HVAA2024-T351 = 137). It could, therefore, be
represented as a rigid body, which brought two main benefits. Firstly, rigid body
modelling allowed the tool to be controlled by a single reference point. Then, strains of
the tool were not assessed during analysis. All this helped to reduce calculation time
drastically.

Like the constitutive model, contact between parts is another very critical criterion
in numerical studies. This parameter governs the modeling of the surface interactions of
helical burnishing. The contact model usually used is a Coulomb model [5, 13, 14].
Like Balland et al. [5], we used a master-slave contact algorithm where the friction was
taken into account using a penalty method and a value of 0.2.

Table 1. Material constants for the Johnson-Cook strain rate dependent yield stress [11]

A (MPa) B (MPa) C n _�e (s−1) Tf (K)

265 426 0.015 0.34 103 775
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2.2 Meshing and Boundary Conditions

In order to obtain a suitable balance between results and calculation time, our models
were meshed with different types of elements. In fact, it is important to have a very fine
mesh near the domain of contact between parts. Thus, C3D8R elements of 0.02 mm
dimensions were used in this area. The domain near the specimen edges was meshed
with C3D8R elements of 0.12 � 1.705 � 1.75 mm3. The intermediate domain was
meshed with C3D4 elements to ensure the link between them (Fig. 3a). The specimens
in the two 2D models were meshed with CPE4R elements. As the tool was modelled as
rigid, there was no need to mesh it.

The part was embedded on the external edge. This condition allowed material flow
along the z-axis. Symmetric conditions along the radial axis were applied on the edge
where the tool and the part intersected each other at the beginning; the other edge was
free. These boundary conditions were established in accordance with Mathurin’s
findings [15]. He showed that these conditions, although too restrictive, are more
realistic than free edge conditions. However, these conditions impose the determination
of a region where the results will be observed. Symmetric conditions along the axial
axis were also applied on the top and bottom edges of the part. Figure 3b shows all
these boundary conditions.

On the tool, we applied the following boundary conditions:

– V3 = 40 mm/min (Axial feed Vfa)
– Norb = 1000 rpm (Orbital velocity)
– VR3 = 40000 rpm and VR3 = 0 rpm (Spindle velocity N). Two velocity values

were selected to study the impact on the results.

In order to reduce calculation time still further, we just simulated 3 passages of the
tools at the surface middle plane.

Fig. 3. Helical milling: mesh (a) and boundary conditions (b)
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3 Experimental Procedure

The experimental study was done with a CNC machine (DMG DMU85eVo) equipped
with an ORBIBOT orbital drilling unit (Fig. 4). Before helical burnishing was executed
on the aluminum alloy specimens, they were previously drilled with a 6.35 mm
diameter hole. The burnishing depth was 10 µm and the operating conditions were
Vfa = 40 mm/min, N = 40000 rpm, Norb = 1000 rpm. The orbital rotation was
clockwise and the process was conducted without lubrication. The CNC machine was
also equipped with a Kistler 9257B measurement system (which measures helical
burnishing forces). The software used for data acquisition and processing was WITIS.

4 Results and Discussion

Simulations were run on a computer having 32 GB RAM and an Intel® Xeon® CPU of
1.70 GHz (2 processors). The mean values of simulation calculation time are shown in
Table 2.

It can be seen that the three-dimensional models need several days while the two-
dimensional ones only need a few hours. This could be very helpful regarding the study
of different operating conditions (burnishing depth, spindle and orbital velocities, axial
feed, etc.).

4.1 Comparison Between 2D and 3D Models

Figure 5 compares residual stresses obtained with our different models for a burnishing
depth e = 40 µm and a spindle velocity N = 40000 rpm.

Fig. 4. ORBIBOT orbital drilling unit and specimen

Table 2. Time calculation for the different models

Model 3D 2D plane strain_1 2D plane strain_2

Calculation time 4 days 10 h 13 min 46 min 17 s 2 h 07 min 18 s
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Despite the fact that the stress levels obtained with 3D and 2D models are quite
different, the stress state profiles around the hole are nevertheless quite comparable.
The differences in stress levels could be explained by the complex kinematics of the
tool during orbital burnishing. The hypotheses of plane strains (especially the plane
stress hypothesis in the first 2D model) cannot be used despite the fact that the
dimensions of the parts are large. In fact, the axial component of the kinematics might
not be negligible in comparison with the radial and orthoradial components. An axial
speed decrease could reduce the axial force, thus bringing the predictions of these
hypotheses closer to observations. Further modeling in this direction should provide
more information.

4.2 Impact of Operating Conditions

– Impact of burnishing depth

Figure 6 shows the residual stresses obtained for different burnishing depths for a
spindle velocity N = 40000 rpm.

We observe that the levels of radial residual stresses increase with the burnishing
depth. The conclusion seems to be the same for orthoradial and axial residual stresses.
Moreover, the position of the compressive peak and the domain in compressive

Fig. 5. Comparison of radial (a), orthoradial (b) and axial (c) residual stresses between 3D and
2D models for e = 40 µm and N = 40000 rpm
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residual state also increase with the burnishing depth. This can be explained by the high
strain rates generated with the increase of the burnishing depth: the greater the depth,
the greater the pressure and the greater the strains. But the last observation needs to be
investigate more thoroughly by refining the meshing of the part. In fact, the curve
obtained for e = 40 µm appears to be more accurate (more defined points) because this
model mesh was less coarse over a certain distance from the hole.

– Impact of spindle speed

Figure 7 shows the highest compressive residual stresses for 2 spindle velocities
(N = 0 rpm and N = 40000 rpm).

The spindle velocity suppression leads to a smaller residual stress, especially in the
orthoradial and axial directions. This could be explained by the greater friction of the
tool when the spindle velocity is zero (The tool slips intensively on the borehole). This
hypothesis could be confirmed by using a kinetic instead of a static friction law in
future models.

It would have been preferable to compare all these numerical results with the
experimental ones in terms of residual stresses. However, because the residual stress
assessment relies on techniques that are rather difficult to set up, we firstly investigated
this comparison in terms of global data (burnishing forces).

Fig. 6. Impact of burnishing depth on radial (a), orthoradial (b) and axial (c) residual stresses
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4.3 Burnishing Forces

Figure 8 shows the helical burnishing forces obtained numerically and experimentally
(axial forces Fz and normalized transversal forces Fxy). Numerical forces are repre-
sented only on one tool pass because simulations were not done on the total hole height
and circumference.

We noted a slight overestimation of numerical forces (70 N vs. 25 N). In addition,
a considerable amount of material was observed to adhere to the tool during experi-
ments (Built Up Layer). Figure 9 presents the burnisher outlines before and after
helical burnishing (height variation Z with position on the burnisher revolution axis l),
obtained with an optical profilometer (Alicona InfiniteFocus SL). The Built-Up Layer
indicates a large temperature increase and strong friction. This could explain the dif-
ference in the levels of forces between experiments and modeling. It would be inter-
esting to refine thermal effects and define a more suitable friction model in future
models.

Fig. 7. Impact of spindle velocity on residual stresses

Fig. 8. Helical burnishing forces: experimental (a) and numerical (b)
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Nevertheless, the experimental residual stress measurements remain the best way to
correlate all our numerical results. This operation is planned.

5 Conclusion

We carried out a numerical study of the helical burnishing process on an AA2024-T351
aluminum alloy specimen. First of all, a comparison was made between two 2D plane
strain models and a 3D model. This was done with a view to significantly reducing the
calculation time of the simulations. The different geometries and assemblies of our
model were implemented in ABAQUS™ software, then a Johnson-Cook constitutive
model and a rigid body were used to represent the part and the tool, respectively. The
contact model defined between these two parts was a Coulomb model with friction
penalty µ = 0.2. The results obtained showed that the 2D models were much more
cost-effective than the 3D one (2 h against 4 days). But the levels of residual stresses
acquired with the 2D models were lower than those obtained with 3D despite the fact
that outlines were comparable. An axial feed reduction might be helpful in strong
deformation strain hypotheses. In all cases, these results show that helical burnishing
introduces compressive residual stresses into surface layers. We also noted that the
operating conditions had a marked impact on the levels and depth of compressive
residual stresses. The greater the burnishing depth was, the higher were the levels of
compressive residual stresses and the greater were the depths they reached. However,
numerical burnishing forces did not agree well with experiments: burnishing without
lubrication exhibited thermal and tribological impacts which should be refined in
modeling (material conductivity, specific heat, kinetic friction law). To obtain a more
accurate contact model and thermal effects, tribological and temperature measurement
experiments are planned. It will also be important to investigate the impact of other
operating conditions (axial feed, direct or clockwise spindle rotation, etc.). Neverthe-
less, it is important to compare these numerical studies with experimental measure-
ments of residual stresses obtained by helical burnishing, with a view to validating the
models.
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Fig. 9. Burnisher outlines before and after helical burnishing
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Abstract. In this paper, a topological optimization procedure has been applied
on a real component of the deck of a sailing multi-hull in order to find the
internal shape that best save the material used in the manufacturing process
without a relevant loss of structural rigidity. The multi-hull boat is a 16 feet
length catamaran equipped with an asymmetric foil on both centerboards and
with a symmetric foil on both rudders. The task of the analyzed object is to act
as a cylindrical support for the screw that drives the rotation of the centerboard.
The process adopted to manufacture this object is the Fused Deposition
Modeling (FDM) technique, because of its high versatility and its relative low-
cost impact. The aim of this work is to verify the applicability of FDM to
structural naval component subjected to demanding loads during navigation and,
at the same time, to investigate on the robustness of a topology optimization
strategy in creating new shapes that recent additive manufacturing are able to
create.

Keywords: Topology optimization � CAD modeling � Fused deposition
modeling

1 Introduction

Topology Optimization (TO) is a mathematical instrument used during the conceptual
design stage and is aimed to reduce the weight of an object by changing the material
distribution within a bounding box. This reduction of weight should be obtained with
the same mechanical behavior of the component [1]. In association with CFD and FEM
methods, shape optimization can be applied to different fields of industrial engineering
such as nautical [2, 3] and automotive [4].

One of the most relevant problem of TO is the manufacturability of the components
because of irregular boundaries or, sometimes, of non-manifold geometries. With the
evolution of technology, such as the Additive Manufacturing (AM) processes, the
manufacturability becomes a relatively marginal problem, improving the creativity of
the designer and thus the possibility to explore a larger design space in a relative short
time and with a reasonable cost [5]. For this reason TO and AM are usually employed
together. In literature it is possible to find a wide number of works dealing with the
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influence of the filament deposition orientation. This is one of the most important
aspect of the process because it influences the surface roughness, as studied in [6]
where an original model is proposed to take into account of the staircase effect. Other
aspects are influenced by the deposition strategy: in [7] the deposition layer and the
building path are optimized in order to save time and material resources also consid-
ering the contour plurality and concavity as design variables. Effects of manufacturing
on the overall final product quality and on costs are discussed in [8], while the Vol-
umetric Error (VE) on a complex shape built with rapid prototyping technologies is
studied in [9] starting from the calculation of the VE on geometric primitives. Some
other objectives of the optimization building strategy are considered as the mini-
mization of the required post-machining region (RPMR) [10] and of the overhang
structures [11]. Another interesting parameter of AM technology is the influence of the
tool-path on the final characteristics of the component [12]. Applicability of AM to
biomechanical problems is a recent issue that involves several researchers, especially
for orthopedic applications [13, 14].

It is common practice in AM components to have an infill structure made by a
repetitive pattern. In [15] an analytical method is proposed to obtain the equivalent
proprieties of the Representative Unit Cell (RUC). Despite of its novelty, AM is going
to become a powerful instrument for a fast and cheap production, not only of aes-
thetical prototype but also for functional one. For instance, during oceanic regattas,
many sailing yachts are equipped with a 3D printer for spare part manufacturing of
small and low stressed components such as fan, fittings, etc.

In this work, TO is employed to investigate the behavior of a FDM functional
proto-type subjected to relevant loads. For this purpose, an automatic procedure has
been set up in ANSYS Workbench environment. Starting from the CAD of the object,
a Finite Element model is generated and the TO runs according to a specified objective
function. Two parameters have been considered as design variables; the infill density
(25%, 35%, 50%) and the layer deposition (xy, yz, xz). A regular honeycomb structure
has been considered as infill, whose mechanical characteristics can be evaluated by
geometrical considerations.

2 CAD Model Setup

The case study is a component of the deck of a sailing multi-hull that has been designed
and manufactured, as prototype version, taking into account of functional and ergo-
nomic issues only. The multi-hull boat is a 16 feet length catamaran equipped with an
asymmetric foil on both centerboards and with a symmetric foil on both rudders.
The CAD model of the boat is shown in Fig. 1, where the right hull planking is
intentionally hidden to exhibit the internal structures. The foil is fixed on each cen-
terboard but its angle of attack can be slightly changed by a system on the deck that
rotates the entire centerboard around the transversal axis of the boat. The rotation of the
centerboard is obtained with the screw-pulley system in Fig. 2, left: a closed-circuit
rope is wound on the pulley that, rotating, drives a screw along the longitudinal x axis
of the boat; this movement is transferred to the head of the centerboard and allows its
rotation along the transversal y axis of the boat. The screw needs two cylindrical bushes
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at its ends and, under typical conditions, is subjected to the longitudinal force along
x caused by the hydraulic resistance of the foil.

The process adopted to manufacture the prototype is the Fused Deposition
Modeling (FDM), because of its high versatility and its relative low-cost impact. The
block has been 3D modelled in CREO and then printed in FDM with a 3D printer da
Vinci 1.0A by XYZ Printing. The preliminar shape of Fig. 2 left comes from con-
straints due to the geometry of the trunk and the deck layout.

The object is printed with an ABS filament, considering an external 1 mm thick
shell of solid ABS and an internal honeycomb infill. In Fig. 2 right the external ABS
shell is shown, while the internal infill has been hidden to see the screw, the pulley and
the two bushes. The printed block is assumed to be fixed at its lower base while the
screw is subjected to an almost axial force along the positive x axis (caused mainly by

Fig. 1. CAD model of the multihull catamaran

Fig. 2. A prototype of the 3D printed support mounted on the deck (left), the assembled CAD
model (middle) and a view of the external ABS shell with the pulley, the screw and the bushes
(right)
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the hydrodynamic resistance on the foil and by spurious minor transversal loads) and
the pulley is loaded with a force along the y axis (caused by the rope). A torsional
moment is also applied to the object by means of a couple of equal and opposite forces
in the y direction applied on the bushes. Loads are then: Pfx = 5000 N, Pfy = 2500 N
on the forward bush and Pay = −2500 N on the aft bush. These values are the results of
a work-in-progress experimental test activity that is focused on the strength of such a
component. Nevertheless, details of this activity are not the sake of the present paper
and for this reason they will be omitted.

An equivalent orthotropic elastic behavior [15] has been assigned to the honeycomb,
coming from the Cartesian plane selected as deposition layer. With this approach, it is not
necessary to model the geometry of the honeycomb but a continuous solid with an
equivalent elastic behavior can be adopted. The unit cell of the equivalent material is
3l wide and

ffiffiffi

3
p

l high, see Fig. 3, left. Elastic characteristics of the homogenized
material are functions of the bulk material and of the geometry of the honeycomb infill,
in particular of the thickness of the filament t and the length of the honeycomb side l. If
the axis 1 is the direction normal to the deposition plane of the printer and 2 and 3 are
the axes shown in Fig. 3 left, the equivalent mechanical characteristics are expressed
by the following formulae [15]:

E1 ¼ 2
ffiffiffi

3
p t

l
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Es ð2Þ

m12 ¼ m13 ¼ 0:15; m23 ¼ 0:33 ð3Þ

Where Es = 2700 MPa is the Young modulus of the bulk ABS.

Assuming that the thickness t = 0,4 mm is a fixed characteristic of the printer
nozzle, different values of the infill density can be obtained by changing the length l of

Fig. 3. The unit cell of the homogenized equivalent material (left) and the influence of infill
density on its mechanical characteristics (right)
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the honeycomb side. All the over mentioned mechanical moduli increase with the infill
density, as shown in Fig. 3, right.

3 Numerical Procedure

A numerical procedure has been setup in ANSYS Workbench environment, using
CAD modeling, FEM and Topology Optimization modules, sharing each other the
obtained results. The block scheme used in this study can be observed in Fig. 4. The
initial bulk CAD is modelled and transferred to the FEM module, varying the depo-
sition layer and the infill density. A preliminary Static Structural analysis is performed
on each configuration and the results are used for the Topology Optimization module to
modify the shape of the object. Finally, on the optimized volumes, a Static Structural
analysis is carried out to verify the feasibility and the mechanical consistency of the
results.

3.1 Static Structural Analysis

For the following simulations, three values of the infill density are considered: 25, 35
and 50%, following from these honeycomb edge length: 1.85, 1.33 and 0.9 mm
respectively. Three different layers of deposition are assumed: xy, yz and xz (see Fig. 2
left) which are named as Dep_xy, Dep_yz and Dep_xz. According to Eqs. 1, 2 and 3,
the resulting elastic moduli and Poisson coefficients are listed in Table 1.

For each configuration of the infill density and deposition layer, a Static Structural
analysis has been performed in Ansys Workbench. The object has been meshed with
regular hexagonal solid elements with a typical side of 2 mm. In Fig. 5, results are
shown, as an example, in terms of equivalent Von-Mises stress distribution on the
object with the 50% infill density and for the three deposition layer cases.

Fig. 4. Block scheme of the numerical procedure (DL: Deposition Layer; ID: Infill Density)
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Furthermore, two parameters have been calculated to quantify the mechanical
response of the object to the applied loads; these are the longitudinal rigidity KL and the
torsional rigidity KT, calculated as follows:

KL ¼ Pfx

dfx
;KT ¼ Pfy � b2

dfy � day
ð4Þ

where dfx and dfy are the displacement of the forward bush in the x and the y direction,
day is the displacement of the aft bush in the y direction and b is the distance between
the centers of the forward and the aft bush. The stiffness values are shown in Fig. 6 as a
function of the infill density and of the deposition layer. Looking at Fig. 6, left, it is
observed that, at a fixed value of infill density, the longitudinal stiffness is maximum in
the case of Dep_xy, then of Dep_yz and is minimum in the case Dep_xz. For a specific

Table 1. Elastic moduli and poisson coefficient with different infill densities

Deposition Dep_xy Dep_yz Dep_xz
Infill density
(%)

25 35 50 25 35 50 25 35 50

Ex (MPa) 65 176 568 699 972 1437 65 176 568
Ey (MPa) 65 176 568 65 176 568 699 972 1437
Ez (MPa) 699 972 1437 65 176 568 65 176 568
mxy 0.33 0.33 0.33 0.15 0.15 0.15 0.15 0.15 0.15
myz 0.15 0.15 0.15 0.33 0.33 0.33 0.15 0.15 0.15
mxz 0.15 0.15 0.15 0.15 0.15 0.15 0.33 0.33 0.33
Gxy (MPa) 25 66 213 131 182 269 131 182 269
Gyz (MPa) 131 182 269 25 66 213 131 182 269
Gxz (MPa) 131 182 269 131 182 269 25 66 213

Fig. 5. Equivalent Von-Mises stress [MPa] distribution with 50% infill density: Dep_xy (left),
Dep_yz (middle) and Dep_xz (right)
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deposition layer, the longitudinal stiffness always increases with the infill density. The
torsional stiffness is reported in Fig. 6, right, where the Dep_yz looks as the weakest
among the three cases, for each value of the infill density. When the deposition layer is
fixed, the torsional stiffness always increases with the infill density.

3.2 Topology Optimization Analysis

Once the solution of the Static Structural is obtained, a Topology Optimization module
has been linked in order to reduce the total volume of the object and to maximize its
rigidity. This tool works with an Evolutionary Structural Optimization (ESO) approach
and uses a Solid Isotropic Material with Penalization (SIMP) method to delete the
unstrained elements during the iterative process. ESO and SIMP are two of the most
common topology optimization methods [16]. The optimization region is limited to the
infill and the surfaces in contact with the bushes are excluded from the optimization
process. The objective function of the procedure mixes, with equal weights, the min-
imization of the compliance and the minimization of the volume.

Some state variables have been constrained during the procedure in order to limit
excessive longitudinal displacements and/or rotations of the screw when the loads are
applied. A maximum displacement of 1 mm for dfx and a maximum rotation of 1.5°
(corresponding to a maximum of 0.3 mm for dfy and −0.6 mm for day) are assumed. In
Fig. 7 the values that these state variables assume at the end of the optimization process
are reported. It can be noted that only in the case Dep_xy the three state variables are
within the limits for all the infill densities; in particular, as far as the density increases,
the state variables decrease. In the other cases (Dep_yz and Dep_xz) only the infill at
50% fulfills the constrains to the state variables; for the infill density of 25 and 35%, at
least one state variables exceeds the corresponding limit value.

In Table 2, final values of volume and mass of all the configurations are summa-
rized. It must be remarked that values with the asterisk are obtained from unconverged
analyses. For these results, the final volume is almost the same as the initial one, that is,
the optimizer could not remove a relevant amount of unstrained elements because the
global stiffness of the object was too low already in the bulk version.

Fig. 6. Longitudinal stiffness (left) and Torsional stiffness (right) in function of infill density and
deposition layer orientation
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It is interesting to compare the increment of the stiffness calculated after the
topology optimization, related to the final mass of the object. A specific stiffness K′ has
been defined as:

K 0 ¼ K
mass

; ð5Þ

and its relative increment can be calculated as:

DK 0
L ¼ 100

K 0
L

� �

final� K 0
L

� �

initial

K 0
Lð Þinitial

;DK 0
T ¼ 100

K 0
T

� �

final� K 0
T

� �

initial

K 0
Tð Þinitial

ð6Þ

This parameter quantifies the efficiency of the optimization process. In fact, an ESO
process has to give inevitably a reduction of the absolute stiffness of the optimized
object, if the optimized (eroded) structure is compared to the original (bulk) one, but
the goal of the numerical procedure is to reduce as much as possible the volume of the
structure without an excessive loss in rigidity. Under these conditions, a null variation
of DK′ means that the original and the optimized structure have the same stiffness
associated to their mass while an increment of DK′ proves that the optimization process
has returned a more efficient configuration.

Figure 8, left shows that Dep_xy takes advantage of the optimization for all the
infill densities simulated, with a DK′ between the 35% and the 40% and a consistent
DK 0

T = 52% for the case of 50% of infill density. Figure 8, middle and right, on the
contrary, show a different behavior, where Dep_yz has a decrease of DK′ for the 25%

Fig. 7. State variables at the end of the optimization process

Table 2. Volume and mass as a function of different infill densities

Deposition xy yz xz
Infill density
(%)

25 35 50 25 35 50 25 35 50

Final
volume (%)

68.4 60.3 67 96.5* 99.5* 68.4 94* 95.7* 68.4

Final mass
(g)

27.4 36.3 53.8 38.8* 60* 55 37.8* 57.7* 55

Initial mass
(g)

40.1 60.2 80.3 40.1 60.2 80.3 40.1 60.2 80.3
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and the 35% infill densities, while Dep_xz has a small increase of DK′ for the 25% of
infill density, and a decrease of DK 0

T equal to −13% for the 35% of infill density.

Then, in Fig. 9, the optimized volumes have been reported for the infill density
35%. For this density, as well as for the 25%, only the Dep_xy reaches the convergence
and a relevant number of element is removed (about the 40%, as reported in Table 2),
as Fig. 9 left shows. The other two cases, in Fig. 9 middle and right, exhibit a marginal
reduction in the number of element, that is, the initial bulk configurations were too
flexible to fulfil the limits on the state variables.

It is worth noting, also, that the final volume obtained for the Dep_xy has a
functional utility when the pulley has to be placed inside the support. In the preliminary
version of the object shown in Fig. 2 left, the opening required to place the pulley is
located at the top of the object, and the pulley is supposed to enter along the z direction.
From a structural point of view, this empirical solution could lead to an excessive
weakness of the object. The topology optimization, on the contrary, ensures that the
solution in Fig. 9 left has an enhanced specific stiffness, fulfils the displacement limits
and is compatible with the assembly issues.

Fig. 8. Specific stiffness increment for Dep_xy (left), Dep_yz (middle) and Dep_xz (right)

Fig. 9. The final shape of the optimized object for the 35% of infill density for Dep_xy (left),
Dep_yz (middle) and Dep_xz (right)
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3.3 Static Structural Verification

Last step of the present procedure is the final verification of the stress state in the
optimized volumes subjected to the design loads. This analysis is limited to the Dep_xy
case that, due to the above considerations, resulted the best among the three deposition
configurations. To verify the optimized volume, an STL file is extracted, based on the
mesh of the original bulk geometry. Some singularities appear on the surfaces where
elements have been eroded (in brown in Fig. 9) because very small facets are created
by the optimization module. To give a more regular aspect on these surfaces, a
wrapping patch has been applied to the optimized STL, in order to obtain a regular
tessellation, deleting spikes and small cavities. Von-Mises stress maps are given in
Fig. 10 for different infill densities. Comparing Fig. 10 with Fig. 5 left, it can be
observed that the optimized objects have a stress level very similar to the one calculated
for the original object but in a smaller volume, sign of a more efficient stress
distribution.

4 Conclusions

In this paper, an integrated numerical procedure has been setup involving CAD, FEM
and Topology Optimization activities. This procedure is applied to a registry system
mounted on the deck of a sailing catamaran and manufactured by means of FDM
techniques. The study has revealed that the choice of the deposition layer plays a
relevant role in the efficiency of an object printed in FDM especially when honeycomb
structures are used to fill the internal volume. The topology optimization returned an
enhanced shape of the analyzed object in terms of specific stiffness, function of the
deposition layer and of the infill density. Moreover, shapes obtained at the end of the
optimization process suggest different mounting procedures of the components inside
the registry than the ones assumed in a preliminary prototype version.

Acknowledgments. This activity is the result of a research program named “The use of rapid
prototyping techniques in yachting” where the University of Palermo and the University of Enna

Fig. 10. Equivalent Von-Mises stress (MPa) maps on the optimized volume of Dep_xy for
different infill density: 25% (left), 35% middle and 50% (right)
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Abstract. Additive Manufacturing (AM) involves a set of production processes
in which a layer-based material deposition approach to build parts is applied.
These technologies are now extensively used in the industry in many cases as
the main manufacturing process for making components with high shape
complexity. The dimensional and geometric accuracy of the parts manufactured
by means of AM are mostly determined by the specific type of additive process
employed and the related process parameters. The part orientation in the build
space is an important process parameter that has an influence on the stair-step
effect and on the need of support structures and the subsequent post-processing
refinements. In addition, the position of the part in the build volume may have
an influence on the shape. These factors concur to the surface finish and to the
dimensional and shape accuracy. In this paper, the flatness error on several
surfaces, built on a test artefact ad hoc conceived, has been measured by means
of a CMM-based setup in order to quantify the variation of the error in relation
to: the orientation of the surfaces with respect to the platform, and the position of
the part in the build volume of the AM machine. The test part has been produced
by Direct Metal Laser Sintering (DMLS) process using the EOS Stainless Steel
GP1. The test artifact has been designed with five flat surfaces at different angles
with respect to the building platform. Two specimens were built in the same
DMLS session with different position and alignment. The influence of the
surface slope on the flatness error has been investigated. Flatness, 3D Roughness
and orientation errors (parallelism, inclination, perpendicularity) have been
measured and compared between both specimens.

Keywords: Flatness � 3D surface roughness � Additive manufacturing �
Orientation error

1 Introduction

ASTM has defined additive manufacturing (AM) as “a process of joining materials to
make objects from 3D model data, usually layer upon layer, as opposed to subtractive
manufacturing methodologies. Synonyms: additive fabrication, additive processes,
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additive techniques, additive layer manufacturing, layer manufacturing, and freeform
fabrication” [1].

Generally, AM includes a wide range of technologies that allow to translate virtual
solid data into a physical part, usually in STL format, decomposing it into a series of
finitely thick cross sections, which are fed into an AM machine that adds up material
(that could be of various type, depending on the technology) layer by layer to fabricate
the physical part [2]. Such kind of technology influences many aspects of the traditional
manufacturing process and the relations among all stakeholders must be rearranged and
updated [3]. One of the first approaches towards AM processes was essentially a
powder deposition method using an energy beam, patented in the early seventies. Also
following this approach, in the last decades, metallic additive manufacturing systems
were among the most developed [4]. Metal-based AM processes, primarily laser-based
powder bed fusion, are extremely interesting in sectors as aerospace, medical devices
and defence, because of the significant lead-time reduction, weight reduction, part
count reduction, high level of geometric complexity [5].

Since the metal additive manufacturing industry moves towards industrial pro-
duction, the need for standardization of AM processes has been received by ISO and
ASTM that decided to cooperate jointly in order to characterize all aspects of such
technology [6, 7].

The accuracy of the process is generally investigated by measurements performed
on test artefact ad hoc conceived. This allows to benchmarking among different AM
machine or compare different configuration of process parameters [8–12].

In addition, design rules must be further pointed out in order to take into account
the peculiarity of such technology during the conceiving of component shape. It is
necessary to emphasize which functional surfaces must be reworked and which can be
left as obtained by AM process.

The present work verifies and underlines the need for new guidelines in product
design and new strategies in geometric control and verification.

In this context, the paper presents the results obtained in a survey conceived to
investigate the assessment of the positioning in the build chamber in order to keep in
control geometric features of a product. The test artefact was not conceived to assess
the machine performances, nonetheless suggests some considerations about the AM
process used.

2 Geometric Dimensioning and Tolerancing in Metal-Based
Additive Manufacturing Process

GD&T is a language to communicate acceptable 3D variations of geometric elements
in a part from design to manufacturing and inspection. Tolerance specification is the
specification of the type and value of tolerances based on the GD&T standards (ISO
1101 [13] or ASME Y14.5 [14]). GD&T is based on mathematical representations of
the variation of geometric elements and manufacturing knowledge bases. GD&T is also
a way of specifying design intent to prevent misrepresentation during production
processes. The final tolerance assignment to each geometric feature is a tradeoff
between tight tolerances, which usually result in better performance of the assembly,
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and relaxed tolerances, which result in lower cost to manufacture the individual parts
but also in a lower probability of proper assembly and/or function. In the last years, the
continuous growing of AM technologies has introduced the need to rethink the pro-
cedures for synthesis and control of tolerances [15]. In the present paper we focus
mostly on flatness tolerance [16, 17]. Further, searching for the relationship between
the part build orientation and flatness error [18], some evidences are emerged on the
measurement methodology and on the angularity specification with respect to the
related datum.

3 Design of the Experiment. General Definition
of Parameters

The test artefact has been produced by the Direct Metal Laser Sintering (DMLS)
process using the EOS Stainless Steel GP1, a kind of steel characterized by having
good corrosion resistance and mechanical properties, widely used in a variety of
engineering applications. The test artifact has been fabricated with the following
process parameters: 40 lm—layer thickness; 900 mm/s—scan speed; 0.1 mm—hatch
spacing; 195 W—laser power; 54.2 J/mm3—energy density. The printing settings are
those suggested by the manufacturer with a little tuning on the basis of previous works.
The influence of such parameters on an object made by AM is well illustrated in [19].

Two items of an artefact were built, putting their solid models orthogonal each
other and positioned at two sides on the working table. The building volume was
150 � 64 � 40 mm3 (see Fig. 1). The building time was of about 18 h.

As post-building process, the specimen was finished using sand blasting. The
artefacts were removed from the working bed and then the lower plane was milled to
become the first datum for geometric metrology.

The test artefact was designed to assess the flatness of five surfaces oriented with
respect the datum, in dependence to their position in the working volume. The planar
elements have dimension 30 � 30 mm2 and 3.5 mm of thickness. The elements are
oriented at 0°, 30°, 45°, 60° and 90°. Generally hanging surfaces or with low angularity
must be sustained by the introduction of support structures. In order to avoid inflection
of the upper surface and avoid support structures, only the surface with angularity of
30° was sustained with an increasing thickness of the lower surface, towards the base.
All other planar elements were built with uniform thickness. Further a set of lightening

Fig. 1. Test artefact with five square elements: a left view; b right view
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have been designed in order to reduce the effect of residual strength in the material
during solidification of each layer, which tend to deform the final shape of the artefact.

In order to perform geometric measurements by means of CMM a sine bar has been
designed to orient the 30°, 45°, 60° surfaces orthogonally to the tip probe. The aux-
iliary equipment was used to acquire the measurement by moving only one axis at a
time of the CMM and not with continuously combined movements. Furthermore, the
results presented below show that the use of this equipment did not introduce errors.

The artefacts were built by means of EOSINT M 280 with a working volume of
250 � 250 � 325 mm3.

Figure 2 reports the picture of the build volume during AM session, in which can
be seen both artefacts positioned along two sides of the working area, and one artefact
ready to be measured.

In order to check the geometric characteristics of the five planar elements, the
artefacts were measured by the CMM ARES 10.7.5 of COORD3™. The touch-trigger
probe PH10T of Renishaw™ was equipped with a stylus of 20 mm length and 4 mm
diameter.

The first survey regarded the check if the position in the build volume induces
different results. The first involved parameter has been the flatness of each square
element. To this scope a pattern of 9 points, arranged as Union Jack grid (similar to the
uniform rectangular) was used. Further, 13 repetitions were performed, changing the
position of the pattern on the surface. Due to the nature of a surface obtained by AM,
measure repetition and quantification of measure uncertainty is basic to validate AM
machine performance.

A second survey, employing a pattern of 25 points, arranged as uniform rectangular
grid, was used to emphasize the difference and similarity between both artefacts. In
Fig. 3 both patterns of points are shown. Both extraction strategies are consistent with
the ISO 12781-2011.

Fig. 2. a Both artefacts during production phase; b the artefact ready to be measured.
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4 Results and Discussion

The measurements obtained by the first survey are presented in Fig. 4. The box plot
graphs represent the statistics of the 13 repetitions, for each square element: the mean
value, its variance, min and max value. As generally reported in literature, not all
surfaces are suitable to be obtained by AM. Surfaces oriented with an angle lower than
40° need special attention in term of need of support elements. Also in this study,
nevertheless the presence of a thicker structure, the surfaces of the square elements
oriented at 30°, with respect to the datum, present a wide dispersion of measurements.

Fig. 3. a Union Jack pattern of 9 points for the first survey; b path of the Union Jack pattern
origin; c position of all the 117 points acquired in the first survey; d Uniform rectangular pattern
of 25 points for the second survey (Units in [mm]).

Fig. 4. Statistics of the flatness measurements: a relieved on the artefact oriented along the
length (0°); b relieved on the artefact oriented along the width (90°).
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On the other hand, the feature more interesting is the substantially equivalent
behaviour if the squares with the same orientation are compared. This result is strictly
related to the characteristic of the AM machine employed. The nature of the surface
does not change if the position of the artefact changes in the AM working area.

The second survey emphasizes this similarity, comparing the natures of the surfaces
corresponding to the same orientation. Figure 5 contains the interpolated surfaces
obtained on the basis of the points detected on each square surface. The pattern of 25
point, reported in Fig. 3d have been used. The table is organized in two columns,
comparing the surfaces put on the two artefacts positioned as described above. The five
surfaces with different angularity with respect to the datum, represented by the lower
plane surface of the artefact, are collected row by row.

The analysis of the surfaces takes into account three parameters: flatness, as defined
in ISO 12781:2011; 3D Mean Surface Roughness - Sa, as defined in ISO 25178-2:2012
[20]; orientation tolerance, as defined both in ISO 1101:2017 or ASME Y14.5-2009.
The first two parameters are computed with respect to the least square reference plane;
the orientation tolerance are evaluated with respect to the datum.

It is necessary to point out the meaning of Sa and flatness in this context. Both Sa
and flatness were measured by the CMM equipped with the stylus described above, on
the basis of the 25 points pattern. Even if 25 points pattern is sufficient to assess
flatness, this can be considered a rather coarse sample point for the computation of the
3D Mean Surface Roughness, that requires more measurement points.

Sa has been computed as

Sa ¼ 1
NM

XN

i¼1

XM

j¼1

w ui; vj
� ��� ��; ð1Þ

where u and v are the coordinates of the local reference system on the square element,
and N = M.

Due to the nature of the surfaces obtained by AM, flatness seems not to be a
parameter that completely can characterize them. This is mainly due to outliers that can
be present in the domain. More attractive is the Sa parameter, being a mean value that
smooths the outliers occurrence and allows to describe the behaviour of the surface,
more globally. This allows to compare surfaces of the same type, built in different
positions. Further Sa is straightforwardly related to the surface as a whole and its
computation is not affected by the surface orientation with respect to the detection
direction, as this happens with the Ra average roughness, not considered in the present
analysis, because it is intrinsically associated to the detection direction.

As can be seen in the Fig. 5, Sa values of corresponding square surfaces are more
similar than the associated flatness. For example, in the case of the square element with
angularity of 30° Sa and flatness are really dissimilar: in the artefact oriented along the
width (90°), the flatness reaches 0.1188 mm, more than double of the value obtained on
the other artefact (0.0532 mm), probably due to some relevant peaks touched by the
probe. On the other hand Sa values are comparable (0.0135 mm vs. 0.0152 mm).

Analysing more in deep Fig. 5, it can be seen that the global shapes of the inter-
polated surfaces of the square domains are really similar, considering both artefacts
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orientation in the working area. Also the orientation tolerances are comparable. This
suggest that the artefacts was not influenced by the position in the working area.

This comparison confirms how the AM machine employed and the DMLS method
achieved a good level of accuracy. This consideration is valid from the technological
point of view. Several issues concerning the design phase still remain open.

Fig. 5. Interpolated surfaces of the planar surfaces on the square domains relieved on both
artefacts. Indication of Sa—3D mean surface roughness, flatness and orientation geometric
tolerances.

The Influence of Build Orientation on the Flatness Error … 469



The nature of the geometric tolerances of orientation changes the point of view in
the measurement of the geometric error, giving information on the relation between the
surfaces and a datum. The geometric error of orientation is greater than Sa and flatness,
of about one order of magnitude (two order of magnitude with respect some orientation
tolerances).

The nature of a surface must be considered carefully not only in itself, but in
relation with other surfaces, or datums, even in functional conceiving of shape, both its
manufacturing process and its geometric verification.

The measurement of a geometric tolerance of orientation requires the identification
of a datum, that typically coincides with the granite table of the CMM. Even in the
manufacturing with AM a planar geometry may be associated to the printing tray.

If one thinks to the assembly of more components in a device, a tolerance chain
must be identified as a sequence of geometric relations between features of individual
parts. In this regard, the general orientation of a component in the building volume has
great importance. In particular the surface that lies on the printing tray, since requires a
milling operation, may be used as datum.

Taking into consideration the artefact proposed in the paper, choosing as first datum
the surface lying on the working area, a special attention must be paid during manu-
facturing in order to reduce to a minimum the errors that can be introduced on it,
mainly due to the cutting phase and milling operation, necessary to assure the first
datum.

Furthermore, considering that both artefacts followed the same sequences of post
machining and same positioning under the milling machine, it can be argued that the
artefacts was not influenced by the position in the working area during AM process.

The amplitude of the geometric error is mainly due to the direction of detection of
the width between the planes that define the tolerance range.

5 Conclusion

With respect to the results reported in the Figs. 4 and 5 some consideration confirm
results present in literature. The best surfaces, either in term of Sa and flatness, and
macro geometric error, are put at 90° with respect the working plane. In these specific
artefacts, the working plane of the AM machine coincided with that one of the CMM.

In general, the objects built by AM process are created with the geometric relations
among the surfaces, already detailed in phase of modelling. From the designer point of
view, it is extremely important to enhance which are the datums with respect the
geometric errors of orientation and position must be checked.

During the design phase of the solid model of a part that will be created by AM
process, all the relations of dependency among the surfaces and the datums must be
declared. This is essential in order to reduce to a minimum the need for further
machining operation. Better if the surface put on the working plane is not functional,
being not subjected to such kind of error. These consideration are more basic for laser-
based powder bed fusion process, considering the possibility to employ the component
made by AM “as is”, or reducing to a minimum the post processing phase.
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Another final consideration can be dedicated to the geometric control of the planar
surfaces obtained by DMLS process. The Sa, 3D mean surface roughness, is more
appropriate with respect to flatness, avoiding to include outliers in the parameter
computation. Furthermore, a strategy of measurement must be defined every time it is
necessary to check all surfaces that have not to be re-machined.

In conclusion, designers are invited to identify and refine new and suitable design
criteria and guidelines for Additive Manufacturing by DMLS.
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Abstract. Orthoses are additional devices that help people with disabilities.
The focus of this work is the design and manufacture of a new customized
elbow orthosis completely made by Additive Manufacturing (AM). One of the
innovative characteristic of the device is the use of torsion springs that simulate
the action of physiotherapists during exercises for patient rehabilitation. Para-
metric modeling approach based on generative algorithms was used to design
the device. Finally, FEM analyses have been performed to validate the design.

Keywords: Additive manufacturing � 3D acquisition �
Computer aided engineering

1 Introduction

Orthoses are external medical devices used in orthopedics in the treatment of some
pathologies to correct a functional anomaly, but which don’t replace missing ana-tomic
parts. These devices limit the relative movements in a joint affected, for example, by
trauma, arthrosis, ligament sprains or that has been subjected to surgery. For patients
with disabilities that induce functional limitations, orthoses are employed to apply
forces on the body for biomechanical needs by helping patients during walking and
limb movement.

Orthoses can be prefabricated or customized. The prefabricated ones are less
expensive and readily available on the market. Customized orthoses, instead, are better
adapted to the patient’s body than the prefabricated devices and ensure better perfor-
mances [1, 2].

The fundamental aspects in the design of customized orthoses are functionality,
ergonomics and aesthetics. Designing an orthosis by combining all three of these
aspects means being able to make a prosthetic device that fully meets the needs of
patients. Additive Manufacturing (AM) is a suitable technology to make customized
orthoses, especially for its ability to realize complex shapes in a short time and with
lower costs than manual fabrication [3–7]. Most of the orthoses on the market are
prefabricated devices that can be adapted to different sizes by means of appropriate
bands or other methods. Most of the commercial orthoses are only partially realized
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with AM technologies and then assembled to constitute the final device, with a con-
sequent increase in production phases and costs depending on the particular orthosis to
be made.

In the literature there are different works about wrist orthoses [8], foot orthoses [9]
and hip orthoses [10], but there is not much information about the customized elbow
orthosis completely manufactured using techniques of AM.

For this reason, this work focuses on the study of an elbow orthosis.
The aim of this work is the design of a new customized elbow orthosis completely

manufacturable by AM and the implementation of generative algorithms for parametric
modeling and creation of 3D patterns to be adapted to the CAD model.

The present work has been divided into four main steps. The first step consists of
the 3D acquisition process and then the realization of the CAD model of the arm of a
patient. In the second step, the CAD modeling of the customized orthosis has been
performed. During this step, generative algorithms have been developed for the real-
ization of a Voronoi tessellation and for the creation of patterns with different modules
in order to better customize the device. In the third step, the prototype of the orthosis
has been realized using AM techniques. In particular, the Selective Laser Sintering
(SLS) process with PA 2200 material has been used. Finally, results obtained by the
FEM analyses performed during the last step were used to validate the design.

2 New Model of Elbow Orthosis

The basic idea of this work is to design of a new customized elbow orthosis manu-
factured entirely by AM technology, able to help patients during the rehabilitation
phase.

One of the fundamental exercises during the rehabilitation of the patient is the
execution of flexion and extension movements of the forearm (Fig. 1) that help to
slowly return to the full functionality and mobility of the arm. Starting from the neutral
position (angle between arm and forearm of 90°) during the flexion and extension
movements the physiotherapist opposes resistance. After, to return to the neutral
position, the patient is eased by the physiotherapist.

In order to simulate this rehabilitation exercise, with no support of physiotherapists,
it was decided to apply two torsion springs to the orthosis that oppose resistance during
the flexion and extension movements and help the patient to move the arm until to
reach the neutral position. In this way the patient can carry out itself the rehabilitation
exercise.

The spring have been chosen taking into account that the patient, during the
rehabilitation phase, should not lift weights more than 5 kg.

2.1 3D Acquisition and CAD Modeling of the Arm

In order to model correctly the shape of the patient’s arm, and in particular the elbow
area, it was decided to reproduce a copy of it using a plaster cast.
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A direct acquisition of the patient’s arm, in fact, could lead to a poor model or
require very complex post-process phases due to the impossibility of keeping the
patient’s arm perfectly fixed during the whole scanning phase.

To avoid these drawbacks, a plaster cast of the patient’s arm has been made. Once
the cast has been made, it was acquired using a 3D scanner, the ZScanner 800 by
ZCorporation.

This scanner has been chosen for its main features: the self-orienting and the
possibility of moving the object during the scan. Thanks to the self-orienting feature,
the scan system does not need a fixed position tripods, voluminous mechanical arms or
external positioning devices, which make the acquisition of some hidden surfaces
difficult or almost impossible.

These characteristics have facilitated greatly the acquisition and post-processing
phase, reducing the time required to obtain the digital model of the arm.

The model obtained from the scan is only the part related to the elbow area. In order
to model the remaining part of arm, a series of measurements of some sections of the
arm have been made at different positions. Subsequently, it has been possible recon-
structed the entire model of the arm by means of a loft function (Fig. 2).

Fig. 1. Flexion and extension movements of the forearm

Fig. 2. CAD Model of the arm surface
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3 CAD Modeling of the Orthosis

Customized orthoses, besides to adapt better to the patient, also allow optimizing their
stiffness and flexibility to inhibit some movements and to integrate new morphological
characteristics.

The modeling of a customized orthosis starts from the CAD model of the patient’s
arm. To ensure a good level of ergonomics, the orthosis should be perfectly adapted to
the arm. However, it is also necessary to consider the presence of swelling of the
patient’s elbow and ensuring that the orthosis does not compress excessively, in order
to avoid tissue inflammation or other undesired effects.

Regarding the functionality, one of the aspects to be taken into consideration is the
possibility for the patient to wear and remove the orthosis easily and independently,
with no discomfort at the elbow.

In order to meet the aforementioned ergonomics and wearability requirements,
starting from the reconstructed surface of the arm, a 2 mm offset has been applied,
ensuring a small clearance between the arm and the orthosis; moreover, two openings
have been made, so to allow both to wear the orthosis without problems and to increase
the adaptability.

To ensure a suitable stiffness of the orthosis, but at the same time don’t add weigh
to the entire device, preliminary, a thickness of 4 mm of the structure has been chosen.
This value of thickness is usually adopted in commercial orthoses.

The next step was the conversion of the model into NURBS surfaces and then into
a CAD model.

The relative rotation between the arm and forearm during the extension and flexion
movements is ensured by a hinged mechanism.

Obtained the basic CAD model of the orthosis, all the components have been
modelled and assembled into the final CAD model of the orthosis by SolidWorks
software (Fig. 3).

Fig. 3. CAD model of the elbow orthosis
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3.1 Generative Algorithms

Generative algorithms allow finding solutions to problems that can be encountered with
the classic CAD systems when complex shapes, especially when these would be
realized using AM techniques [12–16], must be modelled.

In this work, generative algorithms have been implemented for the modeling of
non-structural parts of the orthosis that, in addition to lightening the structure, must
make the orthosis pleasant from an aesthetic point of view.

Two different algorithms have been developed with Grasshopper [17, 18]; the first
allows the creation of patterns on complex surfaces, the latter allows to realizing a
Voronoi tessellation.

3.1.1 Generative Algorithm for Creating Patterns

The developed algorithm allows users to create patterns on complex surfaces, so
customizing the orthosis with different decorative geometries.

The basic function generates different parallelepipeds on the surface, used as target
objects, and maps on these the geometry to repeat.

The target parallelepipeds have been generated to morph the component using the
“Surface Box” function [17], adapting them to a surface based on the interval indicated
by the surface domain and the height of the parallelepiped.

The final result is the pattern created on the surface that is perfectly adapted to it
and that follows its morphology on a regular basis.

Figure 4 shows the block diagram of the developed algorithm.
It is possible to modify the number of elements along the parameterization direc-

tions (U and V) and also to change the basic geometry.

In Fig. 5 basic component to repeat (left) and pattern created with generative
algorithm are shown.

In Fig. 6 some examples of patterns created with this algorithm and applied to the
elbow orthosis are shown.

Fig. 4. Block diagram of the implemented generative algorithm
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3.1.2 Voronoi Tessellation by Generative Algorithm

Because not all the commercial software allow managing independently the input
parameters for the creation of Voronoi tessellations, a generative algorithm has been
developed to manage these parameters (such as number of points, width of each
polygon of the tessellation, etc.) and to model, parametrically, a Voronoi structure in
the custom orthosis.

The Voronoi tessellation is initially created on a surface in a plane and is subse-
quently mapped onto the surface of the orthosis. After, with specific functions, the
mesh is generated and exported.

The block diagram of the generative algorithm developed in Grasshopper for the
realization of the Voronoi tessellation to be applied for the customization of the elbow
orthosis is shown in Fig. 7.

Fig. 5. Example of basic component to repeat (left) and pattern created with generative
algorithm

Fig. 6. Examples of patterns that can be created and applied to the orthosis
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The creation of the Voronoi tessellation starts from a set of points that represent the
centre of the polygons of the tessellation; after, through the Voronoi function, a two-
dimensional Voronoi tessellation has been created according to the set of points.

This structure is mapped onto the surface of the orthosis through the “Map to
Surface” function [17], adapting itself to the morphology of the surface.

The last step of the algorithm is the creation of mesh and the smoothing of the
structure so to eliminate the sharp edges.

In Fig. 8 the complete CAD model of the orthosis with the Voronoi tessellation is
shown.

4 Prototype Realization by Additive Manufacturing

The designed elbow orthosis has been produced in PA 2200 by a SLS (Selective Laser
Sintering) 3D printer. As case study, only the model of the orthosis with the Voronoi
tessellation has been realized.

PA 2200 is a fine white powder based on polyamide, used for the manufacture of
fully functional pieces with high surface quality and exposed to high thermal or
mechanical stresses [11].

The EOS FORMIGA P100 printer (Fig. 9) has been used, which allows the pro-
duction of small series and customized products with fully functional complex
geometry.

Fig. 7. Block diagram of the implemented generative algorithm for Voronoi tessellation

Fig. 8. CAD model of the elbow orthosis with Voronoi tessellation
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Figures 10 and 11 show some images of the prototype from which is possible to see
the good surface finish obtained with this AM technology.

Fig. 9. FORMIGA P100 3D printer

Fig. 10. Final prototype
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5 FEM Analysis

FEM analyses have been performed to verify the structural strength of the prototype
[19].

Only the structural parts of the orthosis have been analysed.
The arm has been considered as a rigid body. The area near the elbow has been not

considered to simplify the FEM model, always ensuring the reliability of the results.
The simulations have been performed to verify the stress state of the orthosis during

flexion and extension, applying a test load of 150 N.
Although the maximum load in normal conditions of use of an elbow orthosis

should be less than 50 N, a much higher test load (150 N) was chosen to test the model
in very hard working conditions.

The model has been meshed with about 2,000,000 Solid 164 elements [20]. Suc-
cessively the boundary conditions have been set. In particular, a frictional contact has
been imposed at the orthosis and arm interface, a frictionless contact, instead, has been
imposed at the torsion springs and the supports interfaces. Finally, a fixed constraint
has been applied to the faces of the arm (in the upper part) which prevents them from
moving or deforming. The strips have been modelled as spring elements.

Extension

Figure 12 shows Von Mises stress maps.

Fig. 11. Final prototype put on by patient

Table 1. Mechanical properties of PA 2200

Tensile strength (MPa) Elongation at break (%) Tensile modulus (MPa)

PA 2200 48 24 1700

Fig. 12. Maps: Von Mises stress
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It can be observed that all the maximum values of the deformation and strains are
lower than the corresponding limit values (Table 1). In particular, the maximum value
of the Von Mises stress is 22.27 MPa, less than half of the tensile strength of the
material (48 MPa).

Flexion

Figure 13 shows Von Mises stress maps.

Also in this case, it can be observed that all the maximum values of the deformation
and strains are lower than the corresponding limit values. In particular, a maximum
elongation value of 2.1% and a maximum value of the Von Mises equivalent stress of
41 MPa have been obtained.

6 Conclusions

In the work a method has been perfected for the design of a custom elbow orthosis
entirely manufacturable by additive techniques. To this aim, generative algorithms for
parametric modeling and creation of 3D patterns have been also developed that can
solve some of typical problems of modeling for Additive Manufacturing.

The first step of the work was related to the modeling, by means of reverse
engineering techniques, of the arm of a patient and the subsequent CAD modeling of
the structure of the custom elbow orthosis.

Subsequently, to improve the aesthetic appearance of the orthosis, two algorithms
have been implemented for the creation of 3D patterns and Voronoi tessellations for not
structural parts.

Generative algorithms developed have been tested and proved to be robust, efficient
and able to overcome some drawbacks of commercial software.

Subsequently, a prototype of the elbow orthosis with Voronoi tessellation has been
realized by means of the SLS technology.

In the last part FEM analyses have been carried out considering the movements of
flexion and extension of the arm and obtained results were used to validate the design.

Fig. 13. Maps: Von Mises stress

482 R. I. Campbell et al.



References

1. Javaid M, Haleem A (2017) Additive manufacturing applications in medical cases: a review
literature based. Alexandria J Med

2. Singh Sunpreet, Ramakrishna Seeram (2017) Biomedical applications of additive manufac-
turing: present and future. Curr Opin Biomed Eng 2:105–115

3. Chen RK, Jin Y, Wensman J, Shih A (2016) Additive manufacturing of custom orthoses and
prostheses—a review. Addit Manuf 12:77–89

4. Gao W, Zhang Y, Ramanujan D, Ramania K, Chen Y, Williams CB, Wang CCL, Shin YC,
Zhang S, Zavattieri P (2015) The status, challenges, and future of additive manufacturing in
engineering. Comput Aided Des 69:65–89

5. Huang SH, Liu P, Mokasdar A, Hou L (2013) Additive manufacturing and its societal
impact: a literature review. Int J Adv Manuf Technol 67:1191–1203. https://doi.org/10.1007/
s00170-012-4558-5

6. Bikas H, Stavropoulos P, Chryssolouris G, Additive manufacturing methods and modelling
approaches: a critical review. Int J Adv Manuf Technol. https://doi.org/10.1007/s00170-015-
7576-2

7. Mançanares CG, de Zancul SE, da Silva JC, Miguel PAC (2015) Additive manufacturing
process selection based on parts’ selection criteria. Int J Adv Manuf Technol 80:1007–1014.
https://doi.org/10.1007/s00170-015-7092-4

8. Paterson AM, Donnison E, Bibb RJ, Campbell RI (2014) Computer-aided design to support
fabrication of wrist splints using 3D printing: a feasibility study. Hand Therapy 19(4):102–
113. https://doi.org/10.1177/1758998314544802

9. Fantini M, De Crescenzio F, Brognara L, Baldini N (2017) Design and rapid manufacturing
of a customized foot orthosis: a first methodological study, Design Engineering and
Manufacturing, Lecture Notes in Mechanical Engineering. Springer International Publish-
ing AG Advances on Mechanics. https://doi.org/10.1007/978-3-319-45781-9_46

10. Munhoz R, da Costa Moraes CA, Kunkel ME (2016) A digital approach for design and
fabrication by rapid prototyping of orthosis for developmental dysplasia of the hip. Res
Biomed Eng 32(1):63–73. https://doi.org/10.1590/2446-4740.00316

11. Singh S, Ramakrishna S, Singh R (2017) Material issues in additive manufacturing: a
review. J Manuf Process 25:185–200

12. Eyers DR, Potter AT (2017) Industrial additive manufacturing: a manufacturing systems
perspective. Comput Ind 92:208–218

13. Klahn Christoph, Leutenecker Bastian, Meboldt Mirko (2015) Design strategies for the
process of additive manufacturing. Procedia CIRP 36:230–235

14. Hällgren S, Pejryd L, Ekengren J (2016) (Re)design for additive manufacturing.
Procedia CIRP 50:246–251

15. Srinivas M, Sridhar Babu B (2017) A critical review on recent research methodologies in
additive manufacturing. Mater Today Proc 4:9049–9059

16. Thompson MK, Moroni G, Vaneker T, Fadel G, Campbell RI, Gibson I, Bernard A,
Schulz J, Graf P, Ahuja B, Martina F (2016) Design for additive manufacturing: trends,
opportunities, considerations, and constraints. CIRP Ann Manuf Technol

17. ZUBIN KHABAZI, ALGORITMI GENERATIVI con GRASSHOPPER
18. Krish S, A practical generative design method
19. Ingrassia T, Alaimo G, Cappello F, Mancuso A, Nigrelli V (2007) A new design approach to

the use of composite materials for heavy transport vehicles. Int J Veh Des 44(3–4):311–325
20. ANSYS Structural Analysis Guide

New Customized Elbow Orthosis Made by Additive Manufacturing 483

http://dx.doi.org/10.1007/s00170-012-4558-5
http://dx.doi.org/10.1007/s00170-012-4558-5
http://dx.doi.org/10.1007/s00170-015-7576-2
http://dx.doi.org/10.1007/s00170-015-7576-2
http://dx.doi.org/10.1007/s00170-015-7092-4
http://dx.doi.org/10.1177/1758998314544802
http://dx.doi.org/10.1007/978-3-319-45781-9_46
http://dx.doi.org/10.1590/2446-4740.00316


Graphical Bioengineering



Accuracy Assessment of CT-Based 3D Bone
Surface Reconstruction

L. Puggelli1, F. Uccheddu1, Y. Volpe1, R. Furferi1(&), and D. Di Feo2

1 Department of Industrial Engineering, University of Florence,
Via di Santa Marta 3, 50139 Florence, Italy

rocco.furferi@unifi.it
2 Department of Pediatric Surgery, A. Meyer Children’s University Hospital,

Viale Pieraccini 24, 50139 Florence, Italy

Abstract. 3D reconstruction of human anatomy from cross-sectional imaging
has recently gained increasing importance in several medical fields thus desig-
nating the 3D bones reconstruction accuracy, critical for the success of the
whole surgical intervention. The 3D anatomic model quality depends on the
quality of the reconstructed image, on the quality of the images segmentation
step and on the error introduced by the iso-surface triangulation algorithm. The
influence of image processing procedures and relative parametrization has been
largely studied in the scientific literature; however, the analysis of the direct
impact of the quality of the reconstructed medical images is still lacking. In this
paper, a comparative study on the influence of both image reconstruction
algorithm (standard and iterative) and applied kernel is reported. Research was
performed on the 3D reconstruction of a pig tibia, by using Philips Brilliance 64
CT scanner. At the stage of scanning and at the stage of 3D reconstruction, the
same procedures were followed, while only image reconstruction algorithm and
kernel were changed. The influence of such selection on the accuracy of bone
geometry was assessed by comparing it against the 3D model obtained with a
professional 3D scanner. Results show an average error in reconstructing the
geometry of around 0.1 mm with a variance of 0.08 mm. The presented study
highlights new opportunities to control the deviations on the geometry accuracy
of the bones structures at the stage of cross sectional imaging generation.

Keywords: 3D model reconstruction � Kernel reconstruction � Accuracy �
Computed tomography

1 Introduction

In many surgical fields (e.g. personalized cranio-maxillofacial surgery) computer-aided
bone surgery requires highly accurate 3D representation of patient’s bone, both for
surgery planning and for implant design [1, 2].

The overall quality of a 3D anatomic model reconstruction, strictly depends on
(i) the quality of the patient CT scan data, (ii) on the quality of the images processing
step and (iii) on the errors introduced by the iso-surface triangulation algorithm (i.e.
extract a 2D surface mesh from a 3D volume). The medical imaging quality mainly
affects the spatial resolution depending on the type of computer tomography
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(CT) system and on the chosen scanning parameters. The spatial resolution depends
also by the size of the voxel influenced by the slice thickness and by the matrix size.
Changing the slice thickness can create a partial volume effect that needs to be con-
sidered for segmentation, and final 3D surface reconstruction [3–8]. The research
community is working toward the determination of the relation between 3D model
accuracy and image processing [9–13], including image enhancement and segmenta-
tion. Currently, a challenging task remains the determination of the relation between
accuracy of the resulting 3D model and the medical data generation.

The quality of the resulting 3D anatomic model is, however, highly related to the
quality of the reconstructed images, generally performed on board of the Computer
Tomography scanner; the reconstruction chain, relies on a number of algorithms
specifically designed to simultaneously optimize the imaging speed, the dose effi-
ciency, and the general image quality. CT scans allows a number of reconstruction
algorithms and relative kernels; the most appropriate combination depends on which
tissues should be more or less highlighted. The Filtered back projection (FBP) method,
due to its velocity and robustness, is the most common method used on-board of the
clinical available CT scanners to reconstruct the cross-sectional images from raw data.
However, FBP proved to be a sub-optimal algorithm choice for poorly sampled data or
for cases where noise has a significant power density compared to the measured signal.

When these very high levels of noise are propagated through the reconstruction
algorithm, the result is an image with significant artefacts. Way et al. [14] show that the
fine tuning of the FBP parameters (i.e. the most important parameter is the recon-
struction kernel), can significantly improve the quality of the resulting reconstructed
images. In real clinical settings, once the images are reconstructed, the projection data
is removed from the system, making further reconstruction with a different recon-
struction filter parameter set impossible. Okubo et al. [15] proposed a method based on
common image filtering techniques in the image space to be used instead of a recon-
struction filter in the projection space for CT imaging, to achieve similar image quality.

The goal of this study is to assess the 3D accuracy of CT-based bone surface
reconstruction, at varying the CT scanner internal parameters. More in detail, this study
investigates into the influence of kernel selection in the image reconstruction algorithm
about the accuracy of the 3D reconstruction, independently from the segmentation
thresholding and from the surface reconstruction algorithms.

The study was performed in the Meyer Children’s Hospital premises on a pork
shank with and without soft tissues. This allows direct comparison between the CT-
based reconstructions, obtained using different kernels, and the 3D model of the shank
bone obtained using a professional 3D scanner.

2 From CT Scan Data to 3D Polygonal Model

According to recent literature [3], the most effective way for creating 3D models starts
from the image processing of the medical image acquisition, by enhancing and seg-
menting some region of interest, then, converting the result into 3D models, through
surface reconstruction procedures. The main steps of the pipeline are described in the
following sections.
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2.1 Medical Imaging Data Generation

The scan of the patient body is clinically performed by first appropriately tuning some
machine parameters, which influences the final CT images.

X-rays tube potential [kV] and current [mAs] determine the energy of the ionizing
radiation; therefore, they influence the patient adsorbed dose, i.e. the mean energy
imparted to mass per unit mass by ionizing radiation. On the other hand, higher energy
corresponds to more saturated images.

Scan range [mm] is the actual axial dimension of the section to be scanned. It is set
to cover only the body region to investigate.

Pitch [mm/s] is the axial translation per rotation or the axial speed/the ratio between
axial speed and collimation thickness.

Rotation time [s] is the time that the X-ray generators/detectors require to complete
a single rotation around the axis.

Acquisition thickness [mm] is the virtual spacing between the acquired slices.
A higher number of slices improve the detail in the scanning axis; on the other hand,
both the time needed to complete the scan and the time to reconstruct the images
increase.

These parameters directly act on the raw acquisition phase, while the reconstruction
algorithm selection and the reconstructed slice thickness parameter, act on the medical
image reconstruction phase. The raw data at the end of the CT acquisition is a sinogram
[16] i.e. the Radon Transform of acquired data. Figuring the sinogram as an image,
each one of its rows corresponds to the acquired data for each axial position, and each
pixel of a selected row corresponds to the acquired datum for that axial position at a
known angular position.

The reconstructed slice thickness [mm] is the spacing between the reconstructed
slices, since it can be calculated interpolating the raw data, it does not necessarily
coincides with the acquisition thickness: its value is usually equal or less.

Raw data must be elaborated in order to obtain the corresponding series of slices,
by means of Image reconstruction algorithms based on Radon anti-transform e.g. the
Filtered back projection (FBP) method, is commonly used on-board of the clinical
available CT scanners to reconstruct the cross-sectional images from raw data [16].
Depending on the specific CT scan device, (ASIR™—GE, iDose4®—Philips NV,
IRIS®—Siemens AG, AIDR®—Toshiba Corporation, to cite some), a number of
proprietary algorithms are available [17–19]. The fine-tuning of the FBP parameters
(e.g. reconstruction kernels), can significantly improve the quality of the resulting
reconstructed images when data are poorly sampled, or when the noise has a significant
power density compared to the measured signal. Different kernels can be used opti-
mally for different tissues, thus allowing highlighting some anatomical feature in the
region of interest.

The reconstruction kernels may operate into the image domain or into the sinogram
domain. Essentially, kernels are applied in order to enhance contrast resolution (low-
pass or smoothing filters) or to enhance spatial resolution (high-pass or edge
enhancement kernels). Each CT scan producer adopt different names for these kernels,
e.g. Detail, Bone or Edge for edge enhancement kernels and Standard or Soft for
smoothing kernels.
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2.2 Image Processing and Surface Modelling

In order to further improve the classification of the different tissues on the CT scan
images (i.e. bones, soft tissue or tumours), several image processing tools can be
applied offline to the 2D dataset. A first image enhancement can be performed to
suppress artefacts or to highlight the tissues borders. Then, a segmentation step is
needed to identify the tissues boundaries. Segmentation is the process of dividing an
image into regions with similar properties [20]. The role of segmentation on medical
imaging, consists in identifying the anatomical structures in the images. As result of the
segmentation task, the pixels in the image are partitioned through binary masks, in non-
overlapping regions, belonging to the same tissue class. When the region of interested
is naturally highlighted, as for the case of bone structures that shows high grey level
pixels, an automatic thresholding can be performed to separate the bone pixels from the
rest of the image.

After the segmentation phase, starting from the obtained multi slices binary masks
(i.e. voxels), the 3D surface are generated by applying Marching cubes algorithms or
other 3D contour extraction algorithms [21]. All the functions that are required to
obtain a 3D polygonal model from a series of slices are included in many dedicated
software, like Mimics® and 3D Slicer® (Fig. 1).

3 Experimental Design

3.1 CT Scanning and Medical Images Reconstruction

CT scanning has been performed on a Brilliance 64 CT spiral scanner (Philips NV,
Eindhoven, Netherland). Machine parameters (see Table 1), and in particular tube
potential and tube current, have been set at standard values for children (i.e. 100 kV
and 200 mAs respectively). In order to obtain a small spacing between reconstructed
slices, acquisition spacing has been set at 0.8 mm. Scan range, which depends on the
size of the subject to be scanned, has been adjusted at 170 mm as the size of the pig
tibia.

From a single scan (i.e. from a single sinogram), six different series of images have
been reconstructed by adopting both Philips image reconstruction algorithms (Standard
and iDose4®) and by applying three different kernels respectively: Smooth (low pass
filter), Sharp and Bone (high pass filters). The nomenclature adopted for the series

Fig. 1. From sinogram to polygonal model
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makes use of the kernels DICOM acronym (A = Smooth, C = Sharp, D = Bone),
while “S” and “I” indicates Standard or iDose4® image reconstruction algorithm [20].

3.2 3D Reconstruction from CT-images

From reconstructed medical images, the entire procedure of 3D reconstruction have
been implemented by means of 3D Slicer® software, one of the most popular free and
open source software package for medical image computing and visualization [22]. In
order to limit the influence of the image-processing phase, no enhancement filters have
been applied to the images, and the segmentation of the bones have been performed
through a thresholding operation. In this phase, a threshold value of 700 Hounsfield
Unit (HU) has been used: this value corresponds to the linear attenuation coefficient
associated to cortical bones [17]. As a consequence, only the diaphysis of the tibia has
been opportunely reconstructed, while epiphysis and metaphysis—which have 250 �
HU � 700 typical values (due to high concentration of cancellous bone)—have not been
correctly detected.

Finally, the 3D polygonal model of each segment has been retrieved by means of
the Marching cubes algorithm implemented into 3D Slicer®, in which smoothing factor
has been maintained at 0. Each reconstructed 3D polygonal model has been exported in
the form of STL file. For a sake of clarity, the same nomenclature as slides series has
been maintained (e.g. R_SA!R_SA.stl).

3.3 3D Laser Scanning

To obtain a high-accurate 3D virtual reconstruction of the tibia to be used as ground-
truth, the dry bone (i.e. after soft tissues removal by boiling) has been acquired by
means of a 3D laser scanner (Romer Absolute Arm RA 7520 SI with integrated RS1
laser scanner). Such a scanner provides a volumetric accuracy in the range ± 0.058
mm within the measurement range of 2.0 m and a point repeatability lower than
0.023 mm, according to the ASME B89.4.22 certification. Both acquisition and suc-
cessive 3D reconstruction operations have performed by means of Polyworks®

software.
As soft tissues are present in the acquired CT-data, and as boiling of the pig bone

may have an impact on its geometry and, consequently, on the successive accuracy
assessment phase, steps 1–3 have been repeated on the dry tibia (i.e. without soft
tissues), maintaining the same procedures and parameters. For this reason, 6 additional
polygonal models have been used (B_XX series).

Table 1. CT-scan settings

Parameters Value

Tube potential 100 kV
Tube current 200 mAs
Scan range 170 mm
Acquisition thickness 0.8 mm
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3.4 Comparison & Accuracy Assessment

CT-based reconstructions and ground truth have been imported as STL files into
Geomagic Design X® software environment. Before performing accuracy measure-
ments, two main operations have been carried out:

1. Invalid portions removal from each STL mesh;
2. Alignment between scan data.

As previously partially reported, CT-based polygonal models present an incomplete
reconstruction of cancellous bone sections of tibia (i.e. epiphysis and metaphysis) due
to segmentation at 700 HU. In addition, such models also include internal cavities of
the bone, which have not been measured by means of laser scanner. In order to avoid
imprecise alignment and invalid accuracy assessment, all of these portions on each
mesh have been ignored.

Successively, all the polygonal models have been aligned referring to R_XX models
(which are natively aligned since deriving from the same CT-scanning). To come up with
this purpose, both point-to-point and ICP algorithms have been used [23].

At this point, accuracy of each CT-based STL has been assessed by comparing it
against ground-truth. This operation has been carried out by means of mesh max
deviation tool, which computes the distance between each point on a target and its
projection on a reference mesh (i.e. ground-truth), along the target mesh normal. Then,
for each element of the target, the maximum distance is considered.

4 Results and Analysis

Following the procedure described in Chap. 3, in Table 2 both mean (l) and standard
deviation (r) resulting from the analysed mesh deviations are reported (see Fig. 2).

Table 2. Mesh deviation analyses

3D models Signed dist. [mm] Unsigned dist.
[mm]

Mesh%

l r l r dj j\0:1mm dj j\0:2mm

R_SA 0.141 0.128 0.162 0.101 31.7 64.2
R_SC 0.113 0.114 0.134 0.089 40.3 76.5
R_SD 0.113 0.115 0.134 0.089 40.4 76.7
R_IA 0.142 0.127 0.162 0.100 31.6 64.2
R_IC 0.113 0.114 0.134 0.089 40.3 76.5
R_ID 0.113 0.115 0.134 0.115 40.4 76.7
B_SA –0.134 0.145 0.160 0.115 35.7 65.8
B_SC –0.039 0.137 0.115 0.083 49.5 83.0
B_SD –0.029 0.137 0.114 0.082 50.1 83.7
B_IA –0.134 0.145 0.160 0.115 35.7 65.8
B_IC –0.039 0.137 0.115 0.083 49.5 83.0
B_ID –0.029 0.137 0.114 0.082 50.1 82.4
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In all the analyzed comparisons, only little differences are visible: l is
between ± 0.13 mm (signed distance) or between 0.11 � 0.16 mm (unsigned dis-
tance) and relative r is between 0.11 � 0.14 mm (signed distance) or between
0.08 � 0.11 mm (unsigned distance).
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Fig. 2. Obtained mesh deviation maps
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In addition, 3D reconstructions obtained by means of Standard and iDose4®

algorithms show almost the same identical statistical values, even if slide images
visibly differ. This lead to suppose that iDose4® helps in augmenting the readability of
medical images without affecting bones silhouette and, on the other hand, that there is
no evident reason to adopt iDose4® to 3D reconstruction purposes, since it is more time
consuming with respect to Standard algorithm. The same observation is still valid for
what concerns the kernel choice. However, in this case, some slightly differences are
numerically visible between Smooth (A) kernel and both Sharp (C) and Bone
(D) kernels.

Especially paying attention to the two last columns of Table 2, it emerges that in
the analysed case study, the mesh percentage of R_XA beneath dj j\0:1 is almost 30%
lower than R_XC or R_XD, while no tangible difference appears between the latter two
(31.7 vs. 40.3% and 40.4%). Similar values are reported when analysing the mesh
percentage of R_XA beneath dj j\0:2 (20% lower, 64.2 vs. 76.5% and 76.7%). Similar
consideration are valid also for all B_XX polygonal models.

On the light of this analysis on this case study, even if difference is almost invisible
and probably negligible, it seems to be suggestable the adoption of Standard image
reconstruction algorithm with Sharp or Bone kernel.

5 Conclusion and Future Developments

In this paper, authors report a first investigation into the influence of kernel choice in
the accuracy of a CT-based 3D reconstructed polygonal model. In particular, attention
has been focused on Brilliance 64 CT spiral scanner (Philips NV, Eindhoven,
Netherland) and relative image reconstruction algorithms (Standard and iDose4®). The
reconstruction of a pig tibia has been used as case study. Three different kernels have
been selected a priori due to their relevance: Smooth, Sharp and Bone. Tube voltage,
tube current and iDose4® level have been maintained constant and the same procedure
to reconstruct 3D polygonal model from CT-images has been followed. Accuracy of
each CT-based 3D reconstruction has been assessed by comparing the resulting
polygonal model against a high-accurate 3D virtual model, considered as ground-truth,
obtained by means of Romer Absolute Arm and RS1 3D laser probe. Mesh deviation
analyses showed no evident difference varying image reconstruction algorithm and
kernel. However, two main observations have to be made: 1. there is an almost total
overlap between 3D reconstructions obtained with Standard and iDose4®, making the
first preferable due to less computational time; 2. Sharp and Bone kernels provide
slightly more accurate 3D reconstruction with respect to Smooth one. Despite limited to
a single case study, this analysis paves the way for a correct use of different kernels in
TC scanning, thus allowing the choice of the best option when the main intent is to
reconstruct the 3D anatomy of bones.
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Abstract. Present work examines the feasibility of using light based 3D
scanning as a tool to fulfil mussel shells’ morphological and dimensional
analysis and establishes a scanning methodology for future studies. These
analysis will serve as a first step to determine a methodology to scan, to build
and to set paths for analysing the 3D objects (points clouds) in order to achieve
comparative studies with large amount of individuals (>100). 2 mussels from 4
different species and locations were scanned: Blue mussel (Mytilus edulis) from
Norway, Mediterranean mussel (Mytilus galloprovincialis) from the estuary of
Bilbao in the north of Spain, Baltic blue mussel (Mytilus trossulus) from Baltic
sea and Black pygmy mussel (Xenostrobus securis) from a different spot in the
estuary of Bilbao. Different scanning methodologies were tested: (i) with/with-
out ambient light, (ii) with/without black plasticine inside the valve and
(iii) different mussels’ positions. Results show that the best methodology in
terms of time elapsed, post-processing cost and fidelity to reality was to scan
both valves laid down with their outer part outwards filled up with black
plasticine and with ambient light. These results will sever us to set a scanning
methodology to use in studies that require the analysis of large amount on
individuals, for example in toxicological, origin and/or species studies among
others.

Keywords: 3D modelling � Mussel shell � Morphology � Biological
structures � Bioindicator

1 Introduction

Molluscs in general and mussels in particular are not only a very appreciated ingredient
in cuisine with high protein content, but also a wide used marine environmental
monitoring tool [1, 2]. They are able to quantify the anthropogenic impact in the sea
mainly due to three reasons: (i) they can be found in groups of big amount of units,
(ii) they are all over the world oceans and (iii) they act as water filters. Additionally,
mussel shells have been historically used with different purposes from construction, as
binding material, to jewellery due to its nacre content.
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It is known that mussel growth rate depends in various factors being the most
important the tide variation and the water nutrient content. Even though some works
reveal that shell growth depends primarily in circatidal variation and seasonal variation
in water nutrient content, it is still unclear how other factors (i.e. salinity, temperature)
affect shell morphology and growth. Additionally, some studies use different bivalves’
shells as bio-indicators of the environmental anthropogenic impact [3–5], due to the
alterations produced in theirs shells by the presence of contaminants.

We are not aware of any study that examines the feasibility and the methodology
for scans neither such bivalve’s shells nor the problems therein. Accordingly, this study
aims to determine: (i) if different mussel shells’ morphology are able to be scanned by
means of a 3D scanner in order to get a reliable and comparable 3D objects, particularly
interesting should be the amount of growth rings scanned and the accuracy in order to
be able to affix landmarks to perform geometric morphometric study, (ii) if the pro-
posed scanning methodology can be performed for studies which require large amount
of units in a cost effective manner.

2 Materials and Methods

2.1 Biological Material

Mussels were collected from 4 representative spots in Europe and were named as Me,
Mg, Mt and Xs according to their species: Blue mussel—Me (Mytilus edulis) from
Norway, Mediterranean mussel—Mg (Mytilus galloprovincialis) from the estuary of
Bilbao in the north of Spain, Baltic blue mussel—Mt (Mytilus trossulus) from Baltic
sea and Black pygmy mussel—Xs (Xenostrobus securis) from another different spot in
the Bilbao estuary. 2 mussels from each species and both valves of each mussel were
scanned (Table 1 and Fig. 1).

Table 1. Biological material used. 2 different mussels were scanned from 4 different spots from
Europe and were named as Me, Mg, Mt and Xs

Code Name Number
of
mussels

Origin Age
est.
(y)

Remarks

Me Mytilus edulis
(Blue mussel)

2 Rissa
(Norway)

2–3 Farmed. Marine

Mg Mytilus
galloprovincialis
(Mediterranean
mussel)

2 Arrigunaga
(Bilbao
estuary)

2–4 Wild. Native to
Southern Europe.
Invasive in Southern
Hemisphere

Mt Mytilus trossulus
(Baltic blue
mussel)

2 Kalmar
(Sweden)

1–2 Farmed. Particular
variety of mussel in low
salinity (=7 psu)

Xs Xenostrobus
securis (Black
pygmy mussel)

2 San Ignacio
(Bilbao
estuary)

2–3 Wild. Invasive to
southern Europe
(Native: Australasia)
Eurihaline species
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2.2 3D Scanner and Software

Mussels were scanned with an Atos Compact Scan 5 M 300 with MV150 lenses
equipped with Atos Professional v7.5 software. Cloud points were posteriorly aligned
and processed by GOM inspect software.

2.3 Experimental Conditions

The shells were externally cleaned with alcohol and sticked matter was removed very
carefully without damaging the shell. Different experimental setups were tested in order
to find the better scanning procedure. The best was considered to be the one with the
best fidelity to reality:

1. Both valves separated and stood up heading up and down.
2. Both valves laid down with the outer part outwards.

Fig. 1. Species scanned are Blue mussel—Me (Mytilus edulis) from Norway, Mediterranean
mussel—Mg (Mytilus galloprovincialis) from the estuary of Bilbao in the north of Spain, Baltic
blue mussel—Mt (Mytilus trossulus) from Baltic sea and Black pygmy mussel—Xs (Xenostrobus
securis) from another different spot in the Bilbao estuary

Comparative Study of Mussel Shells Using 3D Scanning 499



3. Using ambient light or performing the scans in darkness.
4. With or without powder in the external part of the valves.
5. With or without plasticine inside internal part of the valves.

Finally, the best results were obtained with the following setup (Fig. 2):

• Both valves laid down with the outer part outwards and parallel to the ground
support while elevated a bit to make it easier to remove the ground from the scans.

• Filled with black plasticine (we had scanning problems without the plasticine due to
the translucent characteristics of the shell).

• With ambient light.
• Without external powder.

All of the scans were performed replicating the same conditions and with the same
scanner setup to reduce data acquisition variability. Both valves from each mussel were
scanned at the same time.

2.4 Issues

While transporting the shells to our laboratory one of the Mt1’s valves broke. Fur-
thermore, the other Mt1’s valve broke while manipulating it to introduce the
plasticine.

Fig. 2. Screenshot of the scanning software with two different scans running (Me1 left and Mt2
right). Scans were achieved with both valves laid down with the outer part outwards and parallel
but separated to the ground support, filled with black plasticine, with ambient light and without
the use of external powder. Note the “white holes” around the scans (non acquired parts) and the
solid below the valves (the plasticine)
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3 Results and Discussion

The resulting scanned objects are depicted in Fig. 3. Different degree of accuracy was
obtained depending primarily on the colour and secondarily on the shape of the valve.
The used methodology proved to be the most reliable one and all the scans were
obtained in 3-approximately hours work.

Fig. 3. Results from the scanned mussels’ shells. Scans from Blue mussel—Me (Mytilus edulis),
Mediterranean mussel—Mg (Mytilus galloprovincialis), Baltic blue mussel—Mt (Mytilus
trossulus) sea and Black pygmy mussel—Xs (Xenostrobus securis) present different degrees
of accuracy due to their colour and shape. “White holes” in the scans correspond to sections that
have been impossible to digitalize
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Previous attempts showed that the use of black plasticine was necessary due to the
translucent nature of the valves (results not shown).

While manipulation one of the Baltic blue mussels (Mytilus trossulus) from Baltic
Sea broke and the one scanned presented a completely different felling in terms of shell
resistance compared to the other species’ valves. An issue that can be explained by the
low salinity of the Baltic sea or because they have been living in a spot with a high
maritime traffic [6].

Best results are for Blue mussel (Mytilus edulis) from Norway (Me1 and Me2) due
to their brown colour and smooth texture. Other mussels present calcifications in the
shells, which were impossible to remove, consequently they are part of the scanned
valves (Fig. 4). Surprisingly, the Black pygmy mussel—Xs (Xenostrobus securis) from
the Bilbao estuary was the one that presented the most complicated shape but the scans
showed promising results. Additionally, it has been feasible to scan the principal
growth rings of the mussels despite it has been impossible to digitalize the small rings
between those principal ones, probably due to the small distance between them (around
2 lm) (Fig. 4).

Although some of the scans present “white holes”, parts which have been impos-
sible to scan, we hope that they will be enough to locate the landmarks needed to study
them using morphometric geometrics. The case of the Mt1 is especially disturbing
because we lost it. In any case, we will proceed locating the landmarks and in case it
becomes impossible, we will decide if re-scan the valve or close the “hole” by software
approximation. Also, it is remarkable to appoint, that we are not aware of how other
studies deal with these last issues.

Me2 right Xs2 right

Fig. 4. Right valve of the Blue mussel—Me2 (Mytilus edulis) compared with the analogue
valve of the Black pygmy mussel—Xs2 (Xenostrobus securis). The highlighted areas correspond
to the non-digitalized parts. Note the differences among them in the growth rings, the texture (due
to the added matter) and the form of the shell (especially rare in the Black pygmy mussel (Xs2)
case)
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4 Conclusions and Future Work

Present work has served as a first step to develop a methodology to scan mussel shells
in order to get reliable scans to use in environmental/toxicological studies using the
mussel shells shape and geometry as bioindicators.

Following other author’s steps [1, 3, 6], the next phase of this study should be to
analyse the obtained scans using morphometric geometry. Morphometric geometry is a
tool widely used in anthropology [7, 8] which analyses the form of an object omitting
its size. Thanks to the use of landmarks and semilandmarks, specific points in the
objects defined by their Cartesian coordinates, it is possible to capture the different
morphological shape variables, and with the subsequent use of statistics, make those
“different” objects comparable.

Currently, we are working in this research line and hopefully we will be able to
present and discuss some preliminary results in the conference.
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Abstract. Introduction: virtual reality technology- (VRT) based rehabilitation
treatments have been developed for several diseases. A previous step consists of
experimental studies with methodological qualities on the efficacy of these
treatments. Frequency of trials, supported by a large enough number of patients,
is an index that guarantees its reliability, which is proportional to its interest and
its practical application possibilities. Methods: a search of articles in the sci-
entific literature according to pathology that present VRT-based trials. To ensure
quality parameters, diseases with at least one state of the art or one study
including at least 10 analyzed articles between 2002 and 2017 were selected,
and the rest were eliminated. Finally, the search for more articles after those
collected has been completed to date using the same criteria. Results: six
scoping reviews were chosen and corresponded to five diseases: Parkinson’s
Disease (PD), Multiple Sclerosis (MS), Schizophrenia (SCH), Cerebrovascular
Accident and Stroke (CVAS), and Post-traumatic Stress Disorder (PTSD).
Finally, 107 articles, with a population of 3084 patients, were included.
Authors’ institutional affiliation and medical experiments were analyzed. In this
way, it was possible to identify the countries that investigate VRT the most, by
distinguishing all five diseases. Conclusions: VRT-based therapy thus has the
potential as a useful tool for these identified diseases, while others await further
investigation. Countries with less medical infrastructure can benefit from the
independent community outpatient system that it involves.
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1 Introduction

Investment in medical research is not only a necessity, but reports notable benefits for
the subsequent treatment of the analyzed diseases. According to a British study of
cardiovascular disease and mental health research [1], the yearly rate of return for
health gain was 9% for cardiovascular disease, and 7% for mental health. The yearly
rate of return in Gross Domestic Product (GDP) terms was 30% for all medical research
in the UK. These benefits consist in cutting treatment duration, severity of symptoms,
and relapse and hospitalization rates [2]. The World Health Organization in its 2013
report includes the mental health and psychosocial support as a specific topic with a
priority-setting for research that focuses on humanitarian settings.

Virtual reality (VR), based on its origin to reproduce situations that pose limitations
or access difficulties, first extended to the entertainment sector with video game
technology and the diffusion of electronic devices. Since then, huge applications are
now found in the medical field, especially in the last two decades. Audio-Visual
interaction allows patients a motivating and enjoyable activity to develop of treatment
[3]. Some successful rehabilitation practices focus on using a preliminary evaluation of
commercial VR devices, such as customizing existing games to become more acces-
sible and easier to use for physicians [4] or 3D glasses. Models that have recently
appeared in the market allow their development in clinics and the patient’s home [5].

The most widespread field of use is motor rehabilitation, which has been replacing
traditional procedures [6]. In them the patient experiences the pain and physical fatigue
that the VR makes patients ignore. At the same time, and if necessary, VR allows the
display of mechanical aids that facilitate movements to be removed, and can even
speed up or exaggerate them, by fooling the brain and stimulating neural connections.
These rehabilitations are necessary in degenerative cases such as Parkinson’s disease
(PD), accidents with muscular or neuronal traumas, or the impact of cerebral stroke.
That is the reason why medical experiments with VR on the subject have increased in
recent years, many of which have been published in scientific articles.

As some recent articles [7] demonstrate, VR rehabilitation programs are more
effective than traditional one as regards physical outcome development. The reason for
this consists in excitement, physical and cognitive fidelity mechanisms. However, all
these research works have focused on a specific disease or studying the use of VR in
the general medical rehabilitation field. We herein propose an overview that identifies,
compares, and characterizes VR development in five diseases, with proof of effec-
tiveness (PD, MS, SCH, CVAS and PTSD).
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2 Materials and Methods

A comprehensive scientific literature search was done, in Science Direct and Research
Gate using the keywords of this article. Title and Abstract were tested and the selected
articles with comparisons of more than 10 published research work on controlled trials.
Diseases that matched the inclusion criteria (randomized and quasi-randomized con-
trolled trials of VR exercises) were found. These selected articles were also used for
search, in more extensive online data banks (e.g. PD selection used Cochrane, Embase,
Cinahl, Scielo, Pubmed, Liliacs, Medline and PEDro, whereas SCH selection used
PsycINFO, ASC, CINAHL, WSBSP). Another search was done to complete these
articles with more recent ones that fulfilled their conditions (without comparisons, but
including randomized trials), as underlined in Table 1. In them all of the number of
patients involved in the trials was analyzed (Table 2).

In CVAS, Darekar et al. [8] is the author of a state of the art with a comparative
study of 24 articles (two about the same) published between 2004 and 2013, including
measurements of balance exercises results about mobility. Five more articles were
found [9–13]. Botella et al. [14] did 12 research works from 2007 to 2014 that
belonged to PTSD. In PD there were two scoping reviews: De Paula et al. [3] with 16
articles, whereas Dockx et al. [15] had in common two of its eight studies.

Massetti et al. [16] published about MS, and compared 11 articles between 2005
and 2015, and was added by Kalron et al. [17] to another one in 2016. Finally
according to inherited and acquired components, SCH was the most widely investi-
gated disease, as represented by a comparison of 33 articles in Marcedo et al. [18],
completed by Ruse et al. [19]. Autism Spectrum Disorder (ASD) was tested and ruled
out for its state of the art, as published by Bellani et al. [20], with only six articles, and
because it did not meet the inclusion criteria. Only a few more articles on were found,
such as Didehbani et al. [21]. Very few isolated studies on other diseases were found,
like chronic pain or phobias [22, 23], which still had no state of art. All this led to the
inclusion of 107 articles, which were distributed into the aforementioned five diseases
with a study population of 3084 patients (Table 2).

3 Results and Discussion

From the global comparison made (Table 2), it was deduced that the VR treatment of
SCH was the most practiced in terms of number of trials (34), and patients (1417), and
its frequency remained from 2003 to 2014. Secondly came CVAS with 28 trials and
491 patients, with an average of 17 patients per trial, which was much lower than the 41
for SCH. PD obtained shows a slightly larger study population than the previous one,
but involved fewer medical tests (approx. 21). Thus the average number of patients per
trial came to 24. However, representation by years was very irregular and concentrated
in 2011 with eight trials. The fourth most studied disease with VR treatments was
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PTSD, which covered 12 trials, 341 patients and an average of 28 patients per trial. It
presented only representatives between 2007 and 2014. Finally, MS had the same
number of trials, and almost 300 studied patients, and spread more from 2005 to 2016.

During our study period (Fig. 1), the first VR-tested disease was PD, but discon-
tinuously so therefore, it was possible to score SCH in this first place in 2003, but it
was relegated to fourth position in 2006. The second one corresponded to CVAS in
2004, with trials in all the consecutive years included in this study, except for 2015.

Thirdly, MS trials started in 2005, but no such trials were run in five years within
the study range. The last place corresponded to PTSD, which began to be tested in
2007, and was represented in only four other years with trials. After taking into account
the evolution of the VR trials in all five diseases, we can state that it has increased
constantly until 2014. After three years of very little research activity, the year 2005
exceeded 100 patients tested in six experiments, and 2009 already exceeded the 300
patients with eight published trials. A maximum was reached in 2012 with almost 500
patients and 17 trials.

Table 2. Number (n) and size (S) of the published VR- selected treatments

PTSD PD CVAS MS SCH Tot. Diseases

Year n S n S n S n S n S n S

2002 1 12 1 12

2003 1 26 1 26

2004 2 24 3 63 5 87

2005 1 10 1 1 4 135 6 146

2006 1 10 2 6 1 16 3 96 7 128

2007 1 21 1 28 1 1 1 24 3 113 7 187

2008 2 21 2 92 4 113

2009 2 42 6 272 8 314

2010 4 41 2 38 1 21 1 40 8 140

2011 2 36 7 165 2 19 1 64 13 284

2012 2 42 5 117 5 90 5 219 17 468

2013 1 44 5 111 2 100 2 147 10 402

2014 3 201 2 84 1 23 3 69 3 150 12 527

2015 3 79 2 35 5 114

2016 2 33 1 30 3 63

2017 1 73 1 73

Total 12 341 21 539 28 491 12 296 34 1417 107 3084
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We sought the origin of each article, and assigned the authors’ institutional affili-
ation to a country and, therefore, the number of patients who participated in trials.
Table 3 reflects all this way, with a breakdown for all five studied diseases. The four
final columns summarize data; e.g. the total patients involved (TPi), the number of
articles/country (No. Art), population (in millions) of a country [P (m)] and the number
of patients per million of the national population (P/Pi), and also for continents.

By putting this methodology into practice, 20 countries were identified with
research works published on the subject. According to each country’s contribution to
the research of the five selected diseases, in SCH almost 40% of the patients were
Koreans, followed by Americans (20%) and Israelis (12%). For PD, Taiwan obtained
35% of the total size of trials, followed by Brazil with 20%. South Korea was also a
leader with 33% of the total patient population for CVAS- tested diseases, which
excelled the USA and Australia with 17% and 15%, respectively. For PTSD, 83% of
the research size corresponded to the USA. The last to analyze, was MS, which
dominated in Spain with 37%, followed by Israel and the USA with 22% and 20%,
respectively.

The country with the most published articles was the USA with 27 (Fig. 1). One in
every four patients who underwent VR experimental trials was American, and the same
was highlighted by the research into PTSD and SCH.

The second country on this list was South Korea with 24 articles, but practically the
same number of patients as the USA, and also came in second place for relative
importance given its population: 14.2 patients per million. Other remarkable countries
according to number of published researches were Spain, Taiwan and Israel, whereas in
population terms, and apart from South Korea, came Israel, Slovenia and Taiwan.

Fig. 1. Evolution of the VR- selected treatments published during 2002–2017 by size and
disease

VR Medical Treatments. A 15-Year Statistical Overview 511



After analyzing the role of each continent, (see Fig. 2), North America specialized
in PTSD research, but South America and Oceania specialized exclusively in PD and
CVAS, respectively. Europe came over as being more balanced, with MS predomi-
nating the other diseases. Finally the most balanced continent of all was Asia, where
SCH is emphasized with no search into PTSD. Considering the results affected by
population, Oceania was the first continent with 2.3 patients per million inhabitants
who underwent VR medical experiments, followed by North America (1.7) and Europe
(0.8). Paradoxically, the considerable Asian activity, due to its population of 4.4 bil-
lion, came next (0.3), followed by South America (0.2) represented exclusively by
Brazil.

Table 3. Patients in the selected published VR treatments per country

Country PTSD PD CVAS MS SCH TPi NºArt P(m) P/Pi

USA 285 29 85 59 271 729 27 325 2,2
Canada 18 6 72 96 4 36 2,6
Mexico 20 20 1 123 0,2
Brazil 109 4 113 5 207 0,5
UK 32 5 42 79 4 66 1,2
France 10 38 48 2 65 0,7
Netherlands 33 33 1 17 1,9
Germany 123 123 3 83 1,5
Austria 22 22 1 9 2,5
Italy 12 24 36 2 61 0,6
Slovenia 28 28 1 2 13,6
Portugal 10 18 28 2 10 2,7
Spain 26 34 111 43 214 9 46 4,6
S Korea 23 163 542 728 24 51 14,2
Malaysia 28 28 1 31 0,9
China 51 19 102 172 4 1382 0,1
Taiwan 188 34 222 7 23 9,4
Iran 30 30 1 80 0,4
Israel 67 180 247 6 8 28,9
New
Zealand

15 15 1 5 3,2

Australia 73 73 1 24 3,0
N. America 305 47 91 59 343 845 32 485 1,7
S. America 0 109 0 0 4 113 5 511 0,2
Europe 36 121 68 140 246 611 25 738 0,8
Asia 0 262 244 97 824 1427 43 4400 0,3
Oceania 0 0 88 0 0 88 2 39 2,3
Total 341 539 491 296 1417 3084 107
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4 Conclusions

This paper reviews the state of the art of VR treatments in selecting medical fields
where trials with methodological qualities have been published more in the scientific
literature in the last 15 years. This was how five diseases were found. The possibilities
of VR treatment in degenerative diseases whose frequency grows with age (PD, MS),
became even greater with increasing life expectancy and consequent progressive
population aging. For another disease (CVAS) prevention depends on habits and
healthy lifestyles which are not provided in developed countries, and whose results
coincided with those where this disease treated with VR has been experienced (USA, S
Korea, Australia). The large number of trials in this field, particularly in these diseases,
is proof of the potential of VR treatments as an efficient alternative to traditional
treatments.

Fig. 2. Patients permillions country’s population, inVR selected treatments published 2002–2017
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Acquired pathologies and associated specific situations that their patients, (terror-
ism, traffic accidents, fighting in war) have lived (PTSD) is the newest addition to VR
medical trials. The USA leads with the vast majority of tested patients. Its program-
ming and methodology are not universal, but depend on emotional experience and are
less effective than VR motor rehabilitation outcomes. However, the capacity of VR
adaptation to the specificities of these patients is a great advantage over other treat-
ments. The most tested disease with VR (SCH) matched that with the strongest
influence of all, with about 1% of the world’s population, and was more typical at the
beginning of adulthood. Trials, which were studied mainly in the USA, Germany,
South Korea and Israel, demonstrate its higher incidence in developed countries.
Diseases with an emotional component (PTSD, SCH) also occur in young patients and
youths, and they allow VR treatments to take advantage of their greater involvement
and their familiarity with this technology (especially children).

Having taken into account the constant evolution of VR technology, we see that its
potential will grow and access by patients will be facilitated. It is not a coincidence that
technologically developed countries like Taiwan, South Korea and Israel are those
highlighted in the obtained results, stressed by the extension of the VR medical exper-
iments performed by them. Tele-rehabilitation with remote access and the possibility of
accurately assessing the results are characteristics that will help its expansion and suc-
cess. In the Results and Discussion section we see a country and continent specialization
where these techniques are investigated and applied to specific disease types. In this way,
and given the technological characteristics of treatments, it is possible to benefit com-
munities with less sanitary infrastructure or those that lack research in this subject.

A limitation of this technology lies precisely in its flexibility and adaptation. It
consists of appropriately prescribing VR treatment by evaluating the results and their
correction externally. For those treatments received at home or remotely, VR supple-
ments of medical follow-ups and controls, and their consideration and programming are
necessary. For certain cases, customizing has left aside generalist VR treatments, or
targets only one particular aspect of rehabilitation and leaves other objectives aside, and
thus loses all the potential that can be obtained.
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Abstract. Scaffolds are porous biomaterials that serve to replace missing
portions of bone. Scaffolds must possess a proper geometry and hence have to
be adequately designed to correctly undergo to the load and to favor the dif-
ferentiation of the mesenchymal stem cells invading it, into osteoblasts. It is
commonly known that scaffold geometry affects the quality of the regenerated
bone creating within the scaffold pores. Scaffold properly designed trigger
favorable values of biophysical stimuli that are responsible for the reactions
cascade leading to the bone formation. In this paper an optimization algorithm is
proposed that, based on mechano-regulation criteria, identifies the optimal
geometry of scaffolds, i.e. the geometry that favors the formation of the largest
amounts of bone in the shortest time. In detail, the algorithm, written in the
Matlab environment, incorporates parametric finite element models of different
scaffold types, a computational mechanobiological model and structural opti-
mization routines. The scaffold geometry is iteratively perturbed by the algo-
rithm until the optimal geometry is computed, i.e. the geometry that triggers the
most favorable values of the biophysical stimulus which lead to the formation of
mature bone. Mesenchymal stem cells were hypothesized to spread within the
fracture domain and uniformly occupy the scaffold pores.

Keywords: Unit cell geometry � Hexahedron unit cell � Rhombicuboctahedron
unit cell � Mechanobiology

1 Introduction

1.1 Scaffold Design

In order to preserve the physiological functionality after traumatic events, bone is
subjected to continuous remodeling. However, specific diseases may alter the bone
remodeling process and hence can make the bone tissue unable to maintain unaltered
the original mechanical properties. In such a case, fractured bones require mandatorily
surgical operations to re-establish the structural integrity. Large dimension defects in
bone require the implantation of scaffolds that work as an incubator favoring the
proliferation of the mesenchymal stem cells and their differentiations into specific
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phenotypes. An aspect of crucial importance that should be taken into account in the
design process of scaffolds is that they have to promote and favor vascularization and
production of extra-cellular matrix. Furthermore, they have to transfer the load to the
adjacent tissues in the most “natural” manner.

The design process of scaffolds is a very challenging task. The large number of
variables to be taken into account, the difficulty in modelling the mechanical behavior
of the bone tissue, the complexity of the scaffold geometry, are aspects that the scaffold
designer has to face.

Currently, in tissue engineering, the typical approach adopted to design scaffolds is
the trial-and-error approach, where, a given scaffold geometry is changed based on the
results of experimental studies. The recent development of bioreactors allowed more
reliable in vitro experiments to be carried out thus consequently, favoring the adoption
of the trial-and-error approach. However, the trial-and-error approach requires the
adoption of costly protocols both in economic terms and in terms of time [1]. Fur-
thermore, it is important to consider that the results obtained with in vivo experiments
are, in general, different from those obtained in vitro. For example, while in vivo high
porosity values produce large quantities of bone, on the contrary in vitro, low porosity
values favor bone regeneration [2]. This must necessarily be taken into account when
designing the scaffold.

1.2 The State of the Art

The computational models allow simulating the process of differentiation of the tissues
that originate in scaffolds. Furthermore, the use of mechanobiological models not only
allows us to predict the differentiation patterns experimentally observed but also to
further deepen all the mechanisms that govern bone regeneration. In-Depth knowledge
of these mechanisms leads, of course, to more reliable scaffold designs [3, 4].

In the design of the scaffolds, the integration between CAD and FEM tools is
particularly useful. By combining CAD and rapid prototyping techniques it is possible
to physically produce scaffolds and design structures mimicking the natural structure to
be replaced [5–7]. Furthermore, conventional scaffold fabrication can be improved by
controlling scaffold microstructure, regulating cell distribution and incorporating cells
into scaffolds [8].

The scaffolds produced by rapid prototyping techniques show a rather low reso-
lution and a rather smooth surface. The latter fact does not favorite initial cell adhesion.
Although such an issue was properly addressed in the recent literature [9], conventional
production techniques were made controllable and hence limited the use of CAD to the
reconstruction of scaffold geometries [2].

The mechanical environment certainly exerts a considerable influence on the pro-
cess of bone regeneration [10]. It is commonly known, in fact, that controlled quantities
of motion in the vicinity of a bone fracture favor the healing process. However, when
these motions become excessively large, they have a negative effect on the bone
regeneration process [11].

Numerous studies have been conducted aimed at identifying the relationship that
exists between the mechanical environment and the cascade of biological processes that
occurs during the bone regeneration process. One of the first studies [12] of this type
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dates back to the 19th century that found that stem cells react to mechanical stimuli.
The branch of biology that deals with studying the relationship between mechanics and
biology is known as mechanobiology. Obviously, the knowledge of the relationships
between mechanical stimulation and cellular response could favor the development of
techniques to mechanically stimulate the bone and the development of therapeutic
strategies aimed at minimizing healing times.

Mechanobiology studies how the mechanical forces produce a biophysical stimulus
and how this stimulus is received by stem cells [13]. The large number of variables
involved makes the experimental study of the mechano-regulation processes extremely
complex. Experimentally, it is almost impossible to replicate the same experiment by
changing only one variable at a time and it is therefore difficult to associate a certain
effect with a specific variable. In mechanobiological computational models, instead, it
is possible to study the effect of the single variable and thus acquire a wider knowledge
of the phenomenon. Very often, computational models are combined with experimental
models and this helps to deduce further conclusions regarding the mechanical envi-
ronment and biophysical stimulus relationship [13]. Furthermore, the development of
computational models suggests further experiments to be carried out aimed at deducing
further conclusions.

One of the first computational models of mechano-regulation was the one devel-
oped by Pauwels [14] who hypothesized that cellular differentiation is mainly governed
by two stress tensor invariants, i.e. the octahedral shear stress and the hydrostatic stress.
For example, Pauwels found that high values of hydrostatic stress and low octahedral
shear stress values favor cartilage formation. In contrast, high levels of octahedral shear
stress and low values of hydrostatic stress lead to the formation of fibrous tissue.
A number of other theories were successively developed as well as experimental
studies aimed at identifying the computational model that best reproduces the process
of tissue differentiation observed in vivo or in vitro. One of the most important
mechano-regulation models is the one developed by Prendergast and Huiskes [15],
which hypothesizes that the biophysical stimulus is a function of the deviatoric strain
and of the fluid velocity.

1.3 The Theoretical Model

Prendergast et al. [15] modeled the bone as a poroelastic biphasic material and
hypothesized that the biophysical stimulus S that regulates the tissue differentiation
process is a function of the octahedral shear strain ɣ and of the interstitial fluid flow m:

S ¼ c
a
þ v

b
ð1Þ

being a and b empirical constants [16], with the following values a = 0.0375 and
b = 3 lm s−1. In detail, based on the specific values that S assumes, the following
tissue phenotypes create [17, 18]:
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If

S[ 3 ) fibroblast and fibrous tissue formation
1\S\m ) chondrocyte and cartilagineous tissue formation
0:53\S\1 ) osteoblast and immature bone tissue formation
0:01\S\0:53 ) osteoblast and mature bone tissue formation
0\S\0:01 ) bone resorbtion

8>>>><
>>>>:

ð2Þ

This mechano-regulation model was combined with finite element models simu-
lating the anatomical region where bone regeneration takes place. The FEM provides
the values of octahedral shear strain and of the interstitial fluid flow agent in the
mesenchymal tissue and thus allows to know, in the fracture domain, the value
assumed by S point by point. Using this approach, the algorithm has been successfully
used to predict the pattern of tissue differentiation in fractured irregular bones and to
simulate the bone regeneration process in time [19–23].

Other computational models have been proposed that take into account not only
mechanobiological factors but also biochemical factors such as growth factors [24].
Another aspect that can also be considered is vascularization [25].

In this study we implemented the mechanobiological model of Prendergast et al.
[15] to determine the optimal geometry of scaffolds with different unit cell geometries,
namely: hexahedron unit cell with homogeneous porosity, hexahedron unit cell with
functionally graded porosity, rhombicuboctahedron unit cell.

2 Hexahedron Unit Cell, Homogeneous Porosity

A parametric finite element model of a regular scaffold based on the hexahedron unit
cell with circular holes was developed (Fig. 1). Each unit cell can be obtained starting
from a cubic volume where cylindrical holes are realized along the three directions of
the coordinate axes. The radius R of the holes was considered as the parameter that was
optimized via the algorithm below described. The scaffold pores were hypothesized to
be filled with granulation tissue [26] that was obtained with the Boolean operation of
subtraction: from the cubic volume delimiting the entire scaffold, the volume of the
scaffold itself. The bottom surface of the model was hypothesized to be clamped while
a distributed compression load was applied on the top surface via a rigid plate that
guarantees the equality of the displacements (measured in the proximity of the top
surface) experienced by the granulation tissue and those experienced by the scaffold
itself. Three different values of force were considered that give origin to the following
values of force per unit area: 0.1 MPa, 0.5 MPa and 1.0 MPa. To simulate the free
exudation, the pore pressure ppore acting on the outer surface of the granulation tissue
was hypothesized equal to zero: ppore= 0 MPa. The same modelling strategy was
adopted in a previous study [27]. The model was built and discretized with tetrahedral
poroelastic finite elements (C3D4P) in Abaqus 6.12 (Dassault Systèmes, France)
(Fig. 2). The scaffold was modelled with a linear elastic material with a Young’s
modulus of 1000 MPa, according to Byrne et al. [27]. In Table 1 the values of the
material properties utilized in the model of the granulation tissue occupying the scaffold
pores are listed.
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The model included about 50000 nodes and 250,000 elements (Fig. 2). A tie
constraint was fixed between the surface of the granulation tissue and the adjacent
surface of the scaffold. Thanks to this strategy, no contact algorithms were imple-
mented in the analysis thus significantly simplifying the FE computation.

By implementing the function fmincon available in Matlab, a mechanobiology-
based optimization algorithm was developed that combines the finite element model of
the scaffold, with the computational mechanobiological model by Prendergast et al.

(a) (b)

2R

Fig. 1. a CAD model of scaffold (highlighted in blue) and granulation tissue (highlighted in red)

Fig. 2. Finite element mesh utilized in the model

Table 1. Value of the material properties implemented for granulation tissue

Material property Value

Young’s modulus 0.2 MPa
Poisson’s ratio 0.167
Bulk modulus grain 2300 MPa
Bulk modulus fluid 2300 MPa
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[15]. The algorithm perturbs the scaffold geometry and computes the biophysical
stimulus acting on the volume domain highlighted in red (Fig. 1). Therefore, it
determines the distance between the computed stimulus and the value of an ideal
stimulus that corresponds to the formation of mature bone. The algorithm stops once
this distance becomes smaller than an a priori fixed value e (Fig. 3).

In Table 2 the values of R for each of the hypothesized values of the compression
loading are listed. The predicted dimensions of the pores are consistent with those
reported in experimental studies [28].

3 Hexahedron Unit Cell, Functionally Graded Porosity

The same algorithm above described was utilized to determine the function R = R(y) of
the pore radius R along the vertical direction y. In other words, we determine the shape
of the function that describes how the porosity of functionally graded scaffolds must
change in the space [29] (Fig. 4).

Table 3 list the values of R in function of y, in the case of pure compression and
shear load. Interestingly, it can be seen that in the case of compression, the optimal

Fig. 3. Schematic of the algorithm implemented in Matlab environment to optimize the scaffold
geometry

Table 2. Optimal values of R for different values of the compression load

Pressure Radius R

0.1 MPa 285 lm
0.5 MPa 245 lm
1.0 MPa 215 lm
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scaffold tend to have all the pores with the same dimensions. Other boundary and
loading conditions can be investigated with the proposed mechanobiological algorithm.

4 Rhombicuboctahedron Unit Cell

The same algorithm as that shown in Fig. 3 was implemented to determine the optimal
geometry of a scaffold based on the rhombicuboctahedron unit cell [30] (Fig. 5).

In Table 4 are listed the values of the radius R of each beam element included in the
scaffold in function of the compression load applied on the scaffold itself.

y y

(a) (b)

Clamped surface
Clamped surface

Fig. 4. CAD Model of the scaffold with functionally graded porosity subjected to compression
(a) and shear (b) load

Table 3. Optimal values of R predicted by the algorithm and expressed in function of y (Fig. 4)

y (lm) Radius R (lm) compression Radius R (lm) shear load

0 194.36 217.81
318.5 196.29 211.5
637 198.22 205.19
955.5 200.15 198.88
1274 202.08 192.57
1592.5 201.08 186.26
1911 199.35 179.95
2229.5 197.63 178.77
2548 195.91 177.59
2866.5 193.25 176.42
3185 191.32 175.24
3503.5 189.38 174.06
3822 187.44 172.88
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Interestingly, the patterns of the bony tissue predicted with the proposed algorithm
are consistent with those observed experimentally [28]. Future research should be carried
out on the mechanobiological optimization of irregular load adapted scaffolds [31].

5 Conclusions

The optimal geometry of scaffolds based on different unit cell geometries was deter-
mined via a mechanobiology-based optimization algorithm. Different boundary and
loading conditions were considered. The algorithm successfully predicted the micro-
architecture favoring the formation of the largest volumes of bone.
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Abstract. This paper deals with parenthood perception (maternal and paternal)
after the visualization and interaction (touch) with a 3D printed facial fetal
model. The model is created using Additive Manufacturing techniques, starting
from the image elaboration of routine ultrasound data. In this study, the method
used for the elaboration and construction of 3D printable models of fetal faces
starting from routine ultrasound images is briefly described. In addition, we
present the results of a new survey conducted with future parents at the
Altamedica clinic (Rome, Italy) to verify whether there are any benefits derived
from the use of 3D printing models with future parents, both regarding the
improvement of the parenthood experience, and the improvement of the
understanding and collaboration with the physicians in case of fetal malforma-
tions, using 3D models coupled with the data of routine ultrasound
examinations.

Keywords: Additive manufacturing � Image processing � 3D ultrasound � Fetal
face � Survey � Parenthood perception

1 Introduction

It has been reported [1, 2] that fetal visualization at ultrasound (US) allows future
parents to start a positive emotional relationship with their newborn child. The view of
the baby’s first picture (2D or 3D US data) is one of the most memorable moments for
future parents [3].

Also, since Additive Manufacturing (AM) technologies are widely used in different
fields, and above all in medical applications, they represent promising techniques in
terms of both usage and benefits, including the creation of prostheses and 3D
anatomical models, and the printing of human organs [4–8].
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Recent studies [9–14] have shown that 3D modeling from US imaging can help
physicians in the prenatal screening of complex fetal abnormalities [15, 16]. Therefore,
3D printing can be considered as the next step of 3D/4D US.

Under these conditions, the study of the emotional impact on parenthood (maternal
and paternal) due to the use of real 3D printed models is an interesting aspect to
explore.

Recently, we conducted a preliminary investigation on these topics to understand
the degree of interest in this type of models and how these same models can be
perceived by the parents both in terms of aesthetic utility and/or memory maintenance,
and in relation to the display of possible fetal malformations [17]. In this new study, we
have further improved the quality of the model printed in 3D and we would also like to
investigate, in more detail, the perceptions of the future parents after the interaction
with a 3D model of a fetal face, extending the sample of parents involved in the
previous study.

2 Fetal Face Detection and 3D Model Reconstruction

The process to create the 3D printable model begins by acquiring the image stack
generated by a 3D-US prenatal routine examination at 21 and at 34 weeks of gestation.
Data volume acquisitions were conducted with the latest generation of GE Healthcare
Voluson and Samsung Medison ultrasound systems (Fig. 1).

The steps of the proposed reconstruction method are the typical steps of medical
imaging, namely filtering, segmentation, and extraction of the Region of Interest (ROI).

Fig. 1. Screenshot from 5D Viewer by Samsung Medison [20]
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However, this procedure presents some disadvantages such as the inability to
directly export the proprietary volumetric dataset, usually in a .VOO or .MVL file
format, in a standard file format for 3D modeling (e.g. IGES, …).

Recently, the latest version of 4DView, the software used for processing ultrasonic
data sets with GE Voluson systems [18], allows you to directly export the reconstructed
3D data volume in a .STL format. However, it is not possible to intervene manually on
the reconstruction process and the used segmentation algorithms are not explicit, so the
3D reconstructed model often presents defects.

It is, therefore, more convenient to manually export the stack of 2D images through
the GE Voluson 4D View or the Samsung Medison 5D Viewer applications [18, 19].
Hence, first, the stack must be exported from the US system, using an image file format
(for example .jpeg, .bmp, .tiff), and second it must be reconstructed manually in another
environment, using specific applications for data volumes analysis and management.

The manual reconstruction phase presents some problems. The first problem is that
the resolution of the saved image depends on the US system used. The second problem
is the impossibility of simultaneously saving the various images (slices) that constitute
the volumetric dataset. So, to overcome these problems, it was necessary to repeat the
saving operation up to 250 times, depending on the total number of slices that compose
the data volume being processed. In this study, a slice consists of a 2D image that
represents a section of the volume of the acquired anatomical part, with a non-null
thickness between 0.3 and 0.5 mm, which corresponds to the height of the considered
voxels. A Recursive Gaussian Filter (with sigma value set to 1) was used to blur the
image and reduce noise.

Fig. 2. Example of model elaborated with Geomagic Studio
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The next phase is the segmentation of the data volumes to highlight the desired
anatomic parts (in this case the face of the fetus). Medical images must then be
segmented to identify regions of interest (ROI). The reconstruction phase of the 3D
model is performed using an algorithm implemented in many of the most popular open-
source [20, 21] and commercial [22–25] software packages for medical image
elaboration.

In this case, an automatic segmentation procedure was performed, based on the
selection of gray thresholds, with a gray scale ranging from 50 to 255 [26]. If neces-
sary, morphological filters can be applied to improve the definition of the obtained
contour definition.

After segmentation, the generated file may present some defects as anatomical parts
and/or elements that do not belong to the face of the fetus. Therefore, it is necessary to
further process the model with a CAD software before generating the .STL model and
the G code for 3D printing. As a consequence, the face model is first translated into a
point cloud format (for example .xyz file format), and then it is processed with Geo-
magic Studio software [27], to clean and eliminate possible errors (holes, separate
parts, etc.). Subsequently, the polygonal mesh surface is created to obtain a 3D CAD
model (Fig. 2). The resulting mesh is automatically and directly converted into an STL

Fig. 3. Prusa I3, 3D FDM printer
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file format suitable for 3D printing. Then, the G-code file for printing is obtained using
Cura software [28]. Following this procedure, the total amount of time usually needed
by a single operator, to process a single face model, is between 5 and 6 h.

Two kinds of 3D printers were used for printing the models (Fig. 3): a Zortrax M200
and a BQ Prusa i3 Hephestos. These printers are based on FDM building technology and
use ABS and/or PLA materials. Table 1 shows the printing parameters used.

The models were printed in three colors, white, red and ancient pink (Fig. 4).

Table 1. Printing parameters

Parameters Values/settings

Material PLA, ABS
Quality: layer height 0.1–0.2 mm
Shell: wall thickness 1 mm
Infill 20%
Printing temperature 215 °C (PLA)–255 °C (ABS)
Diameter 1.75 mm
Flow 100%
Print speed 400 mm/s
Travel speed 120 mm/s
Build plate adhesion type Raft

Raft air gap 0.3 mm
Initial layer Z overlap 0.15 mm
Raft top layers 2

Fig. 4. 3D printed models in PLA material with two colors, red and ancient pink
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3 Methods

From January 2018, 224 patients (mothers) and their partners (if presents) were
involved in this study. These women went to the Altamedica Fetal-Maternal Medical
Center (Rome, Italy) to perform a US scan at any gestational age. Each patient
answered a questionnaire, after having observed, touched and interacted, for a few
minutes, with a 3D facial model of a 21-week fetus (Fig. 4). The questionnaire con-
sisted of 21 items that explored socio-demographic information of the sample, the
perception of emotions and tactile sensations evoked by the model, the perception of
the utility of the model itself in case of fetal malformation, and the subjective evalu-
ation of the model.

4 Results

All the enrolled women and their partner accepted to participate in the survey without
problems. The sample of 224 subjects consisted of 60% of women and the remaining
40% of men. The average age of the participants is about 34 years (Table 2).

Considering the level of education, 75% of the whole sample has a high school
degree, 23% a university degree, and 2% a primary school qualification.

According to the gestational age, we had about 35% in the first trimester, 35% in
the second and 30% in the third trimester.

Most of the interviewed (87.5%) had heard about 3D printing, and only a small
percentage of them (14.2%) had read about baby 3D printing.

Almost all of the subjects (92.8%) enjoyed the model, in particular, they liked the
shape and the tactile sensation, but they didn’t appreciate the color and the material.

In general, (78.5%), when they touched the model, they felt a positive sensation
(50% male vs 50% female), in particular, a 75% of them would touch the 3D model of
their own baby (43% male vs 57% female).

However, only a 44.6% of them think that the model could make the presence of
their baby more real (36% male vs 64% female).

The 39.2% of parents think their children could enjoy touching the 3D model of
their future sibling before the birth. Comparing a 3D scan to the model, most of them
(62.5%) feel differences, especially women (34.3% male vs. 65.7% female).

Table 2. Socio-demographic information of the parents’ sample

Interviewed subjects Females # % Males # %

Tot: 224 136 60.8 88 39.2
Age distribution (years) # % # %
<35 76 33.9 40 17.9
>=35 60 26.8 48 21.4
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Furthermore, they don’t think that the model could be very useful to create a
maternal bonding (median value 3, ranging from 1 not useful, to 5 very useful) or a
stronger parental bonding (median value 3, ranging from 1 not useful, to 5 very useful).

A part of the interviewed (28.5%) think that they would have indifferent feelings to
see the model after birth (especially women 68.7% vs men 31.3) and that it wouldn’t be
so useful to strengthen the positive memories of their pregnancy (60.7%).

Furthermore, in case of fetal malformation, only a 25% of them, think the model
could be very useful to understand the pathology.

Globally, they think the model has a median value of 4 (ranging from 1 low to 5
high). They liked mainly the possibility to have a memory of the time they were
pregnant (Table 3) and, especially the interviewed women think that the model could
be useful, not only for medical purposes but also for creating a bonding with the other
siblings.

Only a 32.6% of the interviewed wrote what they didn’t like about the model, and
they reported that the material and the color were the main characteristics (Table 4).

5 Discussion

As soon as 3D/4D US was introduced, its use has been appreciated not only to improve
a medical diagnosis but also to positively affect maternal-fetal bonding.

Nowadays, the use of Additive Manufacturing techniques let the parents see and
touch models extracted from routine US data of fetal faces.

Table 3. Answers to “would you like to own this model for?” (multiple responses were
possible)

Categories of responses % All % Mothers % Fathers

Memory of pregnancy 51.3 50.0 53.6
Birth announcement 9.2 6.3 14.3
Create a positive moment 17.1 14.6 21.4
Create a bond with brothers/sisters 13.2 16.7 7.1
Support in case of malformation 7.9 10.4 3.6
Not responding 1.3 2.1 –

Table 4. Answers to “what features of this model do not you like?” (multiple responses were
possible)

N %

Color 16 9.3
Shape 4 2.3
Material 28 16.3
Utility 8 4.7
Not responding 116 67.4
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While discussing whether these techniques can be useful in the medical field in case
of fetal abnormalities, it is interesting to investigate the emotional impact they may
have on parents and their expectations.

We have recently conducted a pilot study on the interest of a 3D face model of a
fetus at 32 weeks. After improving the 3D extraction techniques, we decided to
interview a wider population of pregnant women and their partners [17].

In both studies, the model evokes similar positive sensations (in this study 78.5% vs
72% in the pilot study). The value of the model has increased (from a median value of 3
to 4), and the interviewed may appreciate a difference between 3D US and the model
(from 46 to 62.5%). However, they have not changed their mind about the role of the
model in creating or strengthening a parental bonding.

This survey demonstrates a higher interest towards the 3D model that is considered
mainly as a positive memory of pregnancy. It also underlines the need to improve the
quality of the 3D model, choosing better materials and more realistic colors.

6 Conclusion

We have analyzed the possible benefits of 3D printing/ Additive Manufacturing in the
use of 3D models in pregnancy. Also, we have investigated whether 3D printed models
may contribute to enhance the parenthood perception of future parents. As observed
and reported in the discussion section we believe that 3D printing is gradually
becoming the next step of 3D US, but we need further research by an interdisciplinary
team, to produce better 3D models that could also be suitable for medical, affective and
diagnostic purposes, in clinical practice.

Acknowledgements. The research work reported here was made possible by collaboration with
the Altamedica Clinic Research Group (Rome, Italy).
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Abstract. Within the framework of bone tumor reconstructive surgery, one of
the treatment tools is the en bloc resection of the bone where the bone tumor is
located. When performing this en bloc resection, a cut must be made in the bone,
that is, an osteotomy, which should be precise since near the osteotomy area, in
addition to the musculature, the vascular nervous structures and the injury of the
same can cause serious consequences to the patient. With the aim of improving
this surgical step, a system of surgical instruments has been created and patented
that allows us to perform the osteotomy with precision (that is, a bone cut at 90°
with respect to the major axis of bone, or with an obliquity that we can define
intraoperatively).

Keywords: 3D printing � 3D anatomic models � Surgical planning

1 Introduction

In many pathologies, surgeons need to perform the osteotomy (cut perpendicular to the
axis of the bone), very precisely, in addition to being very careful with the exact
location of the cut, they have to protect the soft tissues, vascular and nervous packets.
Until now, surgeons protected all soft parts with separators, which are very narrow and
are not designed for this function. Once the saw begins to cut the bone, the soft parts
are always damaged, producing a lot of necrosis in the tissues (Fig. 1).

Another problem that presented the traditional way of performing osteotomies, is
that it required the presence of two very skilled surgeons, one to perform the osteot-
omy, and the other to separate the soft tissues.

With the Puvaco instruments (patented instruments), the osteotomy can be per-
formed by a single surgeon, very precisely, since with one hand it holds the Puvaco
instruments and with the other hand performs the osteotomy. The Puvaco instrument
protects and separates the soft parts with respect to bone, and allows the surgeon to
perform the osteotomy without problems.
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2 Materials and Methods

The Puvaco instrument was designed based on the previous experience of Dr. Pablo
Puertas, Dra. Beatriz Abellan Rosique and the engineer and nurse Conrado Miguel
Baño Pedreño. Given the usual practice for the realization of an osteotomy was the
placement of two shovel-shaped surgical displays, the idea of designing the Puvaco, to
protect the soft tissues and use it in a simple way without the help of another surgeon.
There were no previous instruments to perform this technique.

The Puvaco instrument design was made with CAD tools, and the first prototypes
were made with 3D addition printers. The material used is polylactic acid
(PLA) (Fig. 2).

The Puvaco instrument consists of a handle in the shape of a “U”, which protects
and separates the soft parts of the bone. It has a sharp tip so that it is very easy to
introduce the separator, but at your sight, it does not damage the tissues.

Fig. 1. Demonstration osteotomy with Puvaco instruments with 3D printing
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Once it has been introduced, the cutting guide is assembled in the upper part, which
provides 3 slots capable of performing the osteotomy at the height that most interests
the surgeon (Fig. 3).

As you can see in the images, the “U” shape of the Puvaco instrument is perfectly
designed to work with any section of the long bones of the human body.

Fig. 2. Introduction of Puvaco instrument
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3 Results

All the osteotomies performed to date with the Puvaco instruments have been very
satisfactory, since it provides the surgeon with accuracy and reliability that they did not
have to date, in addition to the speed that it offers.

The instrumental Puvaco, allows the surgeon not to depend on another assistant,
with what now a lot of time and effort (Fig. 4).

4 Conclusions

Until today, all the surgeons performed the osteotomies at free height, without mil-
limeter precision. From now on, all bone osteotomies should be performed with the
Puvaco instruments, for the following reasons;

– Quick introduction and assembly.
– Does not require an assistant surgeon.
– Perfectly protects all soft parts.
– We avoid tissue damage.
– We increase the accuracy at the highest level.
– The handle is very ergonomic.
– It’s very easy to manipulate.

Fig. 3. Definitive Puvaco instruments
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The Puvaco instruments are very simple and easy to use, and provide the surgeon
with the necessary tools to perform perfect osteotomies, with a very high degree of
precision.

Acknowledgements. The research work reported here was made possible by IngenieríaQX.

Fig. 4. Osteotomy performed with Puvaco instruments with 3D printing
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Abstract. The present work deals with the best method and tool design for
chopping hazelnut kernels. The requested final product must have a standard
appearance both in size and shape. This is not easy to be achieved. A geo-
metrical study using 3D models—both for kernel and cutting tools—simulates
the industrial process and forecasts shape and size distribution of the final
product. Final comparison between 3D simulation and experimental results
shows an acceptable agreement. A simplified and symmetrical geometry is
discussed in the present paper. Work is in progress and further and more
complete results are expected, but the method of 3D simulation proved to be
very useful.

1 Chopped Hazelnuts Production

Italy is the second world producer of hazelnuts (200.000 tons/year) and Italian
machines designed to process hazelnuts (husking, selection, refining, roasting, dicing,
…) from harvesting in the field to final products for pastry and consumer goods are in
continuous development.

Usually second-choice kernels are chopped into small parts to obtain a crisp and
crunchy product which is widely used in the pastry industry and add consumer appeal.
Ideally this product should be uniform in size and have a dice shape with a minimum of
waste (Fig. 1).

Different machines were designed to obtain this chopped product. Usually a pair of
counter-rotating rollers are used to have a crush (like in a press) or a frontal cut (like
using a knife) or a milling cutting (as in a machine-tool shown in Fig. 2).
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The ideal tool is not yet found.
In the present study we deal with a rather efficient and modern chopping unit

formed by of a pair of counter-rotating rollers each consisting of a series of 6 mm
thickness discs having cutting edges on their circumference. In each roller the discs are
spaced 6 mm apart and axially offset with reference to the counter-rotating roller, as
shown in Fig. 3.

Fig. 1. Hazelnut kernels after roasting (left) and final “chopped” product (right)

Fig. 2. Different design of counter-rotating rollers: a Crushing b Cutting c Milling

Fig. 3. The chopping unit simulated in this paper
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Note that—in the facing discs—the angular orientation of the cutting edges is not in
phase. Kernels fall from above and the final chopped product comes out from below.
The nominal passing way through the rollers is 6 � 6 mm.

2 Hazelnut Kernel Model

The hazelnut we considered is the “Tonda Gentile Piemonte” cultivar. Actual size and
shape distribution is fully discussed in references [1] and [2] in which 3D generation
techniques for a parametric model are also proposed.

However in the present study the kernel was simply represented by an ellipsoid
containing a cavity. The three dimensions (a, b, c) along X, Y, Z axis have a standard
value of 10, 12 and 14 mm and the internal cavity is 5 � 6 � 7 mm.

A statistical shape generation method based on ellipsoidal mapping as proposed in
references [3] and [4] would represent a more refined step and should be used in future.

The orientation of XYZ axis and the position of the shear plane, which divides the
two kernel cotyledons, is shown in Fig. 4.

3 Simulation of Chopping Sequence—Initial Position

To simplify and add symmetry to chopping sequence simulation we assumed that the
kernel falls from above onto the counter-rotating rollers, having the Y axis horizontal
and the X axis vertical and symmetrically placed with reference to the cutting edges of
the discs facing each other, as shown in Fig. 5.

Fig. 4. Typical shape of hazelnut kernel of “Tonda Gentile Piemonte” cultivar. The kernel
consists of two cotyledons
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The 3D model of counter-rotating rollers is very useful to point out the very starting
point of the process and to decide where the cutting edges and opposite points of
contact (i.e. external forces) are positioned with reference to the kernel.

But to get started with geometrical analysis of chopping sequence we have to make
assumptions on which way the two kernel cotyledons (which consist of a rather brittle
material) can be broken into pieces.

Here two techniques come to help. On one side we made some preliminary com-
pression tests of the kernel using a vice equipped with two jaws simulating the cutting
discs (see Fig. 6. left). On the other hand we used the SolidWorks Simulation tool to
have the stress and strain analysis of the kernel submitted to the applied forces and to
detect the likely shearing surfaces (see Fig. 6 right).

Fig. 5. Starting point of chopping sequence simulation

Fig. 6. Compression tests (left) and Stress Analysis (right) of the hazelnut kernel
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4 Next Steps of 3D Chopping Simulation

As already said and with the assumed simplification the kernel chopping sequence first
step is the separation of cotyledons (the part below is N1 and the symmetrical part
above is N1res).

According to the chosen geometry this first step takes place when the left roller
rotates 32 ° clockwise and the corresponding counter-rotating roller is about 2 ° anti-
clockwise (see Fig. 7).

3D Simulation will continue (second step) chopping the only cotyledon called “part
N1” (the cotyledon called “part N1res” is left floating in the air for a while). As shown
in Fig. 8 part N1 is initially divided into three: a central slice and twice N2 which can
pass through the rollers opening without further breakage.

Fig. 7. Chopping sequence first step

Fig. 8. Chopping sequence: Left: second step: N1 is divided into a central slice + (twice N2)—
Right: third step: central slice is broken in two
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As the central slice has an internal cavity, which appears to be a point of weakness,
according to experimental compression tests, it breaks into N3 and N3res which both
pass through the rollers openings (see Fig. 8 right).

Simulation continues supposing that the remaining half kernel (cotyledon) N1res—
which was left floating in the air—falls into the milling rollers but in a position which is
different from that initially assumed by N1 (Fig. 9). This opens to a study of other
chopping scenarios.

3D simulation get going using the same guidelines shown previously but taking
into account the different orientation of the half kernel N1res.

Without entering into a detailed description the chopping simulation leads to a final
result of 11 non-symmetrical kernel parts as shown in Figs. 10, 11 and Table 1.

Fig. 9. Chopping sequence fourth step: chopping N1res

Fig. 10. Final results of chopping simulation
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First remark is that—with reference to the ideal dices 6 � 6 � 6 mm which were
supposed to be the results of the chopping procedure—dimensions of final parts are
both larger and smaller (Fig. 12). As an instinctive approach it seemed that a part
exceeding 6 � 6 � 6 mm could not pass through the milling rollers, which is not true.
We indeed found that 2 parts (N3 and N3 res) cannot pass through a sieving mesh of
6 mm, whatever their orientation.

The second remark is that the obtained shapes are rather different from that of a
dice. And both remarks correspond to what is observed in practice during production
activity.

Fig. 11. Chopped hazelnut kernel exploded view

Table 1 Hazelnut kernel chopping sequence

N0 N1 res N2
N2res N3

N3res
N1 N4 N7

N7res
N4res N5

N5res N6
N6res

Fig. 12. Shape and size of some chopped parts obtained with Simulation
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5 Comparison with Results Obtained by Industrial
Production

To add more results to the 11 chopped parts obtained from the chopping simulation of
the kernel positioned as in Fig. 5 we also simulated the chopping of a kernel positioned
as in Fig. 13 The obtained 9 chopped parts were added to the previous 11 parts and all
parts were ordered according to size classes (i.e. the sieving mesh through which they
could pass).

The comparison of frequency density of size classes between the actual hazelnut
chopped product and results from the 3D simulation described above is shown in
Fig. 14 left.

Fig. 13. Alternative orientation of the kernel

Fig. 14. Left: Comparison between simulation and tests—Right: A non-symmetrical part
“passes” or “does not passes” through the sieving mesh according to its orientation
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It is obvious that the 3D simulation cannot take into account the generation of small
parts (like chips and crumbs, called in the jargon “flour”) which come out:

– of the friction of cutting tools against the kernel.
– and the pressure to which the kernels are subjected inside the grooves of the

counter-rotating rollers.

This is the reason of the difference between simulation and experimental results in
the diagram of Fig. 14 left.

Note that—in dividing the simulated results into dimensional classes—we made a
virtual “sieving” operation, taking into account the probability that a part that exceed
the sieving mesh in only one or two dimension could pass or not pass through the
openings. A statistical criterion is taken into consideration (see Fig. 14 right).

6 Conclusion

Using 3D models of cutting rollers and a simplified 3D elliptic model of hazelnut
kernel a chopping process was simulated. Simplified assumptions of kernel (rather
brittle material) shearing planes were made and a reasonable agreement with experi-
mental results obtained with current production machines was obtained.

3D Simulation proved that a certain amount of chopped parts are larger than the
standard dice 6 � 6 � 6 mm (which—at first—seemed rather strange) and other are
somewhat smaller. A statistical distribution is given.

In the present work the study is restricted to a single kernel with standard
dimensions (a, b, c) and a given position and orientation with reference to cutting tools.

The relevant research activity is in progress and should be extended both to discuss:

on one side—different position and orientation of falling kernels to better fit the
actual process simulation,
on the other side—to add a statistical variation of kernel geometry,
and finally—to compare different types and geometry of existing industrial tools in
order to improve efficiency and obtain the requested shape and size of chopped
product.
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project, who supported the research activities.
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Abstract. To date, all primary shoulder prostheses, as well as any other joint,
were made with standard metallic instruments for all types of patients, said
instruments have great deficiencies since they were developed to cover all types
of surgeries, with the great variety of bone sizes of patients, types of approaches
(method to get to the bone, separating and respecting skin, muscles, vascular and
nervous package, facias), etc. In addition to all this, each surgeon has specific
surgical techniques, and for all of them, the standard guides of the instruments
have deficiencies in terms of the complexity of their application, sizes, etc. With
the current diagnostic elements, surgeons are perfectly aware of the patient’s
pathology, but new 3D planning techniques offer surgeons knowledge of the
anatomy of each bone, as well as its disposition in space, due to the deformities
that occur in joints due to osteoarthritis and different degenerative pathologies.
This is of great help to be able to plan the placement of the surgical implant and
in this way, the height and angulation of the osteotomy (cutting line perpen-
dicular to the bone). With this technology we are raising the quality of prosthetic
implant surgery to a higher level, since the surgeon knows in advance perfectly
the state of each joint, the anatomical shape of each bone due to the deformities
that it suffers, and knows in advance how the prosthesis is implanted, at your
discretion. This has not happened to date, since before the existence of 3D
reconstruction and surgical planning, the surgeon presented blindly to the
surgeries. Another field of application very important for this technology, are the
tumor prostheses. Thanks to PET-CT (positron emission tomography), which
delimits the tumor three-dimensionally in space with respect to bone with dif-
ferent degrees of malignancy that are classified according to SUV value. Thanks
to 3D reconstruction and surgical planning, we can perform more advanced
tumor surgery.

Keywords: 3D printing � 3D anatomic models � Surgical planning
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1 Introduction

The surgical instruments of each prosthesis are designed in a standard way so that they
can be used with all patients worldwide, and consider the standard anatomical forms of
a healthy bone. Because of this, surgeons complain about the guides of all the
instruments, whatever the manufacturer, since they are often difficult to apply, or they
can not be applied due to a specific pathology of the patient. In addition, problems
often appear when using instruments, because they do not adapt well to patients who
have too small or large sizes.

Another major problem that traditional prosthetic surgery presents is the orientation
of the anchoring screws of the different components of each prosthesis. The deformity
of the bone, the difficulty of the approach, and above all, the difficulty of viewing
through the soft parts, complicate the correct final placement of the screws or anchoring
elements.

With the new technology of 3D reconstruction, surgical planning and personalized
cutting guides, we solve all these problems, and we elevate the quality of surgeries to a
higher level. Since we eliminate the surprise factor of surgeries, and we provide sur-
geons tools never seen before, since they are designed according to the criteria, tastes
and needs of each surgeon.

In this way, we went from performing surgeries in series to personalized surgeries
for each patient. The quality of health care increases considerably.

One of the great advances we provide in tumor surgery, since we provide new tools
to the surgeon that allow you to perform a more accurate and planned surgery
according to your criteria.

2 Materials and Methods

Over several years, we have developed cases of surgeries of all joints; humero, hip,
knee, experimental column with pigs, tumor surgery with PET-CT and maxillofacial
surgery. In all the steps of 3D reconstruction, surgical planning and development of
personalized instruments and guides have been developed.

Below we detail the cases that we present in this article, all are shoulder
pathologies, and we add a case of maxillofacial, because we consider that it represents
the importance of this technology in the medical sector.

2.1 Study Cases

– Case 1: Primary humerus prosthesis in a 70-year-old male patient.
– Case 2: Primary humerus prosthesis in a 77-year-old female patient.
– Case 3: Fracture of the humerus with bursting of the reduced humeral head with

proximal humerus osteosynthesis plate.
– Case 4: Tumor tumoral surgery with PET-CT. Surgical planning valuing value of

SUV. Woman 45 years old.
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– Case 5: Maxillofacial microsurgery with fibular insert in the lower jaw. Use of
cutting guides in mandible, fibula and mandibular spacer. Woman 32 years old.

2.2 3D Reconstruction and Surgical Planning

For a correct surgical planning, we have to perform the following steps: (Table 1).

2.2.1 Performing a CT or PET-CT to the Patient
The CT (Computerized Axial Tomography) and PET-CT (Positron Emission
Tomography) are basic diagnostic techniques that are very necessary for the evaluation
of pathologies by the medical team. This examination provides images in DICOM
format that we can export to a 3D reconstruction software. This software reconstructs
all the images volumetrically and allows us to export them in STL format (Figs. 1, 2
and 3).

Table 1. Description of clinical cases

Joint Diagnosis Type of surgery Custom
guides

PET-
TC

Case
1

Shoulder Severe
osteoarthritis

Shoulder prosthesis Yes Not

Case
2

Shoulder Severe
osteoarthritis

Shoulder prosthesis Yes Not

Case
3

Shoulder Shoulder fracture Osteosynthesis
shoulder

Yes Not

Case
4

Shoulder Tumor Rescue prosthesis Yes Yes

Case
5

Maxilo Tumor Microsurgery Yes Not

Fig. 1. Case 1
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2.2.2 Printing of 3D Models and Surgical Planning
We take 3D models in STL format and print them on a 3D printer. The printer based on
the technology of deposition by layers, must be able to print in layers of 0.1 mm in
height, to be able to provide the necessary precision to 3D models. The material that
crashes is PLA (Polylactic Acid), which is a biocompatible material and easy to sterilize.
It is essential that the 3D printing equipment has the exact resolution at 0.1 mm layer
height, since a very high precision is required so that the customized guides adapt
perfectly to the bone and have the lowest possible tolerance (Figs. 4 and 5).

Once we have the 3D reconstructions of the bony parts, soft tissues and vascular
packages, we meet with the surgeon to evaluate the 3D reconstructions, plan both the
surgery approach and the osteotomies and necessary personalized guides adapted to

Fig. 2. Case 4. PET-TC

Fig. 3. Case 4. PET-TC. SUV indicator of higher degree of malignancy
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each concrete implant. Depending on each patient, a specific type of implant is
required, and to implant said implant, specific cuts and guides are required (Figs. 6, 7,
8 and 9).

2.2.3 Virtual Surgical Planning and Design of Personalized Guides
Once we have all the 3D models, we meet with the surgeon, to study them, plan the
surgery, and tell us how you want the cutting guides, how you want to orient the guides
of the pins and drills, etc.

With CAD design software, we developed customized cutting guides to perform the
osteotomies that each specific implant requires, in addition to the guides for the screws
and guide needles necessary for anchoring the implants. All this must be done taking
into account the criteria of the surgeon and the technical and dimensional needs of each
implant.

Fig. 4. Case 4. PET-TC. SUV indicator

Fig. 5. Case 1. Reconstruction 3D
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Fig. 6. Case 1. Custom cut guides

Fig. 7. Case 2. Custom cut guides

Fig. 8. Case 3. Virtual 3D reconstruction
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2.2.4 Printing of Personalized Guides
The next step is to print the personalized guides with the same equipment that the 3D
reconstructions were printed, with a striking color. It is essential to select a layer height
of 0.1 mm so that the parts have the highest possible precision. These guides must be
designed taking into account:

– Approach.
– Position of the patient.
– Position of soft parts with respect to bone.
– Periostization of the tissues (separate the soft tissue bone.
– Spinal axes of the joint bone.
– Osteotomy axis (bone cut).
– Angle of inclination of the implants.
– Dimensioning of implants with respect to bone.

Once the personalized guides are printed, they are presented to the surgeon for
approval, and if it is affirmative, they are sterilized in the hospital’s sterilization service
(Figs. 10, 11 and 12).

Fig. 9. Case 5. Reconstruction 3D with customized guides and simulation of final result

Fig. 10. Case 1. Custom cut guides
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2.2.5 Surgery
In the surgical process, the surgeon checks first, both the 3D reconstructions, and the
cutting guides, for what the 3D model of the printed patient uses. Once you have made
the approach, use the personalized guides to perform the osteotomies and guides for the
guidance of the pins, screws and implants.

The surgical instruments used by conventional prostheses are designed for all types
of patients, and it is quite complicated to use for certain patients. With the personalized
cutting guides, they adapt immediately, making the surgery much faster.

It is also very useful in these cases, to work with the reconstruction of PET-CT, in
cases of tumor surgery. Use the 3D model of the tumor (image with a higher SUV
grade), to see which soft parts and bone parts are affected by a tumor (Figs. 13, 14, 15,
16 and 17).

Fig. 11. Case 2. Custom cut guides
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3 Results

The results of all the cases carried out to date are very satisfactory. The surgical
planning prior to surgery is shown to offer a very important medical value to the
surgeon, since it provides tools to have more relevant data before starting the surgery,

Fig. 12. Case 5. Custom cut guides

Fig. 13. Case 1. Custom humeral cutting guide
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such as the exact size of certain anatomical parts such as the case of surgery glenoid in
scapula.

The 3D models and the cutting guides are of very good quality, since they faithfully
reproduce the anatomy of the patient, and the cutting guides adapt perfectly to the bone
parts.

Fig. 14. Case 2. Custom humeral cutting guide

Fig. 15. Case 2. Custom cut guides. Glena

Fig. 16. Case 4. PET TC. Shoulder
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The results of all the surgeries have been very satisfactory.

4 Conclusions

It is demonstrated after a series of cases that the support offered by surgical planning
with 3D models to surgeons is very valuable.

Surgical planning provides the surgeon with the support of a team of engineers who
work under their criteria and guidelines. The surgeon can plan his surgery in this way
in a much more comfortable manner, since the communication is carried out telem-
atically, without the need for travel.

The quality of 3D models and cutting guides is very high, very close to 1: 1 ratio.
During the surgery, the guides adapt perfectly to the patient, making it very easy to use.
And they guarantee that the osteotomy of the bones and the guides that are needed for
the rest of the instruments are perfectly located in the X, Y, Z axes, for a perfect
placement of the implants.

Fig. 17. Case 5. Microsurgery
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For all these reasons, the use of surgical planning, 3D models and personalized
cutting guides offer an aid to the surgeon of enormous medical value.

The best conclusion we can offer is that the surgical planning with personalized 3D
guides facilitates the realization of the surgical technique, reducing the risk of error.
And it greatly facilitates the surgical technique by avoiding using complex cutting
systems that slow down surgery and offer some confusion.
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Abstract. The design of a product is not an easy task; it must be a balanced
combination of functionality, usability and aesthetics. The creative process of an
industrial designer can be facilitated by the use of different sources during the
search for ideas. Nature is full of geometries and movements that supply us with
a great variety of forms and its use provides greater doses of empathy in the
user-product relationship. This communication shows the process of designing
urban furniture with bioinspired forms taken into account, in addition, other
aspects such as ergonomics, sustainability, accessibility, etc., achieving an
attractive, functional and ecological product.

Keywords: Bioinspiration � Product design � Sustainability � Aesthetic,
creativity

1 Introduction

Industrial design is characterized by an important aesthetic component but also tech-
nological components, unlike in the past when products were adorned without taking
into account their functionality. Nowadays, the unity between technology and aes-
thetics must be achieved in the first stage of product design, to ensure that the object, in
addition to being functional, is pleasing to the eye [1].

When an industrial designer has the challenge of finding a formal solution to the
design of a product, he may need resources or sources of inspiration to help him find
the most suitable form, one of these sources can be Nature. Human beings assign
aesthetic qualities to that which makes us feel emotions. Nature is full of optimal
shapes and geometries, so biomimicry can be efficient in aesthetic terms. “Biomimetics
is an attitude, a way of thinking as creativity can be. Although the transfer of solutions
between nature and technology has its limitations, the exploration and possibilities of
Biomimicry are practically unlimited” [2].

The inspiration in forms of nature for product design is not new, there are many
designers who already use these resources, from a formal point of view, as a model for
their designs and can be applied in a variety of elements [3–5].

In general, people are attracted to natural phenomena [6]. Nothing that is perceived
acts on its own, everything acts together. The geometric and organic shapes that make
up objects, produce acceptance thanks to preexisting analogous sensations in each
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person. As the psychology of perception affirms, it is precisely by this formal aspect,
based on reason or not, that an object can be recognized as something natural, and that,
if it were reasonably close to the natural form it might be called bionic aesthetic [7]. In
this sense, the concept of “aesthetic intelligence” arises, which tells us that we possess
it in an innate way, and sometimes, unconsciously. It is a capacity to perceive a wide
range of product qualities that shape our response to them. A design process for the
senses is proposed as a means to provide products with which users can feel a greater
degree of empathy [8].

Bioinspired designs are widely used in product design to emphasize emotional
interaction. Therefore, the understanding of the psychological effects of this type of
design is becoming an important issue in the development of products with strong
affective qualities. There are studies that analyze all of these types of elements whose
results indicate that consumers have different degrees of emotional responses to
products that present different levels of biomimetics [9].

On the other hand, the design of sustainable urban furniture that combines different
aspects such as functionality, design, integration with the urban landscape and envi-
ronmental quality, taking into account energy savings in each one of its elements and
processes is being enhanced in the cities [10–12].

This communication presents the development of an urban furniture design that has
been based on the inspiration of elements of nature for the development of its forms, in
addition, other aspects have been taken into account such as ergonomics, sustainability,
accessibility, etc., achieving an attractive, functional and sustainable product.

2 Materials and Methods

The Design process of a product is made up of several stages, three of which will be
highlighted: (i) definition of the requirements of the new product, (ii) search for ideas
and definition of the conceptual design, (iii) detailed design of each of the parts that
make up the product.

The target objective of this project is an urban furniture piece that combines the
concepts of a table, seating, lighting and a paper bin, that is eventually integrated into
its environment resulting in a functional, pleasant and welcoming place.

2.1 Design Requirements

The objective of this project is to design, in a bioinspired way, an urban furniture
product that complies with the following premises:

• Rest place.
• Social meeting place.
• Place to eat informally.
• Connection to recharge mobile devices.
• Design adapted to the environment.
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• Sustainability characteristics in materials and operation.
• Modularity.
• Bioinspired aesthetics.

A search was conducted for urban furniture that fulfilled one of the aforementioned
characteristics (Fig. 1) but no piece was found that fulfilled all of the premises
described.

Next, the characteristics that the design of this new product must meet based on the
initial premises are defined below in more detail:

• The product will be designed with shapes inspired by elements of nature to favor an
emotional interaction with the user.

• The seating elements and the table must have a pleasant touch so that the users feel
comfortable.

• The surfaces will be smooth to facilitate cleaning.
• The materials must be resistant to aging and corrosion because their location will be

outdoors.

Fig. 1. Examples of urban furniture: a Intelligent furniture Soleo of Yupcharge, b Picnic table of
Forestgreen, c ConnecTable Cafe of CarrierClass Green infrastructure, d Solar Tree of Ross
Lovegrove, and e Toyota Prius Solar Flowers
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• The temperature and conduction of materials will be taken into account, in order to
avoid excessively cold or warm temperatures due to their exposure to the weather.

• The edges of the elements that are in direct contact with the user will be rounded to
avoid damage and promote fluid aesthetics.

• The design will be based on a modular system that allows replacing damaged parts
without having to change the entire product. This option also allows designing
different configurations with the same elements.

• Concepts of ergonomics and anthropometric dimensions will be taken into account
for a better adaptation to the user.

• Accessibility for people with wheelchairs will be taken into account.
• To favor the sustainability of the product, a system of solar panels will be designed

to provide sufficient energy for the illumination of the whole piece and the
recharging of mobile devices.

• The product will have elements to produce shade during the day and at night the
lighting system will be activated, in this way, the product can be used for longer
periods of time.

• This product will be located in different environments such as parks, common
educational areas, etc.

2.2 Conceptual Design

Taking into account the initial premises and the requirements that the product must
have, the next phase consists of a search for ideas to shape the product. This phase
requires a large dose of creativity and searching for information to develop a large
number of bioinspired ideas. The elements of nature that have served to define each of
the elements of the product are: a snake whose sinuous shape defines the bench to sit
on, the water of a puddle or a lake defines the table, and the leaves of the water lily
emulate the surface that will cover the whole piece (Fig. 2). Figure 3 shows a sketch of
the initial idea of the product taking into account these concepts.

Fig. 2. Elements from nature that have inspired the product (Source www.pixabay.com)
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2.3 Detail Design

Once the conceptual design of the product has been defined, other aspects are studied
such as ergonomics, anthropometric dimensions, safety concepts, sustainability, etc. to
specify each one of the elements that compose it [13–17]:

• The depth of the seat should not be excessive, which means that the dimensions
should be between 40 and 50 cm.

• The height of the seat should oscillate between 38 and 48 cm, which allows the feet
to rest on the ground.

• The leading edge of the seat area must be curved so that it can accommodate the
popliteal gap.

• The width of the seat per person must be between 40 and 45 cm.
• The height of the table should be between 70 and 78 cm, this allows a sufficient

space between the seat and the table to sit comfortably.
• The dimension of the table is defined with a radius of 70–80 cm. to be able to reach

any part of the table with comfort.
• The height of the support structure is 4 m.
• To meet environmental and sustainable criteria, the design has taken into account

the use of recycled and/or recyclable materials, favoring local suppliers to reduce
the environmental impact of transport.

• To increase energy efficiency, the product will be designed to use renewable energy
and energy-saving lamps.

• The product will have elements for waste management.
• The expected battery would have dimensions of 278 � 175 � 190 mm and

approximately 90 amps. The battery size has been studied to work for several days
without charge in case there is not enough sunlight.

Taking into account the conceptual design, each of the parts that make up the
product have been designed with the computer-aided design software SolidWorks

Fig. 3. Initial sketch of product
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2016. The three main parts of the product are the seat, the table and the awning with the
light fixture. The seat (Fig. 4a) is a curved module with smooth surfaces and rounded
edges. The main structure (Fig. 4b) is formed by a pole that supports a structure with
the awning. This structure holds the light and the solar panels that feed the entire
system. The table (Fig. 4c) has the shape of a drop of water, where the surfaces are also
smooth and with rounded edges.

Figure 5a shows the USB connection that is coupled to the structure’s pole. This
location is very accessible and comfortable for all of the product’s users. Figure 5b
shows the design of the wastebasket, an element that is considered important to
enhance the management of waste and raise the degree of sustainability.

2.4 Materials

The sitting bench will be made of wood, taking into account that this material does not
transmit the temperature and can allow its use in midday hours. On the other hand, the
use of certified forest products (FSC, Forest Stewardship Council) is recommended
because it promotes responsible management of forest resources from an environmental

Fig. 4. Main elements of the product: a seat, b awing and light fixture, and c table

Fig. 5. a USB connections for recharging mobile devices, and b Wastebasket for waste
management
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point of view. The table will also be made of plywood with a smooth finish for easy
cleaning and maintenance.

The main structure of the product, which is formed by the pole and upper structure,
will be made of galvanized steel, taking into account that it must be a robust and safe
element. The element responsible for producing shade is a polyester fabric with PVC
coating on both sides, which will be attached to the upper structure.

3 Results

Figure 6 shows the final design of this product. The basic design concept is a snake that
creeps with sinuous movement around the table that recreates a river or lake. The
structure emulates a stem and the leaves of the water lily cover the whole piece.

A part of the bench, following the sinuous form that it has, lays outside of the piece
to offer the possibility to the users to sit down without needing to be around the table.
On the other hand, we have left an access to the set for people in wheelchairs with an
amplitude greater than 80 cm, the minimum established for this type of access. The
position of the wastebasket is strategic, neither near nor far, enough for users to use it
for the management of their waste and to promote a clean and sustainable environment.

Nowadays, the use of electronic devices is encouraging the location of recharging
points in many places. It is still difficult to find this type of service outdoors, so offering
it in this type of product is an added value.

Fig. 6. Final design of the product: a Perspective view, b Top view
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4 Conclusions

Nature can be an inexhaustible source of ideas, it is full of forms and movements that
can serve to develop the conceptual design of any product. In this communication the
most important phases of the process of designing a bioinspired urban furniture piece
have been shown. This product arises from the need for a type of environment, located
in common educational areas or parks, which encourage social gathering, rest or leisure
for any type of user. To provide greater added value to the product, other important
aspects are offered in the design, such as adequate access for people with wheelchairs,
use of solar panels for self-consumption of the lighting and recharging system, and
elements for the management of waste. In this way, different aspects such as social,
environmental and economic have been reflected in the product, which serve to balance
its global value.
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Abstract. A surgical planning of tumor reconstructive surgery requires a
multidisciplinary collaboration between the surgeon, the radiologist, the nuclear
medicine doctor and the pathologist. Nowadays, this team has been incorpo-
rating other profiles not related to the health field, such as engineers and
researchers that favor the use of new technologies such as virtual modeling or
3D printing. In this study we describe the different phases of surgical planning
of four cases of musculoskeletal tumors (knee, pelvis, femur and humerus), in
which the latest technology such as virtual modeling of the anatomy of patients,
the design of surgical guides and 3D printing of all models have been used. With
this type of planning, surgeons are helped by being able to analyze in a milli-
metric way the tumor, the bone, the soft tissue, the cutting areas and to foresee
the possible complications that could arise during this type of surgical
intervention.

Keywords: 3D printing � 3D anatomic models � Surgical planning

1 Introduction

Musculoskeletal tumors are those malignant tumors that originate in connective tissue
(cartilage, muscles and bones). To determine their existence, it is necessary to carry out
several medical tests from the beginning. Different studies that establish tumor stage
and treatment planning should be performed before the biopsy, because radiological
studies can be influenced by the surgical manipulation of the lesion and complicate
interpretation [1]. Protocol indicates that different imaging tests such as XR (X-Rays),
CAT (Computerized Axial Tomography) or MRI (Magnetic Resonance Imaging), as
well as, PET-CAT (Positron Emission Tomography) should be performed to assess the
possible extension of the lesion and the grade of the tumor locally. For a final diag-
nosis, a multidisciplinary collaboration among the surgeon, the radiologist, the nuclear
medicine doctor and the pathologist is necessary [2].

The surgical treatment of these tumor lesions should lead to acceptable local
control, a correct motor function, or acceptable consequence that allows the affected
member to be autonomous. Three types of oncological surgical treatment can be dif-
ferentiated [3]:
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– Intralesional excision, which consists of a type of curettage with filling of the cavity
with bone graft or cement.

– Resection in block of the tumor, in which the removed segment is usually replaced
by megaprosthesis or bone transplants, or a combination of both, when it is nec-
essary from the mechanical point of view.

– Amputation, when resection is not possible due to the invasive characteristics of the
tumor.

This study focuses on surgical treatment through block resection of the tumor and
subsequent reconstruction of the created defect in patients affected by sarcomas in the
humerus, knee, femur and pelvis. For the surgical planning of a block resection, a
multidisciplinary team of professionals is necessary. Nowadays, this team has incor-
porated other profiles not related to the health field, such as engineers and researchers,
which favor the use of new technologies such as 3D printing, enabling the translation
from a virtual planning to a tangible one [4–6].

There are studies in which fetal faces have been replicated using 3D printing. Not
only do these replicas diagnose possible malformations, but they also help future
parents to achieve emotional and affective goals. This process is not simple; steps are
already being defined to reliably and accurately transfer all the data obtained with
medical images to the physical model obtained by 3D printing [7]. Additive manu-
facturing technologies are reaching new perspectives every day. Recent studies are
testing various implantable devices in which 3D printing can achieve benefits such as
personalization, optimization and the fabrication of very complex geometries [8].

In summary, this study describes the different phases of surgical planning of four
cases of reconstructive tumor surgery, in which cutting edge technology has been used,
such as virtual modeling of patients’ anatomy, design of surgical guides and 3D
printing of all models. The realization of models obtained by 3D printing, which
exactly replicate the anatomical part of the patient being treated, helps surgeons to
analyze in a millimetric way the tumor, the bone, the soft tissue, the cutting zones and
to foresee possible complications that could arise during the surgical intervention.

2 Materials and Methods

For this work four patients affected by malignant tumors of the humerus, knee, pelvis
and femur have been studied by planning reconstructive surgery with different imaging
techniques, such as virtual modeling and 3D printing of scaled models of the anatomy
of each patient. The study was conducted at the Musculoskeletal Tumor Unit of
Traumatology of the University Hospital Virgen de la Arrixaca (HCUVA) in Murcia
(Spain), and was approved by this institution. Informed consent was obtained from all
subjects.

2.1 Case Studies

The four case studies dealt with in this work are of patients affected with tumors in a
musculoskeletal region. More details of each patient is provided below:
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• Case study 1: A 28-year-old male diagnosed with a primary bone tumor (osteo-
sarcoma) of the proximal tibia. Planning with implantation of knee megaprosthesis
associated with bone transplantation of the proximal tibia and extensor apparatus.
Coverage with gastrocnemius flap.

• Case study 2: A 72-year-old male diagnosed with bone tumor metastasis in the iliac
region (pelvis) secondary to thyroid cancer. Planning with previous embolization of
branches of the superior gluteal artery and lumbar branches. Complete resection and
reconstruction with cementation and osteosynthesis.

• Case study 3: A 56-year-old male diagnosed with a primary bone tumor (chondro-
sarcoma) located in the lower trochanter of the femur and with involvement of the
adductor muscles. Planning with previous neoadjuvant radiotherapy and resection
surgery.

• Case study 4: A 72-year-old man diagnosed with bone metastasis in the proximal
humerus secondary to lung cancer. Planning with mega-prosthesis of humerus.

2.2 Surgical Planning

The surgical planning of interventions with block resection of the humerus, knee, femur
and pelvis with bone tumor effects, includes the following five phases: (i) scanning
phase, in which the patient has x-rays, resonances and PET-CT done to obtain medical
images, (ii) virtual phase, in which a virtual model of the patient’s anatomy is obtained
from the medical images, (iii) 3D printing phase, in which a 3D model is printed from
the virtual model, (iv) phase of study, in which the surgical intervention is planned
based on the medical images and 3D printing obtained, and (v) the surgery phase, in
which the surgery is performed. Each of the phases described is detailed below.

• Scanning phase

Medical images are a compilation of techniques and processes used to create images of
the human body for clinical purposes. Imaging allows doctors to look inside the body
for signs of a medical condition. There is a great variety of devices and techniques that
can create images for the diagnosis of pathologies or as a preventive procedure:
radiography, ecography, magnetic resonance imaging, positron emission tomography,
computed axial tomography, cone beam computed tomography, etc.

In the present study, three imaging techniques have been used in the surgical
planning of the four case studies. On the one hand, radiography (XR), which is con-
sidered the most important imaging method and the first to be performed in the diagnosis
of bone tumors. This diagnosis method analyzes lesions by defining the location of the
tumor, the opacity, the margins, the transition zone, possible periosteal reactions,
mineralization, size and number of injuries, as well as the soft tissue component and the
presence or absence of fractures [9]. The equipment used to obtain medical images with
this technique is the Toshiba model i-Rad DR of high resolution of the HCUVA (Fig. 1).

The second technique used is magnetic resonance imaging (MRI) with the
Philips MR Systems Achieva Release 2.6.3.9 2013-10-30 SRN: 32051 (1.5 Teslas).
The MRI stands out for its ability to highlight the contrasts in the soft tissue, which
becomes useful when identifying problems in joints, cartilage, ligaments and tendons
(Fig. 2).
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Finally, a hybrid was used between two imaging techniques, CT or CAT (Com-
puterized Axial Tomography) and PET (Positron Emission Tomography), which rep-
resent a revolution in the diagnosis and treatment of tumor pathology. PET-CT with 18
F-flurodeoxyglucose (F18-FDG) is performed as a single test in the Nuclear Medicine
Service of the HCUVA with the Philips PET/TC hybrid model Gemini GXL (origin:
Amsterdam, The Netherlands) that integrates a CT of 16 cuts and a 3D high resolution
PET for the realization of this type of study. The CT scan is a radiology test that studies
the morphology assessing both the location of the lesion and its size. PET technology is
used to obtain a metabolic image, in which the presence of lesioned areas is detected at
an early stage, even when they are very small (Fig. 3).

Fig. 1. Case study 1: a XR before surgery, and b XR after surgery

Fig. 2. Case study 3: a MRI before surgery, and b MRI after surgery
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• Virtual phase

The data obtained by PET-CT is stored in DICOM format (Digital Imaging and
Communications in Medicine) and processed by a specific program to obtain a virtual
model of the patient’s anatomy. With this virtual model, surgeons can work to design
cutting guides, references and other necessary elements for surgical intervention. Both
the anatomical model of the patient and the designed elements are exported in STL
format for use in the next phase, 3D printing (Fig. 4).

Fig. 3. Case study 2: a PET-TC before surgery, and b TC after surgery

Fig. 4. Virtual models of all case studies
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• 3D printing phase

Nowadays, there are different technologies used to obtain prototype models, in which
different materials can be started, deformed, melted and joined. For some time, physical
models have been able to be manufactured from 3D virtual models through material
deposition techniques. This type of additive technology is based on the dispersion-
accumulation principle. The processes of material contribution or additives are those
that solidify a material, originally in solid, liquid or powder state, by successive layers
within a predetermined space and with electronic procedures. These methods are also
known by the acronym MIM (Material Increase Manufacturing), and their classification
can be made according to two different factors, such as the starting material and the
process of obtaining the model (Table 1).

In this study, the 3D printing technique chosen for the manufacture of the
anatomical models and the elements designed for the surgical intervention is Fused
Deposition Modeling (FDM) due to its manufacturing characteristics and the properties
of the contribution material. Thanks to this technology, reproductions on a natural scale
of the patient’s anatomy are obtained, helping to plan the aspects of the surgical
approach that will be followed. The device used for the manufacture of the models is
Ultimaker 2+ with a maximum construction volume of 223 � 223 � 205 mm. The
layer thickness can vary from 20–600 l with a speed of up to 24 mm3/s.

The models (Fig. 5) are made with biodegradable polylactic acid (PLA) derived
from lactic acid, which is a thermoplastic obtained from corn starch. This material
stands out for its use in the field of medicine for its good resistance to traction, for its
superficial quality and its ease to work at high printing speeds. In addition, it can be
sterilized and used during surgery.

Table 1. Additive manufacturing processes

Material Process Tool Name

Liquid Solidification Ultraviolet
radiation from
a laser

Stereolithography (SLA)
Solid Object Ultraviolet Laser Printer
(SOUP)

Ultraviolet-
light lamp

Solid Ground Curing (SGC)
Inkjet Rapid Prototyping or Poly Jet

Solid Smelting/Solidified Extrusion head Fused Deposition Modeling (FDM)
Injection head Headform Injection

Carving and
adhesion

Lamination Laminated Object Manufacturing
(LOM)—Selective Deposition
Lamination (SDL)

Powder Join Binder 3D Printer
Sinter Laser Selective Laser Sintering (SLS-DMLS)
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• Study phase

A computer system called SELENE 5.3.3 is used for the creation and classification of
patients’ medical records at the HCUVA, as well as a medical image viewer called
Siemens DRX 3.0 Viewer. With the collection of the different clinical tests, the
obtained images and the 3D printed models, the medical team can study each clinical
case carefully and plan out step by step the surgical intervention (Fig. 6).

Fig. 5. Models obtained by 3D printing

Fig. 6. Surgical planning case study 1
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In the preoperative planning of each clinical case, the following information is
determined: the implications of the tumor on the different adjacent structures (vessels,
nerves, muscle groups, joints); the dimensions of the resection that must be performed;
the implants or prostheses that will be used and their possible sizes; as well as, if
necessary, the use of surgical guides to perform the most precise osteotomies (cuts of
bone structures). After the tumor resection, to reconstruct the defect created and thus
maintain the length of the bone and its functionality, larger than conventional prosthetic
systems called megaprosthesis are used. These prosthesis are formed by modular
elements that are assembled until the exact measurement of the bone defect is obtained.
They are usually used in knee, shoulder and femur and its use is notable because it
avoids the morbidity of the donor area, requires less surgical time and preserves
mobility [2].

• Surgical phase

The surgical team that intervenes in this type of operation is usually composed of two
orthopedic surgeons, a traumatology resident, an anesthetist and three operating room
nurses. Surgical intervention can be divided into three distinct parts: (i) oncological
resection of the area affected by the bone tumor, (ii) intraoperative biopsy of the healthy
bone end to verify that it is free of tumor lesions, and (iii) placement of the
megaprosthesis replacing the created defect. This megaprosthesis is incorporated at one
end by the new prosthetic joint and, on the other, by a cemented stem attached
intramedullary to the remaining bone of the patient.

3 Results

As seen in Table 2, thanks to previous planning, a considerable reduction of time is
achieved, between 30 min and 1 h, in each of the surgical interventions.

For the clinical assessment of each patient the MSTS scale (Musculoskeletal Tumor
Society Rating Scale) was used, which assess different aspects such as pain, function,
gait, the need for support and the emotional component [10] differentiated according to
whether they are superior or inferior limbs. The range goes from 0 to 30 and, as it can
be seen, in all cases the values are very high, ranging between 26 and 30 points. In
most cases the emotional component of patients is high, since they have been diag-
nosed with cancer with one possible treatment being amputation. Thanks to
megaprosthesis implant systems, the tumor can be removed and the affected limb left
with acceptable function, maintaining its autonomy in most cases.

After surgery, patients remain admitted for analgesic control and with intravenous
antibiotics. Afterwards they are followed up on an outpatient basis by the outpatient
clinics, and after the healing of the surgical wounds, a progressive mobilization pro-
tocol is initiated. The patient of the case study one had a slower healing time than the
required, and was also subjected to cycles of chemotherapy after surgery. The patient
began walking without external devices at 12 weeks, with a range of mobility of 0º of
extension and 110º of flexion. The second case initiated ambulation at 2 weeks with an
external device and from the fourth, with complete autonomy. The third case study
presented a torpid evolution at the beginning due to a seroma that was resolved by
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draining the seroma and began complete ambulation at 8 weeks. The fourth case study
initiated pendular and abduction movements from the fourth week, which is when the
healing of the reinserted musculature in the prosthesis is optimal.

4 Conclusions

Obtaining virtual models and 3D printed models of anatomical parts of patients affected
by malignant tumors, helps to carry out a more exhaustive planning of the surgical
intervention. Moreover, a more precise planning of the surgery permits to achieve a
reduction between 30 min and 1 h in surgery time. In this way, the risks of infection or
any other complication that might arise are also reduced, and the shorter postoperative
period is less painful. All of this planning and surgery process makes two important
things possible: the complete excision of the tumor and the maintenance of the mobility
of the affected limb.
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Abstract. To develop creative eco-ideation workshops it is necessary to
structure a series of objectives and tasks, establishing the design of the work-
shop itself. In our work the theoretical process is presented, its justification and
an example of preparation of a workshop is shown. The design process estab-
lishes design and manufacturing requirements, plays a key role in eco-
innovation, and the eco-design phase must be integrated into the generation of
ideas and concepts. Only a few creativity tools have been adapted for eco-
innovation, so the ideation phase of eco-innovation is limited, this fact allows
the definition of a proper process for the development of creative workshops in
eco-innovation projects. Specificities for eco-ideation process are the definition
of objectives, the expert profile selection and environmental parameters included
in the metrics. The preliminary stages of preparation define the process, but also
establish the criteria for selecting participants, creative techniques, and criteria
for evaluating results. There is no described methodology to apply in these
processes and this work aims to define a series of basic actions and reflect the
experience of a real project.

Keywords: Eco-ideation � Eco-innovation � Creative process � Creative
workshop � Creative group configuration � Design process

1 Introduction

Eco-ideation [1] is part of the creative process in eco-design within eco-innovation
projects [2], the success of any workshop that includes a creative process depends on
the dedication and time for preparation. The better preparation and anticipation of
possible events the better results and greater control in the management of the work-
shop itself. To develop creative eco-ideation workshops [3, 4] it is necessary to
structure a series of objectives and actions, establishing the design of the workshop
itself. In the paper the theoretical process is presented, its justification and an example
of preparation of a workshop is shown.

The design process establishes design and manufacturing requirements, plays a key
role in eco-innovation, and the eco-design phase must be integrated into the generation
of ideas and concepts. In a comparative study [5] it was detected that there are very few
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eco-design tools or methods that focus on the eco-ideation process, and the current
proposed tools or methods have proven to be complex, theoretical and little used [1].
A few creativity tools have been adapted for eco-innovation, so the ideation phase of
eco-innovation is limited [6], this fact allows the definition of a proper process for the
development of creative workshops in eco-innovation projects.

The design of the workshop implies a series of previous steps in which to define the
objectives and expected results, the definition of the creative group and its participants,
the techniques that will be applied, the schedule, the material and work space
requirements. These preliminary stages of preparation define the process, but also
establish the criteria for selecting participants, creative techniques, and criteria for
evaluating results. There is no described methodology to apply in these processes and
this work aims to define a series of basic actions and the experience of a real project.

In an eco-ideation process, there are two objectives to be defined. First, it is
necessary to align the creative session with the objective of the eco-innovation project.
This objective implies defining expected results, so that the evaluation criteria of the
ideas or concepts generated. Second, the definition of the requirements of the creative
sessions in terms of participant profiles, techniques, duration, and so on. To establish
the needs for innovating from an environmental approach, in most cases, quantitative or
semi-quantitative environmental information will be necessary to assess whether the
results of the eco-design process have improved the initial state.

The selection of the group is done in two stages. The first one tries to define the
participant to be selected for the creative session that are responsible for putting the
ideas obtained into action. Moreover, in the second one, they look for complementary
participants to cover the needs of the session defined by the described objectives. Then,
the working group is formed, the group is usually interdisciplinary and this defines a
particular way of work and interaction. The interdisciplinary nature consists of the
integration of two profiles, the creative core profile related to creativity and design and
the expert profile related to some of the subjects of the topic to be solved. In the
working group, several roles are defined: facilitator, registrar and participants.

Moreover, when defining the creativity techniques to be developed, the criteria for
choosing them are established. Usually, they are adaptations or transformations
required by the group’s own configuration. In this preparation of the techniques, it is
important to highlight the warm-up phase.

Finally, the structure of the creative sessions is defined. The planning is done with
time allocation to each part that defines the sequence of activities and the expected
margins of time, since time is a limiting factor in creative sessions to be able to obtain
results of quality. The needs in terms of the workspace, the workshop materials, way of
recording information and idea registration for further processing are also defined.

2 Eco-Ideation Workshop Process

In every design process, there is a phase for idea generation and conceptualization.
When the objective of the project is led towards eco-innovation, it is necessary to
establish a specific phase of eco-ideation in order to achieve concepts that comply with
previously established environmental goals.
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The main specificities between a classic creative process and an eco-ideation
process are: the definition of objectives, due to the fact that an environmental challenge
is included; the selection of the group since it needs participants with an experienced
LCA (Life Cycle Assessment) or environmental profile; and finally, in same occasions
the creative techniques must be adapted if the participants are not used creative ses-
sions. Also the evaluation phase could be specific, since some environmental
parametres are included in the metrics.

In Table 1 a theoretical process for an eco-ideation workshop is set. Along the text,
every phase is explained and detailed with the tasks and different commitments
involved.

2.1 Objectives Definition

Initially, the environmental goals are set for the eco-ideation process. These are
established by the main objective of the project, and also have to be written as a design
problem in order to plan the ideation session. An environmental goal coexists with the
design goals. That is, product design specifications have to be accomplished as well as
the environmental goals, formal and functional requirements must be compatible with
impact reduction or LCA improvement solutions.

Sometimes, the environmental goals match with a redesign process, in order to
improve problems detected by environmental analysis. Therefore, the eco-ideation
process is led to solve specific problems that can be well defined and measurable; the
results will be easily quantifiable versus the expected. On the other hand, some others,
the goals are led to a new design or even a new concept design. In those cases, the
design process starts with a fuzzy front-end and the results will be compared with
existing products that can have an inaccurate and subjective measure.

Table 1. Process for an eco-ideation workshop

Phase Task/commitment

Objectives definition Environmental goals/impact reduction/LCA (Life Cycle
Assessment) improvement
Expected outcome

Participant selection Creative leaders and creative team
Expert team

Creativity techniques
selection

Warm-up activities (icebreakers)
Idea generation techniques
Concept generation

Programming Schedule and temporary planning
Material requirement definition
Space requirement definition

Creativity sessions Playing sessions. Warm-up/idea generation/concept generation
Results evaluation In situ/group evaluation

Subsequent expert evaluation
Concept definition and selection
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In order to set the environmental goals some specific information is needed,
quantitative or semi-quantitative. It allows us to mark a series of expected results to
assess whether the results have improved the initial state. To obtain this environmental
information from the starting situation, the most common eco-design tools can be used
[7, 8]; among them, the most widespread is the LCA [9].

2.2 Participant Selection

The group formation is a crucial phase to obtain the expected results, since it defines
the profiles of the participants and what is expected from each one. We can classify
them in two ways: first if they are participants in the project or if they are invited, and
second if their contribution is the creative task or if they are an expert in some factor
related to the environment. When the group is formed by people who must implant the
ideas and concepts generated, and also by external people who only attend the creative
session, a balance is needed. Since a lack of environmental experts can lead to unre-
alizable solutions and an excess can derive in an uncreative and unoriginal work in
which only the environmental factors are contemplated.

The group is formed trying to cover the main factors of the design project, bearing
in mind that the environmental is a key one. This interaction needs to be well manage
because not all participants knows each other and are not familiar to such a particular
way of work, so the participant profile is selected by its expertise and contribution as
well as the personal traits. Diversity in participants’ groups increase creativity by
expanding the group knowledge available and introducing different perspectives that
can be generate novel ideas. The integration of creative and expert profiles defines the
interdisciplinary group, being the creatives the core of the group for that design phase,
integrated by designers and creative facilitators or just participants. The expert plays an
environmental role that will provide information and data, or may be an evaluator of
the ideas and concepts in case of being in charge of setting the environmental criteria;
expertise could be in engineering, architecture, materials, LCA assessment, etc.

The roles of the creativity [10] core are the facilitator, as a leader of the group that
orchestrates every element of the session and make easy for every participant in
achieving the particular goals. Participants, that are familiar with creative process, are
capable to generate ideas shared with the expert, producing ideas according to
requirements that meet the environmental goals. Finally, the registrar that plays a
special role by obtaining the documentation of the session in different formats, written
and audiovisual are the most common. All this documentation will serve as for an after
analysis of the session to complete the work and generate the concepts.

The balance of the group, the ratio of participants’ technical/creative, is determined
by the objectives of the workshop. For workshops in which a great capacity for the
generation of ideas is required, and without many technical requirements, it is neces-
sary a ratio lower than 1. In workshops where the focus is to generate ideas very close
to the realization is necessary a ratio greater than 1. A ratio around 2 is suitable for
creative sessions, but a higher number could cause a lack in novelty during.
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2.3 Creativity Techniques Selection

The creativity techniques must be chosen depending on the group configuration. If
there are participants not familiar with creativity processes, then the techniques must be
as simple as possible. That is techniques easy to start with and with no previous
requirements, based on dialogues, conversations or answering questions methods [11].

The first part of the creativity session is planned out by warm-up activities, there are
a numerous kind of icebreakers exercises to introduce participants that they do not
know each other, that is the first objective [10]. These exercises will set a relaxed and
friendly atmosphere, and serve as a barrier eliminator by unblocking the participants’
thoughts, the second objective. The icebreaker exercises can be brain games not related
to the session task or activities that will serve to ulterior part of the session.

Workshops in which all participants have experience in creative sessions can use
techniques without the need for transformation. The selection is made based on the
creative focus of the workshop, being able to gather methods of analysis of problems
followed by generation or directly idea generation. In the case of starting with problem
analysis, techniques based on questions, provide a situation of “cause finding” or
“unobserved search”. This allows a divergent and open process, part of the idea gen-
eration is structured into small stages to answer each of the issues raised in the analysis
of problems. On the other hand, if the session goes straight to the idea generation, it
starts with techniques that introduce random elements to produce a divergent and
provocative effect. Then techniques of idea transformation are used, oriented to the
definition of concepts, as a grouping of ideas.

If the group has not experience, then the facilitator may change the techniques and
use adaptations or transformations that make the process easy and friendly. The
techniques used belongs to the same creative methods, as if the group have experience,
but some characteristics like time span, deferred judgment, initial requirements or idea
registration are adapted. In addition, some techniques are mixed taking some traits from
another technique, for example using random input in an associative method.

Some creative sessions address to generate concepts, including the definition of the
ideas as solutions. Others instead, deep in the definition of an idea or how to achieve it.
In that part of the session, the group have to set a list of requirements that matches with
the objectives of the project, for example. If the project is assessed by technical or
economic criteria, the concept generation have to give information about how to solve
the technical particularities or economic needs, or how much could improve the present
situation.

2.4 Programming

The process divided in stages needs a schedule and a temporary planning [10]. The
schedule fixes the dates for the workshop and the timetable for each session, that can be
divided in parts assigning time for each, including breaks. If the group does not have
invited members, setting a date is simpler, in case of having guests or external parties it
is necessary to establish a common agenda, in date and time. The duration of the
workshop is set in the planning establishing whether one or two sessions are necessary
and how many parts each one should have. If the workshop focuses only on idea
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generation, one session is enough, while if there are concept generation and even its
evaluation, it is necessary to have two sessions. An evaluation session must be done
separately, it is recommendable to have a differed judgment of the ideas, and it may be
necessary to generate certain documentation for the evaluation. Necessary documen-
tation may be drawings or renders of conceptual proposals, calculations of LCA, or
technical and economic documentation. In addition, it is necessary to establish a metric
that allows to evaluate each concept, comparing with what exists.

Planning also takes charge of the definition of the necessary, which are related to
the techniques. Moreover, as well as the selection of the room, which will mainly
depend on the number of participants and will be adjusted to the requirements of the
session. The most usual, is to have a wide and luminous space, with movable tables and
chairs, facilitating the mobility of the participants, large size blackboard/screen, note
and drawing paper, self-adhesive papers and markers, registration cards and similar
materials.

2.5 Creativity Sessions

Once the group has been formed and the sessions have been defined, it is time to start
the workshop. The group can be divided into small groups for some activities, and
working as a whole for some others. An icebreaker is a facilitation exercise intended to
help a group to begin the process of forming themselves into a team. Icebreakers are
commonly presented as a game to “warm up” the group by helping the members to get
to know each other. The warming-up is important to do it always, if the participants are
experts can be used to guide the workshop or to determine some particular aspect or
clarify details. Its duration is short about 10 or 25 min, should be easygoing and must
make the whole group participate and integrate.

After the warm-up the creative process continues with the techniques selected and
participants follow the instructions of the facilitator. In small groups the facilitator acts
as a registrar, in charge of the recording and taking notes of the important points. Some
techniques ask the participants to elaborate drawings or writing texts that are collected
at the end. Ending each part of the session, there is a sharing and debate with the whole
group, it is time to share the ideas and discuss the novelties, opportunities or difficulties
for each idea. The sharing can define the concepts in such a way that it is only
necessary to make a roadmap for each one of them. In this sense, it is necessary to
explain what a remarkable contribution it has regarding to what exists, how it could be
achieved, what limitations has and defines the difficulties to be overcome.

2.6 Results Evaluation

Once this part is done, the metric is defined taking into account the key factors of the
project. An evaluation and discussion of the results is carried out, which can lead to a
revision of the concepts and even of the creative session through the revision of the
registered material.

Sometimes an in-situ evaluation is done, so the same group assess the ideas. The
advantage of these sessions is that the participating experts apply their knowledge and
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criteria, the assessment is immediate and a debate can be held. However, this type of
evaluation only applies when the session is a single generation of ideas.

For the sessions in which there is a generation of concepts, there is a time to
generate the documentation mentioned above and it is possible that a different group is
formed. The contribution of the new group is to filter the ideas, leaving only the best
concepts applying critical sense, different from the creative point of view provided by
the first group.

3 Results and Discussion. Case Study

The results here presented are related to a workshop carried out to study new appli-
cations for cork as an insulation material in construction sector. The workshop was
divided in two sessions, the first for idea generation and the second for concept
evaluation, in the meanwhile of the two sessions the task for concept definition was
developed by the facilitators.

Objectives definition. The main eco-ideation workshop objective was to diversify
the market of cork material. The building and construction sector was identified as the
highest potential, due to its valuable physical properties, besides of its use as insulation
material. The workshop was focused in this respect. Analyze and evaluate together with
the participants the technical feasibility, the economic viability and the potential
demand of the concepts of new products presented is the final objective.

Participant selection. There were two facilitators, one with a background in design
and LCA, and the other in creativity and design. Both were in charge of the design of
the workshop. The interdisciplinary of creative groups was assured by the participation
of different experts from different fields of knowledge, among them: environment,
product design, creativity, energy efficiency of buildings, architecture, building con-
struction, marketing and business.

The profile of the participants in the first session was more technical, since it
required a greater expertise and the ideas should have a realistic orientation for its
application in construction. There were ten guests in the first session, of which eight
were technicians and two were designers, these last two belong with the facilitators to
the creative core. The ratio technical/creative were 2.

The profile of the participants in the second session was linked to business and
marketing, since this group was required to evaluate and criticize the concepts. There
were more than 20 participants from different companies, approximately half belonged
to technical departments and the rest to commercial departments, marketing or man-
agers. Market knowledge was prioritized in this second session. The ratio
technical/creative were 0.1, the facilitators only lead the evaluation.

Creativity techniques selection. A combination of different techniques were
proposed in order to obtain the most innovative and creative ideas. As warm up activity
the use of the technique called “forced relationship” or “random stimuli” [12] was
selected. During this dynamic, each participant combined randomly two different
terms: one physical property of cork and a potential application sector of cork. From
each combination, participants generated some sentences or ideas. The ideas generated
were used in a subsequent forum-style conversation and specified.
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The next part of the workshop was focused in resolving some problems based in
previous studies about environmental performance of building products. For that, the
hypothesis of how cork could solve these problems was proposed. Some of the par-
ticipants were no used to creative sessions, for that reason there was no specific
technique, all ideas were specified using techniques based on questions introduced by
facilitators in conversations. The dynamic is a reflection with direct questions to an
expert for the generation of hypothesis. It is necessary to take prepared examples to
start the debate, for example, recovery of cork in a demolition. A list of current
problems listed as questions, “How could you …? in a more optimal way … for which
it is necessary … And that’s why we propose a product that … ” are the initial
questions to start. It is important to keep the list to deal with and take them out as they
are running out and solutions are being proposed.

In the final part, the material developed is used for concept proposal. A record sheet
is used, recording the idea definition, the form in which it can be reached/realized, the
difficulties to obtain it and the benefits that proposes with respect to what already exists.
It is not a creative technique itself, but a way to define concepts, highlighting the
positive and negative aspects. It is a very basic definition but can serve to relate to other
ideas and lead to a more complete concept.

For the evaluation session a modification of the PNI technique [13] is used, in
which a color code is inserted, a justification related to the color and a limited number
of contributions for each participant. PNI is a technique in which for each idea a series
of phrases are pointed out that highlight the positive, negative and interesting aspects.
In this modification each participant evaluates 4 concepts, using 9 adhesive color
papers, 3 red for the negative aspects, 3 yellow for the interesting ones and 3 green for
the positive ones. Once the concepts are explained, they are discussed by the whole
group and after a reflection time each participant places his adhesive papers.

Programming. This first session for idea generation is divided into three parts,
warm-up (25′), generation of ideas (60′) and synthesis in proto-concepts (50′), the
duration is not fixed since some activities were extended in time and there are sharing
activities and delays for the breaks. The second session of idea evaluation is divided
into three parts, an activity for results presentation (25′), a warm-up activity (40′) and
finally the concept evaluation (90′). The evaluation activity is divided in two parts a
debate between all the participants and the final assessment.

For this first warm-up session, a set of cards were prepared in two colors, one for
characteristics and the other for applications. For each idea generation activities, two
specific record sheets were prepared. Every participant had access to these sheets and
could take their notes, although the facilitators had their own register at each table. In
the second session it is only necessary, some blank sheets to take notes during the
warm-up activity and some adhesive papers in three colors for the assessment.

As for the place chosen in the first session was a room with enough space to have
two separate large tables and avoid acoustic interferences, since debate is generated and
the noise can be annoying. The room was equipped with a large screen to show the
specific information and had enough natural light supported by artificial light. In the
second session the room had the same characteristics, it was configured in a large circle
so everyone can see everybody’s faces, since the most important is the debate.
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Creativity sessions. At the beginning of the session there is a small welcome from
the participants and it is useful for them to get to know each other, informally a coffee
is offered to establish presentations and conversations. In this particular session a few
minutes were spent to present a series of data related to the cork to the participants.
This information about the characteristics of the cork is used in the following warm-up
activity, in which the group is divided in two, which ends in a sharing of the results.

There is a brief pause, the session should be cut and have periods of relaxation.
Then a brief presentation of construction systems in which cork has a potential
application is shown, this information balances the level of knowledge of the group and
allows the less technical to participate from their creative point of view. The session
continues with the second technique, the ideas are recorded and a sharing is made
between the participants. After that, the session is paused for coffee break.

The last part of the session ends defining ideas of application. In this part the groups
are mixed so that there is no fixation of the idea, that is to say that a group has detected
a good idea and keeps working on it, losing the potential exploitation of others. Ideas
are recorded and finally a sharing takes place, a small debate is made asking opinion to
the experts in a critical way.

At the end of the workshop a short survey was carried out, inquiring for strengths
and weaknesses of the process, and also about subjects of the workshop as overall
satisfaction, objectives, creative methods used, work climate, schedule and program-
ming and results satisfaction. Finally, there is a group meal, idea discussion continues
and comments appears in a more relaxed venue, but still interesting. The opinions of
the participants were very positive, for both the result and the personal experience of
their participation.

The creative process resulted in a great quantity and variety of ideas, which fits
perfectly with the significant cork characteristics, taking advantage of its good physical
properties.

Results evaluation. In this case study, the evaluation of concepts resulted from the
eco-ideation workshop were done using two different methods. On the one hand, a
specific session was hold to evaluate the ideas. In that session, different experts from
the cork sector analyzed each concept from different approaches: technical feasibility,
financial viability, innovation and market impact. On the other hand, concepts were
evaluated by a metric, designed for this purpose. The factors included were the novelty,
usefulness, the technical feasibility and the environmental factor. The main difference
between both methods is that the latter included the environmental factor in the val-
uation, and is a semi-qualitative method, but less subjective because follows the same
guidelines for all concepts. Moreover, the former is a more qualitative method, based
on the experience of participants.

The results, in terms of quality of concepts, were very satisfying. Because the
proposed ideas contribute to building market not substituting other materials. Gener-
ated concepts take advantage of cork properties proposing new applications. For
example, the most valuable one was a light room partition for indoor environments
with high traffic of people. Its modular system and cork’s lightness allows a great
versatility, in addition to improve the acoustic insulation.

Eco-Ideation Workshops: Definition and Requirements 593



4 Conclusions

The objectives of the workshop should be aligned with the objectives of the eco-
innovation project and determine the needs of the same, in terms of group formation,
selection of creative techniques, programming and start-up. The more time is devoted
to the preparation of the workshop, the better the results.

It is important to have a good definition of each element of the workshop, to define
properly the expected results, to help define the techniques and profiles of the partic-
ipants. Find the balance of the group is an objective of the preparation of the workshop,
the ratio technical/creative has to be tuned and adjusted to the group, techniques and
time requirements. The chosen techniques should not condition the performance of the
group, therefore sometimes it is necessary to adapt them, so that they are easy to apply
by any participant. A technical expert has a high value in a creative session but an
inappropriate technique cannot frustrate his participation.

The duration of the sessions must be short, so that they are very dynamic, but time
should not be a strict requirement. If the group works well and it is participative, the
time can be extended, trying not to affect the rest of the programmed activities.

The criteria selected for evaluation must be clear and easy to apply; to apply
qualitative criteria is easier than the quantitative criteria. The latter are difficult to define
and require specific knowledge and particular information as occurs with the metrics.
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Abstract. In recent decades, modular design has been fully developed due to
its important role in the current industrial evolution. The numerous advantages
offered by its application to product design has made companies from different
sectors opt for its use to solve particular needs. Many authors have studied
modular design from a theoretical viewpoint, but it is necessary to learn about its
application by studying real cases that allow us to understand what the object of
its application is, the different methods used to obtain modular products and the
results obtained in each case. Accordingly, we can know modular design’s most
characteristic features and benefits, the business of its application, what its
evolution has been, and what path it is currently on as part of the current
industrial evolution. To do this, a case study research is carried out, which is
divided into two parts. The first consists of a bibliographic review that focused
on the main authors who studied modular design and documented real cases of
its application, especially at the beginning of modular design in industry. The
second focused on investigating the current cases that have not been previously
documented, which shows how modular design is currently applied and how it
evolves.

Keywords: Design methods � Modular design � Product platform � Design
opportunities � Case studies

1 Introduction

Modular design began in the mid-1960s with modular production. In recent years, the
competitive needs of companies in mass production sectors (e.g. automotive or
industrial) have forced modular design to be implemented into companies to achieve
greater competitiveness, higher supply diversity and more product portfolio options [1].
The present work is an analysis of modular design as an application in various pro-
ductive sectors and as a future industrial design opportunity. Twenty-nine cases were
analyzed in these sectors: industrial [2], transport [3], automotive [4], electronic [5],
consumer product [6], architecture [7] and furniture [8]. The study focused on three
aspects: the design phase in which modular design is applied, the purpose of its
application and the particularities of each case. This study confers a poorly extended
design method visibility and high potential by providing real-life examples of its
characteristics and benefits [9].
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The first aspect to be studied is the phase as part of the design process, in which
modular design is applied [10], where we find three different options. The first, when
applied in the product life cycle, is where particular cases are identified in which
companies have developed their own methodologies [11]. In this application we
observe that there are links to the life cycle analysis from the environmental point of
view, which has been a basic pillar in modular design for easy assembly, maintenance,
replacement and disposal purposes [3]. The second option focuses on classic design
process phases, such as the conceptual, design and development phases, with some
conclusions about application opportunities in initial process phases. Finally, a par-
ticular case is analyzed, which is a research project applied as a previous phase to
modular design [12]. Such research aims to determine which elements can make up
architecture, platforms or product families in which to work on aspects such as
interchangeability.

The second aspect to be studied is the objective that modular design aims by
reflecting certain convergence toward module and product architecture definitions [15].
We observe that production flexibility [17], standardization [20], product platform
generation [2] and model configuration [4] are the objectives found in the study. Other
particular objectives tend to diverge with previous ones, and suggest decentralized
production, multiple uses or mass customization.

Finally, the third aspect refers to the particularities of each case that allow a diverse
definition of the modular design characteristics to be given. In both the bibliographic
review and case analysis, lack of modular design characterization is observed along
with specific applications, which generate particularities. However, a certain relation-
ship is noted that can be established among the used model, the design phase and the
desired characteristic to obtain a reference when applying modular design.

In the case study analysis, a reference is made to the various known methods and
models [25], which are framed within methods of structural analysis [26], functional
analysis [27] and matrix models [28].

Not every case has a clear reference to a model, but relationships can be established
to define their theoretical framework. In this way, the study of cases also serves to
reflect on current models and the need to implement new or more specific ones.

2 Method Description

The main objective of this study focuses on research through a bibliographic review,
and by analyzing real cases to which modularity has been applied throughout the
product’s life cycle phases.

As a result, we hope to find a series of cases that show which companies and sectors
are related to modular design to know in which design phase it is applied, what purpose
is set and what the particularities of each case are.

To achieve this, a bibliographic review that focused on various theses and articles,
whose authors studied modular design, was carried out. Many research works focus on
the initial applications in which modular design is first included, and show the need for
its development [2]. At present, and given the many offered advantages, it is still
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developing. Some studies have conducted work on the documentation of real cases of
applications in products as strategies or in platforms systems [3].

However, there are currently many cases that have not been previously documented
and belong to sectors other than those already documented. For this reason, a search
was made of new cases in the news, science magazines and on websites of various
companies. A series of key sectors in which modular design had been applied due to
the number of cases found in each one was identified.

Finally, two representative cases were included for these sectors: automotive,
architecture, furniture, toys and electronics. The analyzed cases show the different ways
of applying modular design by each company in the market, and describes what is
being developed and what is the path that modular design is taking in relation to the
future.

All the collected information was summarized in two tables, which provide basic
information on the case (the product it affects, the company that applies it and the
sector of the industry it belongs to) and a brief description of it, which includes the
design phase in which it is applied, its purpose and particularities.

With the results already obtained in the form of a table, we conclude the study with
the analysis of the results in the form of discussion and conclusions that deal directly
with aspects related to modular design applications.

3 Results

In the bibliographic review, we found that 19 cases had been already documented and
10 recent cases to be studied, which means 29 cases to be analyzed from various
sectors and companies.

The analysis of the results is included in Table 3. This table analyzes the rela-
tionship of all the 29 cases studied with the three identified aspects:

1. Design process phase. There are three different instances: Life Cycle Analysis
(LCA). Design phase (Conceptual phase, which refers to a new idea that did not
previously exist; Design phase, which refers to a solution that can be achieved
without having to develop something new; Development phase, which refers to
progress in a specific direction, as in technology, production, parts/components/
modules of a product, etc.). Research.

2. Purpose of application as for configuration and platform. This aspect refers to the
objective of the modular design in each case, such as obtaining new structures or
product architectures, generation of modules, improvements in manufacturing
machinery, etc.

3. Particularities or specific applications of each case. These particularities define the
characteristics that differentiate them from the rest, which are related to modular
design characteristics.
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3.1 Documented Cases

Table 1 shows a list of the 19 cases found in the bibliographic review documented in
other research works with basic data and a summary of each one.

Table 1. Documented cases

Case (product, company and industrial
sector)

Case summary

Sperry-Sun Drilling Services [2] (Electronic
sensors, Sperry-Sun Drilling Services,
Machinery)

The company developed a range of products
that allowed the incorporation of new
technology. At the same time they were
compatible and combinable with existing
products. Because of this, the company opted
for a strategy based on a modular product
philosophy

Crosfield Electronics [2] (Digital scanner,
Crosfield Electronics, Electronics and
printing)

The company created the Crosfield Product
Life Cycle Process (CPLCP), a modular
product development process in charge of
defining modules in the conceptual phases
and identifying the interactions that occurred
between them

Ford Motor Company [2] (Engines, Ford
Motor Company, Automotive)

Ford restructured its business process
worldwide under the name Ford 2000, which
included the Ford Product Development
System (FPDS) that allowed easy changes in
the process through flexible production

British United Shoe Machinery [2] (Shoes
Machinery, British Shoe Machinery,
Machinery)

Given its expansion in the global market, the
BUSM company went from highly complex
functional manufacturing machines to
simpler cheaper ones that required less
skilled operators

Modular system in truck manufacturing: The
SAAB-SCANIA [4] (Scania trucks, SAAB,
Automotive)

The case of Scania is one of the first modular
design cases and its objective was to make
modular trucks. Eight types of cabins were
developed thanks to the use of standardized
modules that allowed to make a new variant
in a minimum time

The case of Sony Walkman [5] (Walkman,
Sony, Electronics)

This case is a classic example of success
thanks to the use of modular platforms. Sony
managed to create more product variants by
adding modules to a platform, which made it
very successful in the market

Volkswagen platform strategy [11]
(Automobile, Volkswagen, Automotive)

The multiple ranges of Volkswagen vehicles
use product platforms to create product
families. The company managed to develop a
modular strategy that evolved over time, but
always responded to market needs

(continued)
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Table 1. (continued)

Case (product, company and industrial
sector)

Case summary

Modular German submarine [13]
(Submarine, German army, Transport)

German submarines case (Submarine Type
XXI) in which a submarine of a standard
model was divided into several modules of
longitudinal assembly to carry out
decentralized production

Locomotive Dash 2 Series [14] (Locomotive,
General Motors, Transport)

Locomotives Dash 2 presented a new electric
driving system based on separable modules
that allowed defective modules to be
replaced without having to take the entire
locomotive to repair

Merima Ltd. [8] (Logistic organization,
Merima Ltd., furniture)

Merima Ltd. applied modularity to the design
and logistics of a restaurant to be installed on
a ship. The restaurant was built on the
facilities, dismantled, transported in modules
and delivered with assembly instructions

Tunnel drilling rig [3] (Drilling rig for
tunnels, Tamrock and Jumbo, Machinery)

This is a research project in which the use of
platforms for different product families of the
Tamrock and Jumbo drilling brands was
analyze, and offered an analysis on how to
apply greater modularization according to
their functions

Diesel locomotive [3] (Locomotive, Valmet,
Transport)

The Valmet locomotive was designed and
manufactured with a modular structure,
which allowed it to be modified and have
multiple uses. This modularity is based on
assembly and facilitated maintenance in
general, with a saving of 30%

Passenger ship [3] (Passenger ship, Finnish
financing agency for technology, Transport)

It is a project that seeks to improve the
efficiency of ship delivery through
modularity and flexible standardization to
discover the division of the ship based on
modules to develop modular ships

Safe-deposit box [3] (Safe box, Kaso Ltd.,
Machinery)

Families of safety deposit box products were
examined to discover opportunities to move
from the production of standard models to
the production of configurable products

Machine tool [3] (Machine tool/Twin-Mill,
Fastems Ltd., Machinery)

The company undertook a modular
development project whose objective was to
define the structure of a Twin-Mill machine
by finding out where to implement a division
of modules based on their functions, and
creating a range of configurable products

(continued)
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3.2 Recent Cases

The previous section shows that more than half the previously documented cases
corresponded to the transport or automotive sector, followed by the machinery
development sector. At present, more industry sectors that are closely related to
modular design have not yet been documented. Table 2 shows 10 recent cases that
correspond to the following sectors: automotive, architecture, furniture, toys and
electronics.

Table 1. (continued)

Case (product, company and industrial
sector)

Case summary

Ambulance [3] (Ambulance, Profile Vehicles
Ltd., Transport)

The functional structure of an ambulance was
evaluated and lists of its main functions were
made. Thus the opportunities to create a
modular structure based on the functional
structure were examined

Forestry machine [3] (Forestry machine,
Ponsse Ltd., Machinery)

The Ponsse company created modules that
did not only focus on assembly, but also on
functionality. Several modules were sets of
parts located around the machine that could
not be assembled separately

Volvo trucks [15] (Configurables trucks,
Volvo, Automotive)

Volvo developed a configuration system for
its range of trucks as part of the CATER
project (2006), whose objective was to create
business networks and mass customization in
the automotive industry

Micro Compact Car (MCC) [16] (SMART,
Micro Compact Car (Daimler), Automotive)

MCC established diverse relationships
among product family development
processes, product architectures and a multi-
rand modular organization to create a
collaborative modular development project
organization
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Table 2. Recent cases

Case (product, company and industrial
sector)

Case summary

PSA (Peugeot-Citroën) [17] (Platform for
several compact models, PSA Group,
Automotive)

PSA seeks to manufacture most of their
compact models of the four brands on the
same product platform. The company has
two global platforms that are compatible with
the industrial resources launched in The
Factory of the Future programm: the CMP
(Common Modular Platform) and the EMP2
(Efficient Modular Platform)

Renault Mégane [18] (Renault Mégane,
Renault, Automotive)

The latest Renault Mégane’s model contains
a modular interior that is one of the most
spacious and adaptable models in its
segment. It offers an interior with a range of
options that adapt to the user’s needs

BoKlok [19] (BoKlok, IKEA, Architecture) BoKlok is a housing concept whose
objective is to build blocks of flats and
houses for low-economy people. IKEA
developed modular houses of a few square
meters by making them spacious and
affordable at the same time

Blokable [7] (Blokable, Amazon,
Architecture)

Blokable develops prefabricated building
modules (Bloks) in a wide range of sizes and
configurations to provide living spaces,
common areas and services that meet the
specific needs of each project type

IKEA products (BESTÅ, shelves and
children’s furniture) [20] (Products IKEA,
IKEA, Furniture)

IKEA has several examples of applying
modular design in its products: the BESTÅ
furniture, a set of modules with standardized
measurements; shelves of different sizes and
colors; and children’s storage furniture, to
name but a few

Ori Systems [21] (Ori Systems, MIT,
Furniture)

It is scalable modular furniture that changes
shape to create more efficient spaces. Its goal
is to make life more affordable, productive
and enjoyable for users. This versatile piece
of furniture confers different rooms space,
such as a room or study

Mindstorms [6] (Mindstorms, LEGO, Toys) It is a line of robotic toys that works with the
combination of modular pieces and the
programming of actions interactively. Its use
is based on the construction of integrated
models with computer-controlled
electromechanical parts

(continued)
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In Table 3 the 29 cases described in Tables 1 and 2 can be analyzed, and an
analysis is done by taking the three initially described aspects, and observing in the
summary column what particularities are more remarkable in each aspect, and the
details of each aspect in the corresponding column for each case. The results of Table 3
are discussed in Sect. 4.

Table 2. (continued)

Case (product, company and industrial
sector)

Case summary

Meccano [22] (Meccano, Meccano, Toys) Meccano has upgraded its building model
system by assembling modular parts, such as
plates, angle beams, wheels, axles and gears,
and plastic parts that are connected together
by nuts, bolts and fixing screws

GoldieBlox [23] (GoldieBlox, GoldieBlox,
Toys)

GoldieBlox offers toys that are sold in kits,
and that incorporate modular pieces for
structure construction. Thus, these toys
introduce engineering concepts through
storytelling and construction

Modular Smartphone [24] (Various products,
various companies, electronics)

It is a smart phone manufactured with
modules that can be updated to reduce
electronic waste, repair costs and increase
user comfort. The most important component
is the main board, to which the modules are
connected (processor, battery, camera, etc.).
Some brands, such as Motorola, LG or
Google, have already worked in this field
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4 Discussion

In a globalized and competitive market, modular design has proven a useful design tool
to face this competitiveness through higher supply diversity and a better response to
changing market demands, while making the manufacturing process more adaptive to
change. The analyzed cases prove the usefulness of modular design and the advantages
of its application to industrial development in last decades. Nowadays its main
objective is the application of methodologies in which the design phase prevails, the
definition of modules to seek functionality and the possibility of generating configu-
rations. Therefore, modular design offers a development opportunity due to the context
in which it is found with the variables directly related to its objectives; e.g., a com-
petitive market, fewer resources, more demands and the latent need for product cus-
tomization. In economics and business, the modularity of products, services and
processes is a key factor in technological, economic and social development.

The analysis of the most recent cases reflects the importance of modularity as a
future industrial design opportunity in the current industrial evolution. These cases use
modular design as a tool to face current challenges, such as the needs of customers and
companies, new technologies like Industry 4.0, the standardization of design entities
and agile manufacturing. In addition, the growing demand for customized products is
pushing companies to adopt the principle of modularization in their product design and
development phases, which offers them the advantage of creating customized products
or services easily and economically. As shown in Table 3, no registered case’s
objective was product personalization, while there are two recent cases that did [18,
20]. This is why modular design development can be established as a milestone in the
history of industrial production, where modularity can become a great future challenge.

By analyzing the studied cases, three design process points were detected in which
modular design was applied. The first is its application in the product life cycle, where
modularity allows it to be extended by adapting it to new requirements and its evo-
lution by incorporating new features. This means that modular design fits an envi-
ronmental context with a strong link to the circular economy, and modular design can
bring major improvements by allowing the development of reusable, repairable and
updatable characteristics. At this point, an opportunity is detected to develop a line of
modular design that addresses the environment given the scarcity of cases that focus on
this aspect (only two cases). The second point refers to classic design process phases.
In this case, an opportunity is identified to apply modular design to the initial con-
ceptualization phases with new design methodologies as cases are scarce. The third
point is the opportunity to introduce research into modular design methods. This sit-
uation may vary the aim of modular design by introducing the search for new
requirements before the process starts.

The second aspect is related to the blocks or modules that can shape a product’s
architecture, which are determined to create a platform that gives rise to a family of
products by bearing in mind the interchangeability of components. In line with this, it is
observed that while the documented cases focus on product architecture, most recent
cases center on the module (Table 3).
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The characteristics of the modular design and the third aspect are closely linked to
its benefits. These characteristics are specific and particular to each case, and modular
design application to the product design and development increases the final product’s
level of modularity by providing traits that offer significant advantages during its life
cycle. Differences in the use of these characteristics exist between documented cases
and recent cases. While documented cases opt for functionality, product decentral-
ization or product flexibility, the most recent cases opt for those such as interaction,
economy, personalization or integration (Table 3). By connecting independent modules
on a single product platform, modular design makes the product variable and config-
urable. Many companies use this fact to lead to characteristics such as adaptability, and
the ability to mutate according to the needs of users and the environment; personal-
ization both before manufacturing the product (automotive) and during its life cycle
(modular smartphone); multifunctionality, integrating multiple functionalities through
modules; and flexibility, especially regarding the manufacture of the product. These
characteristics arise thanks to the standardization and connectivity of modules, which
render them interchangeable, reusable and updatable which, in turn, improves the
economy of scale.

5 Conclusions

The study of documented cases of modular design applications allowed us to know the
reasons why it was first used in industry to thus understand the bases that established it
and its subsequent development in industries of various sectors. Otherwise, the study of
recent cases shows the diverse forms and purposes of applying modular design to the
current economy, and the place it occupies in the present industrial evolution. At the
same time, the results of this study reveal that there are numerous sectors in which
modular design is not currently used, but where a potential application will possibly
exist if it continues to develop. Table 3 shows the need to increase the efforts being
made in many aspects, such as configuration, compatibility, simplicity or variability, as
part of the current industrial evolution.

As shown in the results, some sectors whose development and evolution from the
past to the present are greater include: automotive, with companies such as Ford or
Volkswagen; architecture, BoKlok of IKEA; furniture, Ori Systems developed by the
MIT; electronic, Sony Walkman; toy maker, Mind Storms of LEGO; computers, with
hardware and software development; mechanics, especially as regards machinery
design. The use of modular design in some of these sectors has been so influential that
it has given rise to new design concepts such as kit car, kit house or modular smart-
phone. However, there are several sectors in which modularity has not yet been
incorporated into product design, such us the food, textile or sanitary sectors. This
means that there is a large niche market where modular design can be incorporated into
if it continues to develop in the near future.

Our results show that there are numerous methodologies and models, some theo-
retical and some particular to each company, that allow modularity to be applied to
product design. As shown in the case summary in Table 1, the effectiveness and
reiteration of its application results in a series of models that have already been
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consolidated and validated for decades, and are classified into: methods of structural
analysis, functional analysis and models based on matrices. Some of these models are
more recent and offer a more limited application in real cases, which means they are
currently in an experimentation and development state. However, it has been detected
that its use in conceptual development phases is lacking in most methods, which
represents an excellent opportunity to develop a new method.
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Abstract. We currently live in a globalized world where the imperative need to
both generate added value and new products and services has been strengthened.
Some of the problems pending to solve can be properly faced from the field of
“Design”. However, and up to now, there is no design science serving as a
knowledge pivot for developing and building the solutions required. On the
other hand, design is cross-cuttingly present in the different activities of a
country like Spain, where one of the most important sectors is agriculture.
Starting from this context, a survey about the role of design in the agri-food
industry has been developed through the well-known Delphi method, consti-
tuting a panel of experts from the private sector of Andalusia. To the best of our
knowledge, this is the first study in which a forum of these characteristics has
aimed to involve both CEOs and managers of agri-food businesses and design
professionals to work together around this topic. The results obtained suggest
that design component in the agri-food industry is mainly present in activities
related to graphic design, showing less presence in the industrial-product design
or, specially, in the environment design. They also point out that design is an
important tool to explore in the agri-food sector since it might provide both
tangible and intangible benefits. The findings of this work seem to be very
valuable as a diagnostic to characterize the design component, also contributing
to uncover and develop the design as an important factor of dynamization.

Keywords: Design � Agri-food industry � Innovation � Interdisciplinary
research � Delphi method

1 Introduction

Agriculture is one of the main Spanish strategic sectors for the development of the
country [1], being the agri-food industry one of its main business areas according to the
high added value it brings to raw agricultural products. In southern Spain, the agri-food
industry presents a high-level of innovation focused on food quality and safety, sus-
tainability and, more recently, due to the generation of new products with the imple-
mentation of the organic production [2]. Nowadays it is needed to generate added value
in agri-food products, considering that most socio-economic activities are evaluated in

© Springer Nature Switzerland AG 2019
F. Cavas-Martínez et al. (Eds.): Advances on Mechanics, Design
Engineering and Manufacturing II, LNME, pp. 610–621, 2019.
https://doi.org/10.1007/978-3-030-12346-8_59

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-12346-8_59&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-12346-8_59&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-12346-8_59&amp;domain=pdf
https://doi.org/10.1007/978-3-030-12346-8_59


terms of innovation and the capacity to create (or recreate) new products and services.
It is worth noting that most of these aspects are directly related to the field of design. In
this sense, it is relevant to define the concept of Design, accepting that there are endless
definitions for the word “Design”. These definitions vary depending on the focus and
final goals, comprising terms such as industrial design, graphic design, package design,
production design, service design, etc. Although a common denominator can be
identified, the term “Design” can refer to the process of the creating something mostly
tangible [3]. Design becomes a key variable in the culture of innovation, being very
important that organizations integrate innovation through its different applications [4].
There are many authors [5–7] that point out that more and more companies in
developed countries identify design as not only an activity which refers to the aesthetics
of goods or services, but it is a multidisciplinary and holistic process involving eco-
nomic, sociocultural, technological and environmental factors, constituting an impor-
tant source for the generation of innovation in any of the activities of companies and
organizations.

From the scientific-academic point of view, “Design” could be currently considered
as a postmodern discipline that, in practice, is essentially linked to graphic
expression/communication, architecture and product engineering, although it is not
considered a fully developed scientific discipline, still being in a growth phase [8]. This
aspect was evident in a previous stage 0 of this research line consisting of a biblio-
metric study focused on the main bibliographic data bases for the search of scientific
literature. “Scopus” (Elsevier) and “Web of Science” (Thomson Reuters) were the
platforms used to search for best references of peer-reviewed publications and con-
ferences. This previous work turned out to be a difficult task, since there was no
specific category in “Design” and thus a very extensive search had to be undertaken in
a wide range of categories (e.g., Arts, Engineering Multidisciplinary, Architecture,
Management and so on). Another fact that denotes the difficulty of gathering infor-
mation in this field is that there is no “Design” descriptor among the UNESCO codes.
All these difficulties were sharped when relating “Design” with the “Agri-Food
Sector”.

In this second phase, and after including Google Scholar as an additional search
engine delimited to the last 5 years (period 2012–17), some conclusions could be
extracted: (i) Most of the reported documents were about design in the sense of
agricultural holdings. On the other hand, (ii) those works directly related to design were
focused on packaging, product brand and denomination of origin, in line with the
conclusions obtained in the first phase of this research line [9]. Note that only two
works were found with respect to design in the agri-food sector of Andalusia. One of
them was related to the subject of consumption of agri-food products, making up a
classification in different cases and trends, and identifying the most useful tools for
improving design (i.e. materials, textures, shapes, styles of illustration, photography or
type of messages that allow to connect with the values and taste of consumers) [10].
The other work was focused on the history of the graphic design in the companies of
the horticultural sector of Almería, proving that the functional aspect of the commu-
nication of design was not developed as it should [11].

During the first phase of this work [9] was constituted a panel of experts from the
public arena to explore new research lines in which “Design” is related to “Agri-food
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Industry”. An example of the design component in the agri-food sector can be seen in
Fig. 1. Since the preliminary bibliometric analysis concluded that the information
about the role of design in agri-food sector was scarce, this research line started from
scratch by characterizing the design component in the agri-food industry through the
application of the Delphi method. This method is based on a systematic and iterative
process aimed at obtaining answers to specific objectives from a panel of experts [12].

The research questions were focused on uncovering the perception about the role of
design in the agri-food industry. As a basic reference, the experience of a group of
experts linked to the agri-food sector is taken to answer to the following questions:
What is the presence of the design component in the Andalusian agri-food cluster? Is
design an interesting tool to explore in the agri-food sector? For the selection of the
main items to be assessed, the previous work carried out in this line of study has been
used [9]. The final goals of this work would be the following ones: (i) To identify the
main design areas within the agribusiness and agri-food sector. (ii) To know the
importance of the design component by areas as well as the tangible and intangible
benefits that it can provide to the agri-food industry. (iii) To go further in the search of
the main design-sector lines of action.

Fig. 1. Examples of the design component in the agri-food sector in the province of Almeria
(southeast of Spain): environment design (a), industrial/product design (b) and graphic design (c–d)
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2 Materials and Methods

This section will describe the methodological differences with respect to the first phase
of this research line divided into three sub-sections: (i) panel of experts, (ii) instrument
of measurement, and (iii) analysis of data. An in-depth description of the general
methodology applied can be found in Authors [9]. In this preliminary stage, two
working groups were constituted, that is, the coordinating group and the group of
experts. As in the previous phase, the coordinating group was composed of the
members of the research group RNM-368 of the Andalusian Plan for Research,
Development and Innovation and the Campus of International Excellence in Agri-Food
(ceiA3; further information can be retrieved from http://www.ceia3.es/en).

2.1 Characterization of the Expert Panel

The final panel of experts consisted of 22 participants, although a higher number was
contacted, so that the final sample was the same as in the previous phase [9]. The final
distribution by professional areas was the following: 68% were professionals of the
Andalusian agri-food industry belonging to representative corporations such as, e.g.,
“ANECOOP, Empresa Cooperativa Hortofrutícola de Segundo Grado” [cooperative
fruit and vegetable enterprise of the second degree] or “COEXPHAL-APROA, Aso-
ciación de Organizaciones de Productores de Frutas y Hortalizas de Almería y
Andalucía” [association of fruit and vegetable producers’ organizations of Almeria and
Andalusia]. 32% of panel members corresponded to design professionals in Andalusia
associated to most representative corporations such as “AAD, Asociación Andaluza de
Diseñadores” [Andalusian association of designers] or “SURGENIA, Centro Tec-
nológico Andaluz de Diseño” [Andalusian design technology center].

Regarding genre, 27% were women and 73% were men. Note that in the prelim-
inary phase of the profiles selection, an attempt was made to find an equitable per-
centage of men and women, so that in the exploratory phase there would be a
significant participation of expert women. But in most cases it was not possible, due in
part to the low number of women who hold management positions. These participants
were mostly presenting (91%) higher education (see Fig. 2) in very diverse areas of
knowledge. This is required to ensure the interdisciplinarity of the panel (e.g., mar-
keting, social and agrarian economy, agri-food cooperativism, engineering projects,
industrial design, graphic design, etc.). The 50% of panel member counted on a pro-
fessional experience of more than 20 years, while 23% of them had between 15 and 20
years of experience. Finally, 59% of the participants knew or had worked with the
Delphi method. To the question “What do you mean by design?”, 95% responded that
design is a structured work process. 91% of them claimed that design should be a
fundamental line of study regardless of the sector involved (industrial, social, aca-
demic…). None of the experts considered that design is a punctual activity (a style or
fashion) nor a synonym for advertising. All these answers denote the degree of
expertise and knowledge of the panel members with respect to this topic.
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2.2 Measuring Instrument

From a methodological point of view, significant modifications have been introduced in
the measurement and procedure instrument with respect to the first phase (further
information in [9]). Following the recommendations of different authors [13, 14]
indicating that increasing the number of points on a scale can increase reliability, the
Likert scale of response was increased up to 9 points to achieve a more precise
assessment (e.g., Nothing Present: 1/Very Present: 9). In addition, new variables related
to tangible and intangible benefits have been added (two subsections to the second
question, 2.1 and 2.2) following the recommendations of [15]. Table 1 shows a
summary of the items of the first two questions (30 items). The exploratory phase was
developed throughout 2016, lasting several months and requiring between 1 to 3
months to complete each of the consultation rounds and incorporate the corresponding
feedback.

2.3 Analysis of Results

In relation to the quantitative analysis through descriptive statistics, the median (m) has
been calculated as a central measure for detecting trends. The arithmetic mean (l) and
the standard deviation (r) were computed as complementary indicators to establish the
relative order between items with the same median.

In this second phase we have incorporated a new metric based on the coefficient of
variation (CV) as a panel agreement estimate, since literature does not provide a single
guideline to follow [16]. In fact, Shah and Kalaian [17] suggest that CV is the most
appropriate test for studies of this type. Simultaneously, it is necessary to determine a

Fig. 2. Professional qualification of the Delphi panel members
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threshold value that indicates the degree of consensus of the panel experts. There is no
single criterion. For instance, Keeney [18] used a 75% consensus level, while Loughlin
and Moore [19] suggested a value of 51%. This work has followed the

Table 1. Items raised in the Delphi questionnaire

No. Item Description

Fields of action/areas of design (first question)
1 Development of agro-industrial buildings and secondary industries. Landscape

integration (industrial and environment design)
2 Facilities and equipment (industrial design)
3 Development of agricultural machinery (industrial design)
4 Agri-food packaging, manufacturing of packaging (graphic and product design)
5 Design of new packaginga (product design)
6 Graphic application to existing packaginga (graphic design)
7 Trade fair stands and materials (graphic and spaces design)
8 Corporate identity of agri-food companies and sector associations (graphic

design)
9 Product Systema (graphic design)
10 Product communication (graphic design)
11 Conception of products and trademarks (graphic design)
Importance by area (Second question)
12 Training centers (Study plans)
13 R&D&I centers
14 Government authorities
15 Small and medium enterprise
16 Large companies
17 Large distribution chainsa

18 Consumers
Tangible Benefitsa (2.1 question)
19 Increase in competitiveness
20 Improvement of the product development process
21 Increase in exports
22 Development of industrial and intellectual property
23 Reduction of environmental impact
24 Market-Sale Quotas
25 Profit-Profitability
Intangible Benefitsa (2.2 question)
26 Differentiation and positioning
27 Quality improvement
28 Entry into new markets
29 Customer satisfaction and loyalty
30 Improvement of the corporate image
aNew items added in this second phase (not present at the first phase of this research line [9])
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recommendations published in [16] and [20] to build up five consensus categories:
(i) CV � 25%; very high agreement. (ii) CV > 25% and � 50%; high agreement.
(iii) CV > 50% and � 75%; average agreement. (iv) CV > 75% and � 100%; low
agreement. (v) CV > 100%; very low agreement.

3 Results and Discussion

To the best of our knowledge, this is the first study in which a forum of these char-
acteristics has been constituted, allowing to group different agents of the private sector
for trying to define what is the role of design in agri-food industry. It is necessary to
highlight that in 27 out of the 30 consulted items a high or very high degree of
agreement has been reached, what is relevant considering the participation of two well
differentiated areas: CEOs and managers of agri-food business and design profes-
sionals. The results obtained in this second phase are presented below, also providing a
comparison between the trends detected in both studies (i.e. public and private sectors).

3.1 Presence of the Design Component in the Agri-Food Industry

In this second phase the trend with respect to the study carried out in the first phase has
been maintained [9].

If we conduct the comparison taking as reference the order of presence of the
design component in the agri-food industry, design lacks presence in the projection of
agricultural constructions both for the private and public sectors panel members (see
Table 2, item 1), although the degree of agreement around this issue was greater in the
first phase. With respect to corporate identity (item 8), the trend has not been main-
tained for the private sector, occupying position 5 in the design presence ranking. Note
that in the case of the public sector it was ranked the first place. Furthermore, the
private sector has given more importance to the item related to “Trade fair stands and
materials” (item 7), followed by two new items introduced in this phase such as
“Graphic application to existing packaging” (2nd position), and “Design of new
packaging” (3rd position). In the main, the trend related to the degree of perception of
the design component is maintained in the first positions in both sectors.

3.2 Importance of Design Ranked by Area and Its Benefits

Regarding the public sector, the Delphi experts agreed that design is quite or very
important for large agri-food companies. This trend remains in this second phase for the
private sector, also showing a high degree of agreement as can be seen in Table 3 (item
16–17). Table 3 is also depicting that consumers positioning is situated in the first place
(item 18), while most experts pointed out that both Training Centers (undergraduate
and postgraduate curricula) (item 12) and Government Authorities (item 14) considered
that design is not a fundamental element for the innovation and improvement of the
competitiveness of the agri-food sector. It can be added that these two issues aroused
especially the interest of some participants.
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In this phase a series of items have been included around the tangible and intangible
benefits that could be obtained from the incorporation of the design component in the
agri-food industry. For each of the benefits two different items were drawn up trying to
reflect the same approach, subsequently obtaining the mean between both items to
obtain the most reliable valuations possible. For example, for the item “Increase in
competitiveness” (item 19) the panel members claimed: (i) The position of the
Andalusian agri-food sector should be improved with respect to its competitors; (ii) the
products of the Andalusian agri-food companies should gain competitiveness.
Regarding the tangible benefits, the increase in competitiveness was the most valued
with a high degree of agreement as can be seen in Table 4 (item 19). The item
perceived as the least important turned out to be the reduction of the environmental
impact (item 23), although good scores were obtained for all. Regarding the intangible
benefits, the one that obtained the best evaluation was the improvement of the corporate
image of the agri-food companies and organizations, as it is shown in Table 5 (item

Table 2. Presence of the design component in the agri-food industry

Order Item m µ r CV Agreement

1 7 6.5 6.05 2.03 33.7 High
2 5 6.5 5.59 2.38 42.6 High
3 6 6.0 6.00 1.75 29.1 High
4 4 6.0 5.45 2.15 39.5 High
5 8 5.0 5.45 2.04 37.4 High
6 3 5.0 5.23 1.85 35.4 High
7 2 5.0 5.18 2.08 40.2 High
8 10 5.5 5.14 2.10 40.9 High
9 9 5.0 4.82 2.42 50.3 High
10 11 4.0 4.77 2.31 48.4 High
11 1 3.0 3.59 1.89 52.7 Medium

l = Arithmetic Mean; r = Standard Deviation; m = Median; CV = Coefficient of Variation
(expressed in %). Reference qualifiers: (1) Nothing Present–(9) Very Present

Table 3. Importance of design by area

Order Item m µ r CV Agreement

1 18 7.0 6.68 1.64 24.6 Very High
2 17 7.0 6.23 1.72 27.6 High
3 16 6.5 6.18 1.56 25.3 High
4 13 5.0 4.73 1.78 37.6 High
5 15 4.0 4.45 1.74 39.0 High
6 12 4.0 3.77 1.95 51.7 Medium
7 14 3.5 3.64 1.97 54.0 Medium
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30). Although very similar assessments were obtained in all cases, the improvement of
quality (item 27) was placed in last position.

From the results obtained it can be deduced that, in all the cases raised, the panel of
experts attaches great importance to design as an element of non-technological inno-
vation within the agri-food sector. Aspect that was not reflected in a study conducted in
2012 on innovation in Andalusian companies [21]. In this work was looking for sought
to answer the question: how do companies innovate?, from a sample of 100 companies
for the specific case of the agricultural sector. The results that were obtained were quite
surprising, since only one variable was identified that favored clearly the level of
innovation. Specifically, reference was made only to patents and other industrial
properties. At this point it is important to mention that although everything points out
that design in general is not incorporated in the sector, there are transversal aspects that
have begun to be incorporated in recent years. For example, in a special edition of a
multidisciplinary agriculture journal, it was very clear that Computational Fluid
Dynamics (CFD) related to Computer-Aided Design is now close to maturity in the
eyes of agricultural engineers [22]. Finally, it should be emphasized that the set of
benefits studied in this work can help overcome one of the main limitations of agri-food
products, the non-differentiation of the product in relation to the products of other
agricultural holdings, i.e. the lack of a brand. Limiting very notably the application of
other strategies related to marketing, as is the case of advertising [23].

Table 4. Tangible benefits obtained from the application of design in the agri-food industry

Order Item m µ r CV Agreement

1 19 7.5 7.55 1.07 14.1 Very High
2 25 7.3 7.02 1.67 23.7 Very High
3 21 7.0 7.00 1.64 23.4 Very High
4 24 7.0 6.89 1.91 27.8 High
5 22 7.0 6.68 1.51 22.6 Very High
6 20 6.5 6.34 1.56 24.6 Very High
7 23 6.0 6.05 1.54 25.5 High

Table 5. Intangible benefits obtained from the application of design in the agri-food industry

Order Item m µ r CV Agreement

1 30 8.0 7.82 1.05 13.5 Very High
2 26 7.5 7.57 1.07 14.2 Very High
3 29 7.3 7.57 1.00 13.3 Very High
4 28 7.0 7.09 1.43 20.1 Very High
5 27 7.0 6.93 1.09 15.8 Very High

l = Arithmetic Mean; r = Standard Deviation; m = Median; CV = Coefficient of Variation
(expressed in %). Reference qualifiers Table 3: (1) Nothing Important–(9) Very Important;
Table 4 and 5: (1) I totally disagree–(9) I totally agree
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3.3 What Lines of Design-Sector Action Do You Think Are Necessary?

In this second phase, the 7 design-sector action lines already raised in the first phase
from the public sector were also included at this second stage [9]. The Delphi panel of
the private sector determined that the most relevant line was the one related to eco-
design as a tool for the development of new packaging in the agri-food industry
(l = 7.32; r = 1.46). The action line related to design as an analysis instrument for
landscape planning and integration of agricultural facilities took the second place
(l = 7.05; r = 1.70). In both cases a high degree of consensus was obtained. As a
result of this second phase, new lines of action have emerged such as: (i) Design of a
tourism-agrarian strategy. (ii) Promote knowledge of design as a function of compa-
nies. (iii) Design as a dynamic element in the new paradigm of the “Bio-economy”.
(iv) Explore alternative methodological tools for design training from the teaching-
learning point of view.

Regarding packaging, it would be very interesting to incorporate environmental
variables in the design process by exploring the growing wave of the so-called emo-
tional design [24]. For example, Tassina and Cacioppo [25] studied how the emotions
of consumers were affected by the product (i.e. design results). Regarding the design
line of developing tools and analysis instruments for planning and landscape integra-
tion, a very consistent coherence in the results was observed. In fact, it was the
component to which less presence was assigned (item 1), and subsequently stands out
as a necessary line to be developed in the agri-food sector. This proposal would be
framed in the context of what is commonly called “Landscape Architecture”, a research
line started in Spain by mainly focusing on agricultural constructions with an important
technical component [26–28]. However, the applications of this promising research line
on the specific case of plastic covered greenhouses areas and issues related to land
planning is practically nonexistent. This is the reason why we have recently started a
new research line in which widely known tools such as “Remote Sensing Techniques”
and “Landscape Metrics (spatial)” are applied to develop a methodological proposal
headed up to facilitate rural landscape evolution studies, land planning and monitoring,
and policy management in areas of intensive agriculture.

Finally, and from an academic perspective, we propose the introduction of the
“Design Process” as a topic to be incorporated in the subjects of the “Graphic
Expression” module at degree or master level. This approach could allow the devel-
opment of innovation and creative empowerment skills.

4 Conclusions and Future Research Lines

Regarding the first question, the experts panel from the private sector considered that
the design activities mostly present in the agri-food sector have to do with graphic
design. It should be noted that in this case, unlike the Delphi panel from the public
sector, they considered that the design component is more present in trade fair stands
and materials where, in addition to the graphic design, the design of products and space
plays a relevant role. With regards to the incorporation of design into organizations and
companies in the agri-food sector, the group of experts considered that it is an
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interesting tool to be explored, an idea that is based on the good scores granted to
tangible and intangible benefits which could be obtained from this approach.

Finally, the findings obtained in this work (putting together both public and private
agri-food sectors) represent an indispensable preamble to get insight about the current
situation regarding the presence of the design component in the agri-food industry. In
this sense, an important background is already available so that further works will try to
get a detailed picture of specific agri-food clusters to allow understand how design is
present in the companies of the agri-food sector. This could favor the transfer of R&D&
I results to the agents of the sector to increase the social impact of this work and the
development of the design culture. In summary, the milestone provided by this new line
of research seems to be very valuable as a diagnostic tool to characterize the design
component in the agricultural sector. That in turn can help to discover and develop design
as a tool of non-technological innovation and a factor of dynamization for the creation of
environmental, social and economic value in the agri-food sector.
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Abstract. The aim of this paper is to collect graphical information (with
thermal images) on how moistures can appear in building materials such as
concrete, and to develop a method that detects moisture using infrared ther-
mography. This research work was prompted by the fact that moisture is one of
the greatest building pathologies, along with the fact that there are insufficient
standards and documentation for using this technology in specific applications
such as moisture detection. Real specimens of concrete were built with the
specific purpose of generating moisture. Infrared images (thermograms) were
then taken to show their development, and were analysed with FLIR Tools+ and
FLIR ThermaCAM Researcher software. The results of the experiments
revealed important information for defining the thermal patterns to be detected.
Using this information, the graphic characteristics of a typical qualitative
(without measurement of temperatures) thermal pattern in a wet material are
described, as well as the qualitative thermal pattern of the rise in capillarity,
which is suffered by a part of the material. In addition, the humidity levels were
checked with a thermo hygrometer to confirm the different areas shown by
thermography in the previous thermal patterns. This research will be useful for
professionals who have the suitable equipment for moisture detection and
treatment, because once the visible moisture marks have been produced, they
endure regardless of whether or not the material is damp.

Keywords: Infrared thermography � Inspection method � Graphic analysis �
Moisture

1 Introduction

Thermography is a technique that detects infrared energy emitted from objects, upon
which this is converted into temperature, finally displaying an image of its temperature
distribution [1]. By definition, this technology operates at infrared frequencies and is
sensitive to both temperature and emissivity variations. The possibility of taking
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pictures and their later analysis offers a considerable number of potential applications
within the engineering field [2, 3].

Even though thermography portable cameras aimed at engineers, construction, or
maintenance technicians have been on the market for more than 50 years, there is a lack
of documentation and standards for their use in specific applications. In addition, the
equipment is widely used without any methodology or tests that can confirm whether
the detection has been carried out in the optimal way.

In this research, thermography was applied to moisture detection in concrete, one of
the most widely used and readily available construction materials on the market. It is
widely accepted that moisture problems in construction are responsible for a consid-
erable amount of building damage. In fact, according to the Análisis Estadístico
Nacional de Patologías en la Edificación developed by the MUSAAT Foundation in
2013 [4], moisture is the direct cause of 40% of building failures. Therefore, the
different types of moistures that can appear in materials have been distinguished by
their origin, condensation, filtration, and capillarity [5, 6].

However, thermography is able to predict this pathology, and allows for a quali-
tative evaluation of the real state of the moisture and its dimensions within a wall. For
this reason the objective of this research was to exploit this technology in an attempt to
establish a method that ensures easier detection, focusing on the capillarity of the
moisture. Thus, the aim was to find a common thermal pattern that helps to identify if
moisture exists, and whether or not the material is completely wet.

A wall that is in perfect condition, without moisture problems, will show a
homogenous picture when taken with an infrared camera. However, if it is affected by
water, the thermogram will change and it will display different areas where the thermal
pattern is characterized according to the type of moisture. This information will be
more accurate prior to analysis with the corresponding software.

2 Materials and Methods

The experiment began with the manufacture of two concrete blocks (left side of Fig. 1),
which were constructed with the same dimensions of 21.5 � 16 � 9 cm. One of the
blocks was kept dry, to serve as a comparison. The other block was subjected to
numerous tests in which the specimen was placed in a bucket with water with the aim
of inducing moisture. The right side of Fig. 1 shows the finished specimens ready to
start the analysis.

The procedure consisted of placing one of the concrete blocks in water, and
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monitoring its development by taking infrared images every 10–15 min. Different tests
provided a total of 65 images on different days where the development of moisture was
observed. These images were then analysed using the corresponding software,
choosing the four most representative images, all of which were produced by the final
test (It should be noted that several tests were carried out to confirm the repetitive
behavior of the thermal patterns observed, as well as the influence of the time of day
and the thermal conditions at the time of testing).

This choice of images was made taking into account the fact that the experiment is
conducted several times and therefore the wetting and capillarity processes are repe-
ated. Thus images are taken of the various phases of the process, with those most
common and repetitive being regarded as the most representative, providing a good
sample of the phases of the wetting process of the models.

In general, the methodology followed in thermography inspections consists firstly
of recognizing and/or measuring in situ the object of study with the camera, which is
equipped with a screen and the basic tools needed to make an initial interpretation of
the image. Later, a more in-depth analysis can be carried out using the corresponding
software.

When using both the camera and software, the image has to be corrected. This
means that certain parameters must be introduced such as emissivity or reflected
apparent temperature. Emissivity refers to how efficiently an object radiates heat. It is
defined as the ratio of infrared energy emitted by the object, compared to that emitted
by an ideal blackbody, if both are at the same temperature. It is represented by either a
percent or a decimal, and in the current experiments it takes the value 0.95. The second
parameter, reflected temperature, is any thermal radiation originating from other objects
that reflect off the target being measured [7], which is calculated by the ISO 18434-1
and takes the value 21.3 °C.

In spite of taking these parameters into account, it is very common to regard the
measures obtained as qualitative in many thermography studies where measuring an
exact temperature is not strictly necessary. In these cases only thermal patterns should
be identified, comparing the different level of radiation obtained between the specimen
tested and its normal conditions. Nevertheless, these parameters are considered to be
more rigorous.

Fig. 1. Concrete blocks studied
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Following this, the color palette was chosen, which is a useful tool for thermal
image interpretation. There is no such thing as the optimal palette since the one that
shows the best thermal patterns is selected in each case [8]. The criterion followed in
this research was to select the palette that gives a high thermal contrast, since tem-
perature gradients are not so large and it is necessary to choose a palette where the
different temperatures in the specimen stand out.

Finally, straight lines were drawn using other software tools with the aim of
observing the temperature distribution on the block surface (see Fig. 2).

The images were taken by a FLIR T-355 thermography camera and were analysed
with FLIR Tools+ and FLIR ThermaCAM Researcher software. A thermo hygrometer
was used to verify relative humidity levels (Extech Instruments model MO297).

3 Results and Discussion

3.1 Thermal Image nº41, 11:00 h (Time Zero). Dry Specimen

The following image in Fig. 2 shows a screenshot of the analysis software, the
ThermaCAM Researcher. In the thermal image both concrete blocks can be seen, the
one used for testing, which is in contact with water on the left, and the comparison
block, which is displayed on the right. With the aim of studying temperature distri-
bution throughout the piece/object, two straight lines were drawn (L01 and L02).
A graphic is obtained from those lines showing how the temperature on the surface
changes, on the y-axis, along the image pixels, placed on the x-axis. The exact tem-
perature value in each pixel is known by means of a cursor that can be moved over the
lines. This information is indicated in the Position tab.

Fig. 2. Screenshot of ThermaCAM Researcher Software with the first thermal image analysed
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This image belongs to the beginning of the experiment (using the last specimen put
in water). The specimen had just been put into water, and therefore we were yet to
observe an increase in moisture by capillarity. In this case, the thermal patterns that the
image reveals are homogeneous and equal, and the graphic of the temperature distri-
bution is constant. Figure 3 shows the previous image analysed in the visible range.

3.2 Thermal Image nº44, 11:30 h (Time 30′). Specimen
with no Capillarity Area

Half an hour later, the porosity of the material causes water to rise rapidly through the
specimen. The thermal pattern is no longer homogeneous and two areas can be dis-
tinguished (Fig. 4), which are discernible and coincident in both the infrared and
visible ranges The lower area, in blue, represents the completely wet side that has the
lowest temperature distribution, while the other has a higher temperature corresponding
to the dry side of the block.

The temperature distribution declines on the side that is completely wet, but it
rapidly becomes stable, without any transition area between the wet and dry side. In
other words, there is no point on the graph in which the temperature descends grad-
ually, as will be seen in the following section.

Fig. 3. Visible image of Fig. 2
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3.3 Thermal Image nº50, 12:34 h (Time 94′). Specimen with Capillarity
Area

This image, shown in Fig. 5, with its corresponding visible range image in Fig. 6, is the
most representative image of the entire experiment since a significant change was
found in the thermal pattern. There is a band beyond the visible range, with a tem-
perature that is different from the other sides studied previously. This means that if the
thermogram is compared with the visible range image, this area is not perceptible to the
human eye, thus showing that thermography provides a level of analysis that goes
beyond what people are able to see. This thermal pattern was monitored from that point
in order to verify that it is not a coincidence.

The temperature profile is directly related to that previously analysed, showing
similar behaviour on both the wet and dry sides. In both cases the highest temperature
is constant (this being on the dry side) and in the wet area it does not fall rapidly to
become stable again with a constant lower temperature. However, in this case there is a
transition band between the two areas already identified, defined by the P01 and P02
points, where the temperature declines gently, and which coincides exactly with the
new thermal pattern discovered, represented in light blue. This band represents the
partly wet material, which is the area suffering from capillarity and the one which will
become completely wet over the passage of time. Thus, thermography acts as a
warning sign.

Fig. 4. Screenshot of ThermaCAM Researcher Software with image nº44 analysed
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3.4 Thermal Image nº59, 14:00 h (Time 180′). Verification
of the Capillarity Area

The final image analysis, presented in Fig. 7, verifies the thermal pattern that was
revealed in the previous section. This confirms the presence of the partly wet area that
is not perceptible in the visible range. Moreover, with thermography the three bands are
now more readily distinguishable than before. Regarding temperature distribution,
a transition area again appears, defined by P01 and P02, coincident with the band
only visible in the infrared range, and this area is even larger than that observed
previously.

Fig. 5. Screenshot of ThermaCAM Researcher Software with image nº50 analysed

Fig. 6. Visible image of Fig. 5
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To provide more information, the thermogram and visible image are conjointly
presented in the same figure (Fig. 8), option that is available when sing the FLIR Tools
+ software. Both images are the same, with the exception that the temperature scale
that overlaps them is different, thereby showing the desired temperature intervals.
This again indicates that the partially wet thermal pattern is not perceptible to the
human eye.

3.5 Moisture Levels

The humidity levels measured with the thermo hygrometer were obtained to verify the
different areas previously found. This action shows that humidity levels change in each
part of the block, but these are merely illustrative. In the wet area there is always 40–
43% relative humidity, in the partially wet band there is 17% RH, and in the dry area
this value is 14%.

Fig. 7. Screenshot of ThermaCAM Researcher Software with image nº59 analysed

Fig. 8. Overlapped infrared and visible image
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4 Conclusions

Repeated thermal patterns were obtained throughout the experiment, which have given
rise to a way of defining how capillarity moisture is represented with thermography.
Using this technique, the following instructions are of potential use for professionals
who need to carry out a moisture inspection.

Using thermography, three perfectly distinguishable bands are shown in Fig. 9.

The first of these is defined as a “completely wet” area, with a thermal pattern
accessible with little thermal adjustment and taking the lowest (but stable) temperature
of the distribution. This band is between the bottom of the specimen, which is in direct
contact with the water, and the water mark that is visible to the human eye. The border
where this band ends is shown as a well-defined and distinguishable line.

A second band then appears with an intermediate temperature in relation to the
other two bands, but in this case it is variable in each pixel. This is the transition area
previously defined. In addition, whilst this is not distinguishable in the visible range, it
is detectable in the infrared range. This area is suffering from a rise in water by
capillarity, and it is known as the “partly wet” area because insufficient time has yet
passed for it to be completely wet. The thermal pattern associated with this area
requires a color palette with higher thermal contrast in order to be identified, which was
not the case in the previous band. Now, the border of this pattern is not well defined
and it appears as a cluster of dots. In this case thermography has an advantage, since it
predicts the appearance of future moistures.

Finally, the third band is shown, where the specimen is already dry. The temper-
ature is again stable, reaching the highest value. The thermal pattern is homogeneous
and it resembles the pattern present at beginning of the experiment and the comparison
specimen.

Fig. 9. Three infrared bands of moisture
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Temperature values in each pixel can be exported from software to an Excel
spreadsheet, which allows for combining all the previous temperature distributions into
a single distribution. This is shown in Fig. 10, where it is easier to see that the transition
area becomes larger with the passage of time.
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Abstract. Within the framework of the joint-project MIE (Mediation, Inno-
vation and Entrepreneurship) led by the Zaragoza City Council and the
University of Zaragoza, it has been carried out during the year 2017 a project of
joint development of videomapping contents at the industrial & cultural heritage
of Zaragoza (Spain) in order to rediscover the paths to strengthen the production
and dissemination of artistic work related to technology, engineering and
innovative development. Formative pills of Adobe Premiere, Adobe After
Effects, Adobe Photoshop, Madmapper and the TacTool interface system were
made in the content workshop. With the sufficient number of hours to grant
autonomy to the creators of contents that later would project on the façade of
building of the neighborhood of Rabal de Zaragoza known as “Casa del
Director”, a house that was inside the industrial facilities of the Sugar Mill of
Rabal. With this procedure it was possible to establish an exit route to dis-
seminate digital content for videomapping, enhance local industrial heritage,
generate means of production that maximize budgets and democratize an art and
engineering environment normally reserved for those who can afford it.

Keywords: Open workshops � Social engineering � Collaborative contents
design � Free engineering

1 Introduction

Public investment in art, technology and design usually imposes very restricted
spending patterns, which negatively (and sometimes decisively) impact the work of
artists and professionals [1], sealing a circle that hinders or even makes it impossible to
achieve artistic works with a periodicity greater than a year as well as its subsequent
output to international markets.

This is normally happening given the normal legal restrictions imposed by the
public function, where the control of expenditure prevails [2] as well as the investment
for the local use of such investments in the form of exhibitions in one of the city’s
galleries. It defines in practice how much the correct management of public spending
matters, and also indicates the hamster wheel where most of the artists-living in the city
of Zaragoza- are located [3].
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Therefore, initiatives for progressively moving away the two most critical items of
the artistic process (production and dissemination) from the administrative paradoxes
are intended for multiplying the possibilities for local artists to be able to rise to
sustained rhythms of work, in order to acquire market competences in a more agile
way: works cv, logistics knowledge, contact agenda or continuous training among
many others.

In recent times serious movements have been emerging from academic and insti-
tutional instances [4, 5] showing that the time to take certain distances and renew this
contract of administrative use and enjoyment of the cultural and artistic has arrived,
where both parties are conveniently treated, something that does not happen nor has it
happened in the time we have of democracy.

Video mapping is just one of the techniques used in this project to integrate the
administrative, academic and artistic stakeholders. It is also technique interesting from
the engineering [6, 7] as well as artistic [8, 9] and urbanistic [10, 11] point of view.

2 Program Where the Action Is Framed

The MIE [12] program (Mediation–Innovation–Entrepreneurship) consists of a public
initiative promoted by the University of Zaragoza and Zaragoza Activa (institution
belonging to the Zaragoza City Council), inspired by actions of participation, social
entrepreneurship and public innovation of the Nordic countries and the methodology of
Medialab Prado in Madrid, which are a paradigm of public, private and social
collaboration.

2.1 Mediation

Within the framework of mediation, each of the selected projects works on the creation
of a community of Open Innovation for all citizens, which involves different agents of
the entrepreneurial and innovative ecosystem of Zaragoza related to the theme of the
projects, helping identify new problems, as well as propose, create and experiment with
solutions from a shared, open and collaborative approach.

2.2 Innovation

All projects have an innovative perspective that consists in the development of their
project in a framework of constant learning, generation of knowledge and documen-
tation, sharing and opening the contents of the same to the community, through pub-
lications and various activities such as open workshops, events or work groups.

2.3 Entrepreneurship

Mediators seek, while developing their projects, to transform society from economic
and social sustainability, becoming agents of change and social entrepreneurs.
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3 Objetives

In this way, the “Rocketz” proposal is, as a MIE project [13], an innovative way of
supporting local artistic creation, with a view to the global, and with the healthy
intention of talking about funding. No more money, of course, but about the way in
which public funds are enabled and used for local art, without forgetting that, by the
way, Zaragoza has first-class facilities that could serve to increase them. In short, the
question -we will see later how it is answered- of the Rocketz project is: Would we
accept a redesign of the existing relationship between artists, curators and other art and
culture professionals with local institutions, in this case with the Zaragoza City Council
Rocketz, as a proactive project, designs an exchange of goods and services that attends
to sustainable production over time and economically sustainable, as well as its dis-
semination and promotion in dynamic market niches.

For this reason, within the framework of the joint-project MIE led by the Zaragoza
City Council and the University of Zaragoza, it has been carried out during the year
2017 a project of joint development of videomapping contents at the industrial &
cultural heritage of Zaragoza (Spain) to rediscover paths that strengthen the production
and dissemination of artistic work related to technology, engineering and innovative
development.

The objectives have been:

– To carry out a mediation project among the agents involved in the dissemination of
current art, with a view to the protection of the production and artistic promotion
phases, which promotes the international projection of artists and their works.

– To carry out a mapping of local resources, as well as artists of international pro-
jection, which will lay the foundations for the project, as well as research on an
artistic export methodology that culminates in a real prototype, as an example of
good practices that can be replicated in the future.

4 Development of the Project

After a period of consultations and interviews with the cultural and design agents of the
city (agents developing their activity in a professional mannert with an income based
on their artistic, design or engineering activity) an new plant activity was designed
combining both the possibility of teaching the technique of videomapping to a wide
range of individuals and, in addition and in a definitely way, to draw attention to the
industrial and cultural heritage of the Rabal district of Zaragoza.

To achieve the project, it was decided to hold a collaborative content workshop [14,
15] (including the necessary software and hardware) to subsequently project them in a
disused industrial heritage building in the city of Zaragoza, and its subsequent repe-
tition in another location outside of Spain in collaboration with another institution to
minimize expenses and promote the dissemination of content realized by artists spe-
cializing in new media at the local level. Being in this case the City of Mexico, and the
UNAM, through the C3 Institute, the collaborating entity.
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Formative pills of Adobe Premiere [16], Adobe After Effects [17], Adobe Photo-
shop [18], Madmapper [19], and the TagTool [20], interface system were made in the
content workshop. With a number of hours to grant autonomy to the creators of
contents that later would project on the façade of building of the neighborhood of Rabal
de Zaragoza known as “Casa del Director”, a house that was inside the industrial
facilities of the Sugar Mill of Rabal, built in 1903, consists of 515 m2 distributed on
two floors and a small basement and is surrounded by a garden of 300 m2 (Fig. 1). It is
currently in process of rehabilitation.

With this procedure it was possible to establish an exit route to disseminate digital
content for videomapping, enhance local industrial heritage, generate means of pro-
duction that maximize budgets and democratize an art and engineering environment
normally reserved for those who can afford it.

The results were highly satisfactory (Figs. 2, 3 and 4), opening the possibility of
converting this way of working in a future festival of lights in Zaragoza, whose aims
will be inter-institutional collaboration, training in art and engineering, the democra-
tization of an expensive technological medium and the most important of everything: to
encourage investment in production and diffusion in digital graphic artistic work.

Fig. 1. House of the Director in the District of Rabal in Zaragoza. Industrial heritage that
survived the closing of the Sugar Factory closure back in the 80s
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Fig. 2. RGB template of the main façade of the House of the Director in the District of Rabal

Fig. 3. Night in which the contents of the workshop were issued with a duration of 45 min. The
works of Zaragoza artists Edu Cortina, Fermín Serrano, Yanguar Art and Flores were also shown
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5 Conclusions

This methodology of open production and shared diffusion -through international
collaboration with other institutions- is not only an example of how to use public
budgets in very important items of the life of the designer and the artist of new media,
but also allow that many more people interested in knowing the videomapping tech-
nique can do it at zero cost. The number of people attending the Rocketz workshops
was fifteen people.

In addition, knowing that it was a collaborative videomapping project, that is,
where all the participants could pour their entire artistic projection into the screening,
there were well-established artists from the city who wanted to participate.
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Abstract. The value of sound design is increasing in the field of product
development, and even more so in critical contexts such as healthcare. A well-
designed sound can have an impact over job satisfaction, efficiency in work
environment, user experience and well-being of healthcare staff and users as a
whole. On the other hand, service design is a particular domain within design
engineering focused on how the relationship between service providers and
users can be improved. An emerging community highlights the utility of the
tools and techniques to effectively include system stakeholders in the design and
implementation of health technology and healthcare service design. Service
design has been applied successfully in several projects to improve patient
experience as well as in other areas of public sector. This paper states the
potential contribution of service design to sound design, as another method-
ological approach in order to improve audible alarm design for product devel-
opment in healthcare environment. Likewise, the paper offers designers and
engineers possibilities to implement together both the tools and methods of
service design and product sound design deriving from the review of existing
literature and empirical conclusions compiled from observation and analysis of
oncological treatment rooms at different hospitals.

Keywords: Sound design � Service design � Design methods � Healthcare �
Alarm fatigue

1 Introduction

The value of sound design is increasing in the field of product development, and even
more so in sensitive sectors such as healthcare. A well-designed sound can have an
impact over job satisfaction, efficiency in work environment, user experience and well-
being of healthcare staff and users as a whole. From the perspective of nurses, inad-
equate audible alarms interfere with communication, create distractions, and affect
cognitive ability and ease of concentration, which all together increase stress and
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fatigue and therefore an overload in mental activities linked to their workflow. From the
point of view of patients and their relatives, alarms have an adverse effect on comfort
and recovery, interrupt sleep and disturbs daily routines, and reduce the overall per-
ceived satisfaction of the patient, especially in critical care [1].

The need to adjust sound levels, reduce noise and environmental stress associated
with it, is a recurrent aspect in the literature, and multiple authors and organizations
have shown the need to reduce noise level and alarm fatigue [2–4] from the exorbitant
number of false or non-actionable alarms, unnecessary, not standardized or without an
efficient hierarchy [5]. However, there are studies that highlight the potential of sound
as an essential element in transferring information from the product to the user, which
on the other hand, significantly affects the experience that one offers to the other. This
refers to the use of sound as an essential parameter to be taken into account throughout
the design process. This way, through the characterization of a certain sound, the
listener (nurse, patient or family members) can perceive in great complexity and full of
nuances, the message conveyed through sound fulfilling the requirement of clinical
critical contexts.

Therefore, the optimization of sounds allocation in the design of a digital interface
offers enormous potential, especially in the case of interaction with complex products,
such as clinical equipment or critical care settings. Thus, existing studies in the liter-
ature serve as a reference for the implementation of these approaches, however, they
have their complications when applied to practice that concerns us, due to their own
idiosyncrasies, requirements and limitations.

This paper states the potential contribution of service design to product sound
design, as another methodological approach in order to improve audible alarms and
alerts design in healthcare environment. The paper offers designers and engineers
possibilities to implement together both the tools and methods of service design and
product sound design deriving from the review of existing literature and empirical
conclusions compiled from observation and analysis of oncological treatment rooms at
different hospitals.

Service design is a specific domain within design engineering focused on how the
relationship between service providers and users can be improved [6]. An emerging
community highlights the utility of the tools and techniques to effectively include
system stakeholders in the design and implementation of health technology and
healthcare service design [7]. Service design has been applied successfully in several
projects to improve patient experience [8, 9] as well as in other areas of public sector
[10, 11]. Following the experience demonstrated in previous studies with service
design techniques based on the in situ observation of the work environment and
visualization methods and focus group interviews, a proposal for a first phase of study
is stated.

2 Service Design and Patient Experience in Healthcare

In the field of research in design, there is an ever wider field for the application of
working methods and capabilities of design professionals in non-industrial contexts,
and which have not traditionally been addressed from a design perspective. Similarly,
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the knowledge and good practices from the fields of Design Thinking and Service
Design together can help improve services and even innovate new ones based on the
analysis of people’s experiences in certain contexts or situation [12].

There is also an emerging field of application in the area of healthcare linked to the
development and analysis of services. Within the design for health services foreground,
projects such as the mourning room for family members of The Vall d’Hebron
University Hospital (VHUH), or the Philips Healthcare project that revolutionizes the
body scanner experience for children through a playful process in which children learn
to scan stuffed animals and understand the process that they will experience later [13].
Another relevant project is the set of services included in Sant Joan de Déu
(SJD) Barcelona Hospital, such as the therapy with animals [14], the volunteer service
to maintain the school year, or the spaces for internal consultations. All of them are
results of projects in which the various design methodologies have been applied to the
development of specific cases.

Patient Experience is a complex set of experiences, sensations, emotions, assess-
ments and satisfaction in terms of health care services; it results of the phenomenon of
interaction with people and touch points (spaces, equipment, information, among
others) that make up this service. Offering experiences patient-centered is considered
by various authors [15–17] as a synonym for quality in patient care, problem-solving
and a holistic approach based on the set of human values. The American Medical
Association proposes the assessment of patient experience as one of the best indicators
of the quality of health care. Based on the statements of several authors [18], the
working principles of Service Design in health care context could be summarized as
follows:

1. People, patients, family members and workers are part of the development of new
care solutions and at the center of the design process. Their needs are studied from a
mainly qualitative approach through ethnographic techniques, interviews and par-
ticipatory processes.

2. Projects are addressed in multidisciplinary working groups in which the different
agents related to the services identify problems and co-create solutions.

3. Services are studied as a sequence of events, identifying moments of truth and
points of improvement.

4. Solutions are prototyped and evaluated constantly during the design process in
order to learn from mistakes and improve.

5. A holistic approach is considered that allows a global view of the service in its
context and on a larger scale.

This is the conceptual framework of service design; a proposal to address and
improve the patient experience.

2.1 Applying Service Design in the Area of Healthcare. Methodology

The service design approach exposed in this communication can be considered as a part
of a larger focus oriented in previous experiences carried out in different hospitals that
aimed to improve the experience of any oncological patient at different stages of the
service, from its diagnosis to the subsequent treatment at the end of the disease. This

Service Design and Sound: A Chance for Exploration in … 641



approach is developed from an action-research methodology already tested [19], in
which the medical oncology service acts as a client that has a problem, being the
research team through the best design of services who brings the solutions. This
proposal is strictly focused on the treatment stage and the main objective is to map and
represent the patients’ experience in relation to the service. For this, it is necessary to
know first-hand the different processes and experiences carried out by the different
agents involved (patients, relatives, nurses, oncologists).

The action-research methodology is structured into two groups of actions:

– Actions oriented to know the different views of the stakeholders: in-depth inter-
views, context observation and focus group interviews. The use of these techniques
allows obtaining a series of initial qualitative information for the next actions.

– The following action represents the patient’s experience in the oncological treat-
ment room using a customer journey. Customer journey is one of the essential tools
in service design; a visualization of the path of a patient through the different touch
points of the service [20]. For example, the main stages of a customer journey
detected in existing literature related to healthcare services could be the following:
consultation of first impact; analytical; request for consultation appointment; con-
sultation of treatment; request of drug treatments; request for treatment appoint-
ment; and treatment.

Within these stages, patients and staff perform different actions that affect the
service experience. In addition to these actions, the patient has other interactions with
products, spaces and diverse stimuli (sounds, images, etc.) that also have an impact on
the perceived quality of care. In this paper, the stated focus is at some point of the
treatment stage, and more specifically, on analyze how the sounds of the treatment
equipment affect to the patient’s experience in particular, and staff work processes in
general. Table 1 shows the list of the actions carried out, the stakeholders involved in
the action and its purpose:

Table 1. Action-research methodology

Action-research methodology
Action Stakeholders Purpose

In-depth interview Research team, patients and
relatives

Patients and relatives insights

Context
observations

Research team Environment and products
insights

Focus group
interviews

Research team, nurses and medical
team

Nurses and medical team
insights

Customer journey Research team Patient’s experience
visualization
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3 Clinical Approaches to Audible Alarms

Alarm management has been investigated in complex nature environments such as
aircrafts piloting, power plants monitoring or autonomous car driving where decision-
making processes require very often time-critical responses. Studying these critical
scenarios we can conclude several common aspects that are especially relevant to take
into account: the differentiation of the alerts according to their urgency level; the
criticality of the system events; and the influence in the response time to the stimuli to
take the appropriate action (operator response) [21–23].

Clinical alarm management is a subject of study especially in those units that
require special care services such as intensive care (ICU) or neonatal intensive care
units (NICU), in which several cases of studies and evidences can be found that make it
relevant and a real safety concern [24]. Alarms that do not require actions influence on
hospital resources, contribute to the alarm fatigue and can affect the quality of patient
care. Desensitization can even become a matter of life or death. Alarm fatigue was
identified as the main technology hazard for health organizations, and is the focus of
the National Patient Safety Goal (NPSG) about the alarm system management of the
Joint Commission [25]. “The Joint Commission now requires that its accredited
hospitals to improve their alarm systems, aiming to alleviate the constant barrage of
bells and whistles that are often the hallmark of a hospital stay for patients and that
contribute to alarm fatigue of healthcare workers” [26]. Since alarms ranked first in the
Emergency Care Research Institute (ECRI) list of Top 10 Health Technology Hazards
in 2014 [27], the issue of alarm management is an essential part of patient safety for
healthcare organizations.

Usually, these studies are carried out from the perspective of clinicians and more
specifically nurses as they are the main operators of clinical equipment, responsible for
setting up and responding to device alarms. In this proposal, the patient has been placed
at the center of the research, in application of the user-centered-design and service
design principles. An unheard, silenced or unattended alarm can have unpleasant
consequences for the patient. This situation justifies including a more detailed view of
the patient, complementary to the previous ones; observing the perception of the
patient, the space that surrounds him/her, the understanding of the monitoring equip-
ment and also his/her concerns and expectations. Since a human centered approach is
set as the starting point, service design tools and methods can be very helpful for the
team to set up a first observation stage that would be scalable to other studies in the
future.

3.1 Sound Experience by Oncological Treatment Rooms (OTR) Users

An oncological treatment room (OTR) is a complex environment with nurses (opera-
tors) monitoring different circumstances that can take place simultaneously from dif-
ferent beds (range of events). In the case considered, the treatment is provided by an
infusion pump system analogue to the one showed in Fig. 1. The system monitor
shows a series of visual indicators and sound warnings about the operation device. This
kind of process is carried out based on standards as the Chemotherapy Administration
Safety Standards [28].
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The observation of patients at the treatment rooms stated that there is a strong
emotional implication to them and their relatives at the point of receiving a treatment
expected to be very aggressive and full of secondary effects to treat a serious disease.
Patients feel sometimes scared and insecure, and lack information about the functioning
of a system that automatically delivers the treatment, and that seems extremely com-
plex for them. Such clinical systems are normally provided with a set of audible or
visual alarms to inform the nurses of a range of information and malfunctions that,
nevertheless, can be observed by the patient, other patients, and their relatives (Fig. 2).

Fig. 1. Infusion pump system

Fig. 2. Oncological treatment system
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The set of alarms that surround the patient and operators are summarized in mal-
functions and/or operational stage of the device such as the drug programming has been
completed (volume to be infused completed or dose end); low battery; and occlusion
due to different causes (movement of the patient, tube bent or plugged).

These alarms are medically actionable and represent events for which the nurse has
to attend, in order of importance. The nurse needs to do not hear these alarms to
understand and be sure that everything is working correctly and by this is getting an
overall feedback of the patient’s status, being the visual stimulus coming from the
monitor insufficient, since she/he is not always in the bedside and is responsible of
several patients at the same time, some of them very often located in different rooms
with different layouts and occupations, reaching up to seven seats per room in some of
the cases observed (Fig. 3).

Every nurse is responsible of several patients at the same time, being very often
some of them located in different rooms with different layouts and level of occupation
(reaching up to seven beds per room in some of the cases observed, Fig. 3). Since the
nurse is not always in the bedside, the visual stimulus coming from the monitor is
insufficient, and so these alarms are dedicated to provide an overall feedback of the
patient’s status, so if none alarm is perceived, the nurse understands that everything is
running correctly.

These alarms can refer to different events caused by system failures or monitor
disconnection, due for example to the movement of the patient. However, auditory
alarms are not hierarchical to communicate a series of system events (malfunction vs
the drug is over), but a generic alarming sound is used for all messages, without any
difference. That is, the alarm does not represent different circumstances that are really
happening to the patient. Another problem is caused because all units, assigned to

Fig. 3. Oncological treatment room layout
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different patients even on different rooms are identical, and so are their alarms, so the
nurses need to identify the origin of the alarm just by ear. While the patients are
receiving their treatment at certain rooms, the nurses are located normally at a different
facilities, and the current systems do not count on any remote alarm or warning system,
so nurses need to hear the alarm from a point located apart. Several patients are treated
at the same time so several alarms can happen at any time, causing alarm fatigue on
nurses, while anyway can expect some colleague to respond to any alarm, causing also
at certain moments some lack of perceptual concentration.

As a result, patients and their relatives are the first to listen to the alarm informing
that some unidentified problem occurs, but it can take a while until the alarm is
attended by nurses. This causes an unnecessary stress on patients that can affect
somehow to the success of the treatment and that has a negative influence on the
experience of the service provided. Also affects to their relationship with nurses and
can produce some conflicts such as relatives demanding attention to nurses that did not
noticed that some event required their attention.

Thus, a systematic service design approach is proposed to identify potential
improvements for the design of auditory information provided by this units, bearing in
mind a closer approach to the context of OTRs, that requires it to be tailored to suit
both the needs of the operators and users (health staff, patients and in some cases
family) identified at the service design research and analysis stages. [29–31]. This
proposed project to be developed can take into account more experiences and service
design analysis at some other hospitals in order to make it universal, and/or take into
consideration some analogue experiences coming from the field of service design
and/or sound design at different areas. A promising example of this is the project
CareTunes, a concept that challenges the clinical utilization of audible alarms (beeps)
of monitoring devices found in Intensive Care Units (ICUs) and developed it as a
musical streaming of patient vital signs in critical care [32].

4 Conclusions

From a first phase of observation at different hospitals, the potential of improvement in
the design of the auditory signals provided by oncological treatment systems is
detected. Existing literature evidences the high potential of these procedures in the
improvement of critical context such as (but not only) healthcare units and at different
stages. By means of service design tools application a qualitative study could be carried
out to identify chances for reviewing alarms functioning, in order to improve the
overall experience of the system by the patients.

In the proposal presented, the aim of service design is to provide specific insights,
design specifications and recommendations for product sound designers and engineers.
Qualitative observation sessions, focus group interviews and in-depth interviews seem
to be especially useful to highlight insights about the routines and key activities of a
nurse day work but also and more important, about the experience of patients during
their 5 h treatment. The proposal exposed illustrates how some easy-to-carry service
design tools can provide high valuable knowledge able to produce technical engi-
neering and design specifications, obtaining high potential results at low project costs.

646 R. Sanz-Segura et al.



Because the work sequence proposed is based on the analysis of certain aspects
common to other hospital services, the project to be developed in an oncology service
is easily replicable and scalable to other areas, and further experiences can provide
future lines of study and learning.
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Abstract. In these last years, with the advent of Additive Manufacturing, a
deep review of the design methodologies has occurred. This is mainly due to
two reasons: the technological progress and the new manufacturing capabilities
that offer designers much greater freedom for the creation of complex geome-
tries; the modern engineering optimization tools that are spreading widely in the
industrial design field, and offer new opportunities for searching a compromise
between form and function. On the basis of these two reasons, the paper presents
some reflections and exemplifications on the changes that new AM technolo-
gies, together with the optimization tools, are bringing in the design process.

Keywords: Additive manufacturing � Design theory and methodology �
Topology optimization

1 Introduction

In the product design, the antinomy between form and function has always existed, a
long-running diatribe that has been over-simplified and polarized into the atavistic
quarrel between architects and engineers.

This antinomy arises from the fact that the form belongs to the perceptible
unmeasurable world, whereas the function to the rational measurable one. While the
form addresses the aesthetic, perceptive and emotional expressions, on the contrary, the
function refers to the rationality, technique, and performance.

In the industrial design field, this dichotomy never existed: form and function have
always been of equal relevance and importance, and from antithetical become com-
plementary terms. In the development of design products, in fact, form and function are
tightly related and closely interlinked to each other. This is demonstrated by the fact
that successful industrial products on the international market feature both high aes-
thetic and functional qualities.

Although the ultimate goal of designers is to achieve an optimal balance between
form and function, the design process is affected by the instruments and tools that
support designers’ work and by their experience and consolidated knowledge. In fact,
the tools and systems, traditionally adopted in the design process, on the one hand,
support and simplify the designer work, but, on the other hand, could influence the
design process and put some limits to the designers’ creativity. This is quite evident in
the traditional design process, which starts with the definition and modeling of the
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geometry of the product, and follows with its functional analysis and technical feasi-
bility. Then, as far as form and function have the same importance, in the practice,
products are developed with function as a primary consideration but according to a
form-to-function approach. As above mentioned, this is essentially due to the tools and
systems that support designers’ work which require a geometric model to proceed with
the functional simulation and analysis.

On basis of the abovementioned considerations, it is quite evident how Additive
Manufacturing (AM) represents a radical change not only from a technological point of
view but also because it enables designers to rethink the overall product development
process and revolutionize their approach to design.

Although AM was originally referred to a novel class of manufacturing processes
for rapid prototyping applications, it has rapidly evolved in flexible and reliable
technologies for end-use part production and tooling a variety of materials, including
metals. This has been an industrial breakthrough in manufacturing technology thanks to
its capabilities to overcome the technological limitations and constraints imposed by
conventional manufacturing techniques.

In the last few years, in response to the development of AM techniques, a variety of
design theories and methodologies (DTM) based on AM has emerged, therefore
entailing and supporting a smooth transition from Design for Manufacturing (DfM) to
Design for Additive Manufacturing (DfAM). The AM revolution, in fact, on the one
hand, has led to a greater freedom and a higher number of solutions in the product
design. But, on the other hand, it required both a radical re-think of the current best
practices for product design and the development of new design paradigms [1].

On this subject, the paper presents some reflections and exemplifications on the
changes and implications that the new AM technologies, coupled with the engineering
optimization tools, are bringing in the product development process. In fact, its huge
capabilities open up a multitude of potential design approaches, ranging from tradi-
tional ones to completely new methods and techniques. In this regard, starting from the
current DfAM concept and definitions, two radically different design approaches are
discussed. The first one focuses on designers’ creativity and their greater freedom for
the creation of complex geometries that were unimaginable before the advent of AM.
The AM technologies, in fact, encourage designers and engineers to go beyond the
conventional thinking tailored to the capabilities of traditional manufacturing methods
and push them toward a “form-driven design” approach that unlocks their imagination
for creating innovative designs. On the other hand, the second one exacerbates the
“function-driven design” approach by focusing on the functional properties of the
product and postponing a detailed and accurate definition of the geometry in the last
stages of the design process.

2 Traditional Method

Design methodologies and tools provide an effective way to rationalize the design and
production processes, foster and guide the abilities of designers, encourage creativity,
and at the same time drive home the need for objective evaluation of the results. Thanks
to these methods it is then possible to structure the design activities in a purposeful way
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that forms a clear sequence of main phases and individual working steps so that the
flow of work can be planned and controlled. According to a traditional design
approach, the design process consists of three main phases: concept design, embodi-
ment design, and detail design.

As above mentioned, designers then start a design process by defining design goals
and planning a sequence of activities and tasks that, in practical terms, are influenced
by the tools and instruments that they use. In fact, the tools and systems, that are
traditionally adopted in the design process, on the one hand, support and simplify the
designer work, but, on the other hand, prioritize some activities and goals that drive
design creativity.

The following Fig. 1 shows the traditional design method as it evolves from the
concept to the physical prototyping stage. In order to verify the functionality and
feasibility of the product, the CAx tools require a geometry as input. This entails that
the design process starts in the conceptual stage by developing the functional speci-
fication, over the user needs, that are then immediately translated into geometric shapes
by means of a CAD system.

On the basis of these considerations, it is possible to agree on two points. Firstly,
the traditional approach starts by working on the geometry in order to give form to a
function. Secondly, the iterative process that occurs between the modeling stage and
the simulation analysis is crucial for the development of a successful product that puts
the emphasis both on the aesthetical and functional aspects.

3 Design for AM

Because of the technical and economic properties of a product, and the commercial
importance of timely and efficient product development, it is of fundamental impor-
tance to have a well-defined design procedure that guides and supports designers to find
optimum design solutions by addressing the given design requirements and manu-
facturing constraints.

The AM revolution has led to a rethinking of the current design best practices and
the development of new design paradigms [1]. Furthermore, in order to get the

Fig. 1. Traditional design approach
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maximum benefit from the potentials offered by AM technologies, a natural paradigm
shift has occurred from DfM to DfAM.

The purpose of DfAM is a “synthesis of shapes, sizes, geometric mesostructures,
and material compositions and microstructures to best utilize manufacturing process
capabilities to achieve desired performance and other life-cycle objectives” [2]. DfAM
is the set of methodologies and tools that help designers to take into account the
specificities of additive manufacturing (technological, geometrical, pre/post-
processing, etc.) during the design stage [3].

Graziosi et al. [4] highlight (through the description of the re-design activity per-
formed using the software tools currently available on the market) the number of
heterogeneous aspects that need to be taken into account when designing for AM in
order to fulfill all the functional, technical and manufacturing requirements. The aim is
to use the acquired experience to reflect on the possible strategies to put in place for a
better synthesis of the functional and process-based aspects.

In [5], the authors propose a complex DfAM framework for designing end-use
components and products. The proposed framework has been developed on the basis of
information collected by means of personal interviews occurred with designers and AM
professionals that have great experience in product design oriented to AM.

Particularly significant are the works that show topology optimization (TO) appli-
cations in the AM field. In [6] the authors present two customer cases with the goal of
redesigning existing products for manufacture with SLM. In [7], a benchmark design
framework for assembly level DfAM that utilizes functional integration, part consoli-
dation, and design optimization is also proposed. Doutre et al. [8] compare different
possible approaches to generate a CAD model from topological optimization analysis
results. An exhaustive bibliography of AM-related structure design optimization
methods is presented in [9]. In this paper, the authors classify DfAM research studies in
two categories: the first one focuses on DfAM methodologies that define compre-
hensive and systematic design frameworks oriented to the concept of combining
functional requirements and manufacturing constraints in an AM-related design; the
second one sticks to the scope of AM-enabled structure optimization design methods in
terms of shape optimization, size optimization, and topology optimization.

4 Some Considerations About DfAM

In [9], the authors affirm that “manage design and represent design knowledge is
affected by the no-tooling and sustainable manufacturing way”, in other words, the new
CAx systems, introduced by AM, enable designers to rethink the overall design process
and revolutionize the traditional approach.

Starting from the classification proposed by Yang and Zhao [9], it is possible to
reprocess the design methodology elaborated by Pahl and Beitz [10] on the basis of two
completely different design approaches. The first one focuses on the greater freedom
offered by AM technologies to designers for the creation of more complex geometries
when compared to with traditional manufacturing processes (milling cutting, forming,
casting process). The main difference resides in the fact that in traditional manufac-
turing processes shaping of materials takes place across the entire physical domain of
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the desired part whereas in AM processes the shaping of material primarily takes place
in the formation of elementary elements (voxels, filaments, and layers) [11]. In this
case, the impact of AM in the design process is reflected in the design considerations
for aesthetic, manufacturing, assembly, and performance.

The second design approach focuses on the functional optimization. In this regards,
the traditional design approach undergoes a substantial modification because the def-
inition of the geometry is demanded primarily to the optimization tools and no longer
to the designers.

4.1 Technological Optimization

The difficulty of defining, with simplicity and unambiguity, a DfAM approach related
to the optimization of the technological process is mainly due to the large number of
AM technologies currently available on the market, each of which requires to satisfy
specific geometric and technological constraints.

Even if AM techniques allow high degrees of customization of the geometry with
little impact on manufacturing constraints, complexity and cost [11], evidence dis-
pelling the myth that everything is possible with AM.

In any case, whichever shall be the AM technology adopted, the designer will
conceive the product in a new and different manner. In fact, there is no more an initial
volume from which removes material, but a void to fill with creativity.

Ponche et al. [12] proposed a global approach aiming at defining part shapes
subjected to the manufacturing process and functional requirements. In their research,
functional specifications and AM process characteristics were directly combined at the
early stage. This is because the choice of manufacturing direction and manufacturing
trajectories, as well as manufacturing volume, microstructure, geometry, and manu-
facturing time, are the keys for a good DfAM [9].

In practice, in a design approach oriented to the AM, the designer has to learn to
think about the product differently than he/she is used to with the traditional approach
because he/she must take proper account of the 3D printing technology to adopt and its
related technological and manufacturing constraints.

If compared to the traditional design method, a DfAM approach oriented to the
optimization of the technological process entails two peculiarities:

1. it gives value to the designer’s creativity and imagination. In fact, AM enables the
building of highly complex shapes, multiple parts in one piece and functionally
integrated objects. It allows also to improve product’s performances by designing
complex shapes for the inner geometries.

2. There is a change of position between technology and functional feasibility stages
(Fig. 2). This is mainly due to the lack of knowledge of the designers on the
potentials and limits of the 3D printing processes, and, at the same time, to the
freedom left to them in conceiving the shape of the product.

These two aspects, strongly correlated with each other, entail the necessity for a
continuous checking of the feasibility of the product by means of AM, with the con-
sequence that the technical feasibility appears earlier in the design method.
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4.2 Functional Optimization

The optimization methods can be classified into two groups based on the predictability
of the inner topology. If it is unpredictable, this type of optimization method is defined
as a passive optimization; otherwise, it is called positive optimization [9]. Passive
optimization methods include shape optimization, size optimization, and topology
optimization. For a positively optimized part, its topology is usually in hierarchical
patterns, such as lattice structure.

In literature, there is an extensive bibliography that proposes AM-enabled structure
optimization design methods in which the functional optimization of the part is entirely
focused on the function, carrying to the extreme the function-driven design approach.
In fact, by adopting a functional optimization approach (Fig. 3), the optimization tools
are the only responsible for defining the geometry that is determined on the basis of the
functional requirements defined in the conceptual stage. Then, according to this
approach, the form of the part is not the result of the designers’ creativity, that requires
simulation analysis in order to be approved for the production, but is the direct result of
the functional optimization that may not require subsequent modifications because of
the manufacturing capabilities provided by the AM technologies.

This is made possible thanks to two main reasons. First, 3D printing processes do
not require binding manufacturing constraints. The second reason is related to an

Fig. 2. Technological optimization approach

Fig. 3. Functional optimization approach
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aesthetical evaluation of the geometries obtained as result of optimization analysis. In
this regard, the literature presents many studies in which the geometries, outcomes of
functional optimizations, are characterized by very particular shapes that could easily
meet the aesthetic canons that leads to the definition of “beauty”.

To sum up, according to a functional design approach, in the first conceptual stage
designers define the functional requirements on the basis of which the functional
surfaces of the product are established. These data are then elaborated by means of
CAx tools that provide the optimal shape in terms of the goals and constraints imposed
in the simulation. If on one side this approach would seem to exclude the contribution
of the designer about the aesthetics of the product, on the other side it offers a new
perspective on the development of new design forms.

4.2.1 Topology Optimization Analysis

Before the effective introduction and spread of the AM technologies in the industrial
field, topology optimization analysis required an intensive and significant intervention
of designers and engineers both for interpreting the analysis results and for managing
the optimized geometry data used as input for the redesign of the product. To this end,
some studies [13–15] have investigated these issues, due to the poor integration
between topology optimization tools and CAD systems, by proposing methods and
guidelines that facilitate the interpretation and extraction of useful geometrical infor-
mation from the results of the topology optimization analysis, and support and simplify
the geometric model redesign.

The necessity to redesign the optimized geometries, in order to obtain a feature
based manufacturable product model, has been overcome thanks to the AM tech-
nologies. In fact, as above mentioned, AM offers the unique ability to fabricate
incredibly complex geometries with organic shapes. Then the optimized geometries
could be manufactured immediately without the necessity to import these geometries in
the CAD system for further refinements. In this regard, the following Fig. 4 depicts
some case studies in which topology optimization results have been fabricated by
means AM technology as they are, without any intervention of the designers on the
geometry of the parts.

It is worth to notice that in the examples depicted in Fig. 4, the designers have
decided to print the results of the optimization analysis on purpose, in order to
emphasize the “functional aesthetics” of the parts. In this way, the 3D modeling stage,
usually adopted for the redesign of the optimized geometry, is then entirely skipped to
switch directly on the prototyping stage.

Therefore, the re-design of the optimized model is at the discretion of the designer
that may import the results of the optimization analysis into the CAD system in order to
refine the geometry for an efficient fabrication via AM or simply to enhance its aes-
thetics. But, in any case, the geometry of the part is highly dependent on the function it
has to fulfill.
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4.2.2 CFD Analysis

An interesting alternative to the function-driven approach based on topology opti-
mization tools has been studied in a thesis work [19] carried out in collaboration
between the University of Calabria and the Bochum University of Applied Sciences.
The research focused on the functional optimization of a valve manifold block for
hydraulic actuator (Fig. 5a) performed by means of CFD (Computational Fluid
Dynamics) analysis. In particular, the CFD analysis has been carried out for calculating
the optimal flow path with least pressure drop and highest average velocity (Fig. 5b).
These results have been used as guidelines for the modeling of the geometry of the
manifold, and for defining the loading conditions of the structural simulation processed
on this geometry. Subsequently, the design has been refined for efficient production via
AM in order to use the least material possible while avoiding building support struc-
tures in non-machinable features of the manifold (Fig. 5c).

Fig. 4. Traditional design compared to optimized parts manufactured with to 3d printing
technologies: a metal parts for aerospace field [16]; b element optimized with generative design
[17]; c design topology optimization [18]

Fig. 5. a Initial design of the manifold block; b CFD analysis; c final design of the manifold
block manufactured by means SLS technology [19]
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Also, in this case, the tool adopted for the functional optimization, i.e. CFD
analysis, defines the final geometry of the component that is then manufactured by
means of AM technology without the need for designer interventions.

5 Conclusions

After many years of using consolidated methodologies and tools, the advent of AM has
revolutionized the way of thinking about the product resulting in a reinvention of the
design process. The paper has presented two different design approaches oriented to the
AM fabrication of the product. The first approach focuses on the much greater freedom
for the creation of complex geometries. The second one concerns with the optimization
tools that allow designers to focus on the product’s function thus relegating a detailed
and accurate definition of the geometry in the last stages of the design process.

The two different design approaches discussed in the paper invites the reader to
reflect on the tight relation that occurs between design methods and instruments and
how it could evolve. If on one hand CAx instruments are traditionally conceived as
tools that support and facilitate the practical implementation of design methods, on the
other hand, we are assisting to the introduction and improvement of design tools,
specifically developed to make more efficient AM technologies, that could influence
and stimulate engineers to rethink and change the design process and then bring to the
emergence of new design methods.
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Abstract. One of the main problems that exist nowadays in agri-food indus-
tries, is making more flexible production lines in continuous bottling processes,
regarding different geometries and sizes of glass receptacles (cap/bottle). Present
communication analyses different commercial solutions that exist nowadays in
the market, and basing on one of them, proposes a bottling machine that allows
modifying its electro-mechanical bottling capacity in continuous processes for
different glass container formats. This innovative machine concept will allow
working continuously with three types of glass jars, depending on customers’
demands, reducing delay ratio derived from this kind of machines, associated
with manual accessory change needed to adapt machine to the size of the
container.

Keywords: Innovation design � CAD/CAM � Process automation � Flexible
manufacturing � Bottle capping

1 Introduction

There is a great variety of machines in industries that are used in lines for processing
and bottling of products that show flexibilization shortcomings when integrated in
continuous bottling process lines [1]. This is why innovation at conceptualizing a new
machine must be based in adaptability and versatility towards new productive demands
parameters, without leaving apart its efficiency and lifespan [2–5]. In this regard, some
authors [6] highlight the necessity of proposing design strategies in which manufac-
turers increasingly consider client needs during use phase in their design process, as a
way of getting new customers.

And it is right there where this work focuses; more precisely in agri-food industry,
where preserves closing machines play an important role when it comes to slowing
down and/or speeding up bottling process depending on geometries and sizes of bot-
tles. In these cases, one of the most efficient solutions is using a flexible machine, in
which different formats can be fitted whilst maintaining or augmenting the number of
closed bottles per minute.

Some of the machines available nowadays in the market, show a series of problems
that affect their performance, such as having the tap feeder box located at a high height
(see Fig. 1), or problems of contact with relief-less caps that lead to defective closings [7].
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Other commercial models suffer from functional rigidness that prevent them of adapting
to different receptacle sizes, showing also a small sized cap feeder box.

There are other machines that allow adaptation to container format, perform a
controlled close by torque limiter, and count with a cap feeder with hopper at a certain
level, that improves filling comfort. However, these designs present two problems:
firstly, they suffer from important wear of torque limiter, which reduces its precision
progressively and shortens its service life, and secondly, their higher cost compared
with other machines.

2 Objectives

In this communication, the design and modelling of a new concept of glass jar bottling
machine is proposed. To do so, starting from a real machine and under its manufac-
turers demand, redesign has been made aiming to:

• Augment its production from fifteen closed jars per minute to 30 closed jars per
minute.

• Improve precision of hermetic closing of receptacles.
• Improve machine’s flexibility and reduce closing and adjusting times when using

different geometries of caps and bottles.

Furthermore, the following secondary objectives has been stablished:

• Improving elevator’s functionality, making it more rigid and modifying its design
concept to use just one motor instead of the three used now.

• Modifying bottle-fixing clamp’s geometry so it fits any kind of bottle.
• Implementing an auxiliary table at the end of the transport line so bottles can be

picked up by user.
• Implementing a new double rod pneumatic cylinder to avoid possible turns of fixing

clamp, hitting or damaging bottles.

Fig. 1. Rotational cap filler [7]. Refilling is uncomfortable due to its height
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• Implementing a ball detent torque limiter to adjust closing with precision and thus
limiting wear by friction and progressive imprecision.

• Stiffening caps line and improving alignment system up to actuator.
• Implementing a fast fixing and easy access mandrel for new actuator.

3 Materials and Methods

From agri-food productive sector and very different technological areas, innovation has
been made by means of several working methods in the field of development of new
products with a common objective: stablishing them according to a repeatable and
traceable scheme, with the aim of obtaining better finished products for final users [5].
Many of these development methods have generated tools that hold a great potential in
aiding design professionals when planning their activities, catching their clients wishes
and needs, searching for information, detecting problems or finding solutions [3]. In
this scenario, two stages have been defined [8].

Strategic Definition: in this stage, a thorough analysis of existing problems of a
commercial model in a real factory environment has been done, jointly with machine
manufacturer.

Concept Design: in this stage, technical solutions that improve design have been
proposed, and later modelled using CAD/CAM design software. Furthermore, due to
machine vast size, it has been split into sub-assemblies to allow focusing attention in
each of its components’ details, and later making an overall analysis of the whole
machine collecting all relevant descriptions of each sub-assembly. Considered sub-
assemblies has been: elevator, cap feeder line, actuator, table-chassis, protection frame
and transport line.

3.1 Software Used, and Rules, Regulations and Standards Followed

For the design, modelling and later calculation of every component of the machine,
SolidWorks 2017 software has been used, while CES EduPack 2010 has been the
software chosen for selecting the machine’s materials.

In addition, during design and later fabrication processes, European Union stan-
dards [9–11], national standards [12] and UNE-EN-ISO standards [13–15] were
followed.

4 Results and Discussion

As it has been mentioned before, machine design has been considered in several sub-
assemblies.

4.1 Elevator

Main problems detected during Strategic Definition stage and adopted solutions in
Design Stage have been described in Table 1.
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Figure 2 shows original design of cap elevator versus the refined design one.

4.2 Cap Feeder Line

In Strategic Definition stage, the main problem detected has been the motor that feeds
caps towards actuator, provided that its size is excessive, and it surpasses line width,
colliding with the protective framework. Also, protective carcass of this motor, due to
its great volume, usually collides with the bottles of greater height.

As a solution to this problem in Concept Design stage, it has been proposed to
replace original motor by a reduced size and lower energy consumption one. To do so,
a step-by-step direct current motor has been selected, with a consumption of one
Ampere instead of two. Figure 3 shows the result of final refined design for the cap
feeder line.

4.3 Actuator

Main problems detected during Strategic Definition stage and adopted solutions in
Design Stage have been described in Table 2.

Table 1. Elevator problems summary

Concept Problem description Adopted solution

Cap stirring motor A motor is required to stir up
caps and push them towards
magnetized conveyor belt

Using a magnetized conveyor
belt with its segments forming a
30° angle with horizon line, that
allows avoiding the use of two
motors, and problems of cups
stuck in cap selector duct

Motor for removing
stuck caps

A motor linked with two
pulleys through a plastic rope is
needed to remove stuck cup
with friction

Entrapment/jamming
of cap selector

Several times, when cap
selector diverts the cap to the
duct that leads to the hopper, it
gets stuck in the borders of the
metal plate

Hopper Hopper dimensions are limited Increase in hopper dimensions
Mounting and
calibration of elevator

Mounting and calibration of
return duct for caps and vertical
guides

Removal of vertical guides and
return duct for caps

Stiffening of the
machine

Swinging problems in elevator
due to its great height, causing
misalignment in actuator

Elevator chassis improvement
by adding a stand at middle
height with its base on the
protection framework
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Fig. 2. Original tap elevator versus refined design one

Fig. 3. Tap line front and side perspectives
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Final improved design results for fixing clamp, piston and centring device versus
original ones can be seen in Fig. 4. Also, original mandrel design is compared with
renewed one in Fig. 5.

Table 2. Actuator problems summary

Concept Problem description Adopted solution

Fixing
clamp

Manufacture of three fixing clamps
with different dimensions, when
bottle format changes, a fixing clamp
change is required with an associated
cost in time and money

Possibility of manufacturing a single
and adjustable fixing clamp that fits
all types of bottles that customer may
demand

Fixing
piston

Undesired turning of the bottle due to
the existence of a single rod in piston,
and problems of corrosion in it as it
was not manufactured with stainless
steel

Implementing a double rod stainless
steel piston, removing undesired
turning and improving corrosion
resistance

Fixing
system
adjustment

System allowed only an axial
adjustment of piston. In addition, it
was guided by an embedding, which
made probable that it could be
bended, causing a misalignment cap-
bottle

Allowing a guided adjustment by
means of a 4 mm. embedding in the
direction of piston axis and
perpendicularly to it

Mandrel
formats

Recipient change requires a mandrel
modification, in which, due to is
geometric structure, is difficult to
insert an adequate tool, taking more
time than desired

Finding a fixing way that requires
less time to perform change and
allows a more comfortable way to do
it

Chain
location

Chain location forces to install motor
in an unfavourable position, since it
generates unbalance due to its own
weight

Chain location change to make a
more compact, more balanced and
stiffer structure. Also, pulley has been
located on the table for a better height
grading of the actuator

Caps
platform
stiffness

Cantilever structure with stand
welded to plate, which favours
vibrations that disarrange caps with
regard to glass jar

Increase in plate thickness and
implementation of a new symmetric
stand for higher system stiffness

Torque
limiter

Friction plate torque limiter, gets
worn easily causing adjustment
problems and defective closings in
several containers

Selection of a ball detent torque
limiter, with higher precision when
closing bottles and when adjusting it,
minimum possible wear and
acceptable price
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Fig. 4. Left to right, original fixing system versus redesigned clamp, piston and centring device

Fig. 5. Original mandrel versus redesigned one. New design allows easier access with a
screwdriver

Fig. 6. Original transport line tensor versus redesigned one, and reception table
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4.4 Transport Line

Main problems detected in transport line have been the impossibility of storing bottles
in the line itself until their pick up, due to the lack of a reception table, and the high
complexity of line tensor, as a consequence of the high number of pieces that com-

posed it. Proposed solutions in Concept Design stage were adding to the final design a
reception table at the end of the transport line, and simplifying tensor system, by using
a lubricated bearing to reduce friction (see Fig. 6).

4.5 Protective Framework

During Strategic Design stage, the main problem that existed in this sub-assembly was
that mechanical catching device used for door opening did not count with a lock. This
system does not guarantee a reliable closing and any hooking with it caused an accidental
door opening and thus a complete stop of the machine. To eliminate this problem, in
Concept Design stage a magnetic door catching device was selected and placed in the
inner part of the framework instead of externally and visible as it was before, taking
advantage of the circumstance that door profiles are metallic (see Fig. 7). Cap filler line
was also included inside protective framework to meet security standards.

4.6 Table-Chassis

InConceptDesign stage several problems showed up during assembly process,motivated
by the different modificationsmade in the frame and in the actuator, mainly because of the
change of location of the actuator’s chain, since to be able to generate ascent as well as
descent of actuator it is necessary that chain is located in a way that it eases machine’s
adjustment. Therefore, pulley and conduit where electric wiring is inserted forced to
increase protective frameworks’width, aswell as the one of the table-chassis that supports
them. All this integration has implied that new design of table-chassis increases its
dimensions compared to reference machine in 160 mm. (see Fig. 8).

Fig. 7. Original door catching device versus new one [16], and its placing
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4.7 Materials Selection

Once finished Concept Design stage, materials for new model were selected using
software CES EduPack 2010. Most used material in agri-food sector is stainless steel
[17, 18], hence stablished selection parameters were density-yield stress ratio, price-
resistance to strong alkalis relation, carbon percentage <0.05% and nickel percentage
9–11%, and AISI 304L was selected for metallic parts of the machine.

Equally, for transmission rollers, elevator canvas guides, mandrel and pieces offixing
system in contactwith the recipient, it was searched amaterial with low friction coefficient
and low density to avoid elevating load values in plate and transmission stands. In this
case, selection parameters were tensile strength-impact strength, price under 2 €/kg,
density between 100 and 1000 kg/m3 and excellent behaviour in salty water and alkaline
ambiences, concluding that optimal material would be polypropylene.

Fig. 8. Isometric view of final refined design
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5 Conclusions

The process of development and cooperation carried out between a private company
and researchers of Technical University of Cartagena succeeded in designing first
bottling machine for different geometries of glass jars in a continuous bottling process,
representing and injection of innovation and modernization without precedents in the
traditional agri-food industry of Region of Murcia.

In a first stage of this new development, the one that comprises Strategic Definition
stage, all problems of a bottling machine in a continuous manufacturing environment
were identified, by means of a work developed jointly between company’s engineers
and university’s engineers, to later on, in a second stage named Concept Design stage,
proposing a new design using computational geometry tools. Data provided by the
simulation of the new model in a virtual environment, shows that it allows to improve
bottling process from 15 to 30 closed jars per minute, improves precision of hermetic
closing of receptacles, and to sum up, improve flexibility of the machine in terms of
closing and adjusting times when used with receptacles of different caps and geome-
tries. At the moment, first prototype which will allow us to validate theoretical model
developed in present work, is in mechanical fabrication stage.
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Abstract. The role of creativity in Industrial Design Engineering’s design
process is fundamental and indispensable. Without it, design loses its potential
for innovation – the process through which ideas generated by the creative
process may be implemented attaining commercial value. The impact a product
has can often be attributed to creativity in the engineering design process.
Design in the arts is often considered to be the creative process per se, whereas
in engineering, it refers to a concise record or encapsulation of appropriate
concepts and experiences. For this reason, creativity is now a key skill in the
practice of engineering and an essential part of its training. The present article
discusses theories of the creative process which have been proposed in the last
century. The stage based model of the creative process is discussed and the
evolution of these models is mapped out. Further perspectives are identified for
upcoming research; bringing data science and creativity together in such a way
will necessitate development in both design and models of creativity.

Keywords: Creativity � Design � Creative process � Design methodology

1 Introduction

Creativity is a complex concept and is mysterious to many people. It has been sug-
gested that, while they may have difficulty precisely defining product creativity itself,
the majority of people is able to identify it [1]. This approach to creativity drives an
ongoing interest in further researching the relationship between product creativity and
science during the creative process in industrial design engineering product develop-
ment. According to this research, the design process and the creative process do not
represent the same reality, however creativity is considered an essential component of
design [2], aided by data and using an adaptive, integrated model.

The present study’s underlying hypothesis leads us to believe that the formulation
of an advanced methodology to generate new insights will allow us to better understand
creativity.

This research demonstrates the different perspectives that must be analysed in the
development of a new methodology. The professional sectors of design have changed
radically in the last twenty years, design methods and creative processes must mature to
become a real alternative to conventional problem-solving strategies. With this in mind,
existing literature in the fields of creativity and the creative process was examined to
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determine which are the key factors in creative production. Additionally, the designer’s
changing role is studied in relation to advances in emerging design methodologies
related to big data.

As such, a general overview of relevant theories of the creative and design pro-
cesses is presented, followed by an analysis of different types of data. This leads us to
the data-driven design model as an instrument to stimulate creativity and promote
innovation.

2 Theoretical Background

Creativity has become an important topic for discussion, analysis, controversy and,
potentially, even revolution. It speaks of an economic [3], sociological [4, 5], or
psychological perspective [6, 7], and has also become part of debates on social class,
urbanization, industry and education among other topics. There has been confusion
over the concept of creativity as a valuable entity in terms of product design and
innovation; however, organizations and individuals have typically been unaware of its
importance [8]. The term has not only been studied from the psychological perspective,
but there have been several advocates from different disciplines who have attempted to
define it in recent decades. These include pedagogues, scientists, artists, communica-
tors, politicians, business-people, publicists, teachers, etc., who have suggested as
many different definitions of creativity as there are authors who have researched the
subject. A total of more than 100 different creative and design processes have been
analysed and considered. The results presented in this paper are based on a comparison
of about half of these. Common features found in the definitions include: (1) Creativity
is an ability to adapt to the needs of reality. (2) It is novel or original. (3) Responses
show wide variability as it covers a wide range of potential actions. (4) The result is a
structural, qualitative leap forward. (5) The result is so unpredictable that it surprises
even the person who generates it. Mayer [9] attempted to compile the historical and
widely shared drivers used to shape creativity from the abundance of proposed defi-
nitions. The conclusion was that the terms “original and useful” were the most common
denominators, although often presented in the form of synonyms such as “novel and
appropriate”, “new and valuable”, etc. In addition to the aforementioned criteria, it may
be considered that a solution or product is only seen to be creative as far as it is widely
accepted to be such [1]. However, as Runco and Jaeger [10] concluded, Stein [11] was
the first to conceptualize what is considered the standard definition of creativity,
choosing to define creativity as something new and useful (Fig. 1).

Fig. 1. Definition of creativity
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In addition, the evaluation of creativity within the field of computational creativity
has been studied and researchers (e.g. Brown [12]) have proposed that computing can
contribute to it because of greater accuracy through the use of computable constraints.
Computer science can also support studying design creativity through the creation of
support tools that enable collaboration, manage difficulty, maintain history and ratio-
nale, and underpin the exploration process [13, 14]. The intersection between cre-
ativity, computer science through big data and product development is the core area of
exploration for this research (Fig. 2).

3 The Evolution of the Creative Process

Guilford [15] noted that there was “considerable consensus on the four phases com-
prising the creative process”, which are traditionally recognized as preparation, incu-
bation, illumination and verification. However, Guilford, not being satisfied with the
above description wrote: “that such an analysis is very superficial from the psychological
point of view”. It does not reveal anything about the mental operations that really happen.
Therefore, he was able to determine a number of skills that affect creativity, such as
problem sensitivity, the capacity to generate a large number of ideas, the potential to
transform one’s own mind-set, the capability to reorganize, the capacity to deal with
complexity and the capacity to evaluate. After more than 50 years, our vision and
understanding of the abilities and cognitive processes involved in creativity have
evolved so considerably, introducing innovations as radical as they are ultra-fast, that the
next 40 years would lead to more changes in society than in the preceding four thousand.
A large number of researchers have based and continue to base their studies on the four-
phase model or its variants to better understand the creative process [16–23]. One of the
most recent updates of this model corresponds to Amabile [24], who incorporated a new
vision, describing a creative process with several phases: (a) identification of the prob-
lem, (b) preparation (collection and reactivation of information), (c) generation of
responses and (d) validation and communication of responses. An important aspect of
Amabile’s contribution is the proposal for a later final decision-making phase, based on

Fig. 2. Exploration area as a result of the intersection of creativity, product development and big
data
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the result obtained. It is possible to stop the process because a successful outcome has
been achieved, to suspend it due to an unwanted outcome or to return to any of the
previous phases and continue working. Amabile’s contribution is considered an
important aspect of this study. The creative process is therefore considered a process in
continuous development. Thus, according to Guilford [15], and other some studies, the
creative process can be studied or replaced.

4 The Design Process in Engineering

In this research, however, the approach focusses on creativity as an essential element of
the industrial design engineering process. The presence of creativity is often the
greatest influence on a product’s impact. Design in the arts is usually considered to be
the creative process per se, whereas in engineering, it may mean a concise record of
embodiment of appropriate concepts and experiences. Creativity has therefore become
a requisite skill for engineers and a part of their basic training. While creativity and
design are defined in different ways and are subject to differing use in research, based
on the reviewed literature, the following definitions are proposed: (1) Creative Process:
A cognitive process resulting in the formulation of an idea. (2) Design Process: A work
process resulting in a proposal for a product or process. A philosophical perspective
would posit that different movements conceptualise engineering’s design process dif-
ferently. Positivism assumes a structured, scientific method which aims to identify
causal factors and guide outcomes. This approach is analytical and problem-focused;
investing in innovation, it employs a sequential cascade process centring on creativity.
The sequential engineering process was shaped by Herbert Simon’s research [25],
which proposes three steps: problem setting, problem solving (creative) and solution
evaluation. Constructivism, on the other hand is linked to postmodernism, rejecting
absolute truth. This approach conceives of reality as a social construct dependent on
context: It is solution-focused and co-constructs problem and solution together through
iteration [26]. The design process brought about by this approach is circular, not
sequential and creativity is present throughout the entire project. Many design trends of
recent times are evidence of this approach. These include: information technology [27],
user-centred design [28], agile software development [29], design thinking [30] and
lean start-up [31]. This paper proposes that the creative processes of design result from
the integration of the creative process (as understood through cognitive psychology)
and the engineering design process. Although it is recognized that the design processes
observed in practice are more inaccurate than most representative scenarios suggested,
it is argued that understanding the connections in the overall process will help engi-
neers make better use of creative tools, methods and techniques. This deeper under-
standing will enable more effective tools to be created and utilized, helping the
engineering designer to produce more ideas that are original or to generate them more
quickly. The ‘creative’ processes could be linked into the engineering design processes
with which the engineering design research community is familiar, with potentially
considerable benefit. However, cross-disciplinary research and agreement of termi-
nology and process boundaries will be essential in developing effective prescriptive
processes to aid creativity throughout the design process. The different methodologies
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applied to the discipline of industrial design engineering and the evolution of its
methods highlight cultural and scientific background knowledge as a starting point of
thought as a response to needs; everything coming through the instrument of creativity
to achieve of the proper and necessary balance between intuition and reason, design
and science.

5 Comparison of the Processes

The two processes referred to have some common characteristics, especially the way in
which the models are developed. The literature on creative and design pro-
cesses consists mainly of linear models. In addition, the bibliography concerning both
processes outlines two other main types of process models, one which involves
divergent-convergent processes, and another which describes information spaces (de-
sign) and problem and solution spaces (creativity). These processes also share the
similarity of requiring data collection, analysis and comprehension at the outset of the
process (preparation or task phase analysis). The design and creative processes pri-
marily differ in the dimension and scope of their sub-processes. In the design process,
the sub-processes will consist of logical assumptions, evaluation, decisions and rejected
solutions en route to the final recommendation. The creative process is limited to the
generation and validation of individual ideas.

6 Moving Towards Data

With their history of employing creative empirical data collection methods, designers’
role in using quantitative and qualitative data in the user-centric design of products and
services is significant. However, the discipline is now faced with new and more
sophisticated forms of data, which are being used differently due to the prevalence of
mobile and ubiquitous computing. The way that designers interact with and design
around data has therefore changed. While data have always had the potential to provide
an analysis or prior events, big data now makes it possible to, in essence, predict future
behaviour and events. Big data belongs to the field of computing known as machine
learning, part of the more general area of artificial intelligence (AI). Despite its name,
machine learning does not involve teaching a computer, nor is it expected to think as
humans do; it does, however, refer to the inference of probabilities through the
application of mathematics to huge data sets. This permits the identification of
approximations of phenomena, allowing the present to be accurately described and the
future predicted. With the invention of computers during the 20th century, previously
theoretical concepts of artificial intelligence were able to be put into practice. Now with
the advent of the Internet of Things, we assume the all devices are connected and able
to collect data about their use and functioning and share it. With access to this infor-
mation, everything can be measured through machine learning toots and other ana-
lytical tools. Furthermore, data analysis methods such as predictive analytics allow
phenomena to be predicted and issues solved before they become problematic. One
application of this is the prediction of structural or mechanical faults in infrastructure or
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machines: sensors which collect and transmit data can be fitted to track changes which
have potential to become problems if left unchecked. AI systems allow the more
effective exploitation of large data sets so that they may be a more productive tool and
facilitate the decision-making process [32].

7 Gathering Data

The initial stages of the design process are usually characterised by the processing of
information and the generation of ideas (often called “conceptualisation”). During these
stages, designers utilise several kinds of information to reduce abstraction through the
integration of an increasing number of conditioning factors. In this sense the designer’s
cognitive activity can considered a form of information processing (data processing).
This information handling process can be described as an information cycle: a fun-
damental part of initial phase of the design process, including informative, generative
and decision making (evaluation-selection) phases, and whose result is an intermediate
and evolutionarily iterative concept.

Given that the majority of research into design is derived from the results of
empirical studies, its primary interest tends to lie in specific activities, such as “where”
designers find inspiration. Results regarding the use of implicit information and its
processing may be able to bridge the informative and generative phases of the design
process. The central mechanism of this process is to broaden then possibility space as
much as possible through “divergence”, before, at a given moment of an exhaustive
procedure, converging: taking decisions about what may be a viable solution and what
is not.

The exploration phase generates a huge quantity of information, the majority of
which is qualitative (and frequently is not digital) and through the integration of big
data in the process, it is possible to begin to make sense it. Based on the decisions made
in the first convergence phase, ideas are generated. By taking advantage of deep
learning, the designer’s capacity to widen areas of study, interpret a large amount of
data and convert it into insight is drastically increased without additional effort.

8 Stimulating Creativity Through Data

The preceding analysis highlights creativity’s crucial role in the design process and the
importance of data collection and analysis to stimulate the creative process at its outset;
a trait shared with the design process. Deliberate creativity in the initial phases of the
design process has been the basis of several models of the creative process. Maiden
et al. [33] based their work on models and structures suggested by Osborn [20], Wallis
[34] and Borden [35]. These models are summarized in [36]. A common feature of all
models of creativity is their inclusion of an initial idea generation phase and it is this
phase that has been the focus of efforts in supporting creativity. A preparatory stage is
another feature often shared by various models of creativity. At this stage, we are
interested in how idea generation later in the process can be stimulated by supporting
the earlier preparatory stages of the creative process, optimizing the industrial design
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engineering process. Between 2005 and 2010, the amount of data generated grew from
150 exabytes to 1200 exabytes [37]: an increased availability of data which presents
great opportunities if utilized effectively. This may be possible through the use of
human visual cognition and perceptual abilities to visualize the data, gaining insight
and exploring it more deeply. Due to the influence that data exert over the design
process, we must clarify which data should be used and when. Speed and Oberlander
[38] describe three classes of data use in the design process (Fig. 3): (1) Design from
data: systems are modelled on measurable qualities of humans, computers, their con-
ditions and contexts. (2) Data Design: Systems designed by humans which account for
the flow of data through them. (3) Data Design: Systems designed largely autono-
mously by another system.

According to Yu and Zhu [39], in accordance with the data’s existing form, data are
composed of “abstract data” and “concrete data”. Abstract data are conceptual data and
do not exist in reality. Concrete data already exist in reality and can be collected and
processed. This study centres on the more specific model of data suggested by author
[40], with the aim of presenting a more focused approach. In this model data may be
present in the design process in one of two distinct classes (Fig. 1): (1) Concrete data:
based on the processing of pre-existing data sets. (2) Abstract data: existing information
processed in new ways with predictive analytics to predict future situations and gain
deeper insight into the data. Abstract data can be employed by the designer in the
design process to generate new insights and concepts in the same way that concrete
data may support or define design. Based on this assessment, it is understood that while
large data sets may improve design, design can provide further understanding of data.
This statement is the basis of the hypothesis on which this study is based. Having
access to large sets of data during the design process is assumed to aid creativity and as
such allow a greater number of potential solutions. Abundance of data grants the
designer freedom to explore more concepts and new perspectives or analyses while
paying closer attention to certain facets of the process without losing the central focus.

The design process is potentiated by the data collected from the thousands of
connected devices in use today; transmitting information about their use and func-
tioning. Through the integration of concrete and abstract data, as seen in the Data

Fig. 3. Data within the design process
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Driven Design process [40] (Fig. 2), we are able to perform analyses to identify trends;
this in turn generates abstract data which may be used in predictive analytics, helping
identify future performance scenarios or support a product’s continued development.
This model’s integration into the engineering design process can be considered a
breakthrough in the discipline’s evolution, increasing the efficiency and effectiveness of
the innovation process. In this model, Wilford’s considerations are represented, as well
as the Amabile’s contribution to allow a model in permanent progress. This integration
into the proposed model provides an evolved, flexible and transversal model. In-depth
practical studies will be necessary to verify its impact. Using data, it is possible to
predict consequential behaviours or use an experimentation framework to define
opportunities; formulate hypotheses, and test different options stimulating designers’
creativity and inspiring a new way of thinking. While data may describe a problem,
creativity is necessary to generate a solution. Despite data’s growing prevalence and
importance, the crucial role of creativity can not be understated and its focus should be
on strengthening design. The careful use of big data is a boon to the decision-making
process, facilitating the designer’s work. This integration of creativity and data science,
as in the Data Driven Design model, is a step forward for the engineering design
process.

9 Conclusion

New opportunities are available to designers thanks to big data and this is especially
true in the field of industrial design engineering. The framework presented in this study
(Fig. 4) allows a faster design process and outlines the influence of data over this

Fig. 4. Data-driven design model
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process. It was found that data correlations used in the initial phase of the process
stimulate creativity by increasing efficiency and effectiveness on, introducing new
patterns of innovation. In this context, the designer’s expertise would shift from cre-
ativity itself to facilitating creativity. Just as design engineers have extensive knowl-
edge of product development and iterative processes related to design, the creative class
has a much deeper understanding of the cognitive processes involved in creativity and
the generation of ideas. However, the data-driven design model makes it possible to
integrate these processes, both of which have their origin in the double diamond model
supplemented with data in its initial phase. Although systems which are supported by
big data or artificial intelligence devices may not yet be possible, systems can assist the
creative design process by making them even more creative. While this is a challenging
approach that requires more research, making use of the assets provided by recent
technological developments to support processes and track their progress holds great
potential value. In this way, this study contributes to improving our understanding of
the use of big data, defining future research objectives. The most remarkable result that
emerges from this research is that deep learning and big data are a step forward in the
creative process compared to traditional models, stimulating creativity, improving the
process and results.
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Abstract. Particularly in technical professions, many competences are greatly
needed: those specific of the profession (Hard Skills) and transversal (Soft
Skills), which are particularly important for Engineer 4.0. Soft Skills are relative
to, e.g., behavior, interpersonal relationships, communication, deontology. One
important aim of Soft Skills is to reach the “Personal Acumen”. In this way,
someone can accomplish the role of “difference maker”: i.e., (s)he can confer
his/her life a new very important aspect for the subject, for all other persons, and
in all professional and personal fields. The aim of the present paper is to
investigate the link between Soft Skills and the teaching process of product
development. The link between Soft Skills and product development phases,
with a specific reference made to design process teaching, is considered. Finally,
some proposals about contents regarding Soft Skills in Engineering Design
Education are made. Some examples of the considered Soft Skills from the
bibliography are: Communication, Courtesy, Flexibility, Integrity, Relationship
development, Positive attitude, Professionalism, Responsibility, Teamwork,
Work ethics, etc. The authors propose, in line with their studies and experience,
the following Soft Skills: Creativity, Awareness, Human aspects of technology,
Talent development, IQ + EQ = IF, which means Intellectual Quotient plus
Emotional Quotient results in Intellectual Fusion (a complete personality
requires not only intellectual, but also emotional components). The conclusions
of the paper are some proposals of including Soft Skills in teaching.

Keywords: Soft skills � Teaching � Learning � Product development

1 Introduction

The present paper aims to investigate how Soft Skills can play an important role in the
teaching process of industrial product development. After finding individual Soft Skills
from the bibliography [1], the authors proposed upgrading. A link between Soft Skills
and product development phases, with a specific reference made to teaching, is con-
sidered. Finally, some proposals about contents regarding Soft Skills in Engineering
Design Education are made.

By way of introduction, some definitions can be useful [1]. Hard Skills comprise
the technical knowledge required to do a job. Soft Skills, however, are interpersonal
qualities and personal attributes that can be considered transversal in all stages of the
learning process and in the engineering field.
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2 Soft Skills

The starting point is to consider the product development activity steps (Table 1).

The Engineering 4.0 step, which is very important today, plays an important role.
Soft Skills are a significant complement, generally of engineering education, and
particularly of design education.

In the proposed paper, and after performing a bibliographic research about the
definition and list of types of Soft Skills, the authors propose upgrading the above-
mentioned list by including some other Soft Skills that derive from their studies and
experience.

The authors consider these Soft Skills acknowledged in the bibliography [1].

(a) Communication capability: speaking, writing, presenting, listening.
(b) Courtesy: manners, etiquette, business etiquette, graciousness, saying please and

thank you, being respectful.
(c) Flexibility: adaptability, willing to change, lifelong learning, accepting new

things, inclined to settle.
(d) Integrity: honest, ethical, high morale, has personal values, does what is right
(e) Interpersonal relationship: nice, look, sense of humor, friendly, polite, empathetic,

self-control, patient, social skills.
(f) Positive attitude: optimistic, enthusiastic, encouraging, happy, confident.
(g) Professionalism: businesslike, formal-dress, appearance, poised.
(h) Responsibility: accountable, reliable, gets the job done well, resourceful, self-

disciplined, conscientious, common sense.
(i) Teamwork: cooperative, gets along with others, agreeable, supportive, helpful.
(j) Work ethics: hard working, willing to work, loyal, initiative, attentive, self-

motivated, on time.

In addition, and in line with their studies and experience, the authors suggest the
following:

(l:1) Creativity: ability to find innovative solutions
(l:2) Awareness: equilibrium between opposite moods
(l:3) Human aspects of technology

Table 1. Product development activity steps

No. Steps Time periods Notes

1 Experiences Until the 15th century
2 First systematic observations 15–16th centuries
3 First theories 17–18th centuries
4 Developing theories 19th century Engineering 1.0
5 Designing science 1900–1950 Engineering 2.0
6 Designing globalization 1950–2020 Engineering 3.0 & 4.0
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(l:4) IQ + EQ = IF talent development, which means: Intellectual Quotient plus
Emotional Quotient equal Intellectual Fusion (i.e., a complete personality
requires not only intellectual, but also emotional components).

By considering the above-mentioned list, the authors propose a link between this
list and the industrial product’s life cycle (Fig. 1) [2, 3].

The above-mentioned links are the source of the proposal to upgrade Engineering
Design Education by considering Soft Skills.

3 Product Development

The industrial product is a creation made by human beings, whose aim is to perform a
useful function. The logical schema of an industrial product design could be considered
to be constituted by the following steps.

Objective; i.e. the function to be performed by the product and the functional
requirements that characterize the function;

Concept; i.e. the issue utilized to perform the function, expressed by a schematic
representation;

Binding; i.e. covering the schema with surfaces made with materials manufactured
by technological processes; i.e. embodiment is expressed by assembly drawings;

Constructive definition; i.e. individually selecting all the constructive information
that needs reading: dimensions, tolerances, materials, defining standard components.

Figure 1 represents an example of steps (b) and (c) of an industrial product that
performs the function “allow rotations of a rigid body around a fixed axis” (hinge). In
the above-mentioned figure, it is possible to observe the concept of a hinge to the link
while, on the right, we can see two possible embodiments: these embodiments are
represented by assembly drawings, with different constructive solutions in relation to
all the component functions.

Fig. 1. Example of the concept (links) and embodiments (right) of a hinge
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Figure 2 represents the life cycle of the industrial product. After the design phase
(and particularly after defining all the constructive information) the design (i.e. an
information complex) is the starting point of the production phase, which can be
considered to be constituted by two steps: production of components and their
assembly. The production phase objective is to manufacture the product. This product,
after distribution, becomes a used product, which is when its utilization phase begins.
The end of utilization corresponds to product use phase out, and successive phases can
include removal (the product becomes waste) or recycling (the product becomes a
resource).

Obviously, product acceptance is necessary in all its life cycle phases, which is no
easy task for designers.

Fig. 2. Life cycle of the industrial product [2, 3]
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4 Soft Skills in Product Development

After some information about a general product development schema, we now examine
how Soft Skills are linked to a product’s life cycle. Table 2 shows the connection
between the above-mentioned Soft Skills and product development.

Table 2. Links between soft skills and product development

Soft skills Examples related to the life cycle

(a) Communication
capability

(a.1) Instruction of the industrial product’s assembly, use and
maintenance
(a.2) Information from users to the producer (e.g. through
questionnaires)
(a.3) Transforming users from customers into prosumers
(a.4) Updating engineers
(a.5) Study mode and criteria
(a.6) Matrix of Eisenhower

(b) Courtesy (b.1) Ability to respect all people contacted
(c) Flexibility (c.1) Ability to adapt to variations in the market, the enterprise and

the working environment
(d) Integrity (d.1) Ability to follow engineering deontology

(d.2) Ability to consider that technical products can harm users
(e) Interpersonal
relationship

(e.1) Ability to create a pleasant working environment
(e.2) Ability to establish good relationships with people from upper
and lower levels

(f) Positive attitude (f.1) Ability to be optimistic and to transmit optimism to colleagues
(g) Professionalism (g.1) Ability to have a look and display behavior that are congruent

to the specific work environment’s requirements
(h) Responsibility (h.1) Self-discipline and awareness
(i) Work ethics (i.1) Ability to work hard
(j) Creativity (j.1) Ability to find new solutions, to overcome negative and

frequent situations, i.e. repetition and plagiarism
(j.2) Ability to evaluate technical products’ performance

(k) Awareness (k.1) Ability to takey a balanced position between two opposite
situations, feelings or mental states

(l) Human aspects of
technology

(l.1) Clear idea that technology is for humans and humans are not
for technology
(m.2) Ability to evaluate positive and negative effects that technical
products may have on users

(m) Talent
development

(n.1) Ability to acquire a complete personality by striking a balance
between the intellectual quotient and the emotional quotient: the
result is intellectual fusion
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Some considerations about the most significant and the most related skills with
product development are made. The following examples result from the authors’
experience.

Instructions for use and maintenance

Instructions for use and maintenance are an important part of scientific-technical
communication. Instructions play an important role, and one that is linked to the
industrial product’s safety [3] (Table 3).

Information from the user to the producer, i.e. approach to the transformation from
consumers into prosumers.

Information from the user to the producer is significant and can be important
feedback for the producer. By using the above-mentioned information, the producer
can enhance a product’s performance. Thus the consumer can play the role of prosumer
(Table 4).

Table 3. General index of a manual for use and maintenance

1 Index

2 General data
3 Manual for use and maintenance
4 Product description
5 Forecasted use
6 Transport, assembly and fitting
7 Access
8 Carrying out
9 Verifying and regulating
10 Maintenance
11 Disassembling
12 Normal repairs
13 Dangers and emergencies
14 Training operators
15 Liquidation and recycling
16 Spare parts
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Updating engineers

Updating designers is very important: Continuing Education allows a designer’s
knowledge to be maintained over time. From this point of view, the preparation phase
of a Continuing Education course is very important [4].

Eisenhower—Box

Eisenhower, the 34th President of the United States from 1953 to 1961, reaches a very
high level of productivity, and by also applying the Eisenhower—Box [5]. This box
(Fig. 3) allows the most rational decisions by classifying the things to do as being more
or less “important” and “urgent”.

Creativity

Creativity in the design education field can be defined as the ability to propose new
concepts and embodiments of industrial products. Some criteria are used to develop
creativity, and these criteria can be a teaching subject in Design Schools.

By way of example, we find the critical analysis of historical heritage. Historical
solutions can, in some cases, be a source of new ideas. Old ideas can be proposed again
today, e.g. with new materials and new technologies.

Table 4. General index of a questionnaire from the consumer to the producer

Customer’s general
data

– Name
– Age
– Studies
– Profession

General product data – Data about the consumer who uses the product
– Type of product
– How long the product has been used
– How long similar products have been used

General evaluation – General correspondence of the product to customer requirements
– The product’s most satisfying aspects
– The product’s least satisfying aspects

Specific evaluation – Degree of satisfaction with the various aspects and/or part of the
product

– Observed problems
– Proposal and suggestions
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Figure 4 represents the links to a historical German patent (1940) for car suspen-
sion which allows a car body to be leveled. To the right, we find a proposal of modern
suspension made by abstracting the historical concept: variation of the height of the
fixed point of the spring to the car body [6].

Figure 5 represents many concepts of a steamroller by changing the relative
position of wheels, the engine and the driver.

Figure 6 illustrates a proposal of some different concepts of a glyph mechanism by
changing the relative position of the fixed point and the point in motion.

Other important tools toward innovation are TRIZ [7–9] and biomimetics, i.e. the
development of technical products by observing natural phenomena [10].

Awareness

The designer should very carefully consider the balanced position with no excess
(Table 5).

Fig. 3. Eisenhower—Box
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Fig. 4. Historical solution (over) and a modern proposal based on the same concept (under)
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Fig. 6. Different concepts of a glyph mechanism by changing the relative position of the fixed
point and the point in motion (slitta means point in motion, punto fisso means fixed point)

Fig. 5. Concepts of a steamroller by changing the relative position of wheels, the engine and the
driver
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Human aspects of technology

Development of technology can be for or against humanity. Figure 7 is about sus-
tainability, but can also be valid for human aspects. To gain human technology, it is
necessary to upgrade technological development and culture, where culture is intended
to act as an integration of knowledge and deontology.

Table 5. Correct and excessive behavior (super ego)

Confidence A sense of infallibility

Quickness Overhastiness
Sharp wit Abrasiveness
Alertness Narrow focus
Dedication Workaholism
Control Inflexibility
Courage Foolhardiness
Perseverance Resistance to change
Charm Manipulation
Ambition Coercion
Power Autocracy
Flexibility Ambivalence

Fig. 7. To have good (environmental, human, etc.) technology, it is necessary to upgrade
technology and culture (knowledge and deontology)
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5 Proposal

The highlighted important role of Soft Skills in Design Education can be the inspiration
to introduce some relative contents into Design Education courses. Table 6 shows
some proposals made.

6 Conclusions

The authors believe that Soft Skills play an important role in all engineering activity
fields and, consequently, in Engineering Education. The present paper analyzes some
aspects of Soft Skills in an important part of Engineering Education, i.e. Design
Education. Some years ago, one of the authors (Edoardo Rovida) applied some of the
above-mentioned knowledge to the course “Methods of Mechanical Design” at the
Politecnico di Milano.

For more in-depth information about Soft Skills, see also [11–16].
The authors are members of an Italian organization called “Officina della

Conoscenza” (Workshop of Knowledge). Giulio Zafferri is a founder member: this
organization and, of course the authors, are involved in many educational aspects (e.g.
the course “Development of Personal Acumen through Soft Skills” at the Order of
Engineers in Milan) and are willing to cooperate with interested colleagues and
institutions.

The authors are currently preparing a book whose temporary title is “Think If”.

Table 6. Proposal of soft skill contents in design education courses

Phase Examples of soft skills

Orientation (before
university)

Acquisition of a method to study
Information about different faculties
Role of Soft Skills in Design Education

Bachelor Introducing Soft Skills into Design Education
Engineering Design Deontology Elements
Human aspects of technology
The designer’s responsibility
Flexibility in design activity

Master Courtesy in the relationship with colleagues
Interpersonal things: contributing to create a
Positive attitude to conduct good environmental work
Professionalism in the way to face different situations of design
activity
Awareness of the need to balance a psychological situation between
two opposite and both negative situations
Creativity, i.e. the ability to create and to evaluate new ideas

Continuing education More in-depth study about some of the above-mentioned arguments
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Abstract. Which didactic methodology is the most appropriate considering the
contents of my subject? What are the activities that suit my possibilities? What
evaluation method is fair and formative for the competences of my subject? The
teaching team of the subject of Graphic Expression in the Engineering of the
Engineering School of Bilbao (UPV/EHU) decided to act in order to improve
the teaching-learning process. For this purpose a restructuring of the entire
subject that would be carried out by making a disruptive approach to redesign
the subjetc was thought. The main objective was to capture the students’ interest
in the subject and, as a result, improve the success rate. For this purpose, a
restructuring of the whole subject was sought by applying educational
methodologies and updated technologies according to the new requirements by
the students and the teachers. The main idea is to give importance to the
knowledge and ability of extracting the necessary data to represent graphically
the reality, identifying the real problem posed with a method of theoretical
resolution. At the same time, to minimize the importance of memorizing steps,
data can be consulted in the bibliography. With the objective of implementing
the main ideas above, the teaching team inquired about pedagogic models, and
found that the Flipped Classroom suited the necessary characteristics, mainly the
effective use of time in the classroom. Finally, it is important to notice that the
creative process followed has allowed the teaching team to unify criteria and
agree on results. This way, all members have felt involved in the project.

Keywords: Graphic expression in engineering � Didactic methodology �
Teamwork � Creativity � Flipped classroom

1 Introduction

Flipped Classroom, Project Based Learning (PBL), Cooperative Learning, Gamifica-
tion, Problem Based Learning, Design Thinking (DT), Thinking Based Learning
(TBL), Competency Based Learning, Multiple Intelligences, Proactive Tutoring,
Kolb’s Learning Cycle, Just-in-time Teaching (JiTT), etc.

Which didactic methodology is the most appropriate considering the contents of my
subject? What are the activities that suit my possibilities? What evaluation method is
fair and formative considering the competences of my subject?
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The teaching team of the subject of Graphic Expression in the Engineering of the
School of Engineering of Bilbao (UPV/EHU) decided to act to improve the teaching-
learning process. The approach was a full restructuring of the entire signature, with the
mentality of making a disruptive approach to the design of the subject was pursued. At
the same time, the team considered the application of educational methodologies and
updated technologies according to the new requirements by the students and the
teaching staff [1, 2].

The process of this action was addressed using creativity techniques such as
Brainstorming, Cause-Effect Diagram or Method 6-3-5 [3, 4].

The expected result of this action was to obtain a more participatory teaching
methodology that would motivate the students and the teaching staff, and consequently,
improve the success rate of the subject.

It was also expected to minimize the impact of external agents, such as teacher
changes, changes in class lists, calendar, etc.

The context of this annual subject is the following: 9 credits in first course, it is
common for the Degrees in: Electrical Engineering, Industrial Electronics and
Automation Engineering, and Mechanical Engineering. It has bilingual character, is
taught in Spanish and in Basque to more than 600 enrolled students. The teaching team
consists of 5 teachers who dedicate most of the teaching to this subject and another 2–4
teachers that only partially lecture this subject.

2 Motivation

The results of the examinations show that students are not able to apply the same
concepts to different situations, hence, it is clear that the students do not understand the
basics of the subject. Using the usual type of exercises from previous calls, two
exercises with the same geometry were proposed (Fig. 1).

The exercise on the left deals with the basic management of the system of repre-
sentation. The theory of technical drawing can be directly applied in this exercise. In
this exercise, real data related with the geometry shown in Fig. 1 is requested.

The exercise shown on the right side of Fig. 1 is an exercise of practice application.
The exercise describes a molding machine to manufacture the geometry described in
the geometry of the exercise on the left. The description of the geometry of the matrix
was requested: views and dimensions.

The solution in both exercises was the same, but many students who solved the first
exercise were not able to solve the second exercise.
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There is also a lack of motivation of the students, evidenced by the attendance to
the classes and the lack of rigor in carrying out the tasks that are scheduled weekly.

The students are 1st year in school and come from different centers and studies. In
some cases with low expectations, little previous motivation and no vocation to the
profession.

The result is that, in this subject, we have a very low success rate compared to the
rest of the subjects of the same course and same grades.

3 Methodologies

The tasks to be carried out to develop the project were:

• T1. Team training in creativity techniques. The process was made using creativity
techniques, therefore, it was necessary that the entire team had knowledge of this
way of working.

• T2. Analysis of the detected problem. The causes of the detected problems in the
subject were analyzed exhaustively to clearly determine their origin.

• T3. Search for ideas in the different fields of action that allowed solutions to the
detected problems.

• T4. Identification of the priority areas and selection of the actions to be imple-
mented considering their relevance and impact in achieving the objective.

• T5. Study of success cases in active methodologies that adjust to the selected
actions and that are from areas related to the subject.

• T6. Design of the subject. Definition of the different aspects that comprise the
subject: methodology, contents, documentation, evaluation, etc.

The scope of actions is the factors on which the team has the capacity to act and
modify, covering the design, development and evaluation of the subject. The factors
that can not be intervened, such as financing, student selection, material resources, etc.,
were eliminated from the improvement process.

Fig. 1. Geometry of the exercises
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Specifically, improvements will focus on the syllabus of the subject, the teaching
methodology, documentation and evaluation.

The syllabus is given in the accreditation card of the degree, but you can modify the
time dedicated to each of the topics depending on the chosen methodology.

It is intended to progressively implement the teaching methodology based on active
methodologies, currently used in computer practices, to the whole subject.

The documentation is to be unified among the different groups and languages, and
to update the supports of the information (videos, web, etc.).

Two of its members leaded the formation of the team in creativity techniques.
These two members have extensive experience imparting this type of training and
facilitate the development of different creativity techniques [5].

Ideas on how to guide the previous objectives were obtained through a Brain-
storming. This group creativity technique was developed by Alex Osborn in the 30s
and published in 1963 in the book “Applied Imagination”. Brainstorming is the
foundation on which most creativity techniques are based [3, 4].

Many ideas where related with the need of identifying the causes of the failure of
the students, and therefore the teaching staff. With these results, the performance
framework of the improvements was established.

The possible causes of the problem were searched by means of a Cause-Effect
Diagram, proposing as effect the central idea obtained in the previous Brainstorming,
and as causes the four areas of action: subject’s syllabus, teaching methodology,
documentation and evaluation. Developed in 1943 by Kaoru Ishikawa, it is an effective
tool to study processes and situations, and to develop a data collection plan [3, 4].

Once the possible causes of the problem were defined, solutions were sought using
the 6-3-5 method, a group creativity technique elaborated by Warflied (Bernd Rohr-
bach en 1968) that is characterized by being reflexive [3, 4].

At the same time, the very first day of class an anonymous test of previous
knowledge was passed to all 1st year students.

In addition, an opinion poll on the teaching of the graphic expression subject was
prepared to ask the students about the documentation preferences and teaching
methodology for the development of the classes. This poll was made through online
survey software on the last days of the course, outside of class, also to all students in 1st
grade.

The selection of ideas to be implemented was done through a multi-criteria matrix
to be as objective as possible. This is a support tool for the decision-making process
developed in the 60s, and from the second half of the 1970s began to experience an
important development, becoming a scientific tool [3, 4].

The identification and the definition of the criteria to evaluate the ideas and their
relative weighting was a subject of long discussion. Finally, the most decisive criterion
would be the motivation of the students and of the teaching staff (Table 1).
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In view of this evaluation, the most valued ideas were taken, incorporating also
those ideas that completed them with little added effort. All of them gave rise to the
innovation to be implemented.

4 Results

As previously explained, ideas on how to guide the previous objectives were obtained
through a Brainstorming. Many ideas where related with the need of identifying the
causes of the failure of the students, and therefore the teaching staff. The ideas on how
to guide the previous objective were:

• How to analyze the spatial capacity of Engineering students and what minimum
requirements of spatial capacity are necessary to study Graphic Expression in
Engineering.

• Analysis of the “native computer” student body in the understanding and realization
of Graphic Expression documents in Engineering.

• The reason for the failure in the teaching of Graphic Expression in Engineering.
• Deficiencies that the students present in the Graphic Expression in Engineering.

Especially in the realization and interpretation of plans.
• Criticism and evaluation of the teaching methodology by the teaching staff.
• Assessment of the previous works implemented on research in teaching

methodologies.
• Contact students to detect difficulties: surveys of students from previous courses,

periodic meetings, brainstorming with students, etc.
• Compilation of all information and analysis. Design of future steps.

The possible causes of the problem were searched by means of a Cause-Effect
Diagram proposing, as effect the central idea obtained in the previous Brainstorming,
and as causes the four areas of action: subject’s syllabus, teaching methodology,
documentation and evaluation.

In a summarized way (Table 2), several causes were related with little work on
basic concepts and scarce continuous work.

Table 1. Criteria

Nº Criterion Weighing

CR1 How important is it for you that students acquire the knowledge of the
subject?

9.0

CR2 How important is it for you that the students are motivated with the subject? 8.8
CR3 How important is it for you that the teacher is motivated with the subject? 8.2
CR4 How important is it for you that the actions can be applied in the short term? 5.0
CR5 How important is it for you that actions need few material resources? 1.6
CR6 How important is it for you that the actions need little dedication from the

teaching staff?
3.4
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The conclusion obtained from the Cause-Effect Diagram confirms that a complete
restructuring of the subject is necessary, and that the fields of action covered cannot be
treated independently if one wants to be free to propose something novel.

Once the possible causes of the problem were defined, solutions were sought using
Method 6-3-5. Once analyzed and grouped similar ideas, 40 ideas were obtained:

• 2 Ideas on the agenda
• 24 Ideas on methodology
• 10 Ideas on documentation
• 4 Ideas on the exam

At the same time, an anonymous test of previous knowledge was pass to all 1st year
students, with 397 responses. One of the most striking conclusions is that a high
percentage of students have previous drawing training (91.4%), however, few consider
to be well prepared (29.2%).

In addition, an opinion poll about the teaching of the graphic expression subject
was also passed, asking the students about the documentation and methodology
preferences for the development of the classes, obtaining 125 responses. The most
striking conclusion was that they preferred classical methods, that is, that teachers
explain and make examples in class (72%) and paper documentation (60%).

The selection of ideas that would be implemented was made through a multi-
criteria matrix. The criteria for evaluating the ideas and their relative weighting are
shown in Table 1. The five best valued ideas were about teaching methodology and are
shown in Table 3. In addition to the most valued ideas, other related ideas are incor-
porated, and they only entailed a small added effort.

Table 2. Result of the cause-effect diagram

Causes of failure in graphic expression
Exams Methodology
Level too high:
– Excessively complicated

assemblies.
Scarce time
Statements:
– Statements without descriptive

memory

Waste of time delineating
No description of assemblies is made:
– Students are not asked
– It is not given to the students

Abuse of the slides:
– The reference of the level of demand is lost

The students do not do the weekly tasks
Lack of motivation:
– Little attendance to class

Syllabus Documentation
Very extensive agenda:
– The axonometric system seems

stuffed
It goes too deep in some topics

The students do not bring documentation to class:
– No notes are taken

The student does not complete the documentation
after class
The consultation documentation is very scattered:
– The slides are mute
– Very varied books
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5 Discussion

The statement of the innovation to be implemented would be: take a real complex
situation that serves as a thread to address various issues.

The starting point would be an image of a real situation (photo or virtual), and then
make the graphic representation of a specific part. This graphic representation poses
some problems as representation of surfaces, views, intersections, etc. Data such as
distances and angles can also be request. As well as propose redesigns, add new
elements, etc. [6]

This starting situation raises the need to apply the theoretical knowledge that would
be the contents of the subject’s syllabus.

In order to see various applications and to include all the sections of the agenda,
several different starting situations will be proposed.

The main idea is to give importance to the knowledge and ability of extracting the
necessary data to represent graphically the reality, and identifying the real problem

Table 3. Results of the selection of ideas

Assessment Ideas

Best valued ideas
324 Make sheets of drawings and exercises in pairs or teams and correct them by

pairs following some correction guidelines. To motivate, raise it as “contest or
game” and/or value it with a note

320 Explain with practical examples in class
310 That the students generate tutorials of Solid Edge (CAD software), so that they

use it of consultation in the works and in the examination
301 Photo Safari. That the students look for examples of surfaces, sets, etc. and

take pictures
298 Draw pieces or sets based on real physical models that can see and touch
Related ideas
293 Work on the visualization of objects using computer generated models
288 Take every four months a complex problem that serves as the common thread

of the whole agenda
282 CAD Documentation: find each course a set (better if it is physical) to work on

in the classes. The faculty would present the documentation that will guide all
the steps for the elaboration of the whole project. Making of assembly and
cutting plans, and assembly plans, as well as the explanatory documentation

275 Visiting companies where CAD tools are used to motivate students and see the
usefulness of the subject. Select students through work related to the visit

257 Raising “all” the subject, or a high percentage, as a resolution of a complete
project, covering the minimum knowledge of the subject

252 Write the statements of the exercises and sheets of drawing with more
enthusiasm, so that they seem more real and that the students have the feeling
that they are useful for something

248 Go from big to small. Begin watching sets and their operation, to go down to
the details, unions, tolerances, etc.
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posed with a method of theoretical resolution. At the same time, to minimize the
importance of memorizing steps and data that can be consulted in the bibliography.

“The teacher guides and trains the student to” link “information. Learning is deeper when it
connects, when it knows the genealogy of the specific content and, not only that, but when it is
able to put it in contact with other content, different and also specific.” [7]

With the objective of implementing the main ideas above, the teaching team
inquired about pedagogic models, and found that the Flipped Classroom suited the
necessary characteristics, mainly the effective use of time in the classroom. As it is
known, the Flipped Classroom transfers certain aspects of learning outside the class-
room, in order to use class time for the development of cognitive processes of greater
complexity than favor meaningful learning [7, 8].

This practice enhances the practice of knowledge and the development of other
processes of acquisition, analysis, etc., as well as the teachers’ own experience,
enriching the interaction between teachers and students.

6 Conclusions

The work dynamics put in place, as a consequence of the creative process carried out,
minimizes the impact of external agents such as shared faculty, changes in class lists,
calendar, etc. It also favors the incorporation of new faculty to the methodologies
proposed.

The subject is restructured to obtain a teaching methodology that motivates the
students and the teaching staff. As a consequence, the success rate of the subject may
improve, based on a more participatory methodology.

The main idea is to give importance to the knowledge and ability of extracting the
necessary data to represent graphically the reality, and identifying the real problem
posed with a method of theoretical resolution. At the same time, to minimize the
importance of memorizing steps and data that can be consulted in the bibliography.

In short, the restructuring of the subject is focused in making the students inde-
pendent to seek information and solve arising problems.

The changes in society alter the educational dynamic and the synergy of learning.
The current faculty must renew, strengthen or modify their competences not to be left
behind. The teaching-learning process is no longer reduced to a mere unidirectional
transmission of data, but to a purely creative mission. Information has multiplied and,
therefore, access to knowledge has been facilitated. Currently it is more about an
analysis of the content, of teaching and training to connect, rather than to accumulate.
The faculty ceases to be a transmitter to become a guide, guiding the students to the
relevant contents.

The student survey on teaching revealed that the vision of the students is not the
same as that of the teaching staff. All the contributions that come from the students
through different media are really valuable to achieve improvements.

A pedagogical model like Flipped Classroom is needed in order to use class time
for the development of cognitive processes of greater complexity that favors mean-
ingful learning.
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Finally, it is important to notice that the creative process followed has allowed the
teaching team to unify criteria and agree on results. In this way, all members have felt
involved in the project.
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Abstract. Motivations for the research activity on teaching methods could be
listed as: institutional duty; reduction of evaluation costs; establishing conve-
nient relationships between teaching, research and publications; developing
educational programs for non-academic learners; consolidating learning out-
comes. Teaching is the most commonly recognized mission of university, and
evaluation has a cost in terms of time and resources, both precious: at least a
portion of the exam, the one concerning factual knowledge, may be done in
economies of scale. The most of basic technical drawing teachers works with
very large classes and faces the dilemma of choosing what to sacrifice among
teaching quality, research projects, earning opportunities, personal interests, etc.
A possible partial solution to such a dilemma is to work on projects aimed at
teaching innovation, so to create convenient relationships between teaching,
research and publications. A further consequence of lowering the cost of eval-
uation would be to make cost effective a more tests and, consequently, to
achieve less temporary learning. Not just simple notions but also skills and
abilities. In this paper the authors presents a structured synthesis of teaching
innovation experiences of a ten-year span. Over time, they were divided into
four integrated directions: definition of prerequisites, expected outcome evalu-
ation grids; authentic assessment methods; teaching and learning tools.

Keywords: Technical drawing � Design methods � Engineering education �
Learning techniques

1 Introduction

Motivations for the research activity on teaching methods are several. They could be
listed as: institutional duty; reduction of evaluation costs; establishing convenient
relationships between teaching, research and publications; developing educational
programs for non-academic learners; consolidating learning outcomes.

Teaching is the most commonly recognized mission of university: we cannot
escape trying to do more and better.

Moreover, new budget cuts will come and, at the same time, new unexpected
competitors will appear. Evaluation has a cost in terms of time and resources, both
precious. The traditional exam setup follows diseconomies of scale: examining twice
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the candidates takes more than twice the time. This is a crucial aspect, often under-
estimated. Simply enough, evaluators need to coordinate, replicate structures, reiterate
checks, etc. We got used to this and we accept it as inevitable. However, at least a
portion of the exam, the one concerning factual knowledge, may be done in economies
of scale [1].

The most of basic technical drawing teachers works with very large classes and
faces the dilemma of choosing what to sacrifice among teaching quality, research
projects, earning opportunities, personal interests, etc. Extraordinary people who can
balance all these things exist, but they are indeed extraordinary exceptions [2].
A possible partial solution to such a dilemma is to work on projects aimed at teaching
innovation, so to create convenient relationships between teaching, research and
publications [3].

Moreover, the increasingly pervasive globalization of industrial production has also
reached the supply chain level of the subsystems and consequently the small and
medium-sized enterprises that made the typical Italian industrial base, with a delay of
about ten years compared to large industry. The staffs of technical areas are realizing
that they are drawing “in local dialect”, finding problems to carry out the supply of
products and their components. In the search for junior engineers, the request for skills
in the GPS/GD&T field is increasing. As a consequence, “profit” opportunity in
company training for technical drawing opens up. However, it is important to note, that
the type of corporate learner has many characteristics opposed to the academic learner;
those who pay for their training are not interested in a final grade, while they often ask
the initial and final levels of specific competences to be assessed objectively. With
regard to what has just been said, it follows that an essential element of this approach is
the development of objective evaluation tools. In some cases, the objective evaluation
tools favour the reduction of the evaluation cost.

If we gather our thoughts to when we were under examination, we realize that we
remember better notion and concepts that we had to use to overcome those exams
(there are studies according to which the 80% of the concepts learned are forgotten
about 15 months after the exam [4]). Furthermore, each teacher has the experience to
observe how much attention students have during exam than during traditional lessons
or lab activities. A further consequence of lowering the evaluation cost would therefore
be to make cost effective a more number of test and, consequently, to achieve less
temporary learning. Not just simple notions but also skills and abilities.

In this paper the authors presents a structured synthesis of teaching innovation
experiences of a ten-year span. Over time, they were divided into four integrated
directions: definition of prerequisites [5, 6], expected outcome evaluation grids [7, 8];
authentic assessment methods [9]; teaching and learning tools [10–15].

2 Available Tools

In the last ten year, in Brescia, we have developed different tools for an integrated
approach to innovate the methods to teach technical drawing.

706 G. Baronio et al.



2.1 Exercise Book to Fulfill Pre-requisites

In the period between 2003 and 2007 students was given the possibility to attend
revision classes to fulfill the general gaps in technical drawing, especially for those
students coming from non-technical schools enrolled in degree courses of the industrial
engineering area.

The workbook [5] published in 2007 with the ADM is a collection of tutorial
exercises that can be carried out with minimal teacher intervention. The experience has
been positive and currently, even if it is no longer possible to conduct those classes, the
workbook is strongly recommended during the introductory lesson of the basic courses.

After ten years the tool should be revised and, in this case, it would be interesting to
rigorously evaluate the effectiveness of this tool in order to publish the results.

2.2 The Adventures of Mr. Clumsey, The Engineer

“The adventures of Mr. Clumsey, the engineer” is a comic story in 12 episodes in
which a clumsy junior engineer is facing the typical problems of a technical office, as
shown in Fig. 1.

The strips were developed with “Bitstrips” which allowed to develop rather long
stories and to export them in image format, before being incorporated into Facebook.
Some students of the Industrial Design Degree Course were involved as trainee.

All the strips are available at: https://goo.gl/PmcgUk. The purpose of the project is
to support students’ motivation by introducing in an entertaining way twelve topics of
technical drawing.

The experience, from the chair point of view, is that, after having made the students
chuckle, even the teacher plays a better lesson.

The effectiveness of this tool has been demonstrated with some experiments
reported in [6].

Fig. 1. Mr. Clumsey, the engineer
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2.3 Technical Drawing Test

To carry out closed-questions tests is not something new, but to implement this type of
test means to face the following problems: (i) if there are few questions, it is easier to
memorize the answers than to learn the matter; (ii) three types of inconveniences are
possible if students are requested to propose new questions, in order to produce a lot of
queries: (a) pedestrian implementation of trivial questions, (b) excessively specific
questions, (c) more or less sophisticated self-responding questions; (iii) it is necessary
to be able to identify and manage questions with errors or low performance; (iv) it is
necessary to be able to evaluate the performance of every single question, in fact, to
propose effective questions is less easy than you think; (v) if the questionnaire is in
paper form, it is completed quickly but the cost of correction is high; (vi) if the
questionnaire is on-line, there are computer security problems and problems with the
number of workstations.

After about 6 years of paper questionnaires in which a few hundred of industrial
technical design questions were developed, four years ago we implemented an on-line
questionnaire, shown in Fig. 2, within the MOODLE (Modular Object-Oriented
Dynamic Learning Environment) platform. This questionnaire is carried out in asyn-
chronous mode: there are twenty workstations and a group of one hundred candidates
fill out a questionnaire of thirty questions in two hours. Doubling the number of
queries, the required time is much less than the double.

Among all the developed instruments, this has had the greatest impact on the
reduction of the evaluation cost. In particular, from the very first developments, it was
clear that a transition from diseconomy to economy of scale has happened.

Fig. 2. On-line questionnaire implemented in the Moodle platform
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2.4 Technical Drawing Learning Tools (TDLT)

Around two years ago, we developed an interactive presentation for the self-study of
technical drawing and mechanical machining fundamentals. The application, devel-
oped for Windows, Mac OS X and Android, is shown in Fig. 3. It is based on the
assumption that apparently dogmatic rules can be made clearer, almost obvious, by
highlighting the close relationship between dimensioning and machining process. The
underlying concept is to understand how the machine works in order to understand how
to communicate the morphological desiderata.

Each machining is presented through an interactive sheet, where the schematic
drawing of the machine tool gets animated when the mouse hovers over prescribed
keywords in the description (parts of the machine, rotation or translation axes).

Then, for each machining a sheet with two synchronized videos is displayed: on
one side, the video shows the machining process, and on the other side an animated
technical drawing shows the piece dimensions only as soon as the machine requires
them. The dimensions are also animated so to “guide” the tool motion.

Fig. 3. Interactive application for self-study of technical drawing and mechanical machining
fundamentals. a The application. b The general description of the milling machine. c The initial
phase of a milling. d The final phase of a milling
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Some tests to evaluate the effectiveness of the tool on the students have already
been carried out, and the results have been published in [10, 11].

At the moment we are negotiating with an editor to publish the tool in connection
with textbooks.

2.5 Essay Questions

The drawing of a part extracted from the drawing of an assembly is a widespread
examination method, but it has the big limit of correctly evaluating only those
examined that obtain a good or an excellent evaluation. In fact: (i) it is only possible to
correctly represent the morphology of the part with the minimum number of views and
sections when its morphology is perfectly understood; (ii) you can correctly dimension
a drawing only after perfectly representing views and sections; (iii) tolerances can only
be correctly indicated after a perfect dimensioning.

To overcome these limitations, we decided to restructure the examination procedure
so that individual skills can be assessed independently through open questions. An
example is shown in Fig. 4: Fig. 4a shows one question of the test, in which students
have to complete the draw, marking the theoretically exact dimensions and indications;
Fig. 4b shows one correct answer, available on-line.

3 Implemented Methods and Results

The research activities have been structured in four coordinated directions: (i) definition
of pre-requisites; (ii) definition of expected proficiency grids; (iii) tools and methods for
objective evaluation; (iv) tools to support teaching and learning.

Fig. 4. Example of an open answer test
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3.1 Definition of Pre-requisites

The definition of prerequisites is often overlooked: the ministerial programs for the
middle school are more than enough to start an engineering or architectural path, but
the new entrants completely lack of the most elementary notions [8, 9]. However, it is
not possible to start teaching from the very beginning and, at the same time, it is
necessary to enable the most lacking students to make up their gaps, therefore a tutorial
exercise for the recovery of prerequisites has been developed [5].

3.2 Definition of Expected Proficiency Grids

Once the minimum level of competence have been defined for each course, it is
possible to define and articulate the levels of expected competences at the end of each
training activity.

In our experience, in order to properly develop assessment systems with closed
questions and open-answer questions, we thought necessary to develop a multi-layered
grid of expected skills to ensure consistent and repeatable evaluations [7].

The type of grid adopted is the one provided for the EQF (European Qualifications
Framework). This instrument considers three aspects: knowledge, skills, and
competences.

In elaborating the grid we thought about drawing in its double nature: instrument
and language, as it happens also for writing.

The EQF was recommended in 2008 by the European Union and theoretically
should be developed by 2010 for each of the subject taught. Now, in the light of the
latest regulations, the grid should be thoroughly revised: it is on the agenda but we
would like to share the work with a larger group.

3.3 Tools and Methods for Objective Evaluation

Once the expected articulation and levels of competence have been defined, it is
possible to choose and define the most suitable objective evaluation methods and tools,
as presented in Paragraph 2.

In a nutshell, objective evaluation requires that we first define: who, what, how,
where, when and why to evaluate.

The application of the Bloom Taxonomy (a fundamental instrument in Education
Science [14, 16]) is useful in this context. In summary it says that: (i) to understand a
concept, you must first know it; (ii) to apply a concept, you must first understand it;
(iii) to analyze a concept, you must first be able to apply it; (iv) in order to judge the
value of knowledge, it is first necessary to analyze it; (v) to create something new you
first need to have judged the values at stake.

In fact, regarding Bloom’s taxonomy: (i) you can correctly represent the mor-
phology of the part with the minimum number of views and sections only when you
understand the morphology perfectly. (ii) It is only possible to dimension correctly after
perfectly representing views and sections. (iii) Tolerances can only be correctly indi-
cated after a perfect dimensioning, as already said in Paragraph 2.5.
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Possible applications are as follows: (i) closed answer questions for the verification
of prerequisites and basics; (ii) open questions for the assessment of individual com-
petences; (iii) carrying out an internship or thesis for the assessment of the independent
integration capabilities of several competences.

3.4 Results

Since the introduction of a closed-questions test and an open-answers test, a decrease in
the number of students late with their studies has been observed. This happened even if
enrolments slightly increased.

4 Conclusions

We believe that the most logical structure to analyze the problem of an integrated
approach to the innovation of technical drawing teaching methods is the following:
(i) pre-requisites; (ii) expected proficiency grids; (iii) evaluation tools; (iv) teaching
tools.

It is important that this structure is agreed upon to the largest extent possible. We
are discussing and updating it on the basis of meetings with colleagues in the sector,
trying to understand how important it is to harmonize contents and expected levels in
technical drawing teaching between the different universities, and who has the authority
to promote this activity, and to what extent the four aspects of the proposed integrated
approach should be harmonized or standardized.
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Abstract. In the history-based, feature-based, parametric CAD approach, 2D
profile sketches are the basis for 3D models. Fully-constraining profiles is
mandatory to create robust profiles. At present, neither CAD applications nor
Model Quality Testing Tools usually check whether 2D profiles contain
redundant constraints. Besides, our experience shows that novices tend to
introduce redundant constraints. We hypothesize that 2D profiles over-
constrained with redundant relations are more difficult to edit than those that
avoid redundancies. In the present work―and as a first step to demonstrate this
hypothesis―an experiment was conducted. Students of the subject “Graphics
engineering” were taught on the creation of constrained 2D profiles. Then, they
were asked two questions. On the one hand, novices had to identify and reason
whether a simple given profile was fully-constrained, over-constrained or under-
constrained. On the other hand, they had to identify and point out the types of
the constraints. The results showed that in spite that novices received a specific
training, roughly half of them failed to say if the 2D profile sketch was fully-
constrained and which type of constraints it contained. Furthermore, the results
of the second question revealed that more than the half of students did not
recognize perpendicularity as a geometric constraint. As future work, we will try
to demonstrate whether a reinforced training through simple exercises and a
quick and effective feedback, will allow novices to improve the identification
and removal of redundant 2D constraints when drawing 2D profile sketches
(thus helping to produce robust profiles).

Keywords: CAD model quality � 2D profile sketch � Fully-constrained
profile � Over-constrained profile � Under-constrained profile

1 Introduction

Currently, 3D CAD models are an important issue in New Product Development
(NPD) process. This fact has influenced the development of the CAD data quality field.
“Product data” includes CAD (computer aided design) data, CAM (computer aided
manufacturing), CAE (computer aided engineering) and PDM (product data manage-
ment) among others. Poor data quality management compromises the benefits of
history-based parametric feature based on mechanical CAD systems (MCAD), and
specifically with the CAD model reuse.
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High quality models are essential [1]. Contero et al. [1] proposed three levels of
quality to classify CAD models: Morphologic, Syntactic and Semantic/pragmatic. The
third level (Semantic/pragmatic), considers the CAD model capability for reusing and
modification. Reusability and interoperability of a CAD model are the most typical
tasks carried out during the product design process. Reusability of CAD models is an
important issue to create high quality models. A model is reusable when it allows
modifications while it maintains its design intent [2], and if it is simultaneously flexible
(facilitate design alterations) and robust [3, 4]. A robust model must allow for changes
while must not produce unexpected failures. According to Jackson, et al. [5] up to 48%
of CAD models fail after a change is performed. A model is ineffective if its design
intent is not maintained when the model is altered [2]. Generally understood, design
intent is a CAD model’s anticipated behavior when it is altered. Attending to ISO
definition, design intent is the, “intentions of the designer of a model with regard to
how it may be instantiated or modified” [6]. Models with high quality must reliable
allow for modifications while maintaining their original design intent. In terms of
training in CAD systems, very few studies have pay attention to students and how to
create models which can be easily understood, altered and reused by others [7]. A re-
cent study [8], addresses the reuse of 3D CAD models from the point of view of CAD
learning and it takes into account the use of design intent during this learning.

A feature and history-based parametric CAD model builds models on top of 2D
profiles—where geometric, dimensional and position constraints are introduced—using
modeling operations, and through a model sequence (model tree). Otey et al. [9]
present that sketch constraints join to “relationships between modeling operations” and
“modeling operations” to embed the design intent in 3D CAD models. However,
redundant restrictions don’t provide additional information to the intent design. Quality
of 2D profile is tightly related to its constraints. Ault et al. [10] showed that constraints
can be applied to obtain flexible geometric models avoiding undesirable geometry or
topology changes. According to González-Lluch et al. [2], the model is efficient if
among other conditions, the design decisions are traceable within the model tree. As
non-functional constraints, redundant constraints are inefficient and a type of “missing
design intent” error in procedural models [2]. To obtain a robust and quality 2D profile,
this must be necessary fully-constrained [11]. A common way to identify the quality of
2D profiles is to quantify their degrees of freedom. A profile which is not fully-
constrained has at least one degree of freedom.

While editing the profile, some 3D CAD applications provides some useful training
information to students. For example, in case of the CAD 3D SolidWorks® software, it
is possible to detect whether a profile is fully constrained since it is been created by
observing its line color, which can be configured from the program’s configuration
menu. Furthermore, a minus sign (−) preceding the profile name appears when the
sketch is under constrained. Therefore, this history-based parametric CAD application
provides information to user about under and over-constrained profile sketches.
However, it should be pointed out that in case of over constrained profile with
redundant relations, i.e. repetitive but not incompatible, the application does not pro-
vide any warning.
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We classify constraints as: dimensional, constraints that associate geometric entities
to each other (coincident, concentric, collinear, parallel, perpendicular, tangent,
smooth, symmetric, equal, etc.…), position and orientation constraints.

Our experience in teaching novices is that students tend to introduce redundant
constraints when 2D profile sketches are created in a 3D model. Users can receive help
from user’s manuals and Model Quality Testing tools (MQT). Although, as it was
shown in a recent study [12]―which examined a representative commercial
MQT―these tools provide limited testing and tutoring capabilities. Therefore, we
strongly believe that a correct training of novices and a quick feedback are essential for
learning. As some researches of the literature show, educators have worked in the
incorporation of activities which introduce product data quality concepts like the
assessment of CAD models through the development of rubrics [11, 13], and the
increase of students’ awareness of methodological aspects of CAD model construction
using activities or specific exercises [8, 14–16]. Some studies have shown that an early
feedback is essential to improve their modeling strategies [17]. In addition, this feed-
back should be continuous in a formative sense [18].

Our hypothesis is that 2D profiles over-constrained with redundant relations are
more difficult to edit than those that avoid redundancies. In a related study, González-
Lluch et al. [19] demonstrated that the use of fix constraints (a typical case of a low
semantic level constraints) compromises the reusability of the 3D model. Our expe-
rience like CAD instructors is that students tend to use redundant relations while
creating 2D profiles. We consider that this type of relation prevents easy reuse of CAD
models.

To demonstrate the hypothesis that “2D profiles (in 3D models) that contain over-
constrained with redundant relations are more difficult to edit than those that are fully
constrained, even if they use low semantic constraints”, it is necessary to follow several
steps. In this work, we present the first step, which consists in conducting an experi-
ment to know if students are capable of: (1) identifying fully-constrained profiles by an
example, and (2) if they are able to detect (on the same example) dimensional, geo-
metric, position and orientation constraints. Results show (in spite of students’ training)
that more than half of the polled students did not give a correct answer.

2 Experiment

One of the learning outcomes of the subject “Graphics engineering” (third course of
“Bachelor’s Degree in Mechanical Engineering” at Jaume I University) is that students
have to apply computer-aided three-dimensional modeling (3D CAD) for the resolution
of graphic engineering problems. Throughout the course, students attend both theory
and practical classes.

In the beginning of the course, students are introduced to the creation of 2D profiles
following the first chapter of [20]. On the one hand, during theory classes, students
receive knowledge about constraints. In addition, they learn to distinguish the differ-
ences between over-constrained and under-constrained profiles. On the other hand,
during lab hours, students are introduced to the use of a 3D CAD application
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(SolidWorks®) and specific rubrics to convey quality criteria in Mechanical CAD
Systems (assertions maps can be consulted in [11]).

Students are trained to create robust and flexible profiles through easy and simple
examples (Fig. 1). To this end, profiles are defined using geometric, dimensional,
position and orientation constraints. In order to check the correctness of the con-
straining process, some changes are proposed on the profiles by editing the figures. The
objective is to detect if these changes are allowed and if they result in the new expected
profiles, or on the contrary, profiles fail to be recalculated by the CAD application.

In the first midterm exam of the 2017/2018 course, students who coursed this
subject had to solve two questions related with constraints. In the first question, stu-
dents were asked if the profile showed in Fig. 2 was fully-constrained, over-constrained
or under-constrained. The answer had to be reasoned.

The correct answer, to this first question, is that this 2D profile is fully-constrained.
This answer is easily testable to a 3D CAD application (for example Solidworks®).

In the second question, the same Fig. 3 was presented. In this case, students had to
identify and point out each type of the constraint. The types of constraints that they

Fig. 1. Profiles created during the first two sessions by students following teachers’ guide

Fig. 2. First question of midterm of “Graphics engineering”
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were asked to distinguish were: dimensional or geometric (F), position and orientation
(P) and the rest (B). In addition, they had to argue their answer.

Considering the discretionary margin of the solution, we consider that this 2D
profile includes the constraints of Fig. 3.

In the case of the angular restriction (30°), another alternative could be to consider
it as dimensional or geometric (F). Instead, we consider this angular restriction as an
orientation constraint, because it associates the geometry of the profile with the ref-
erence system.

3 Results of the Experiment

A total of 34 answers were collected from the students and considered to the study. All
the students answered both questions.

The percentage of students that successfully answered question 1 (fully constrained
profile) is shown in Table 1.

Fig. 3. Considered constraints of the 2D profile proposed in the first question

Table 1. Data summary from the A question

Question A: “Fully constrained” “Over constrained” “Under constrained”

(%) students 47.1 50 2.9
Total of students 16 17 1
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Table 2, shows the percentage of students that successfully answered question 2. In
case of incorrect answer, detailed information/failure description is showed in Table 3.

The results showed that despite students had received specific training with theo-
retical and practical classes, more than a half of them (52.9%) did not distinguish if the
simple 2D profile was fully constrained.

In reference to the results from the second questions, the results show that more
than half of participants failed to differentiate between dimensional/geometric and
position/orientation constraints. Results from question B (Table 3) show that most of
students who had failed the question (87.4%), did not recognized the perpendicular
constraints as a geometric restriction, as the majority of students considered these
constraints as type P (position and orientation) and B (the rest).

4 Conclusions

In current work, we present a study to prove if we are training our novices towards
quality 2D profiles for 3D models. At this end, we have conducted a pilot experiment
which shows that students fail to recognize the different types of constraints in the

Table 2. Data summary from the B question

Question B: Correct answer Incorrect answer

% 47.1 52.9
Total of students 16 18

Table 3. Additional information from incorrect answers from B question

Student answer %
students

Total of
students

Additional information

All perpendicular
constraints

87.4 14 From this result:
11 students, pointed that perpendicular
constraints are of type P
3 students pointed that perpendicular
constraints are of type B

2 incorrect
perpendicular
constraints

6.25 1 The student pointed that 2 perpendicular
constraints are of type B

1 incorrect
perpendicular
constraints

6.25 1 The student pointed that 1 perpendicular
constraint is of type B

Equal constraints 18.75 3 The students pointed that the equal
constraints are of type B

Dimension constraints 12.5 2 The students don’t point one of the
dimensions
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examples proposed. This fact, suggests that students are unlikely to use constraints in a
robust and efficient way to avoid redundant constraints. They are also unlikely to
choose the more representative constraints to convey the design intent. Our experience
shows us that novices tend to introduce redundant constraints even in simple profile
sketches, although they have received a specific training and a limited assistance by
CAD 3D system.

The results of the experiment showed that half of students could not identify a
fully-constrained profile neither the type of constraints that contained. Therefore, we
conclude that an improvement of the knowledge of novices is necessary as a previous
step to obtain profiles with less redundant constraints. Hence, our natural next step is
the preparation of a tool that provides knowledge and early feedback to obtain profiles
with less redundant constraints to facilitate the edition of 2D profiles, in 3D CAD
models.
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Abstract. The following text outlines 9 years of teaching experience in the use
of a learning methodology based upon supervised practical work. This practical
work formed part of a degree in Product Design and Engineering at the
University of Zaragoza, concretely within the subject of Graphic Expression.
The teaching methodologies used and the results obtained are described below,
as well as the roles played by different participants within the process and the
methodological strengths and weaknesses which were identified. The text
concludes with proposals for an ongoing debate on how to improve the process.

Keywords: Practice � PBL � Supervised learning � Teaching � Engineering

1 Introduction

With the introduction of the Bologna Process, and the creation of the European Higher
Education Area, a strategy was initiated in order to adapt the subject matter of uni-
versity studies to social demands. Its main objective was to improve student perfor-
mance and stimulation, placing the learner at the heart of the didactic process [1, 2].

Supervised Practical Work could therefore be defined as a case in point for Project
Based Learning, since students are presented with a single set of common problems to
resolve. However, whilst students continue to work in groups, the presentation and
grading of results is individual [3, 4].

This learning strategy represents an active methodology, in which students learn by
doing [5]. This promotes research and allows us to move from a traditional teaching
approach (based on lectures and individual study), towards the encouragement of
teamwork, thus increasing critical learning capacity and greater interaction between
teacher and student [6]. This kind of methodology fits very well within the Bologna
strategy as well as in the European Higher Education Area.

As started in the abstract, all teaching experience pertained to a course in Graphic
Expression, a constituent subject within an undergraduate degree in Product Design
and Engineering at the University of Zaragoza. This is a core subject, comprising 9
ECTS (4.5 theory, 1.5 problem-solving and 3 computer-based practical work), which is
taught in the second semester of the first course (1 credit = 10 h). According to figures
from recent years, this subject has an average enrollment of 50 students.
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2 Graphic Expression in Product Design and Engineering

The course of Graphic Expression in Engineering aims to train students to design and
graphically represent geometric figures, industrial parts and objects. The universal
language employed facilitates understanding by third parties and subsequently the
ensuing manufacturing process.

To this end, the subject is taught over a semester and is divided into three parts,
with the following hours and percentages of the total of the subject:

– Theory and problems (60 h). Here, students receive instruction on the main
systems of geometric representation (dihedral, axonometric and conical). Class time
is divided into four hours per week, three of which correspond to theory (3 h � 15
weeks = 45 h). The remaining hour is dedicated to the resolution of geometrical
problems in theory classes (1 h � 15 weeks = 15 h). This accounts for 60% of the
overall score and is assessed by way of an exam at the end of the semester.

– Standardization (30 h of personal attention). Here, the evolution of each student
is assessed via closely supervised practical work. This work focusses on the real-
ization of plans through the necessary dihedral views, cuts and sections, which must
be properly delimitted, as well as the correct application of current industrial
drawing regulations. Similarly, axonometric, cavalier or conical perspectives are
employed for the correct interpretation of represented objects. Students must receive
guidance and authorization from their professor throughout the practical process,
which itself accounts for 30% of the overall mark (via Supervised Practical work or
formal examination).

– Computer Aided Design (30 h). This comprises fifteen two-hour sessions, in
which the student is introduced to the management of a 2D and 3D graphic design
program. Evaluation is by way of continuous assessment and accounts for 10% of
the final grade.

It is intended that students will assess the possibilities of technical drawing as a
research tool, as well as the potential scope for standardization as an appropriate
convention in order to simplify both production and communication. This leads to a
greater appreciation of universal target language in the clear transmission of graphic
information.

The course and its expected outcomes reflect the following approach and general
objectives:

– Acquisition of basic professional knowledge.
– Ability to learn.
– Capacity for analysis and synthesis.
– Ability to generate new ideas.
– Ability to solve problems.
– Ability to apply knowledge to practice.
– Oral and written communication skills.
– Responsibility at work.
– Motivation for work.
– Ability to work independently.
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– Interpersonal skills.
– Concern for quality and improvement.
– Precise, clear and objective expression of graphic solutions.
– Visualization of objects from different positions in space.
– Use of computers for the graphical representation of project plans.

3 Subject Teaching Experience Before 2009/2010

Prior to the Bologna process, the course of Graphic Expression in Engineering con-
sisted of 120 h per year, divided into two parts:

– Theory and problems (90 h) in which the student learned the dihedral system of
geometric representation during the first four months of the course, followed by a
further four months dedicated to the study of standardization. Teaching hours were
divided into three per week, two of which corresponded to theory (2 h � 30
weeks = 60 h). A further hour served to resolve geometry problems and stan-
dardization exercises related to knowledge provided in the theory classes (1 h � 30
weeks = 30 h).

– Computer Aided Design (30 h). Consisting of fifteen two-hour sessions. Contin-
uous assessment of Standardization was carried out over the course of the second
quarter, by commissioning a series of works that the student would carry out based
on the explanations received in theory class. Students had the opportunity to
develop their work in class, presenting completed projects on a predetermined date.
However, as class attendance was not required, most students chose not to attend
lectures, instead preferring to carry out the work on their own.

This coursework did not absolve students from the final exam, in which they had to
solve a standardization exercise similar to that which they had done during the course,
as well as an additional two geometry exercises. The coursework could potentially
change the exam grade.

Students, who showed particular interest could attend tutoring sessions for clari-
fication. However, it became clear that few students made use of this opportunity, and
those that did waited until the eleventh hour in order to do so. Tutoring consultations,
poorly attended during the course, were subsequently inundated in the run-up to the
final deadline, leaving teachers too little time to address queries properly.

4 Subject Teaching Experience Since 2009/2010. Supervised
Practices

With the launch of the Bologna process in the 2009–10 academic year, a new teaching
method was proposed in order to assess the degree of learning in the Standardization
aspects of the Graphic Expression course. This method involved a system of Super-
vised Practical Work.
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4.1 Participants

From 2009 to 2010, all students enrolled in the subject participated in the experiment.
The average number of students per course was 90, and these were evenly distributed
between groups 11 and 12, studying in the morning and the afternoon respectively.

4.2 Supervised Practical Work

The students had to do 6 exercises in A4 format, which were taken from a book of
problems on the subject, and whose instructions were given to the students at the
beginning of the course. These were then executed over a period of two months. The
proposed work consisted of six industrial pieces represented from dihedral or axono-
metric views, which then had to be resolved from other views, that is, by the cutting,
marking, dimensioning, projecting and handling of scales. The main objective was to
increase the spatial capacity of the student.

From 2009 to 2010, the structure of the proposed exercises was maintained,
although the practical work was different every year. Thus, Exercise 1 was always a
simple auxiliary view, and Exercise 3 a double auxiliary view. Exercises 2 and 5
differed from each other in the spatial complexity of their respective pieces, but both of
them consisted of the realization of the proposed cuts. Exercises 3 and 6 involved
representing the pieces given form an axonometric perspective by means of the
dihedral views and cuts that the students had estimated and subsequently in dimen-
sioning of the views.

4.3 Methodology

Exercises were handed in groups of three, so that there were two installments of work,
with a timeframe of one month between them. Two weeks after being presented with
the first three exercises, during which time students could work through them,
appointments were assigned with the corresponding teacher. Students had to go to the
office of the teacher in groups of three or four in order to correct what had been done.

In these sessions, the tutor, focused primarily on the correct representation of views,
cuts and dimensions, as well as adherence to UNE standards and the correct delineation
of the whole plan, correcting individually the observed errors.

The group corrections allowed each student to learn from the mistakes of their peers
and also encourage a critical attitude in order to evaluate the different projects. On the
one hand, mistakes due to learning problems or difficulties were corrected by the tutor
in a personal and individualized manner. This therefore complemented the work of the
theory professor. On the other hand, if the teacher responsible for tracking the progress
of the work noticed that the same mistake was made by a large number of students, one
might suspect a fault in the transmission of concepts, therefore alerting the theory
professor of the need for possible correction or reinforcement in class.

After this correction, the student had two further weeks to amend their exercises,
taking all the guidelines of team correction into consideration. The submission of the
first three papers was about a month after its start date.
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Once this first batch of exercises was submitted, students were immediately pre-
sented with the next three. The methodology was the same: two weeks for individual
work and research, and again a new detailed correction in groups of three or four in the
tutor’s office. Later, after two weeks of individual work the final delivery was made.

4.4 Evaluation

Throughout the course, students’ work was evaluated through regulated and individ-
ualized monitoring. Each piece of work was evaluated out of a total of 10 points,
establishing correction criteria that are common to all teachers.

The evaluation was carried out using a Likert scale, where 0% of the score for each
section was “very deficient” and 100% was “very good”. From each exercise, between 5
and 8 indicators were evaluated that reflected the correct or incorrect application of UNE
standards seen in the theory classes. Each indicator had a different score, depending on
its relevance and the work phase in which we were currently working (Fig. 1).

After the first installment, the teacher assessed the first three jobs and produced a
provisional list of notes, so that the student, in the case of an unfavorable result, could see
their errors and corresponding corrections in tutoring sessions. This would consequently

Fig. 1. Evaluation indicators
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improve results in the face of the second installment. This review was not mandatory, but
improved the final outcome among those students who took advantage of it.

After the second submission, a definitive list of grades with the arithmetic average
of the six papers per student was produced. A student gaining above four points in this
part of the subject was considered to have acquired sufficient knowledge to pass, so that
the grade could be added to their average score for the remainder of the course,
assuming that the student had passed this via continuous evaluation.

In the case of a student failing to produce satisfactory practical work throughout the
course, there existed the legal possibility of a standardization exercise in the final
assessment test. However, this opportunity was rarely taken up by students, given the
evident difficulty of passing such an important test in one single session and with very
limited time.

5 Analysis of Results

Figure 2 analyzes course results in the 2008–2009 academic year—prior to the
implementation of Supervised Practical Work—and compares them with those of
2009–2010 and 2016–2017—in which practical work had already been implemented.
We can see that in 2008–2009 the percentage of students passing standardizing
assignments was 18%, whereas in the following year the average pass rate was 81%.
However, the difference in pass rate is not so extreme at the end of the course, which in
2008–2009 was 62% and in subsequent courses was 54%.

We had two groups per course, one of then in mornings (group 11) and the other
one in afternoons (group 12).

A course by course results analysis shows that students’ grades for tutor-supervised
practical work were consistently higher than their overall final grades. This means that
students could compensate for weaker results in other areas of the subject by obtaining
stronger ones in their practical work. This was not apparent in courses prior to 2009–
2010 (Figs. 3, 4, 5, 6, 7 and 8).

2008-2009 Course 2009-2010 to 2016-2017 Course

Practical grade Final grade Practical grade Final grade

Fig. 2. Pass (Blue)/Fail (Orange). Comparison of results before and after the Bologna Plan
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Group 11(Mornings) Group 12 (Afternoons)

Practical grade Final grade Practical grade Final grade

Fig. 3. Results of 2009–2010 Course. Pass (Blue)/Fail (Orange)

Group 11 (Mornings) Group 12 (Afternoons)

Practical grade Final grade Practical grade Final grade

Fig. 4. Results of 2010–2011 Course. Pass (Blue)/Fail (Orange)

Group 11 (Mornings) Group 12 (Afternoons)

Practical grade Final grade Practical grade Final grade

Fig. 5. Results of 2011–2012 Course. Pass (Blue)/Fail (Orange)
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Eighty percent of students who reviewed exercises with their tutors on receiving
results from the first assessment round improved their results in the second submission.

It was observed that around 50% of students had more problems solving exercises 1
and 3, which focused on auxiliary views, than the exercises on cuts or plan and
elevation views.

Furthermore, more than 85% of students solved the exercises we proposed to them
in groups, helping each other to interpret the exercises three-dimensionally.

Group 11 (Mornings) Group 12 (Afternoons)

Practical grade Final grade Practical grade Final grade

Fig. 6. Results of 2012–2013 Course. Pass (Blue)/Fail (Orange)

Group 11(Mornings) Group 12 (Afternoons)

Practical grade Final grade Practical grade Final grade

Fig. 7. Results of 2013–2014 Course. Pass (Blue)/Fail (Orange)

Group 11 (Mornings) Group 12 (Afternoons)

Practical grade Final grade Practical grade Final grade

Fig. 8. Results from 2014–2015 to 2016-2017 Course. Pass (Blue)/Fail (Orange)
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6 Strengths, Weaknesses and Possible Improvements

Through nine years of experience in Supervised Practical Work, we have been able to
identify a number of strengths and weaknesses, which offer us the possibility of making
improvements each course.

Strengths (Positive points)

– By correcting exercises in small groups and offering close individualized tuition, the
learning process and subsequent results in this part of the course are greatly
improved.

– The methodology encourages research and problem solving by students. Although
they are given research guidelines and instructed at all times on how to solve the
work, the tutor does not intervene in the actual solution of problems. Thus, the
student is who ultimately must decide what solution to adopt.

– Group work is encouraged. This is possible because all students have the same task
instructions to follow, and, although submission is individual, it is possible that
students can help one another to resolve the exercises in groups, thus sharing
knowledge.

– The methodology helps to foster critical thinking amongst students. As the tutor
does not intervene in the solution of exercises, and instead simply guides them
through the process, students must develop a critical awareness of the correct or
incorrect execution of tasks.

Weak points (Negative points)

– One of the biggest problems we face as teachers is the excessive number of students
per class, amounting to an average of 50.

– The work of the tutor is too repetitive, because students tend to make similar
mistakes.

– Students lack consistency, and tend to wait for the tutor to guide them in tutorials,
especially in the first submission of work.

Improvement actions

– The creation of a rubric or evaluation system that would serve as a reference so that
students could be made aware of the evaluation points and criteria expected of them
by teachers. This would provide motivation and focus.

– The adjustment of deadlines, in order to ensure that students genuinely work and
acquire knowledge, rather than copying from each other.
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7 Conclusions

The intention of this analysis has been to present the methodology used since
2009/2010 in practical elements of a Graphic Expression course, which forms part of
the degree in Product Design Engineering at the University of Zaragoza. This
methodology bases itself upon on a more permanent and personalized monitoring of
work done throughout the course.

It is not intended that this paper should statistically analyze the new system of
practical work, but rather, that it should present a new methodology which, if more
extensively implemented (and in light of its strengths and weaknesses), might serve to
improve and complement current procedures.

From the current analysis and from hands-on experience, we can affirm that the
implementation of Supervise Practical Work as a teaching methodology within the
Graphic Expression Course improves the results of practical elements of the course
substantially.

Furthermore, this methodology improves students’ aptitude for teamwork, spatial
vision and analysis, as well as fomenting self-awareness in critical research. Whilst we
cannot ensure that all students will respond homogeneously, it would certainly be
interesting to carry out a more scientific study of results in a wider context in order to
validate this new methodology.
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Abstract. In this paper, a Content Management System (CMS) developed in
WordPress for the teaching-learning process of the historical inventions by
Agustín de Betancourt is shown. The exhibition is made from the point of view
of engineering graphics, and also pursues the educational objective of dissem-
inating the results obtained in a research project of excellence which focuses on
the figure of this outstanding Spanish engineer. The contents of this CMS are
structured on the basis of 3 fundamental pillars: historical, technological and
graphical, and we aim to show them depending on the profile of user access.
From the historical point of view, we seek to show all his work in pdf format,
including all the information available in each file, i.e. the descriptive or
functioning memories of the historical inventions, as well as his scarce
planimetry; from a graphical point of view, we aim to show the 3D models, as
well as the assembly plans with all their elements and exploded views, the
virtual recreations of their operation, as well as the applications of virtual and
augmented reality; finally, from the technological point of view derivative
publications related to the study of computer-aided engineering (CAE) that have
been generated from the 3D models of the analyzed inventions are shown.
Finally, the developed CMS presents a very intuitive interface and easy navi-
gation for the user, which facilitates its understanding, and therefore its dis-
semination and valorization. The self-assessment tests carried out reflect a high
degree of satisfaction.
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1 Introduction

This paper presents the development of a Content Management System (CMS) for the
teaching-learning process of the historical inventions of Agustín de Betancourt,
available online thanks to the compilation efforts of the Canary Orotava Foundation of
History of Science, and named the Betancourt Project [1]. Other similar experiences of
Content Management Systems have been developed by the authors in other area of
research [2], which have revealed the convenience of their development for the dis-
semination of research results.

The exhibition is presented from the point of view of engineering graphics, and also
pursues the educational objective of disseminating the results obtained in the research
project of excellence, which focuses on the figure of this outstanding Spanish engineer
from the mid-eighteenth century and the early nineteenth century (1758–1824).

After an introduction, and presenting the objectives of the research project of
excellence, the contents of this Content Management System (CMS) are structured on
the basis of 3 fundamental pillars: historical, technological and graphic, and we aim to
show these depending on the profile of user access.

From the historical point of view, it is sought to show all his work in pdf format
including all the information available in each file, i.e. the descriptive or functioning
memories of the historical inventions, as well as his scarce planimetry; from a graphic
point of view, we aim to show the 3D models, as well as the assembly plans that
include all their elements and exploded views, and the virtual recreations of their
operation, as well as the applications of virtual and augmented reality; finally, from the
technological point of view, all the derivative publications related to the study of
computer-aided engineering (CAE) that have been generated from the 3D CAD models
of each of the inventions analyzed are shown.

Specifically, five historical inventions were analyzed: the wind machine for
draining marshy ground (1789) [3], the machine for cutting cane and other aquatic
plants in navigable waterways (1795) [4], the mill for grinding flint (1796) [5], the
plunger lock (1801) [6], and the mechanical dredger in the port of Kronstadt (1810) [7].

2 Election of the CMS and Hosting

One of the objectives of the research project that frames this communication focuses on
promoting the educational use of research results, that is to say pursuing a new
approach in the teaching-learning process.

For this reason, a CMS has been designed and developed, consisting in a software
that allows users to create, edit and publish content such as text or multimedia files
through a graphical user interface, making the work much easier and allowing the
realization of more attractive websites with less effort.

Nowadays, there are more than 250 programs on the market for developing a CMS,
so choosing the best is not easy, since some stand out in certain characteristics and
others in others. These can be classified into 3 groups:
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• Those which manage web content, allowing users to create and manage content
online. This would be the case with our investigation.

• Those which publish blogs/news for the creation and management of blogs.
• Those which develop social publication/communities for the creation and man-

agement of communities. The communities are similar to blogs, but more complex,
since they are designed to communicate to a group of active people, differently from
blogs which are usually designed to communicate to passive groups.

For the selection of the CMS that best suits the type of research results developed, a
study of the most popular CMS was carried out (Table 1). In 2017 there were already
1,800 million websites [8], and of all these sites almost 60% of the market for them had
been created in WordPress [9], followed by Joomla [10] and Drupal [11] with 6.6 and
4.6% respectively.

Thus, a comparative study of the three most used CMS (WordPress, Joomla and
Drupal) was undertaken, assessing the following characteristics: Easy installation and
configuration, administration, management and creation of content, incorporation of
modules for user management, incorporation of modules that manage security and
service, web creation that includes optimization in search engines (SEO, Search Engine
Optimization), and use of receptive typography [12, 13].

Finally, as a global assessment it was decided to use WordPress, an open source
software under the GPL (General Public License), and developed in PHP (Hypertext
Preprocessor). As well as being the most used, it has many additional advantages: it has
more than 18,000 free extensions and more than 14,000 templates, its installation is
very simple and can be operational in a few minutes, the URLs generated can be
accessed by the search engines, allowing optimal indexing, and it also contains a large
number of manuals and tutorials, as well as numerous forums where anyone can

Table 1. Most popular CMS

CMS Market share (%) Active websites Websites (millions)

WordPress 59.9 26.701,222 239,139
Joomla 6.6 2.009,717 13,480
Drupal 4.6 964,820 23,330
Magento 2.4 372,915 12,095
Blogger 1.9 758,571 15,779
Shopify 1.8 605,506 11,587
Bitrix 1.5 200,210 3925
TYPO3 1.5 582,629 3568
Squarespace 1.5 1.390,307 9799
PrestaShop 1.3 262,342 2099

Source BuiltWith, SimilarTech, and Google Trends
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consult any doubts or problems that may arise when the project is created. However,
the main problem with WordPress is that being the most used means it also suffers the
most security attacks, with most of the security breaches coming from the add-ons that
are installed on it. In addition, another problem is that it usually has low performance
when the server is overloaded.

Once the program for developing the CMS is chosen, the next step is to choose a
hosting provider to host it. In the case of this research it was installed on a local server
on which all the tests were performed, and once all the contents of the CMS had been
organized a hosting was sought for public access.

The local server that was used to test our CMS was a package of the AMP family
since it includes an Apache web server, a MySQL database and an FTP client.
Specifically, the package used was XAMPP.

Afterwards, the different options were analyzed in order to find a free hosting
provider to host the CMS (x10Hosting, Byethost, AwardSpace, WebFreeHosting or
Free Web Hosting), evaluating the following characteristics: storage space, transfer
rate, technical support, possibility to administer several websites from the same panel,
use of SSL certificate, registration of domain by the provider, time that the web will
remain online (free of falls), incorporation of auto-installer, and automatic and pro-
grammable backup copies.

3 Working Inside the CMS

3.1 Architecture

Before starting with the design of the CMS, it must be clear how the navigation and the
content of the website will be structured. Therefore, the architecture of the website is
the basis for building simple websites, where the user can find the information they are
looking for quickly; that is to say that they are very functional sites that are easily
adaptable to different mobile devices.

Fig. 1. Diagram of the architecture of the website
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Thus, in the architecture of a website the information on how the different web
pages that make up the site are connected is shown. Figure 1 shows the architecture of
the website used to show the results obtained in the research project.

3.2 Structure

On the other hand, the structure of the website that is marked by the theme chosen in
WordPress must be designed. As previously indicated, the software chosen to develop
the CMS is WordPress, and for its appearance the Twenty Sixteen theme was chosen
(Fig. 2).

Figure 3 shows the main page (interface) of the website following the structure
indicated in Fig. 2.

Fig. 2. Diagram of the structure of the website (according to the Twenty Sixteen theme)
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Fig. 3. Website interface
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3.3 Categories and Contents

The contents shown on the project website are structured into logically related cate-
gories and subcategories (Table 2).

3.4 Menus

In order to make the information more accessible, two menus were incorporated into
the structure of the web, one in the header and one on the right side. The menus were
structured following the distribution of the contents among previously-shown cate-
gories. Thus, the menu that appears in the header of the website only shows the main
categories, and once one of these is selected its subcategories are displayed. For its part,
the right side menu directly shows all categories and subcategories. In Fig. 3 the two
types of menus are shown.

3.5 Extensions

After analyzing all the different project results they were classified into four different
types: text, pdf documents, photos and videos. Similarly, in order to show these results
in WordPress for the different types of documents it was only necessary to install a
plug-in (PDF Viewer) for the visualization of the PDF documents within the website
(Fig. 4), and for the visualization of photos and videos, we used the media library
installed in WordPress by default (Fig. 5).

Table 2. Categories and contents of the website

Start Publications Career projects
and
Degree works

Resources Foundations User
access

• Introduction
• Biography
• Relevant
references

• Articles in
Scientific
Journals

• Papers in
International
Conference
Proceedings

•Book Chapter

• Final Career
Projects

• Final Degree
Works

• Files of historical
inventions

• Virtual reality
• Augmented reality
• Trackers
• Executable files
• Virtual
• Recreations
• Photographs of
3D printings

• Fundación Canaria
Orotava de Historia
de la Ciencia

• Fundación Agustín
de Betancourt

Create an
account
Forgot your
login?
Forgot your
password?
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4 Conclusions

In the present communication a CMS has been designed for the historical inventions of
Agustín de Betancourt related to civil engineering, the results of a research project of
excellence for its value and diffusion, implemented with WordPress and structuring the
contents into 6 categories and subcategories.

The CMS obtained stands out because the interface used is very intuitive and easy
to navigate, which facilitates user assimilation of contents in the teaching-learning
process, as evidenced by the self-assessment tests carried out that reflect a high degree
of user satisfaction. The CMS developed have been self-assessed using a 5-question
questionnaire with a scale of 1–5 (1: very unsatisfactory; 2: unsatisfactory; 3: indif-
ferent; 4: satisfactory; 5: very satisfactory). The issues used and the results are: user
friendliness (mean = 4.8), easy browse (mean = 4.7), and overall assessment
(mean = 4.6).

Fig. 4. Website where the document of a publication is displayed in PDF format
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Abstract. This paper shows the process undertaken to publish and disseminate
in WebGL format 3D models that recreate the operation of historical inventions
designed by Agustín de Betancourt. The main objective is the creation of a
website with different inventions, on which the user can interact through the
mouse or keyboard, being able to observe them animated and from different
points of view and better understand their operation. The methodology allows
3D models created with Autodesk Inventor Professional (in.ipt single piece
format) to be exported to Unreal Engine to be assembled correctly by applying
materials and textures with topological mapping (Bump Mapping), and where
the scenes for each historical invention have been created, including an animated
3D model. In a similar manner, in order to establish the user’s interaction with
the 3D model from HTML5, a program has been developed using the Visual
Blueprint script system, which makes possible to rotate the model when the left
mouse button is pressed, to move the pointer across the screen, zooming in and
out the camera using the central mouse’s wheel or use a series of keys that allow
to move, rotate or zoom on the model. The results obtained have been very good
according to the user experience, since from the educational point of view
interaction with the model has allowed an optimal understanding of its opera-
tion, improving the teaching-learning process.

Keywords: Agustín de Betancourt � Historical technical heritage � WebGL �
HTML5 � Unreal Engine

1 Introduction

The main objective of this research is the creation of a website that includes a series of
historical inventions designed by Agustín de Betancourt, on which the user can interact
through the mouse or keyboard, being able to observe them from different points of
view, and in this way, understanding better their operation. 3D graphics, well used, can
be a good tool for teaching and understanding the functioning of 3D models that
recreate the behavior of different machines and devices, and they enable access to a
greater number of users.
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The Web has been evolving since its origins, when it allowed only the inclusion of
text, until today, when a web page cannot be conceived without multimedia contents
included (images, videos and sounds). With the appearance of 3D models, the need to
incorporate them into web pages has been created, and for this purpose different
proprietary and open technologies capable of showing 3D graphics (3DXML, VRML,
X3D, Flash, Silverlight, Java, etc.) have appeared. The drawback of all these tech-
nologies is that they have not come to be supported by all browsers, forcing users to
install a series of specific plugins for each one of them. This made the use of this 3D
technology by ordinary users quite uncomfortable, since they were asked to work with
the 3D graphics before installing the corresponding plug-in, depending on which
format the graphics were recorded, causing many users to leave the web page without
being able to see the 3D graphics that were displayed on it.

HTML5 is the fifth revision of the basic HTML language of the World Wide Web.
The most striking contributions of HTML5 to the web are its tags as Canvas, Audio and
Video, which replace the Flash plugin since it consumes many resources. In general
terms, no browser is 100% compatible with all the features of HTML5 and CSS3,
although HTML5 is fully compatible with all modern browsers. The HTML5 Test [1]
is an appropriate tool to know the level of HTML5 support, since it offers a total score
that indicates, item by item, the HTML5 support of the browser used.

Fortunately, this changed a few years ago with the appearance of Windows 8.1,
since this software had installed Internet Explorer 11 browser that allows use of a 3D
technology called WebGL. With this implementation, Internet Explorer was no longer
the only desktop browser that did not incorporate this open standard for the manage-
ment of 3D graphics. WebGL makes it possible to use the hardware features of the
graphics card, allowing the display of high quality 3D graphics and their interactivity
within the Canvas element of HTML5. When using an environment that does not
recognize the WebGL technology, either because the browser does not support it or
because the graphics card drivers do not work correctly by not using the OpenGL
technology that comes with WebGL, it only shows the static images of 3D models,
without the possibility of interacting with them. Therefore, after analyzing all the
possible formats we have chosen to develop the web page in WebGL.

A WebGL program consists of a JavaScript control code and a shader code. The
shader code runs on the computer graphics card (GPU) and the results that are obtained
are displayed in the browser. It is a code that includes the necessary instructions to
specify how to render the surface of objects, and how light and shadow interact with
3D objects [2]. In WebGL the shaders are written in GLSL (OpenGL Shading Lan-
guage) [3]. Of the different types of shader codes with which we can work, WebGL
only uses Vertex Shader (3D) and Fragment Shader (2D) [4]. The JavaScript control
code is responsible for initializing the WebGL context and selecting which Canvas
element to run, managing the logic of the program, the inclusion of interface controls in
the Canvas element, and user event handling. WebGL can be used to make 3D designs
in the browser. Also, there are graphic engines specially created for the development of
3D environments compatible with WebGL such as Unreal Engine [5] or Unity [6]. In
addition, WebGL has been incorporated into the latest desktop and mobile browsers
that must support HTML5. Table 1 shows the compatibility of WebGL with the most
commonly used browsers.
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2 Materials and Methods

2.1 Material

The starting material has been the information available in the files of the historical
inventions of Agustín de Betancourt, accessible thanks to the Betancourt Digital Project
of the Orotava Canary Foundation for the History of Science [8], from which the digital
restitution of their 3D models has been performed.

2.2 Software Used

The software used to edit and process the 3D model for inclusion in a WebGL project
has been:

• Unreal Engine as multiplatform video game engine programmed in C and C++ with
free and proprietary license, available for Microsoft, OS X and Linux.

• Visual Studio [9] for programming scripts (Dreamspark).
• Blender [10] primarily to convert .stl (stereolithography) files into .fbx files (open

structure file developed by AutoDesk for 3D data transfer that creates a high level of
interoperability), which is the type of file chosen for working with Unreal Engine.

• CrazyBump [11] for creating textures with Bump Mapping.

2.3 Methodology. Limitations

First, each piece (.ipt) of a set or assembly (.iam) made with Autodesk Inventor
Professional was converted to the.stl format and the pieces were imported from Blender
in order to export them in.fbx format, which is the type of file chosen for working with
Unreal Engine.

One limitation found was that the complete assembly (.iam), once exported to
graphic engine Unreal Engine, could not be animated conveniently, this causing that
the pieces equipped with movement had to be exported one by one, assembling them
correctly to obtain the set, and establishing for each of them the triangle mesh and the
limits of their movements.

Table 1. Compatibility of browser versions in WebGL [7]

WebGL—3D canvas graphics

Method of generating dynamic 3D graphics using JavaScript, accelerated through hardware
IE Edge Firefox Chrome Safari IOS

Safari
Opera
Mini

Chrome for
android

UC Browser
for android

Samsung
internet

49 10.2
63 10.3 4

11 16 58 64 11 11.2 Not
support

64 11.8 6.2

17 59 65 11.1 11.3
60 66 TP
61 67
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On the other hand, textures were applied with a UV mapping with Blender, since
the 3D model did not allow export when not adding a position reference. Finally,
materials and textures were created in the Unreal Engine environment using the
topological mapping technique (Bump Mapping) with CrazyBump.

Similarly, a series of programmed animations were designed for each of the
models. For example, for the model of the machine for cutting cane and other aquatic
plants in navigable waterways (Fig. 1), the horizontal rotation system (crank, crank
shaft, T-power and bevel gear), the vertical rotation system (vertical axis, double
blade), and the movement of the vertical frame in order to adapt the double blade to the
slope of the channel.

3 Working with WebGL

Specifically, the objective of this research has been to develop, from an educational
point of view, a project in WebGL in order to study a historical invention by Agustín de
Betancourt: the machine for cutting cane and other aquatic plants in navigable
waterways (1795) [12].

Thus, a scene was created in which an animated 3D model is included that sim-
ulates the functioning of the same. Figure 2 shows the final result obtained in WebGL
with the 64 bit Google Chrome browser version 66.0.3359.181.

Also, each of the scenes has a control over the 3D models that allows interacting
with these by rotating them, thus allowing us to better observe their operation. This is
done by pressing the left mouse button on the model and moving the cursor through the
window. Six keys have also been added that allow the camera to approach the model
(key W), move away from the model (key S), and to move the model horizontally (keys
A and D) or vertically (keys Q and E).

Fig. 1. Axonometric view of the 3D model
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3.1 Animation of the 3D Model

As indicated previously, in order to achieve the animation of the historical invention, it
was divided into separate pieces. For example, in Fig. 3 these different pieces can be
seen that make up the assembly of the machine for cutting cane and other aquatic plants
in navigable waterways.

Fig. 2. Google Chrome browser window with the WebGL project open

Fig. 3. Individual pieces that make up the 3D model of the assembly
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Therefore, each of those pieces was grouped by elements with equal movement and
some of these groups were associated with an animation. Figure 4 shows the different
groups of elements created for this 3D model.

On the other hand, for an element to be animated, all the pieces that form it must be
marked as movable. To do this, in the ‘Details’ tab, it is necessary to mark the property
of Mobility as ‘Movable’, so that the elements selected as ‘Movable’ change their icon
inside the ‘World OutLiner’ tab (Fig. 5).

The animation of the 3D model of an assembly is formed by the animations of each
one of the mobile elements into which it has been divided. Unreal Engine allows to
program the animation using the C++ programming language or using the Visual
Blueprint script system, on which the order and sequence of execution of the different
animations can be programmed. Figure 6 shows the graph to control the animation of
the assembly.

3.2 Interaction with the 3D Model

In order to be able to interact with the 3D model of the invention, once the HTML 5
project has been generated, and opened from the browser, a program of script type
using the graphic editor BluePrint was incorporated into the model. This program
allows the model to be rotated when the left mouse button is pressed, moving the
mouse pointer across the screen, zooming in and out of the camera model with the
mouse’s central wheel, or using two keys (W and S, respectively), and to move the 3D
model horizontally (keys A and D) or vertically (keys Q and E).

Fig. 4. Grouping of elements created for the 3D model
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Fig. 5. Pieces with the property ‘Movable’ activated and its visualization in the icon

Fig. 6. Graph to control the animation of the assembly
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3.3 Assignment of the Materials

A material for each one of the created pieces was assigned. For this, Unreal Engine
incorporates a graphic editor for the creation of materials. In addition, three images
were used to create the most realistic materials: real, normal and specular. Figure 7
shows an example of the graph for generating a wooden material.

4 Conclusions

In this paper, the procedure employed to generate 3D models for a HTML5 project in
WebGL based on the digital restitution of 3D CAD models has been presented.

The importance of this research lies in the establishment of a work methodology for
the development of HTML5 projects with Unreal Engine applied to the learning of
historical technical heritage, which improves the user experience.

The advantages of the applications developed are three: firstly, they do not suppose
an expensive investment, since educational and free licenses of the software used are
available; secondly, they are easily installable in any browser that allows the execution
of WebGL projects, enabling standard access through the Internet, and thirdly, they
present a friendly environment, easy to use with a clear and comprehensible interaction,
and with a quick response.

Finally, and from the educational point of view, interaction with the model allows
an optimal understanding of its functioning, improving the teaching-learning process,
so it becomes an ideal tool in the educational process.

Fig. 7. Graphic to generate a wooden material
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Abstract. In recent years, the availability of funding for acquiring licenses for
the different computer tools used by students, that are so common in scientific
and technical careers, has been reduced. Learning in the use of technological
tools of information and communication by students is considered essential for
its application in daily life and in their work. These facts, together with the
current rise of free software, is generating a migration towards free tools, both in
teaching and in the industrial world. The increase in its use entails the reduction
in expenses by institutions, as well as it encourages the scientific curiosity of the
student outside the classroom. In detecting this need, free substitutes to the
commercial software previously used in the subjects of Artistic Expression II
and Graphic Design Applied to Product of the Industrial Design and Product
Development Engineering Degree have been introduced. It was done in order to,
on the one hand facilitate the access of students to the programs, and on the
other hand, share the philosophy of using free media, working with the com-
munities where the source code of the program is developed in response to the
problems of the users. This experience has served to verify the benefits of
teaching with free software versus commercial.

Keywords: Free software � Graphic design � Artistic expression

1 Introduction

“Free software” [1] means software that respects users’ freedom and community.
Roughly, it means that the users have the freedom to run, copy, distribute, study,
change and improve the software.

Thus, it is considered that the software is free if it guarantees the following four
freedoms [2]:

• Freedom 1, to run the program for any purpose (private, educational, public,
commercial, etc.).

• Freedom 2, to study and modify the program (for which it is necessary to be able to
access the source code).

• Freedom 3, to copy the program so that you can help the neighbor or to anyone.
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• Freedom 4, to improve the program, and make improvements public, so that the
whole community benefits.

Its origin is related to the activity developed by the first computer programmers, the
“hacker” culture, emerged in laboratories of American universities and research centers
at the beginning of the computer age, such as the Artificial Intelligence Laboratory of
the Massachusetts Institute of Technology (MIT) [3]. In that time, it was considered
that sharing knowledge (and the code) freely was usual and even beneficial for the
advancement of knowledge. Based on these premises, the ideological foundations of
the free software movement were established in the 1980s thanks to the vision of
Richard Stallman [4].

From other point of view, the use of free software in higher education, is a practice
that extends itself both nationally and internationally. Spanish universities such as the
University of Oviedo [5], the Carlos III University in Madrid [6], or the Polytechnic
University of Valencia [7], University of Rioja [8], are using free software in their
teaching methodologies. In Italy University of L’Aquila and University of Modena and
Reggio Emilia [9], University of Bologna [10–12] University of Messina [13]. Also,
American universities are joining this initiative [1, 2, 14–18]. However, the bet for the
use of free software in Asian universities is not very widespread, but there are initia-
tives to implement its use in the educational system of Central Asia [19] (Fig. 1).

Fig. 1. Spanish universities best committed to the use of free software in 2016 [20]
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It is worth mentioning the role of the RuSL (ranking de universidades en software
libre/universities and free software ranking) Free Software Universities Network when
it comes to providing a standardized methodology that allows to know in detail the
impact of the actions carried out by educational institutions regarding the use of free
software, as well as in which areas they stand out and how they disseminate their use in
relation to other universities. Its analysis is based upon the analysis of 65 indicators,
assessing 11 dimensions of the university: production, external collaboration, research,
help, teaching, culture in free software, technological, disclosure, webmetry, institution
and administration.

2 Context

This communication describes the experience of introducing free software: Gimp [21],
Inkscape [22] and Scribus [23] in the subjects of Artistic Expression II and Graphic
Design Applied to Product in the realization of graphic projects in both subjects. Inside
this experience, students from the 2nd year of Industrial Design and Product Devel-
opment Engineering Degree at the University of Zaragoza (IDPDE) participated.

The use of free software in these subjects supports and contributes to promote the
values of the University of Zaragoza and its Office of Free Software (OSLUZ) [24].

3 Methodology

3.1 Description of the Experience

To carry out the experience, the main utilities of the free software programs are
explained in class to do the exercises, leaving the student to choose whether working
with free or with commercial software. In order to compare the benefits offered by free
and commercial software, no changes have been made in terms of the teaching
methodology or the content included in the teaching guides. The same calendar of
activities planned for the two subjects has also been applied. Regardless of their choice,
students must mainly perform the following tasks corresponding to the subjects:

– In Artistic Expression II, they perform 2D graphic representation tasks, starting
from the digital drawing, chiaroscuro treatment, representation of highlight back-
grounds, color ranges and image filters. These tasks can be solved both with the use
of commercial software Adobe Photoshop, and with free software Gimp. Both
programs allow the manipulation of images, they have numerous tools for digital
retouching, color editing and composition. The learning process is developed
through practical and theoretical classes, computer practices, workshop practices,
tutored works and autonomous student work. These actions are framed in a col-
laborative work environment. The evaluation process is developed continuously in
which the supervised works weigh up to 80% and the global test of contents of the
subject up to 20%.

– In Graphic Design Applied to Product the tasks include typographies, branding,
packaging, surface and interface graphics, composition and layout. For creating and
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editing vector graphics students can use Adobe Illustrator or Inkscape (free soft-
ware). The Adobe Indesign layout software or Scribus, free software, allow the
management of image frames and blocks of text organized through a structure of
pages, guides and grids for obtaining printed and digital documents. The learning
process is developed through practical and theoretical classes, computer practices,
supervised works and autonomous student work. These actions are framed in a
collaborative work environment with an important presence of the service learning
model. The evaluation process is developed continuously in which the supervised
works weigh up to 70% and the global test of contents of the subject up to 30%.

The teachers solve the doubts arising from the use of the programs that the students
have chosen to work.

The objectives of the implementation of the free software have been as follows:

– To use and evaluate free software in the subject.
– To contrast the quality of free tools with respect to those commonly used.
– To avoid costs to both students and the university for the licenses of the software

used.
– To support the philosophy of the Free Software of the CRUE Spanish Universities

group and to increase the degree of involvement and implementation of the use of
free software at the University of Zaragoza.

– To prevent students from working with tools without an official license.

As this project is part of the strategy of the University of Zaragoza, it has had the
participation of OSLUZ (Free Software Office of the University of Zaragoza), which
made the presentation of a talk for knowledge of philosophy, possibilities and benefits
of the free software.

3.2 Experience Evaluation

In order to analyze this experience, two ways of collecting information have been
established: on the one hand, the perception of students through the survey carried out
on Google Forms and distributed to students by email, and on the other hand, the
comparison made by the teaching team between the commercial programs used in
previous courses and the free software, through the use of a rubric.

The survey proposed to the students has been structured as follows: previous use of
software and choice of software with which to carry out the projects of the subject. The
answer to this last question conditioned the rest of the survey.

The survey addressed to students who used free software consisted of 8 questions, 5
were assessed by means of a Likert scale of 5 points (1—totally disagree and 5—totally
agree) and 3 questions were open. Students were asked about accessibility (download,
installation, versions), usability (intuitive interface, easy handling), their expectations
and the satisfaction of the results obtained.

On the other hand, the survey aimed at students who used commercial software
consisted of 4 questions, of which 2 were qualitative regarding the use of official
license and their willingness to continue using this type of software or not and 2 open
questions regarding considerations and motivations when deciding the software.
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It has only been possible for students of the subject of Artistic Expression II to
respond by referring to the Gimp and Photoshop programs, since the subject of Graphic
Design applied to Product is still being studied at this time.

For the evaluation of teachers, a rubric has been designed that compares key aspects
regarding accessibility, usability, structure, formats and exit modes. The items of this
rubric have been incorporated after the previous evaluation process between four
professors following the model of the Delphi method proposed by Williams, Boone
and Kingsley (2004) [25].

4 Results and Discussion

A total of 58 out of the 83 students (69.8%) enrolled have completed the survey about
the use of Photoshop and Gimp.

Regarding the knowledge of image treatment programs, the results indicate that all
students know some of these programs. 51.7% of students knew Photoshop (30 stu-
dents), 12.1% Gimp (7 students) and 36, 2% handled both programs (21 students). For
the work of the subject 60.3% decided to use Gimp (35 students).

4.1 Results of Surveys of Students Who Have Used Gimp

These students have evaluated the following aspects of the program:
Accessibility: Students rated the accessibility of the software positively (48.6%

agree that the accessibility is satisfactory −4 points on the Likert scale and 22.9%
evaluate this aspect as completely satisfactory –5 points on the Likert scale) (Fig. 2).

Usability: The surveys reveal some lack of satisfaction, being clear that none of the
students was fully satisfied (Fig. 3).

Fig. 2. Students’ perception of Gimp’s accessibility (download, installation and versions)
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Software recommendation: 34.3% of students indicate some indecision about the
possible recommendation of the software, however there is a group of 54.3% that
would not recommend it, so only 11.5% would recommend the use of Gimp (Fig. 4).

In the open questions the students stand out as an advantage the free access and
easy download, however they do not see other advantages and they are convinced that
it will not be the program that is demanded in the labor market.

4.2 Results of the Surveys of Students Who Have Used Photoshop

Of the students who have decided to use the pay-per-use software (39.7% of the total, 23
students), 91.3% have used the program without the official license (21 students). And
the vast majority of them (82.6%, 19 students) intend to continue using it in the future.

In the open questions students highlight the extended use of Photoshop in the
professional world, and the previous knowledge of it as reasons for not using the free
software proposed in class.

4.3 Results of the Comparison Made by the Teaching Team

The perception of the teaching team (four teachers) is summarized in the following
tables that compares the aspects of accessibility, usability of tools, structure, formats
and exit modes in the free software proposed in class and commercial software
(Tables 1, 2 and 3).

Fig. 3. Students’ perception of the usability of Gimp (intuitive interface, tools and easy handling)

Fig. 4. Recommendation of the use of Gimp
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Table 1. Comparison made by teaching team between free software (Gimp) and commercial
software (Photoshop) for bitmap image edition

Parameters Gimp Photoshop

Accessibility
– Download
– Installation
– Compatibility
platforms

– Free
– Quick
– Windows, Mac and GNU/Linux

– Payment
– Slow
– Windows and Mac

Usability of tools
– Vector traces
– Bitmaps work
– Filters

– Ease of creation and edition of vector
outline

– Multiple bitmap treatment options with
some difficulty in their use

– Wide variety of filters for free download

– Ease of creation and edition of vector
outline

– Multiple bitmap treatment options with
intuitive use

– Gallery of sufficient filters included in the
license with possibility of extension by
payment

Formats and
output modes

– Saves as xcf
– Possibility to save in different formats
(jpg, tiff, png, etc.)

– Difficulty saving files in CMYK
– Low possibility of visualization of the
change results in color mode

– Saves as psd
– Possibility to save in different formats
(jpg, tiff, png, etc.)

– Easy and direct change of color mode

Structure and
interface

– Intuitive structure
– Customizable interface

– Clear structure, although overwhelming for
novice users

Table 2. Comparison made by teaching team between free software (Inkscape) and commercial
software (Illustrator) for vector image edition

Parameters Inkscape Illustrator

Accessibility
– Download
– Installation
– Compatibility
platforms

– Free
– Quick
– Windows, Mac and GNU/Linux

– Payment
– Slow
– Windows and Mac

Usability of tools
– Vector traces
– Bitmaps work

– The tools meet expectations, some
interesting options in form modification

– Free and downloadable filters

– Good functionality of the tools
– Gallery of sufficient filters included
in the license with possibility of
extension by payment

Formats and output
modes

– Saves as svg.
– Does not support spot colors, does not
allow export in CMYK directly

– Crop marks, limit and color bars must be
done with extensions and have to appear
in the workspace itself (impractical)

– Saves as ai.
– It allows outputs for virtual
environment and for printing

– It incorporates pallets of spot color
– Option to add crop marks, limit and
color bars when exporting to pdf

Structure and
interface

– There are options that are not located
where it would be logical to look for
them

– Clear structure, although
overwhelming for novice users
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Although the Adobe interface can be overwhelming for novice users, the 3 pro-
grams share similar structure and interface, so if the user knows one of them, learning
the other two is much easier. On contrary no relation between the structure and
interface of Gimp, Inkscape and Scribus has been observed.

5 Conclusions

The experience presented shows the perception of teaching staff and students enrolled
in the subjects of Artistic Expression II and Graphic Design Applied to Product of the
Industrial Design and Product Development Engineering Degree, at the time of
introducing free software in the works carried out so far by students with commercial
software.

The introduction of free software in the two subjects has been an additional effort,
however it has shown that free software designed to work with images, vector graphics
and layout represents an alternative to commercial software, although there are aspects
of structure and intuitiveness of interface that could be improved.

Although there are certain difficulties observed in the use of free software related to
the use of some tools, modes and output formats, the teaching team considers that free
software has allowed a satisfactory performance in all the tasks that address relevant
issues in the graphic communication processes that are closer to the profile of Graphic
Expression in Engineering.

Since the research in Graphic Expression focused on 3D open source software has
been broadly developed, the authors consider that the 2D graphic design, based on the
visual communication codes and esthetics requirements represents the potential to

Table 3. Comparison made by teaching team between free software (Scribus) and commercial
software (In Design) for publishing

Parameters Scribus InDesign

Accessibility

– Download
– Installation
– Compatibility
platforms

– Free
– Quick
– Windows, Mac and GNU/Linux

– Payment
– Slow
– Windows and Mac

Usability of tools

– Blocks of
text

– Images

– Good functionality, especially in the loading of the text and its
edition

– Good functionality

Formats and
output modes

– Save as sla, export to pdf, eps, svg, tiff, jpg, png.
– Supports CMYK and spot colors

– Save as.indd, export to
pdf, eps, jpg, png.

– Supports CMYK and
spot colors

Structure and
interface

– There are certain structure failures that make it not intuitive,
however, the properties menu that allows you to modify almost
every aspect is very useful

– Clear structure, although
overwhelming for
novice users
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develop new educational research. The detection of the limitations of free software, can
provide a starting point to introduce possible improvements in a software design more
suitable for higher education that takes into account the market requirements.

With the use of free software, access to the software has been facilitated both in the
classroom and outside of it, preventing illegal downloads of commercial software.

The students’ prior knowledge of commercial software has led to a preference for
this one, so it is considered important that in previous educational stages the use of free
software must be disclosed.

The students emphasize the importance of the use of commercial software since this
is the one that is mainly used and is currently demanded in the business environment.
However, the teaching team considers free software as a good alternative for
entrepreneurs.

The experience has gathered the conviction of the students of the dominant position
of the commercial software in the labor market, however from the teaching point of
view we are convinced that the students can be the carriers of change by offering the
companies in which they are going to work free software, stable and in constant
development, while the management of free software can facilitate their impulse in
actions/entrepreneurship situation.
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Abstract. The role of universities is essential for the divulgation of the com-
petences of the Industry of the Future (IoF) in students around the world.
Therefore, the existence of different CAD software for Industrial Engineering,
developed by several computer software companies (e.g. Autodesk, Siemens,
Dassault Systèmes or Bentley Systems among many others), together with its
possibility of working in a shared environment have vital importance. In this
way, Dassault Systèmes, one of the most recognized software modeling com-
pany in the world, created 3D Experience Platform. This platform jointly
includes some of the programs of the Dassault Systèmes package such as Catia,
Delmia or Enovia. Moreover, it is available on the premises and in a public or
private cloud environment, where there is the Peer Learning Experience Plat-
form, which offers teaching material, mainly based on Project-Based Learning
(PBL). These characteristics make it an important tool for the future of the
engineering world, in accordance to Industry 4.0, in which some Spanish uni-
versities currently have a key role.

Keywords: Industry of the Future � 3D Experience � Peer Learning �
Education � Design

1 Introduction

Since the second half of the 18th century to the present, the industry has undergone
profound changes to adapt to the demand and to take advantage of the technology of
the moment (Fig. 1 shows schematically this evolution). It all started with one of the
most important changes in the history of mankind: The First Industrial Revolution. It
began in the 18th century in United Kingdom (UK) with appearance of the steam
engine, which was applied to new means of transport such as rail and steamboat. This
meant a great social, economic and technological change throughout the world. In the
19th century, The Second Industrial Revolution emerged with new sources of gas, oil
or electricity, as well as other major appearances like automobile, telephone or radio. In
the middle of the 20th century, The Third Industrial Revolution (also called “the digital
revolution”) arose, more focused on renewable energies, process automation and the
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use of the Internet [1]. The current industrial revolution is called Industry 4.0 or
Industry of the Future (IoF). It was originated in 2011 by the German government to
describe the intelligent factory, a vision of computerized information with all processes
interconnected by Internet of Things (IoT). IoF consists of the digitalization of the
productive processes of the factories through sensors and information systems to
transform and make them more efficient. For this purpose, it is necessary the incor-
poration of new technologies to the industry such as artificial intelligence, cloud
computing, Big Data, IoT, augmented reality, cybersecurity or robotics (Fig. 1).

In Spain, IoF is also being implemented little by little. One of the most interesting
ways of establishing all the competences and skills of this revolutionary industrial
movement in the whole society is through education. For this reason, the role of the
universities is vital because, nowadays, some engineering students finalize their aca-
demic degrees without receiving the adequate training in the face of a highly tech-
nological society [2]. Specially, in the industrial and engineering sector there are some
specific aspects that should be disseminated in the education world: (i) knowledge and
competences on computational technologies (mainly programming), (ii) understanding
and competences in planning and management of project, and (iii) competences in
teamwork [3]. Moreover, engineering students must be trained in technical knowledge,
practical tasks, skills in CAx (Computer-Aided Applications, which refers to the use of
computer technologies associated with the lifecycle of a product such as CAD, CAM,
CAE, CAID, among others) and collaborative work skills, that is, Project-Based
Learning (PBL).

Fig. 1. Evolution of the industry at world level (Source http://www.aberdeenessentials.com/
opspro-essentials/industry-4-0-industrial-iot-manufacturing-sneak-peek)
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In particular, the role of teachers and teaching staff is essential because current
engineering students will be a fundamental part of human evolution and they will have
to work in a context of Industry 4.0 (maybe even version 5.0 to come). The Univer-
sidad de Cantabria, with eleven other Spanish universities—Cádiz, Jaén, Jaume I
Castellón, León, Mondragon, Basque Country, Politècnica de Catalunya, Politécnica de
Madrid, Sevilla, Vigo and Zaragoza-, three French universities—ENI Metz, EC Nantes
and U. Versailles S-Q-Y—and one Italian university—Politecnico di Milano—have
participated in different workshops, seminars, webinar, etc. for the coordination of the
project named “Accelerating the adoption of Industry of Future (IoF) supporting
technologies by Spanish Universities” [3]. This project was partially organized by La
Fondation Dassault Systèmes, establishing as the main topic the great importance that
universities have for dissemination of the competences of IoF. This project is focused
on three main objectives:

• Accelerate the adoption of learning practices and competences in IoF technologies,
in particular, related to CAX-PLM in the manufacturing area.

• Harmonize the lecturing practices and educational material to contribute actively to
an international community of educators with similar motivation in the field.

• Improve the students’ learning experience, their digital competences in IoF and,
consequently, their employment perspectives.

There also exist some other similar projects, such as “Project-based collaborative
engineering learning to develop Industry 4.0 skills within a PLM framework” [4]. This
project is about the importance that some applications like Computer-Aided Applica-
tions (CAx) or Product Lifecycle Management (PLM) can have in the development of
Industry 4.0.

This communication does not intend to show an experimental research project or a
study case, but to show the capabilities of the teaching methodology supported by a
certain software. Therefore, the next stage will be to design an experiment for
researching about the efficiency of the method based on the teachers’ opinion, the
academic results and the students’ feedback.

2 Present About CAD Model and 3D Design Software

Currently, there are multiple modelling CAD software [5] for Industrial Engineering
developed by several computer software companies, such as Autodesk (e.g. AutoCAD,
Inventor), Siemens PLM Software (e.g. Solid Edge, NX Unigraphics), Dassault Sys-
tèmes (e.g. Catia, Solid Works), Bentley Systems (e.g. Microstation, ProjectWise), etc.
These CAD solutions have many applications for the real engineering products, which
are used by leading companies. One of the main characteristics of some of these types
of software is the possibility of working in a shared environment, which allows to users
to save, manage and share models and files directly online [6]. Among many others, an
example of working collaboratively is Vault, by Autodesk, that allows each member of
the team to work without changing the data of the other co-workers and sharing the
projects with people outside the design group. Other example is PLM, by Siemens, that
offers the management and administration of information throughout the lifecycle of a
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product, which allows to design, produce and control all features of the product with a
single software. We can also mention Creo, by PTC, which is a software that offers the
possibility of working in a multi-CAD environment in order to avoid inefficiencies and
redundancies. Finally, any Bentley software offers a collaborative environment that
allows to share content and products in a more controlled and managed environment.

One of the most competitive organizations recognized worldwide in modelling
software and 3D design is Dassault Systèmes. This company provides virtual universes
to business and people in order to imagine sustainable innovations. All of this is
achieved with the help of its sophisticated software as Catia-software [7] of 3D design,
product development and analysis-, Delmia-software for the engineering of the man-
ufacturing processes that allows to plan, manage and take better advantage of the time-,
Simulia -software that provides realistic simulation and Finite Element Analysis
(FEM)- or Enovia -software that allows to manage and store all the information related
to materials, geometries, modifications or projects in general.

3 3D Experience Platform on the Cloud

In accordance with the Industry 4.0 or IoF, Dassault Systèmes created the 3D Expe-
rience Platform [8], a collaborative platform that integrates some of their software in a
unique working interspace. This online platform provides industry-leading applications
for each of the company’s departments, from sales marketing to engineering: Design &
Engineering, Manufacturing & Production, Simulation, Governance & Lifecycle, 3D
Design Experience for Professionals, as well as a broad catalog of services that were
also included in the original packages of Catia, Simulia and Delmia.

Thanks to a single user-friendly interface, it encourages industry solution experi-
ences, based on 3D design software, analysis, simulation and intelligence in an
interactive collaborative environment. It is available on the premises and in a public or
private cloud environment, which will transform the way companies do business due to
it brings value on the innovation side. So, this possibility offers cost effective and
seamless experience, adaptability and flexibility, improve collaboration globally and,
security and efficiency.

The platform allows the user to register in the different roles or profiles depending
on their position in the company or entity. This platform is divided mainly into four
sections, corresponding to the four parts of its characteristic logo. These are: 3D
Modelling Apps, Content and Simulation Apps, Information Intelligence Apps and
Social & Collaborative Apps. In the section of 3D Modelling, the users have access to
the most powerful mechanical design software of Dassault Systèmes -Catia- along with
all its characteristic modules such as Part Design, Drafting, Generative Wireframe &
Surface, etc. In the simulation section users have access to the Delmia and Simulia
software, very useful tools to emulate and simulate different mechanisms and designs.
In Information Intelligence Apps, there are basic tools like calculator, mail or web
notes. Finally, the collaborative section is one of the most interesting parts of 3D
Experience Platform, allowing the users to relate their work environment through the
cloud in a simple way and to contact colleagues immediately via chat.
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3D Experience Platform has access to the cloud environment (Fig. 2). This tech-
nology is not new, and some other trending applications work also on the cloud.
Applications based on cloud computing (like Google Drive, iCloud, Dropbox, Office
365 or Autodesk 360 among many others) have numerous advantages, such as efficient
use of the energy, possibility of working in a common environment with other com-
panions or that the client can dispense with installing any kind of software. However, it
also has some disadvantages like the availability of applications depends on the Internet
connection, the security issues or the software size, which means that for some
applications it is needed to have a powerful computer.

It must be taken into account that 3D Experience Platform is still under develop-
ment. This implies that some features of the platform should be improved. One of the
main aspects to enhance is the speed of the software, since it usually takes some time to
execute the commands. In this context, other typical problem of 3D Experience Plat-
form is that it is often not possible to access it, sometimes due to maintenance periods
or simply due to systems crashes. Moreover, it could be interesting to include some
other solution modules like Geovia for modelling and simulating the natural envi-
ronment of the infrastructures.

4 Peer Learning Experience and Companion Learning Space

Nowadays, we are immersed in a process of change that involves a qualitative leap in the
educational model of the European Union. It is derived from the different agreements reached
by the European Union to build a European Higher Education Area (EHEA). For this reason,
the skills and abilities that society demands of its future professionals is a fundamental aspect
that must be considered in the design of any educational strategy [9]. In this context, 3D
Experience Platform provides a web portal that offers on-cloud teaching material of engi-
neering, design, project management, etc., which are shared by some experts and universities,

Fig. 2. Graphical user interface on the 3D experience on the cloud platform
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so the quality of the teaching material is continuously improving. The name of this web
portal is Peer Learning Experience (PL’EXP) [10], in which the users have access to tutorials
of all modules of 3D Experience Platform posted on the web portal through the users
themselves (Fig. 3).

The teaching material is organized by themes and sections, letting the users to learn
at their own pace. In addition, there is a customizable dashboard where it is possible to
monitor the learning activities, the learning community, etc. One of the main keys of
the portal web is the Peers (Fig. 3), which refers to the innovative method of learning
between people with the same interests and objectives within the field of engineering,
allowing to connect with other colleagues or personal teachers from anywhere in the
world.

Apart from PL’EXP, Dassault Systèmes provides another web portal to start or
reinforce knowledge about 3D Experience Platform. This cybernetic resource is
Companion Learning Space [11], where experts and apprentices can navigate in search
of information about science or engineering. Furthermore, the users can filter their
searches by level of difficulty, engineering sector in which you are interested or specific
software of Dassault Systèmes you wish to use it (e.g. Catia, Delmia, Enovia, etc.)
(Fig. 4).

PL’EXP and Companion Learning Space are mainly based in Project-Based
Learning (PBL), which is a very important concept for education. It is a pedagogical
method based on students as protagonists of their own learning in which the acquisition

Fig. 3. Peer learning experience platform: learning and peers sections (lower right corner)
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of knowledge takes a fundamental factor. It is based on the need to change the concept
of the current learning in which, sadly, the students acquire concepts without knowing
their usefulness or what sense it has in practical life. In this way, collaborative work is
essential since students can share information in which they are specialists as well as

Fig. 4. Companion learning space

Fig. 5. Example of teaching material (Assembling tutorial) created by Universidad de Cantabria

Education for the Industry of the Future (IoF) with the 3D … 767



expand information by observing the projects and work of other people [12]. In this
context, the Universidad de Cantabria supplies teaching material (e.g. tutorials about
designing, assembling, drafting, programming, etc.), which provides added value for
both educators and apprentices because, at the same time, it is an innovative and
efficient way to learn and teach (Figs. 5 and 6).

In addition, PBL method offers an essential role to students, avoiding their passive
character and, therefore, facilitating them to work actively and critically in their tasks.
This learning method is in the vein of Industry 4.0 and it has several advantages:

• Developing skills and competences like collaboration, project planning, commu-
nication, decision making and time management by students.

• Increasing motivation.
• Preparing students better to face real problems.
• Increasing students’ self-esteem and self-confidence.
• Learning in a practical way the use of science and technology.

5 Conclusions

In all probability, software applications like the 3D Experience Platform will be useful
tools for the future of the engineering, improving the life of the whole society, in
accordance with the IoF. For this, the role of the universities will be of vital

Fig. 6. Example of teaching material (Programming tutorial) created by Universidad de
Cantabria
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importance, since they will have the possibility of providing and disseminating all the
skills and competences for a highly technological society. Therefore, self-learning
platforms, like Peer Learning Platform, are based on the students as the protagonists of
their own learning process. This can be very positive, being their skills able to improve
progressively through the material uploaded to the platform by their peers, in accor-
dance with the Project-Based Learning (PBL) pedagogical system. Moreover, both 3D
Experience and Peer Learning Platforms will be accessible to all engineering compa-
nies, providing a connection to the whole planet through the cloud, simply by accessing
to Internet.

Further stages will consider the design of an experiment for researching about the
efficiency of the method based on the teachers’ opinion, the academic results and the
students’ feedback.
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Abstract. The learning and acquisition of industrial design skills and, in par-
ticular, methods and design process, are implemented in the scope of Bachelor’s
Degree in Industrial Design and Product Development Engineering at the
University of Zaragoza, Spain. This publication presents contents related to the
methodological control of the design process, included in the subject “Design
workshop II: methods and design process”, conducted during the first semester
of the 2nd year of the degree. From this experience, this contribution shows the
tools used in the subject to ensure that students are given the necessary
knowledge to be able to apply a methodology and propose a clear and structured
design process. The experience is based on the use of detailed scripts that
structure practice sessions, showing and exemplifying their application through
the projects developed during the course. This material can serve as a guide for
its use and implementation in future teaching activities and academic projects in
the field of engineering, in which a methodological basis and control of the
design process is required, linking these aspects with the development of dif-
ferent analyses focused on the provision of essential information for the project.
The result of these teaching practices is to facilitate a meaningful learning for the
student, the interdisciplinary integration of knowledge for its application to the
design process, the improvement of academic goals as well as an efficient
coordination among teachers that improves communication among all the
members of the university community involved in the degree.

Keywords: Design process � Design methods � Design methodology �
Teaching � Learning design

1 Introduction

Industrial design engineering is a technical activity with a twofold objective: to
improve people’s lives through the development of new products, and to enhance the
economic growth of companies that launch these products to the market by increasing
user satisfaction. To reach this goal, various tasks are carried out, some of them specific
to the discipline and others shared with another fields such as the study of the char-
acteristics of users, their needs and expectations, the proposal of new technological
developments because of their potential use at the service of people, the analysis of the
market; or the prospective approach of future scenarios, among others.
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The results could be: (a) the generation of ideas for new products or services that
improve existing ones or provide skills that increase the quality of people’s life,
generating in either case new market opportunities; (b) the development of ideas from
the evaluation and prototyping stage to serial production; or (c) the execution of
communication elements based on corporate identity, such as packaging.

With regard to industrial design, another important issue is the control and moni-
toring of project activity to ensure, as far as possible, the achievement of the described
objectives and the generation of documentation to strengthen existing knowledge in the
field of the project. The learning and acquisition of these skills and, in particular,
methods and design process, is implemented in the scope of Bachelor’s Design and
Product Development Engineering at the University of Zaragoza, through a series of
modules where the studied concepts are put into practice, following a vertical structure
in which the different learning goals are gradually integrated [1]. Thus, it is possible to
build up from the knowledge of some basic elements of the project activity, continue
working on the development of the communicative capacity of the products and then,
in order to deepen the methodological control skill over the whole process, integrate the
most diverse technical and humanistic knowledge and, finally, develop cross-cutting
skills that facilitate teamwork in the context of the business world.

This publication presents contents related to the methodological control of the
design process, included in the subject “Design workshop II: methods and design
process” [2]. The subject is conducted during the first semester of the 2nd year of the
degree, as part of the 2nd module of subjects. Its overall goal is to provide students with
the tools and knowledge necessary to perform analysis, obtain conclusions and propose
improvements of one product, so that it can be materialized through a final
representation.

The result of these teaching practices is to facilitate a meaningful learning for the
student, the interdisciplinary integration of knowledge for its application to the design
process [3], the improvement of academic goals as well as an efficient coordination
among teachers that improves communication within all the members of the university
community involved in the degree.

2 Methodology for Learning Design Practice

The general aim of the degree is to provide the student with the skills to address the
management of knowledge and design capacity necessary for the planning and
development of the entire conception, manufacturing process and life management of a
product [4]. In this sense, the subject has a project-based learning approach [5, 6], as
the implementation and development of these skills are pretended to be acquired by the
student through experimentation in the context of a real product design experience
[7, 8].

Learning design practice is based on a theoretical understanding of content,
explained in lectures to the entire group, which are supplemented by case studies while
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applied simultaneously in projects. Projects development is supervised and reviewed
during a series of practical sessions or design workshops within smaller groups in
which the theoretical contents are put into practice. This practical and experimental
learning allows the setting of the contents, and allows the implementation of various
tools and techniques of analysis previously shown during the theoretical lectures.

A product design project is important and complex enough as to entrust its success
just to intuition, luck or chance [9]. Therefore, in the development of the design
activity, it is necessary to apply a methodology, for the available work methods must be
known in advance. It is also necessary to work following a pre-established and con-
trolled approach throughout the process, especially considering the difficulty of
effective teamwork learning. Method and control are necessary for ensuring that stu-
dents acquire the essential knowledge about the environment in which the project is
going to be developed and applied, and control the technique and deadlines for its
execution.

A method is defined when a set of actions, processes and tools are theoretically
considered [10]. This approach is subsequently tested and validated empirically. In the
academic field presented, the actions to be carried out are:

– Market study and segmentation, product positioning maps.
– Structural and functional-formal analysis of the product.
– Semiotics and communication structure analysis of the product.
– Study of users both from ergonomics and use sequence of the product.
– Project briefing.
– Applied creativity to innovative product conceptualization.
– Definition of manufacturing processes, and value/costs analysis.
– Documentation of the Project, including 2D and 3D rendering, and models and

prototyping production.
– Packaging development.
– Presentation of results.

3 Design Process

The design process starts from the analysis of the internal characteristics of a product,
analyzing the solutions adopted for its realization, questioning them, proposing pos-
sible improvements, and providing the necessary technical and formal evolution to
achieve the materialization of the new product, also through an exterior shape. It is
therefore a process of construction from inside to outside.

Sometimes, decisions are taken in the very early stages of the design process, and
are maintained throughout the project without having been the result of a profound
reflexion of the various existing possibilities. This is a very serious but unfortunately
too frequent mistake. Those first determinations condition the whole developing of the
project, as inadequate decisions taken too soon are very difficult, or too expensive, for
being changed in later stages.

For this reason, the subject emphasizes the importance of these first phases, helping
and encouraging students to reserve a significant amount of time for the analysis and
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evaluation of the alternatives and, if necessary, for modifying, but never totally
rejecting, the various options considered.

The second consideration is that the process serves to manage with at least a
minimum guarantees relevant aspects such as the symbolic load of the shape. As well
as for the development of the function is necessary the methodological control, it is
required the adequate handling of the expressive tools associated with the precise
development of the aesthetics of the product, so as to avoid interpretations or subjective
approaches that can lead to confusion or, at worst of the cases, mistakes in the inter-
pretation of the product.

Experience has shown that for fixing knowledge definitively, it must be exposed
repeatedly, and with an approach that combines theory and practice. In this way it is
evident to the student, without any doubt, the practical potential of the taught subject,
while generating the necessary practice in the tools associated with said theoretical
base. The order and the rigor in the exposition of the subject has been demonstrated
fundamental to reach the formative objectives sought.

Different methodologies have been developed for the process of product design and
development [11–13], but all of them involve or essentially propose three basic actions:
planning, development and realization. This sequence is repeated on a different scale,
both globally within the project, and in detail within each of the tasks necessary for the
resolution of the intermediate phases and the final details.

This methodology is very similar to the Deming circle [14], which establishes the
steps of planning, doing, checking and acting, and varies only the verification phase,
which in the case of the design processes developed within the subject is done auto-
matically at the end of each phase through meetings with presentations to project
managers.

Sometimes phases overlap, so that when one has not yet finished, the next one
begins, thus continuity exists between the different phases or parts of the project,
always depending on the type of project. And sometimes they are developed jointly, as
in the case of the first two (previous phase and information phase). But these cir-
cumstances do not alter the basic scheme of the process, which is structured in the
manner described in the following section.

Firstly, students perform a generic approach of a design process, to structure it in
stages, apply a methodology and select the design strategy. Additionally, students
define product design specifications in order to develop relatively complex products up
to a satisfactory technical grade, which includes the way and needs to develop the
project.

As already stated, this is a typical methodological process. Broadly speaking, it
refers to a sequence of work commonly accepted and extended among professionals,
based on analysis, a controlled creativity, and the control of phases and project deci-
sions. Thus, the methodology is proposed in different ways by the different profes-
sionals, in a search of the greatest possible effectiveness and each professional adapts
the method based on their own experience. As a summary, the following scheme is
proposed corresponding to the product design process followed by students (Fig. 1).
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4 Guide for Design Workshops Schedule

Based on this previous academic experience, Table 1 shows one of the tools used in the
subject during practical sessions to ensure that, during its development, students are
given the necessary knowledge to be able to apply a methodology and propose a clear
and structured design process. This is intended to provide students with a base that
enable them to integrate and relate, in a vertical manner, the rest of the subjects that will
be taught throughout the degree.

The experience is based on the use of detailed scripts that structure practice ses-
sions, showing and exemplifying their application through the projects developed
during the course. This material can serve as a guide for its use and implementation in
future teaching activities and academic projects in the field of engineering, in which a
methodological basis and control of the design process is required, linking these
aspects with the development of different analyses focused on the provision of essential
information for the project.

Design workshops are presented in 2-hour practical sessions. The schedule of the
workshops is divided into four sections: board explanation; teamwork; discussion; and
next session “to do”. The duration of each activity is not mandatory, and can vary
depending on the needs or circumstances of each group of students, but all of the
activities must be developed, as the training objectives of each session must be
accomplished.

The use of detailed scripts with the necessary steps to translate the theory into
practice has had one of its best results in methods and tools description section “design

Fig. 1. Design process. Adapted from “Métodos y proceso de diseño. Taller de diseño” [2]
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factors” corresponding to one of the main theory introductory speechs: “Analysis and
techniques applied to the design process. Market and product”. Students, frequently
and recurrently year after year, find difficulties in understanding the difference between
design factors and design specifications. Once the student collects the information of
the product to be developed and coming from different sources (definition and sources
searching/research), he has the ability to create homogeneous sets of consumers within
a specific market (segmentation). Under a series of common criteria and design factors,
as many as necessary, analyze products of the same category (or segment) with each
other in order to obtain relevant conclusions (methods implementation).

The design factors are specific aspects of each product and allow us to analyze
similar products based on the same criteria (or design factors) to eliminate uncertainty
and, on the other hand, to start the design with the necessary information and a series of
conclusions that allow generating concepts of design that can be further developed.

Table 1. Design workshop description

Tasks Objectives Work description Recommendations Timing

Board
explanation

Description of
session
objetives
Relate theory
to practice
Revision of
calendar and
global
objectives

Theory introductory
speech
Methods and tools
description
Design requirements

Key points
Timing
Process-based
approach
Assessment
Engagement

30′

Teamwork Student
teamwork
planning
Teamwork
coordination
Tasks
definition
Decision-
making

Definition and sources
searching
Research
Methods
implementation
Analysis
Conclusions
Teacher review

Collaboration
Critical thinking
Communication
Team coordination
Divergent/convergent
thinking
Iterative process

70′

Discussion Sharing
information
Feedback
collecting
Problem
solving

Support the students to
achieve their goals

Collaboration
Critical thinking

15′

Next
session
“to-do” list

Summary and
conclusions

List and review tools,
methods and
documentation to be
delivered
Workshop conclusions

Board work summary
Screenshot

5′
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An example of this type of analysis based on common design factors is shown in
Fig. 2, corresponding to the teamwork done by a group of students. It does not compare
objects that are different but those that have a common base (they belong to the same
market segment and are analyzed according to common factors); this is the precon-
dition for perceiving differences. The analyzes and design tools used give meaning to
the different variables and allow to discriminate the most important ones. Thus, it is
able to identify the points of improvement, weaknesses or strengths of the analyzed
products.

5 Primary Results of the Experience Developed

The experience with the scripts of practices, which have been used for the first time in
the subject during the year 2017–18, has materialized in a significant improvement of
the achievements of the work developed by the students in the first phases of the
projects.

Fig. 2. Analysis of design factors. Screen capture of teamwork developed by second-year
students (2017–2018) corresponding to the project “design to improve the mobility of dependent
users”
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The combination of the information provided in the theoretical classes with the
reinforcement of the knowledge that was realized in the practical sessions has allowed,
in addition, that the work that was developed during the practical classes served as a
base for complementary work which the students had to develop outside the classroom.
The final sharing of the results achieved has allowed, in each of the sessions, to detect
errors from the most initial phases of the project, avoiding that these were maintained
throughout the entire project.

Finally, a better coordination has been achieved in the development of practical
sessions that not only facilitated the work of teachers, clarifying the tasks to be
developed in each session, but also providing the students with a sense of homogeneity
and rigor in the subject that has avoided both misunderstandings and differences in the
pace of development of the work among different class groups.

This improvement has been measured by comparing the appraisal of the evaluation
surveys fulfilled by the students at the end of the courses 2016–2017 and 2017–2018.
The analysis has focused in the valuation of questions regarding coordination. The
response rate in the academic year 2017–18 was 65.91% (58 responses from a total of
88 students), considerably higher than the response rate in the academic year 2016–17,
whose participation was 33.75% (27 responses from a total of 80 students). As it is
shown in Fig. 3, the theoretical and practical classes have been better coordinated, and
it has improved the evaluation of the way the subjects have been explained by teachers,
avoiding repetitions between them. But the real improvement can be seen in the rising
up to a 20% increase of the evaluation of the coordination between teachers.

In any case, the experience developed has only been a first test that should be
continued and improved in future years. Some aspects that may be susceptible to
improvement have been detected, such as the degree of participation and involvement
of students in the activities, which should be analyzed in future experiences. These will
allow, in addition, to evaluate in a more quantifiable way the improvement that this
methodologies entails in the acquisition of knowledge by the students.

Fig. 3. Comparison of the evaluation of students, between consecutive years, of coordination
problems within the subject
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6 Conclusions

It is important to state that the academic project should not be confused with the
professional assignment. The academic project aims firstly to show a way of working
and provide its experimentation to achieve a learning through the project, more than to
achieve project results themselves.

Methodology must be differentiated from process. Knowing the process establishes
the method or methods to follow (sometimes, vice versa). All methodologies have a
common base; the flexibility in applying one method or another is the key to success in
different environments, which is another goal to reach in a learning experience. No
method is infallible in absolute terms. The same method can be correct in some situ-
ations and incorrect in others. The projects are different. The methods experienced in
other projects can be reused provided they are evaluated positively in terms of this new
situation.

There are different methods of projecting according to the designer and type of
project. Any method can be enriched with new methods. A new method can always be
developed before a new project. It can be improved by modifications or reviews of
existing old methods.

In a creative environment, creativity is applicable to the process and to the
methodologies themselves. Creating new methods is a necessary task itself to develop
stimulation techniques of creativity workshops, since sometimes saturation or lack of
references can block the student’s generation of ideas. To be able to do this work
requires creative ability, have technical knowledge and also strive to know well how
are the people who will use the product, where they will use it, what their needs are and
what will be the best way to manufacture the product, among others aspects. So the
multidisciplinary identity of the design process is something that the students must bear
in mind at every moment while experimenting with specific tools.

Though the process exposed in this paper the design student:

– Will be able to know, to experience, and to understand different methods of
industrial design approaches, their potential evolution and their application possi-
bilities depending on the kind of project to be carried on.

– Will learn to particularize the design process, making it applicable to any project
design, and adapting it to any particular case.

– Will understand the need and relevance of structuring design processes in phases to
keep a control of the project environment, an adequate scheduling and a proper
management of the overall frame of work.

– Will gain confidence on their training to find solution to different problems of
increasing complexity, based on the development of conceptual proposals within a
design process.

– Will able to reach a technically viable product proposal from a conceptual
proposition.
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Abstract. Spatial abilities are essential not only for engineers but for those in
many other professions such as medicine, archaeology and architecture. It has
proven possible to improve these skills using sports or video games. An engi-
neer must be capable of expressing ideas and understanding drawings, and for
this, technical drawing and these abilities are an essential part of the learning
process at the university. Courses such as Graphic Expression aim to help the
student to have better spatial skills. However, this is not always an easy task.
Many engineering students do not have the experience and knowledge when
they begin their studies, and so they face a number of difficulties in under-
standing lessons that are of a higher level. The study we are presenting proposes
a series of innovative exercises that include augmented reality to help students
develop their skills and improve their understanding. These exercises could be
applied in the future to other age ranges and subjects such as mechanics.

Keywords: Graphic expression � Engineering � Teaching � Augmented reality

1 Introduction

The importance of spatial skills is not only limited to the communication of concepts or
ideas, but helps to create relationships between the real and the abstract to improve the
understanding of certain problems or calculations. It has been demonstrated that it is
not only study that increases our spatial abilities. Other activities such as sports [1]
have also been related to a person’s skills, since they involve analysing positions,
space, and objects among others. Other authors such as Subrahmanyam [2] and Feng
[3] have found evidence of the relationship between video game usage and an
improvement in spatial abilities.

Innovative teaching methods are now being tested and used in many universities.
As evidenced in articles such as [4], online tests for self-assessment on Technical
Drawing are being offered to the students to help them identify their level of under-
standing of certain subjects in technical drawing courses. Moreover, Interactive self-
learning tools for teaching manufacturing dimensioning are being used in the classroom
“to teach dimensioning criteria of mechanical features concerned with elementary
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machining processes”. These consist of video and drawing animations “that link real
machining processes with the dimensioning of the correspondent work piece” [4].

With respect to teaching techniques that include AR, there are relatively few pre-
vious studies such as [5], which involved a short and intensive course of 16 h of work
for two weeks. It was offered to freshman engineering students that were enrolled in the
“Graphical Expression” course of the Bachelor’s Degree in Industrial Technologies
Engineering. This experience was divided into two blocks: the first consisted of some
classic paper and pencil exercises about metric geometry, the foundations of graphical
representation and multi-view and axonometric representation systems. In this phase,
the students were given some wooden models to help understand the exercises. During
the second part of the experiment, the students used an AR book with an augmented
reality application that uses virtual 3D models. The exercises were of increasing dif-
ficulty and the student could use YouTube tutorials for help with each type of exercise.

As we can see, augmented reality has been used to help the visualisation of spatial
vision exercises, but in this experience, we went a step further. In the case presented
here, augmented reality is not only a way to help the student see the exercise. The
simulations created for the purpose of this experience allow for an understanding of
what the activity is about, along with the steps required to reach the answer, thus
improving comprehension.

In previous experiences augmented reality has been used merely to show models in
space without any programming in them and without presenting changes during the
lesson [6]. The presented simulators, however, allow for a continuous interaction
between the student and the exercise (including all of its elements). The simulators are
entertaining and capture the student’s attention because they allow the student to
navigate through them unaided, allowing each of the parties to take the time needed.

2 Context

2.1 Location and Academic Setting

This experience took place in Málaga, Spain. We focused on Graphic Expression
students in their first year of university, from which data that included their individual
profiles, skills, and influences, among others, were collected.

These same students were those that participated in the whole experimental process,
and included those that were not part of the experimental group, due to their evalua-
tions throughout the semester. The hypotheses and analysis of this experience are part
of an Educational Innovation Project of the University.

2.2 Student Profile

It is well known that many students in Spain start their technical studies at university
with little or no prior knowledge of subjects such as technical drawing. With regard to
Graphic Expression, the curriculum in both Primary and high school is established by
the Spanish Ministry of Education, Culture, and Sport.
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Relatively few are given the opportunity to learn about graphic expression because
it is not mandatory for the schools to offer this during high school, and during the
Baccalaureate only a few students choose to do so. In any case, the students are able to
select any undergraduate program of their choosing, provided that they achieve the
required grade

This, in fact, is a large part of the problem, since many students that decide to enrol
on an engineering undergraduate course come from a range of backgrounds, and so not
all of them will have the level required to deal with the difficulties associated with
many of the courses.

This research focuses on the Graphic Expression class for mechanical engineering
students. Thanks to the data obtained we can see that the percentage of students without
pre-university experience in technical design is 34%, which is considerably high, given
that there are specific prerequisites of prior knowledge for participating in this class.
Whilst this percentage does not reach half of the population of the students surveyed, it
still represents a substantial number of people with no prior experience.

In this same group, it was also observed that 42% of the students who formed our
initial sample are repeaters of this same course. Thus, they are likely to be unmotivated
by the same type of exercises and could lack the confidence required to succeed.

Therefore, it is clear that students need motivation and support that is sometimes
difficult to give due to a large number of students and the shortage of available hours of
teaching. This aim of the present research was to contribute towards reaching this goal.

2.3 Description of the Research

Asmentioned at the beginning of this article, it has been shown that certain activities such
as traditional games and video games can help to improve spatial skills. Further, on the
basis of the data collected before the experiment, we observed that students that usually
play 3D simulation video games at home have better spatial abilities than the others.

Thus, in order to exploit these games as a tool for enhancing these skills and to
make the learning process somewhat easier, we created a series of seven simulators for
Android (Fig. 1).

Fig. 1. Augmented reality app used
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The activities or games simulated in these android games complement each other
and support the mandatory exercises of the course. This gives the students satisfaction
since they can see their progress, which facilitate the learning process.

For the teaching process, we then used theoretical classes, practical classes with the
proposed exercises, appointments to interact with augmented reality problems, and
interactive online and bibliographic resources.

At the start of the experience, we used DAT tests: SR v01 [7], MRT test [8] and a
questionnaire to determine the students’ profiles. Tests were also employed at the end
of the experiment, these being the DAT test: SR v02 [7] and the PSVT test [9], to
determine the final skills and to measure the progress of the students.

Using the data collected on spatial vision and spatial relation skills, the participants
were divided into two groups: Group A1, the control group, which has superior abil-
ities, and Group A2, the experimental group. Although this subdivision presents a bias
regarding the skills of each subgroup, A1 and A2, this distinction was made in order to
have homogeneous subgroups at the beginning of the experience. Within the Educa-
tional Innovation Project, more hypotheses are discussed than those presented here, for
which this distinction is ideally suited.

Moreover, as indicated in the results, this division was not an obstacle to testing one of
the hypotheses (rate of improvement among subgroups) in the results section. Once the
students had been assigned to their groups, they attended the practical classes separately, so
thatGroupA1followed the routineprocedure. In the caseofGroupA2, of thefiveclassroom
sessions (one per week), in four of these they followed the same procedure as Group A1.

In the first of the practical classes, a tutor provided Group A2 with an explanation
regarding the details of how the experience would be developed. Each week the students
were given the opportunity to attend appointments (arranged by themselves) on the virtual
campus platform to use the simulators prepared for the practical assignments for eachweek.

In this first practical class, Soma Cubes were also presented to the students so that
they could work with them as an innovative way of learning with games. The Soma Cube
is a three-dimensional puzzle designed in 1936 by PietHein and in this case, the 3D
pieces were pre-printed in order to be used to create figures that emerge from the
students’ own imagination, so that later they could practice the creation of views (Fig. 2).

Fig. 2. Example of Soma Cube used
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The subsequent practical classes were identical to those of the control group with
the exception that, on each week, the student will not only have prepared the corre-
sponding exercise on paper but will have experienced it thanks to the simulators.

Each week the students participated in pairs in these augmented reality sessions
lasting for ten minutes. For these sessions, the necessary materials were a Tablet or any
Android device to which the student could only have access in this ten-minute period,
an “ImageTarget” that served as the activator of the game, and a tripod or similar object
to make the handling and interaction more natural.

The mandatory exercises that were used for the present work deal with distances,
angles, and the dihedral angle. These games were also used to obtain a better under-
standing of the axonometric and knight perspectives with the main views of objects.

Following each of the simulator sessions, the students were required to answer a
question regarding both their initial comprehension of the exercise before having
worked on the video game and their understanding after working on this game.

After the whole experience had been completed and all the exercises were handed
into the professor, the students from both subgroups took several tests. To measure
these skills at the end of the experience, the DAT: SR v02 was used for measuring
spatial vision and the PSVT test was used for measuring spatial relations skills. The
student also completed the CIS test [10], which was modified to fit the experience.

3 Results

3.1 Influence of the Experience with Video Games on the Student’s
Spatial Abilities

Data regarding the use of video games at home among the group studied were recorded
at the beginning of the experience. We focused on video games that recreate three-
dimensional environments such as Simcity, Minecraft, Call of Duty, or similar. We
observe that 51% of students use them between two and five hours a week.

Fig. 3. Students using one of the apps
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After collecting data on initial spatial abilities, no significant differences were found
between the spatial visualization skills of the group that often uses video games at
home. However, such differences were found on the MRT test that measures spatial
relations applied in 165 subjects.

A Mann-Whitney U statistical test was conducted (adopting a p-value of 0.001),
which revealed statistically significant differences between the students that experiment
with video games and those who do not, with the former having a better spatial
relations ability. This test was used due to the small sample and continuous quantitative
variables.

In the group of students without experience of simulation video games, the average
score is 3.64, the median 3.5, the variance 4.033, and the standard deviation 2. In the
case of students with experience in video games, the average was 4.84; the median 4.5,
with a variance of 5.1 and a standard deviation of 2.25.

Therefore, spatial relations skills are superior in students who often use this type of
video game.

3.2 Comprehension of the Practical Exercises of the Subject
with the Help of Augmented Reality Simulators

The students were asked to rate their understanding of the exercise presented before
and after experience with augmented reality. In addition to asking the students to try to
understand the activity before the AR appointment, they were asked to sketch per-
spective with the data of the statement and the possible results in space. This helps the
professor or the student to see the starting point.

With regard to the specific simulators created to improve spatial comprehension,
the data related to comprehension of the exercise before and after the experience with
augmented reality are displayed in Fig. 3. In this, C0 will refer to the initial compre-
hension and Cf the final comprehension.

Fig. 4. Comprehension results
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It is clear from Fig. 4 that there is a significant increase in the student’s under-
standing, demonstrating a substantial improvement in confidence at the time of per-
forming the exercise.

During the practical classes, this confidence is marked when participating in class.

3.3 Effects of Training with RA Simulations in Evaluations

During the course, different continuous evaluations were conducted, similar to the
exercises carried out in the different parts of the course. These exercises were identical
for both groups and corrected by the same teacher using the same criteria.

As discussed above, our starting point was to use two groups, where Group A1 had
a higher level of spatial vision than Group A2. In the continuous evaluation of
axonometric perspective, however, the following results were obtained: The group that
does not use AR and that demonstrated better spatial abilities at the beginning of the
course (A1) showed an average score of 0.54 (out of 1), with a median of 0.54,
variance of 0.059 and a standard deviation of 0.24. The group that uses AR (A2) had an
average score of 0.53, a median of 0.6, a variance of 0.073, and a standard deviation of
0.27 (Fig. 5).

A non-parametric Mann-Whitney U test (adopting a p-value of 0.01) revealed no
differences between these two groups, suggesting that they now show equivalent skill
levels. This test was used due to the small sample and continuous quantitative
variables.

We can see, therefore, how the two groups that began with very different spatial
vision skills showed almost identical results when tested post-experience.

Fig. 5. Evaluation results with students using AR and students not using it
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3.4 Effects of RA Training on Spatial Skills

As would be expected, and because the groups were divided according to their scores
on the initial tests, there is a significant difference between the groups with and without
AR in terms of the scores on the DAT test: SR 01. The mean in the group of students
who did not use AR is 9.18 with a median of 9.4, variance of 0.178, asymmetry of
−1.126, kurtosis of 1.63 and minimum and maximum of 8.20 and 9.8 respectively. In
the group of students who participated in AR, the mean is 6.96, the median 7.4,
variance is 3.465, asymmetry is −0.974, kurtosis is −0.229, and minimum and maxi-
mum are 3.4 and 8.8 respectively.

DAT: SR 02 was the test used at the end of the experiment, and it is of a higher
level of difficulty than the initial test. Nonetheless, we still observed differences
between the experimental and control groups. However, it is possible to argue that the
rate of improvement or development in the group that experienced AR was consid-
erably higher. The group that had not experienced the AR, showed a mean score of
9.1667, median of 9.1, variance of 0.253, asymmetry of 0.061, kurtosis of −1.518 and
maximum and minimum scores of 9.8 and 8.4 respectively. In the case of those who
had experienced AR, the mean score is 7.18, the median 7.4, variance 3.088, asym-
metry −0.864, kurtosis 0.413 and maximum and minimum scores were 9.2 and 3.6
respectively.

In order to compare the results between the different groups concerning the con-
tinuous variables, the non-parametric Mann-Whitney U test was used with a p-value of
0.002, which revealed differences between the group that used augmented reality and
the group that did not. This test was used due to the small sample and continuous
quantitative variables.

Although there is still a difference between the two groups in terms of the scores on
the second DAT: SR test, the difference between means and the deviations presented by
the samples clearly indicates that the difference between groups has decreased even
though the level has increased. While the group that did not experience AR has
maintained its mean score, the group with AR showed a considerable improvement.

4 Conclusions

We found significant differences in the scores on the initial MRT test between those
who often use 3D simulation video games at home and those who do not, suggesting
that spatial relationship skills are higher in students who use these types of video
games.

Based on this notion of a link between spatial skills and the use of video games, a
series of AR exercises were prepared and used to enhance knowledge. In this sample,
we observed that there is a significant improvement in the abilities if we include these
tools in the traditional systems of teaching technical drawing at university.

It is also observed that the use of these types of AR simulators in the classroom
improves the academic results in certain areas of learning related to Graphic
Expression.
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All the exercises used in this experience were created in the Department of Graphic
Expression, Design, and Projects of the University of Malaga with Unity and Vuforia
as free tools in the academic field. As these games are usable on any Android device,
they can be used repeatedly in successive courses for the teaching of perspectives and
dihedral. Further, with specific knowledge and use of modelling tools, other environ-
ments can be created for new exercises.

This material can be used in a large number of subjects related to technical pro-
fessions similar to that of Graphic Expression. Moreover, AR could be used in many
other fields to help the student understand and visualise complicated concepts such as
biology or mechanics.

Within the School of Industrial Engineering, these new techniques could be applied
in ten subjects with a target population of 1172 students. These methodologies and
exercises could not only be used in university education, but also in baccalaureate
technical drawing subjects that, although of a more fundamental level, present diffi-
culties for the student.

Acknowledgements. The work reported here was made possible by all the students that par-
ticipated and all the professors that gave their time to collect the information used in this research.
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Abstract. Regarding the different alternatives to teaching approaches with
excessively theoretical contents, there are several innovative learning strategies
for active students’ involvement. According to most demanded professional
profiles in the field of business [1], applicants not only should have a prominent
academic background but also good personal skills, such as initiative,
entrepreneurship, communication skills, and commercial vision, among others.
This paper presents a experiment that aims to achieve the objectives and
catching the skills by the Learning by doing technique, through a contextual-
ization of the subject “Container and Packaging” in the Industrial Design
Degree. Moreover, a close relation between university and business is achieved.
In this way, students can acquire the requirements demanded by the companies.
A particularization of an industrial design methodology proposed by the
Technological Institute of Packaging, Transport and Logistics (ITENE, Valen-
cia) has been implemented for the packaging’s design and packaging itself.
Besides using this method, students take on a project-based learning (PBL) work
under the role of a company. Then, they carry out the redesign of the container
of a manufactured product close to their province of residence. This practice will
not only look for improving the student’s ability to research and solve problems,
but also to manage the professional and personal relationships that occur within
each work group. These situations are necessary in the training process since
they will be faced daily in their future professional life.

Keywords: PBL � Methodology � Packaging � Learning by doing

1 Introduction

The main purpose of the methodological proposal is to promote the talent of the
students beyond the university pathway. There is great talent among university students
that, in many cases, does not rise above the academic field.

In order to achieve the required competences, an industrial design methodology has
been carried out within the theoretical-practical program of the last-year course, being
implemented into the technological institute ITENE for packaging design [2]. Students
were highly motivated to participate since, thanks to the strategy of ‘learning by doing’
[3], they were able to materialize their own ideas, designs and prototypes. Another
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advantage is that the introduction of Project Based Learning (PBL) in this methodol-
ogy, allows them to simulate actual conditions in the life cycle of their designs.

The starting point for the promotion of graduates among the contacted companies
was precisely the possibility of taking advantage of these digital technologies and being
able to manufacture the designed prototypes by means of 3D printing [4].

The outcomes obtained from the research study included eleven prototypes of
original packaging designs and their respective posters, as shown in Fig. 1. All pro-
cesses were supervised, and the students received training in ArtiosCAD (a specific
software for packaging). They also had to create groups under established criteria,
determining roles and collaborating with local companies. Additionally, the different
members of the same group had the chance to evaluate each other. Hence, teachers and
supervisors could know the internal problems because they had to tackle and solve their
assignment tasks. Another evaluation was carried out by a self-assessment of each
group. The first one under an aesthetic, practical and symbolic criteria and the second
one related to technical requirements suggested by the analyzed company.

From the results, it could be seen that all students had exceeded the initial
expectations. Moreover, the satisfaction level was higher than in previous years.
Finally, according to the companies’ point of view, their interest as designers in the
training received in our faculty and in this educational project was considered
satisfactory.

Fig. 1. Two prototypes of original packaging design

790 M. D. Marín-Granados et al.



2 Objectives

Learning by designing digital prototypes is the most important objective. These pro-
totypes are manufactured with 3D printers [5]. Also, other purposes have been con-
sidered from different perspectives. For example, from the teaching perspective [6] it
has been considered to accomplish technical and practical competences using suitable
equipment, tools and methods. From the learning perspective, it has been considered to
promote individual and team work through PBL, initiative, communication skill and
commercial practices. Finally, from learning management perspective, it has been
considered essential to design online follow-up tools (forums, tasks …) and to design
practices from a sustainable point of view [7], as well as to publish the work achieved
as a professional projection.

3 Methodology

In 4th year, students of Industrial Design and Projects Development Engineering
degree in the subject ‘Containers and Packaging Design’ used the Project Based
Learning (PBL). They had the opportunity to contact local companies and carrying
several interviews with technical representatives along the different stages of the pro-
ject. They based their work on the market-and-commercialization surveys for the
product they had chosen.

In the academic context, this part of the work was considered as part of the course
practices with a 40% score of the final grade, the group analyzed a daily consumption
production which was preferably manufactured in their place of residence, and that
reflected their packaging redesign, both primary and secondary.

3.1 Groups Formation

Regarding the group formation, teaming up according to the student place of origin was
tested the previous year. Low performance and diverse conflicts were detected in one
third of the groups. The following year, students were asked about how to organize the
teams and 95% of them agreed to organize themselves. At the end of the year, it was
found that hardly any conflicts among the groups had arisen.

3.2 Student Roles

In each group, three roles were established: two of the roles were assigned to two pairs
of students and the last role was assigned to the group coordinator. All students with
the same role shared discussion online in the forums of The ‘Moodle Virtual Campus’
to promote discussions with the teacher and also to share technical information on
markets, processes, logistics, etc. This cross-group coordination helped the groups in
making decision (Fig. 2).
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Thanks to the different roles, the students can specialize themselves in different
tasks. This allows them to distribute the work between the different students in the group
in this stage of the project. The coordinator of the group had to assume the role that was
unattended by the members in the group. It also allowed him to supervise the progress of
each student, and thereby rate the personal work of all members of the group.

These roles were changing in every stage: each student assumed certain task, based
on their expertise and knowledge field. For example, the student with the best expertise
in SolidWorks was in charge of creating the 3D model, the ones who had studied the
subject of “Photography and digital treatment of the image” were in charge of taking
pictures, prototype reports and creating samples.

3.3 Collaboration with Local Companies

To promote the final works, it was important to take into account the group of local
companies. Through a cover letter, the teacher presented his students to the companies.
As a consequence, the companies allowed the students to know their industrial pro-
cesses and facilitated technical information of their products.

Sometimes, it was not easy to contact the necessary technical staff, for that reason,
it took a long time to find the right information.

The companies were invited to check the results on the web page www.packaging.
uma.es, and thanks to that fact, they could know the projects made by the students,
which allowed the possibility of catching their interest for a future collaborative
project.

3.4 Moodle Virtual Campus

To organize the work of almost 100 students, the use of Moodle Virtual Campus has
been essential. The questionnaire tool helped to coordinate the work of each
group. Each student with his own role had his questionnaires and specific forums. In

Fig. 2. Questionnaires in Moodle Virtual Campus to record the demand of each project
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case that anyone in the group did not attend the questionnaires ordered, the group
coordinator would answer for him (Table 1).

Through the preliminary questionnaire the teacher knew the professional envi-
ronment of each student, as well as their skills, and the academic and professional
career of every student. As a consequence, it could be evidenced if, for any particular
reason, it was easier for any of the students to contact with an specific enterprise, for
instance.

Students were given the freedom to choose their role. The work made by the
coordinator was essential, as it helped the normal development of the rest of the tasks.
The rest of the students in each group specialized in the most technical part of these
phases: market analysis, product studies, manufacturing processes and regulations.

This search for information on design requirements was shared among students of
the same role. In this way, similar projects helped each other. Students decided to fix 85
requirements for each Project. These requirements were taken into account to evaluate
the designs that were manufactured (Table 2).

Each student was asked to search a container from other different manufacturer for
similar products on the Internet. With these designs, they made a visual report with

Table 1. Moodle and workshop

Site Stages

Moodle Preliminary questionnaire
Moodle Technical requirements questionnaire
Moodle Competitor analysis
Moodle Technical assessment of conceptual designs
Workshop Manufacturing of prototypes
Moodle Self-assessment of each group

Table 2. Role and analyzed requirements

Role Requirements Quantity Percentage

Market and logistics Market 14 16
Consumer 17 20
Storage 6 7
Transport and distribution 5 6

Processes and regulations Production 6 7
Printing 7 8
Standard 10 12
Environmental 6 7

Coordinator Product 6 7
Total 85 100
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photographs of marketed products with similar packaging. This compilation was used
as an inspiration for all the designs of each group [8] (Fig. 3).

After the stage of design, a technical assessment of conceptual design was per-
formed. This evaluation was done taking into account the preset requirements.
Therefore, the teamwork had the prototype specifications to accomplish the product [9]
(Fig. 4).

Fig. 3. Competitor packaging

Fig. 4. Example of a conceptual design
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The next step consisted in manufacturing prototypes. This stage is carried out after
the CAD design and virtual simulation. Here, students test the design errors and try to
solve them [10]. An appointment system had been implemented in Moodle Virtual
Campus for the use of the laboratories, tools, 3D printer and numerical control cutting
machine by the supervision of a qualified technician.

After the design phase, each group evaluated the total or partial fulfillment of the
initial requirements. From an aesthetic, practical and design point of view, each student
rated the designs of their classmates and their own designs too. This questionnaire
allowed them to be critical with the work of their classmates, and also participating
actively in the choice of the design to be manufactured.

There were 550 technical and commercial evaluations in total. Another question-
naire that the students had to do was the self-evaluation of the group. With this
questionnaire each student rated the work of his classmates for each of the tasks that
were assigned.

4 Results

The high interest of the students is a consequence of the eminently practical approach
of the subject. At the end of the curse, a bivariate analysis of the answers obtained in an
anonymous survey was carried out. This analysis had been made from the 46 surveys
answered with SPSS version 22 program.

Table 3 shows that 45% of survey respondents found the subject very interesting.
This percentage is higher in students who considered that practical teaching had been
more relevant than theoretical teaching. This consideration is in terms of skills and
competence acquisition. The 23 students that show an average interest in the course,
mainly thought that practical teaching is more relevant than theoretical teaching.

Without a doubt, the motivation of the student raises the expectation, thanks to that
fact they invested many hours of work in the prototyping workshop. At the time of
giving the marks to the personal work of each student, it was very useful the

Table 3. Interest level in practical and theoretical teaching

Perception Total
Practical Theoretical

Interest level High N 19 2 21
% 46.3 40.0 45.7

Medium N 20 3 23
% 48.8 60.0 50.0

Low N 2 0 2
% 4.9 0.0 4.3

Total N 41 5 46
% 100.0 100.0 100.0
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satisfaction surveys that were conducted within each group. In this regard, there was no
reclaim from any students.

Eleven prototypes were manufactured using machines of digital prototyping (3D
scanner, 3D printer and cutting machine/recorder printer scanner). These designs were
also documented with a poster exhibited at the Faculty of Industrial Engineering of the
University of Málaga, and an oral presentation in class (Fig. 5).

5 Conclusions

The “Learning-by-doing” strategy has been without doubt motivational for the students
and a challenge to monitor the participation of each student in the experience [11].
Students motivation during this experience has been very high, which has led to
multiple hours at the prototyping workshop.

Working in groups has not been easy but with a correct task distribution via
Moodle Virtual Campus, it has been possible. Currently, synergies between related
subjects are being produced at the University of Málaga. For this reason, this project
could be perfectly extrapolated to other degrees.

Fig. 5. Bottle “3Monos”
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Abstract. This paper reports about project-based learning activities carried out
within the course of Design of Automatic Machines at the University of Genova.
This didactic experience, provided to the students enrolled in the second-level
degree in Mechanical Engineering, aims at providing the knowledge of those
methods and tools required to optimally design functional parts of automatic
machines, here including the mechanical architecture and the actuation sub-
system. Lecture hours are equally devoted to the introduction of theoretical
concepts and to lab exercises, which leverage on the extensive and advanced use
of dedicated CAD/CAE software tools (i.e. PTC Creo). In particular, the pro-
jects are related to the in-depth study of automated packaging systems, initial
(sub-optimal) design solutions being provided by an industrial partner with
years of practice in the sector. After a description of the educational goals, the
presentation discusses the phases of the activity and the main methodological
aspects. In addition, the adopted tools for the design and simulation of the
developed systems are discussed in detail.

Keywords: CAD/CAE tools � Design parametrization � CAD-based shape
optimization

1 Introduction

Nowadays, Computer-Aided Design (CAD) and Computer-Aided Engineering
(CAE) software have unquestionably become indispensable tools on a world basis,
whose advanced knowledge is necessary for young engineers taking their first steps
into the competitive industrial scenario. CAD/CAE environments are indeed exten-
sively used in several fields, including aerospace, automotive, earth-moving machines
and automated plants (such as automatic machines for packaging) [1]. At the current
state-of-the-art, these virtual prototyping technologies allow to simulate mechanical
and mechatronic systems, starting from the geometrical and parametric representation
of parts, the study of complex devices during their motion (i.e. multibody analysis), the
verification and, possibly, optimization of their structural behavior (stresses and
deformations). In the current literature [2, 3], it is claimed that modern CAD/CAE may
soon become so advanced to simulate mechanical systems with a degree of reliability
comparable to physical testing, although with the obvious advantage in terms of cost
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saving and capability to virtually test the performance of several design variants in a
time efficient manner. In addition, most of the commercial CAD software available on
the market (such as SolidWorks, Catia, SolidEdge, Siemens NX, PTC Creo, etc.), can
provide this set of capabilities in a single, integrated environment.

Within this framework, the objective of the present paper is to provide an overview
of the CAD/CAE teaching activities carried out at the University of Genova. Basically,
two design tools are widely employed in the engineering curricula:

• Bentley Microstation, taught during the first level degree in Engineering. Despite its
capabilities, the practical use of this tool is currently narrowed to the generation of
2D drafting for simple mechanical parts and schemes;

• PTC Creo, which is employed as the first 3D CAD tool introduced to students and it
is presented during the last year of the first-level degree and, more in depth, during
the second-level degree. PTC Creo enables an integrated approach in the design of a
machine subsystem, and comprises a standard parametric CAD interface, a basic but
effective multibody suite (Creo Mechanism), a suite for finite element analysis
(Creo Simulate), and a built-in optimizer (Creo Behavioral), that can seamlessly
operate on all the virtual prototype parameters (e.g. shape of parts, material prop-
erties, dynamic/kinematic variables, information about part structural behavior).

For what concerns the specific course named Design of Automatic Machines (i.e.
the main topic of the present paper) advanced skills in the use of Creo are taught by
means of a Project-Based Learning (PjBL) activities [4–7].

As for basic terminology, Problem-Based Learning (PBL) can be defined as an
approach managing the learning process in such a way that students are stimulated to
autonomously achieve solutions. Teachers and pedagogues have always reckoned the
effectiveness of this method. Today, many authors differentiate between PBL and PjBL
[8, 9]: the distinction is mainly based on the acknowledgment that PBL is defined by
open-ended and not-well-structured problems that provide a context for learning. On
the opposite, PjBL may be interpreted as an assignment or a set of tasks that the
students have to perform.

PjBL is often seen a synonymous of PBL as both are student-centered methods for
learning. Some experts [10] suggest indeed that PBL can only be faced in small groups
and nobodies believe that PjBL can be undertaken individually. An important differ-
ence between the two approaches is that in PjBL students must generate a result in form
of a report or design. In PBL, the focus is not on this kind of outcome: the tutor
supervises the project and students are required to produce a solution or strategy to
solve the problem. In PBL, solving the problem is part of the process, but the attention
is on the problem-management, not on a clear and fixed solution. The focus in PBL is
on students working out their own learning requirements so PjBL often occurs at the
end of a degree program after a proper set of knowledge has been given the students the
skill to face the project. PjBL can be considered as an effective mechanism for tying
together several subjects under one bigger activity at the end of a course. Summing up,
PjBL is a growing area of interest within engineering education, as also shown in recent
literature. For instance, a description of active education methodologies can be found in
[11]: in this case, engineering students have to deal with the requests of a real customer,

Project-Based Learning of CAD/CAE Tools … 799



an important aspect being the constant maintenance of a proper and professional
relationship with the company itself. Another actual example of multidisciplinary
didactic project is described in [12], where students and professors from different
departments combine skills in the design process of new products, eventually fabricated
with 3D printing FDM technology. In both cases, the possibility to interact with real
problems, after an established theoretical background, shows positive results and very
encouraging feedbacks from students. However, there are some barriers that inhibit the
PjBL wider integration within the engineering curriculum, in fact:

• PjBL is identified as one of the most resource-intensive elements of the current
engineering curriculum, often demanding tailored learning spaces, materials, tools
and equipment as well as requiring significant time from faculty and support staff.

• Many engineering faculty teachers have got little confidence and knowledge in the
design and application of student assessment processes in PjBL. For this reason,
perhaps, many PjBL experiences are highly structured and employ a wide range of
different cumulative assessment processes within a single activity, with high
workload for both staff and students.

In the specific case of the course Design of Automatic Machines, activated since the
academic year 2015–2016, the required resources are limited, as for all the practical
activities are computer-based. Furthermore, the absence of heavy simulations from a
computational point of view (e.g. non-linear FEM, CFD, etc.), allows to deal with all
calculations in the University computer labs. The course provides 6 credits (i.e. ECTS
—European Credit Transfer System), that are equally divided into hours of theoretical
lessons about architectures and design aspects of automatic machines, and hours of
CAE exercises. During the exercise sessions, the teachers show to the class different
types of CAE-based simulations and design approaches (as described in the following).
In particular, the practical part starts with a seminar given by a well-trained engineer
from industry, whose role is to present a design problem related to the fascinating
world of automatic machines. An initial design solution (i.e. the mechanical archi-
tecture of a machine subsystem) is shown to the students at the very beginning of the
course. The students, divided in small groups of 2–4 people, are then required to go
through the overall design process (here including possible design improvements
achieved by the use of Creo Behavioral). The educational goals of the PjBL activities
may be outlined as follows:

• To understand the chain of virtual prototyping activities ideally required before
physical testing (identification of the mechanical systems architecture, motion
analysis, structural analysis, actuator selection, design optimization);

• To provide methodological indications on how to go through the development
process of a mechanical/mechatronic system;

• To achieve advanced specific skills in the use of modern, industrially relevant,
design and simulation tools, namely: (i) parametric CAD, (ii) integrated multibody
environment for motion analysis; (iii) integrated FEM environment for the structural
verification of parts in the worst load-case scenario; (iv) integrated optimization
routines for design improvement.
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• To train the capability for analyzing/describing an engineering problem, to work in
a group (and not individually), to generate and evaluate solutions under a con-
current set of design constraints, to present the results of the work (via written report
and oral exposition), not neglecting a critical review of the achieved results.

• To stimulate students’ creativity, practically involved, for the first time in their
career, in the solution of a design problem of real interest for industry. Within the
problem solving activity, emphasis is put on the comparative evaluation of design
variants, which are (in most cases) directly available thanks to system
parametrization.

At the end of the PjBL activity the students have potentially gained an insight of the
problem, along with the knowledge of the capabilities and potentiality of the
CAD/CAE integrated environment. Only at this stage, each group is required to pro-
pose a novel machine architecture and to write a detailed report about the previously
assigned project activity. At the end of the course, all the design steps, comprising the
new architecture and the proposed improvements, are critically discussed in an oral
presentation, which represents the 50% of the final exam. The remaining part of the
exam includes a written and oral test, based on the theoretical topics presented during
the course.

2 Activity Organization—Problem Overview

A PjBL case study, carried out in the past year, is depicted in Fig. 1, which provides a
schematic of an Automatic Machine for packaging of paper rolls with different for-
mats.1 The paper rolls are piled up and, subsequently, conveyed to a couple of ele-
vators. The motion of the elevator plates is achieved by means of two slider-crank
mechanisms, each driven by a brushless servomotor (not shown in the picture), which
allows a very precise position control of the plates. These elevators transfer the paper
rolls to the upper part of the machine, where the paper rolls envelope (a plastic film) is
applied. In the current embodiment design, one elevator starts the returning (down-
ward) stroke before the other (as clearly shown in Fig. 2), in order to allow the
application of the plastic film also underneath the paper rolls. Given this case study, the
PjBL activity is divided into several steps, also underlined in Fig. 1.

As previously introduced, the course starts with a seminar, in which an engineer
from industry presents the design problem and provides the main specs and require-
ments of the automatic machine, in particular of each sub-system (e.g. elevator
mechanism in Fig. 1).

Then, starting from an initial configuration presented during the seminar, the design
process is organized with a sequential approach. In particular, the main steps and
related CAD/CAE tools are as follows:

1A video showing the motion of the machine sub-systems can be found at: https://www.youtube.com/
watch?v=UhUeZ3cv0DQ.
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• Phase 1—PTC Creo CAD: Parametric 3D modelling of (some) parts of the
mechanical system.

• Phase 2—PTC Creo Mechanism: Motion analysis based on the end-effector’s
requirements, evaluation of the motor torque and of the inertial loads acting on a
specific member (e.g. crank in Fig. 1).

• Phase 3—PTC Creo Simulate: Structural analysis for evaluating stress-strain
condition on the members (e.g. crank in Fig. 1).

• Phase 4—PTC Creo Simulate: Modal analysis on each component and on the
complete assembly in order to verify/avoid resonance during the machine working
cycle.

• Phase 5—PTC Creo Behavioural: Shape optimization of a member based on a
single objective function (e.g. stress condition).

• Phase 6—PTC Creo Mechanism + Excel: Selection of the actuator based on rms
and maximum required torque [13].

• Phase 7: proposal and critical evaluation of novel design solutions.

Naturally, the design process is not completely sequential and several iterations are
always necessary due to the presence of critical aspects (e.g. unacceptable stress-strain
condition evaluated in Phase 3, different shapes evaluated in Phase 5, etc.), that could
request the review of previous phases. As said, the last part of the learning experience
requires the student to propose a novel, possibly improved, machine architecture
complying with the project requirements. A possible design solution, depicted in the
rightmost part of Fig. 1, is based on the use of direct-drive brushless linear motors
(with obvious simplification of the system, despite increased installation cost).

Fig. 1. Case study and design phases employed in the PjBL activity
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3 Embodiment of the Mechanical Model and First
Simulations

The initial industrial seminar ends up with the assignment of the mechanism’s
geometry and its detailed description, in terms of functionality of each member and
related dimensions. Then, after these necessary indications, all the work-groups can
deal with the case-study under the supervision of the professors. As previously said, the
Phase 1 is totally dedicated at the 3D modelling of the sub-system within the PTC Creo
Parametric environment. In particular, the CAD exercise is limited to the components
directly involved in the simulations (Phase 2–6), since the secondary components (e.g.
external structure, etc.) are provided in order to save time. Particular attention is paid to
the assembly process, in order to avoid problems during all the next simulations in the
PTC Creo integrated environment. Once the parametric mechanical model is obtained,
an inverse kinematic analysis is needed to extrapolate the desired motion law at the
motor shafts.

The procedure (depicted in Fig. 2) starts from the motion requirements (position
mm½ � vs master deg½ �) assigned to the sub-system end-effectors (in this case, the two
plates, Plate A and B, represented in Fig. 2). The translational motion laws, that have to
be assigned in the multi-body environment (Creo Mechanism) in order to perform an
inverse kinematic study, are evaluated on the basis of the machine’s productivity
( cycles=min½ �).

Then, the final rotational motion laws (hi ¼ h tð Þ; i ¼ 1; 2) are evaluated through
“motion sensors” on the motor shafts. The Phase 2 closes with a kineto-dynamic analysis,
in which the hi ¼ h tð Þ; i ¼ 1; 2 laws are applied at the motor axis, while different “force
sensors” are exploited for recording the inertial loads on the mechanism’s components. In
particular, for the reported example, the subject of the study is the crank member.

Fig. 2. Inverse kinematic: evaluation of the motion laws
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4 Structural and Modal Simulations

During the post-processing step of the previous kineto-dynamic simulation, the worst
load case is automatically transferred from the multi-body environment (Creo Mech-
anism) to the structural environment (Creo Simulate). The integrated PTC Creo
architecture allows the user to easily export all necessary information (e.g. position and
module of load’s vector) and to change the nature of the analysis. In the specific case
depicted in Fig. 3, the crank is simulated with the FEM method in order to verify the
stress-strain condition in the worst inertial load-case scenario. This approach is con-
servative since only the worst condition, that is a combination of single loads registered
at different time-steps in the previous analysis, is tested. However, the application of
the load condition in static analysis, instead of dynamic conditions, represents an
important limit of the procedure. This is due to the nature of the software, that includes
different simulation environments and a useful connection for data-exchange between
them, even if it does not allow to perform Multi-Flexible-Body-Dynamic simulations,
which is only manageable in specific CAE tools (e.g. RecurDyn [14] or Adams [15]).
Once verified the correct location and direction of the load condition on the crank
member, the students have to deal with the meshing step and the imposition of the
boundary condition. In particular, while respecting the software’s limits in terms of
mesher-options, a great part of the study is focused on mesh-convergence analysis and,
if necessary, on local mesh-refinement. Furthermore, the need to exclude a precise
number of degree-of-freedom for the static analysis convergence represents another
important issue for the boundary condition setting. The didactical purpose, at this step
of the exercise, is totally concentrated in the selection of the correct constraints-set, in
order to maintain coherence between the multi-body mechanism and the FEM structure
from the functional point of view. The complete procedure is depicted in Fig. 3.

As it may be self-evident, Phase 3 represents the first critical point of the design
process, since a re-design of the mechanical part may be necessary if the stress-strain
results highlight local (unacceptable) stress concentrations or global (unacceptable) part
deformations. Then, Phase 4 introduces another important aspect of the mechanism’s
analysis/design, proposed only from a theoretical point of view in the most part of
engineering programs. The modal analyses, carried out in Creo Simulate, are firstly
performed on each single component involved in the motion and, subsequently, on the
complete assembly. Exactly like the structural analysis, also in Phase 4, the selection
and discussion of the constraints-set becomes an essential step. In fact, even if the FEM
solver provides feasible results for different boundary conditions, the students have to
recognize the correct configuration in order to extrapolate important data in the post-
processing and conclude the study.

Concerning the mechanism considered in this paper, a qualitative example of
modal analysis on a single component is reported in Fig. 4, in which the crank model is
initially tested in free-free configuration.

From the practical point of view, all the simulation results (natural frequencies and
related modes) have to be compared to the dynamic loads acting on the component, in
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order to verify the possible presence of resonances during machine’s work. In most
cases, after the analysis performed during Phase 3–4, the students suggest some
adjustment to the CAD model, in order to correct all the detected critical issues.

5 Design Improvements and Actuator Selection

The last part of the analysis/design process, composed of Phase 5–6, exploits Creo
Behavioural for possible performance improvements (e.g. shape optimization) and
Creo Mechanism for what concerns the motor selection. In particular, after the previous
simulation steps (Phase 1–4), the students are invited to find feasible solutions for any
critical issue (e.g. Von Mises stress or motor torque exceeding acceptable limits,
collisions and/or incorrect phasing due to badly designed initial trajectories, dangerous
natural frequencies, etc.). Even if these problems are usually described by simple
monotonic objective functions and their solution can be achieved with only basic-

Fig. 3. FEM simulation on crank member with worst load condition

Fig. 4. Modal analysis on crank: qualitative example
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theoretical approach, the internal optimization toolkit is exploited in order to give to the
students a complete overview of the PTC Creo environment. Considering the case
study reported in this paper, a simple optimization study on the crank member can be
formulated as follow:

Minimize sR ¼ sR lcð Þ
Subject to lc 2 lcmin ; lcmax½ � ð1Þ

where sR is the reaction torque at the motor shaft and lc is the crank’s length. The
results of this study, for both crank modules, are easily predictable, since sR increases
linearly with lc and, as a consequence, the optimal solution is the lower bound adopted.

However, this simple example allows to explain in an easy way the advantages of
using a parametric CAD-CAE tool for sensitivity analysis.

Once defined the final design of the sub-system, in other words after the last
geometry update as result of the iterative design process (Phase 1–5), a fast CAD-CAE
based approach is applied for the servomotors selection [16]. The procedure, which
exploits also Excel (or Matlab) for numerical integration during post-processing, is
divided in two steps:

• Derivation of Speed-Torque curve at the motor shaft;
• Computation of the reduced moment of inertia, Jred , at the motor shaft.

Since the example reported in the paper is characterized by two modules (named A
and B in Fig. 5), also this procedure selection has to be repeated twice. This first step
can be achieved with a single kineto-dynamic simulation, where the kinematic input is
a cycloidal law, that allows to investigate both negative and positive velocities.
A torque sensor is placed on the same actuated rotational joint (as shown in Fig. 5), in
order to record the reaction torque at each time-step.

Concerning the second step, the procedure requires two kineto-dynamic simula-
tions (for each module), followed by a numerical integration process, which provides
Jred , defined with Lagrange formulation:

Jred ¼ Zhmax

hmin

J
0
reddhþ J 0ð Þ ð2Þ

where hmin and hmax are the lower and upper limit of the module’s operative range
(different for A and B), J

0
red is the derivative of Jred with respect to h and J 0ð Þ is the

integration constant. Once concluded the data post-processing, students have to com-
pare different industrial manuals for the selection of the brushless actuators. The basic
theory related to possible strategies for numerically computing the reduced moment of
inertia, whose discussion goes beyond the purpose of the present paper, can be found in
[17].
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6 Discussion and Statistics

As reported in [5], the effective development of PjBL activity in the Mechanical
Engineering curriculum is outcome of several interacting factors, namely:

• The level of interest shown by the students that, on the basis of the authors’
experience, is strongly stimulated by the initial industrial seminar, which underlines
the real interest of industrial companies in the overall activity outcomes.

• An adequate choice of the project to be developed, that should balance between a
sufficient level of difficulty and time constraints to be faced by students (due to other
curricula activities carried out in parallel with the course described in the paper).

• A solid background in the most important disciplines of mechanical engineering
(e.g. Industrial Technical Drawing and basic 3D CAD knowledge, Machine Design,
Mechanics of Machines). In fact, the proposed PjBL activity can be hardly proposed
to students at the early stages of their technical education.

The opinions of the students about the PjBL activity, collected at the end of both
academic years, are summarized in Fig. 6. In particular, the statistics refers to a number
of students equal, respectively, to 10 for the academic year 2015–2016 and to 16 for the
academic year 2016–2017. The positive trend of the collected feedbacks stimulates to
continue this kind of didactic approach.

Fig. 5. CAD-CAE procedures for servomotors selection

Topic Year Absolutely
NO [%]

More NO
than YES [%]

More YES
than NO [%]

Absolutely
YES [%]

No response
[%]

PjBL's efficacy for didac cal purpose
2015-2016 0 11.11 0 66.67 22.22
2016-2017 0 0 12.5 62.5 25

Quality of teaching and acquired skills
2015-2016 0 0 0 77.78 22.22
2016-2017 0 0 0 100 0

Consistency with theore cal background
2015-2016 0 0 22.22 55.56 22.22
2016-2017 0 0 25 75 0

Fig. 6. PjBL activity students’ opinion
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7 Conclusion

In conclusion, the PjBL activities recently introduced within the course of Design of
Automatic Machines (Master degree in Mechanical Engineering) at the University of
Genova have been here shortly presented. The first outcomes from this experience are
showing a strong enthusiasm of the involved students that, for the first time in their
academic career, play an active role in devising new design solutions and their opti-
mization through well-known standard methods and advanced software tools (e.g. PTC
Creo).

Considering the question “does problem-based learning work in engineering?”, it is
clear that there are obstacles to its implementation across a whole engineering program.

This issue is related to the nature of engineering knowledge and practice compared
to other disciplines (e.g. medicine), where PBL has been widely adopted. Professional
problem-solving skills in engineering require the ability to reach a solution using data
that are usually incomplete, while trying to poise demands that are usually in conflict
(e.g. customer requirements in terms of productivity/reliability and cost minimization).
Therefore, it seems that PjBL is likely to be an effective way to introduce students to
the actual issues to be faced in their future working careers and the use of PjBL as a key
component of engineering programs should be promulgated as widely as possible,
since any improvement to the existing lecture-centric programs that dominate engi-
neering would be strongly welcomed by students and industry.
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Abstract. 21st century engineers have to confront global society’s competi-
tiveness, so technical and technological competences have to be enriched with
critical thinking, problem solving, collaboration, communication and creativity
skills. To this end, teaching methodologies like Project-Based Learning
(PBL) together with cooperative work, to cover the educational needs of future
engineering graduates, should be promoted in class. This paper presents the
SimABP project, an action where we simulate a work experience in the CAD
subject presenting a real challenge to the students, tightly linking academy to
real labour reality. In addition, we also define specific rubrics for evaluating the
competences and we show the most significant results obtained. Our action has
increased the satisfaction and motivation of the students, and the marks obtained
in technical skills have been higher.

Keywords: PBL � CAD � 4C skills � Rubrics

1 Introduction

With the global society and the current trends in competitiveness, engineers are
expected to master a combination of skills embracing not only technical and techno-
logical know-how for efficient problem-solving and innovation of technology, but also
interdisciplinary competences like communication, cooperation and creativity. This
issue passes the buck to the court of education, where new teaching methodologies that
cover the demanding skills have to be implemented.

PBL is an active student-centred learning-teaching methodology where students go
through an extended process of inquiry in response to a question, problem or challenge
[6]. In PBL methodology, students follow the “learning by doing” concept working on
a cooperative and collaborative environment in order to gain not only specific
knowledge, but also the 21st century skills, which are also known as the 4Cs: critical
thinking and problem solving, collaboration, communication, and creativity and
innovation [9].
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In this paper, we present the approach of our action, the SimABP project (Simu-
lating the company in the University), which aim is to bring the real labour reality
closer to the students in the Graphic Expression subject using the PBL methodology
and cooperative work, in order to cover the required software skills and the 4Cs. In the
same way, in this paper, we propose specific rubrics that have been designed to
evaluate the mentioned competences as well as other aspects of the proposed SimABP
project. In addition, with the goal to compare our initiative with the traditional teaching
methodology and to evaluate how students perform in both methodologies, we have
conducted an analysis by means of the defined rubrics.

2 Motivation and Goals

PBL is a long tested methodology which has cooperative work in its roots. This
methodology has been particularly promoted in engineering teaching [4] since it is
expected that it will provide graduates with the required skills for confronting the
challenges that current and future society presents.

In engineering education, the Graphic Expression subject constitutes a pillar for
providing graduates with the basic knowledge of graphical representation, dimen-
sioning and standards. Hand-drawing and paper blueprints have been replaced with
CAD tools that have revolutionized engineering and industrial design and so, these
have been introduced in the Graphic Expression subject. Owing to this fact, knowledge
on CAD has turned into an essential part of the Graphic Expression subject. The
introduction of PBL in the CAD subject may aid in providing students with the
demanded skills. In this regard, there are different experiences that have demonstrated
that PBL outperforms traditional teaching methodology [3, 6, 7] when teaching CAD.

Initiatives like the one presented in [2] also reinforce our SimABP project since it
determines that case studies have the potential to provide authentic learning experi-
ences. Nevertheless, the case studies used in [2] are issues found in huge projects of
organizations like the NASA, and hence, are presented as examples but do not provide
a context to discuss its needs with the client. Therefore, they are far for providing
students with a real, tangible and actual problem-solving scenario.

Up to now, the goal of the CAD subject has been to teach students to gain software
skills. First the potential of CAD and of specific software (Solid Edge in our case) is
presented to the students, to afterwards conduct exercises where the presented func-
tionalities are applied. Complex mechanical assemblies are also represented by the
students to learn advanced operations of the tool. Due to the complexity of the
assemblies these are solved in teams, which helps the students to gain teamwork
competence. Teachers provide a number of assemblies to solve, from which students
select one. Recently, we have included the option to select an assembly out of the ones
specified by the teacher in order to motivate the students with their projects. Some of
the projects selected by the students are shown in Fig. 1:
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Since the assemblies are completely defined and the students are requested to
represent them in the CAD tool, the non technical skills such as critical thinking and
problem solving, that a competitive engineer should master are not covered.

Considering the limitations of the followed methodology and the previous actions
introducing PBL in the CAD subject or in related ones, we have defined a strategy
based on PBL to bring closer the work experience to students in our CAD subject and
provide students a context to train the 4C skills, named SimABP project. To this aim,
we present to the students a real problem that the members of the Applied Photonics
Research Group [1] are facing in their laboratory instead of using formulations like
those shown in Fig. 1. This way, in our approach, we simulate a work experience that
students will confront in their future lives when working as engineers. In addition, it is
worth mentioning that the SimABP project is introduced in the first teaching year,
which adds complexity to its implementation due to the change university implies in
students life. Therefore, the SimABP project has the following goal:

Provide the students an environment that simulates a working experience to train technical
knowledge together with the 4C skills. Specifically, students will gain software skills, critical
thinking and problem solving by addressing the challenge proposed and creativity and inno-
vation thanks to the openness of the solution. Moreover, collaboration and communication
skills will also be covered by teamwork and meetings with the teacher and the potential client

3 The SimABP Project: An Introduction of a Work
Experience in the CAD Subject

As previously pointed out, our PBL implementation starts with the presentation to the
students of a real problem the researchers, which will act as the potential clients, are
facing in their laboratory. Specifically, students have to design a mechanical assembly
to make easier the reproducibility of experiments in their laboratory related to Raman
spectrometry-based biomolecule sensing using plastic optical fibre. The goals that the
assemblies have to cover are the following:

Fig. 1. Selected assembly projects by the students
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(1) The light coupling between the optical fibre and the microscope has to be perfect,
and thus, the section of the fibre has to remain completely perpendicular to the
source of light.

(2) The coupling between the optical fibre and the source of liquid has to be perfect,
and easily removable to use it with other fibres.

Figure 2 shows the used optical fibre and Raman microscope, that is, the working
context of the assemblies that students have to design.

Once presented the challenge they have to solve, students have to follow an
industrial design methodology to solve it in teams. The outcome of the project will be a
mechanical assembly that covers the needs of the clients. Using the software skills
learnt in the first part of the subject where the basic functionalities of the CAD tool are
introduced, students have to represent the designed solution considering the graphic
expression standards and dimensioning correctness.

3.1 Methodology

In order to gain the essential skills to develop the initiative presented in this paper, the
potential and the features of the CAD subject are first introduced in class. Then,
students worked out individual exercises to train the introduced software operations.
This way, we guarantee that students gain the required knowledge to be able to address
the challenge proposed. Individual exercises represent the 50% of the classroom hours,

Fig. 2. Elements involved in the real problem
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but they are intended to be the 30% of the working hours of each student of the CAD
subject, while project hours are expected to be 70%.

During the development of the project, students work in teams of three in order to
ensure positive interdependence and collaboration among them. With the goal of
guaranteeing proper communication between students, teachers and the potential client,
a forum has been developed in the Moodle platform to post queries, comments and
exchange information. Additionally, meetings are established to visit the client’s lab-
oratory, in order to observe in situ the problem and let students exchange conceptual
ideas of their design with the potential client. This way, discussion as well as col-
laboration and communication skills will be promoted.

The approach undertaken by the SimABP project follows the common industrial
design process, where intermediate steps are specified. A more detailed description of
this approach can be found in [5]. In order to monitor continuously students work, a
planning has been defined with specific milestones that allow teachers to supervise the
development of each project. That is, the teacher interviews each team in class to know
the level of fulfilment of their scheduling and to be aware of the problems they might be
facing. Apart from active monitoring in class by the teacher, students are requested to
store all the drafts, notes, etc. they develop during the project to analyse not only the
work in class, but also the work outside the classroom.

3.2 Evaluation System

Having modified the approach of the subject, the evaluation system has also been
modified accordingly. Specifically, the goal of the evaluation system is to assess
software skills, along with the non-technical 4C skills our initiative seeks. The eval-
uation system then, consists on the following aspects:

– Software skills: We evaluate this aspect by the individual work performed by each
student through the exercises and with the team work conducted to produce the
assembly in the project.

– Critical thinking and problem solving: We evaluate this aspect by assessing the
design of the assembly produced, which will be evaluated by the client.

– Creativity and innovation: Thanks to the openness of the challenge, each team will
work out different ideas. We evaluate the creativity and innovation of the students
by evaluating the ideas and solutions students conceive in the development of the
project, which will also be evaluated by the client.

– Collaboration and communication skills: We assess this skill by supervising
classroom teamwork, along with the oral presentation of the solution in the end of
the teaching year. In addition, the client is also queried about the communication
skills of the students in the meetings.

Regarding software skill evaluation, it should be noted that since the aforemen-
tioned individual exercises are part of the evaluation system, each student is given an
individual mark, which makes certain that the overall score will be weighted with the
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mentioned individual work, and not shaded with the overall work of the team. By doing
so, we guarantee that the evaluation of each student is directly related to his/her work,
as well as ensuring that the required knowledge is gained by each student. The eval-
uation system consists in the aforementioned aspects and the presentation of the pro-
ject, with the following weights Table 1.

3.3 Evaluation Rubrics

Apart from the described evaluation system, we defined specific rubrics to evaluate on
the one hand the software skills gained in the subject, and on the other hand the non-
technical skills that we seek in this project.

With respect to the evaluation of the technical skills, we have defined a specific
rubric that gathers the aspects related to software skills that are demanded in the
subject. In addition, it is important to notice that since the CAD subject is a critical part
of the Graphic Expression subject where the drawing standards and regulations are
taught, in the CAD subject the correctness of the blueprints with respect to the men-
tioned drawing regulations is also evaluated. This way, apart from the operations to
construct 3D objects and assemblies, specific parts of the software used to appropriately
complete the blueprints (measurements, notation of the surface quality, etc.) are also
assessed. To this end, Table 2 presents the defined rubric for evaluating the software
skills and drawing related aspects.

In the same way, the satisfaction of the client is measured in order to evaluate the
functionality of the designed solutions, as well as the collaboration and communication
skills of the students during the execution of the project. That is, this rubric allows
evaluating the critical thinking and problem solving, and the creativity and innovation
competences. To this end, we have defined the following rubric (Table 3).

In order to poll students that have undergone the project and evaluate their satis-
faction level with the methodology, to enhance it in future teaching years, we have
defined a rubric that assesses these issues. Next, we show the rubric defined for testing
the satisfaction level of the students with respect to the methodology followed
(Table 4).

The defined rubrics seek to cover the technical and the non-technical aspects
defined in the evaluation system of the CAD subject. More specifically, we have
defined specific aspects to consider in the different topics under evaluation that are
matched with the evaluation aspects. Next, this matching is clarified, where we include
the technical skills expected in this subject, the non-technical skills represented by the
4C skills and the rubrics defined (Table 5).

Table 1. Weights assigned to the evaluation aspects

Aspect under evaluation Weight (%)

Software skills 65
Critical thinking and problem solving 15
Creativity and innovation 10
Collaboration and communication skills 10
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Table 5. Matching between the evaluation aspects and the defined rubrics

Technical skills
and 4C

Related topic under
evaluation

Specific aspect to consider

Technical skills Software operations The selection of the used operations is
appropriate
Used operations and their order correspond
with the manufacturing process
The nº of operations does not exceed
unnecessarily

Drawing standards Minimum views and the representative ones.
The sections are adequate, and the scratching
follows the standards
Measurements are clear and complete
The tolerances and adjustments are correct and
clearly indicated
The surface qualities are correct and clearly
indicated
The selection of the material is correct and
corresponds to the operation of the object
The thickness of the lines is correct
The scale is normalized and it is appropriate
for the used format
All used scales are present in the drawing, next
to the views and in the writing box

Presentation The use of the space in the drawing is correct
Critical thinking
and problem
solving

Relation with the
professional activity

Analyse professional activity situations
Investigate on your own about the topic
proposed
Solve problems or propose solutions to real
situations

Collaboration and
communication
skills

Communication with
the students

Enhance your teamwork skills
The communication has been fluid
The students have been proactive
The moodle platform has been useful

Creativity and
innovation
Critical thinking
and problem
solving

Functionality of the
assembly and goal
fulfilment

The assembly allows the light to
perpendicularly couple the section of the fibre,
maintaining it completely vertical
The system allows to perfectly couple the
source of liquid and the fibre, which is
removable and usable with other fibres

Ease and effectiveness
in handling

The assembly perfectly fits in the microscope
The assembly is portable
The manipulation of the assembly is intuitive

General The solution proposed is useful and simple
The solution proposed is creative
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4 Obtained Results and Discussion

With the aim of having a rigorous evaluation system where the presence of interferences
is minimized, we have considered a control group conformed by all the students that have
not undergone the SimABP project but have completed the subject in the traditional
teaching methodology. In this point, it is important to notice that during the teaching year
in the CAD subject there have been five groups, which have been taught by four different
teachers. In all the groups the project has been presented, and due to its optional nature,
there have been three groups where the project has not been implemented. Consequently,
we have considered the control group as the summation of the students that have not
performed the project, while the group under test is comprised by the total number of
students that have implemented the project regardless their teaching group where they
belong to (47 out of 189). More precisely, the 24.8% of the students have selected to
implement the SimABP project when studying the CAD subject.

We have used the rubric presented in Table 2 and applied it to the students from the
control group and to the students that have performed the SimABP project. Note that as
presented in the rubric, marks vary from 1 (not at all) to 5 (a lot). Precisely, 4 teachers
of the subject teaching in all the groups have evaluated the works of the students.
Evaluating the work by different teachers, we wanted to introduce variability and avoid
having biased results.

It is significant that in almost all of the aspects evaluated the students that have
conducted the SimABP project obtained better marks as can be seen in Fig. 3. In the
case of the software operations used, the biggest difference resides in the aspect related
to the number of operations used, where the students from the SimABP project obtain
better results. Thus, we can conclude that the SimABP project has improved the
understanding of the SW. With respect to the accomplishment of the drawing stan-
dards, the students that conducted the SimABP project outperformed the students from
the control group. This difference is especially significant in the use of adequate

Fig. 3. Results obtained in the evaluation of the technical skills of the students
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sections, in the following of the scratching standards, and in the introduction of all the
scales in the drawing, which are critical aspects in drawing regulations. Consequently,
this innovation project has also supplied a perfect framework to the students to learn
specific drawing aspects. Related to this, one may think that owing to the fact that the
project has been optional, best students have undergone it. Nevertheless, it is necessary
to point out that a significant amount of those students have failed the writing exam,
and thus, it cannot be argued that best students have developed the innovation project.

Since one of the main goals of the SimABP project is to introduce labour reality,
we have also polled the client, which will be the user of the assembly that students have
designed, to evaluate its satisfaction level. In order to do so, we have used the rubric
defined in Table 3. Note that the client has only assessed using the rubric the most
remarkable works proposed by the students, discarding the non functional ones in a
first round. In this case, three projects have been evaluated. The client has evaluated
each issue giving a score from 1 (not at all) to 5 (a lot). Figure 4 shows the assessment
of the assemblies completed by the client.

In the x axes, the ordinal numbers correspond to the following aspects:
1 The assembly allows the light to perpendicularly couple the section of the fibre,

maintaining it completely vertical.
2 The system allows to perfectly couple the source of liquid and the fibre, which is

removable and usable with other fibres.
3 The assembly perfectly fits in the microscope.
4 The assembly is portable.
5 The manipulation of the assembly is intuitive.
6 The communication has been fluid.
7 The students have been proactive.
8 The moodle platform has been valid.
9 Students have visited the laboratory.
10 The solution proposed is useful and simple.
11 The solution proposed is creative.

Fig. 4. Client’s evaluation using the specific rubric
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In the results it can be observed that the topic Functionality of the assembly and
goal fulfilment (1 and 2 values of the x axis) may at a first not be satisfactory for the
client. Nevertheless, and as pointed out by the client itself, addressing the missing
issues is straightforward. The same reasoning can be applied for simplicity and cre-
ativity topics (13 and 14 values of the x axis). From the methodological and skill reach
point of view, we can conclude that first year students do not address design necessities
as expected. The reason for this could be the lack of training in critical thinking and
problem solving throughout their entire academic training together with scarce matu-
rity, and little technological knowledge.

On the other hand, the results obtained in the topic Manipulation easiness and
effectiveness (4–6 values of the x axis) show that students have correctly understood
the usability requirements of the client. The visit to the laboratory to analyse the
working conditions of the researchers that will use the assembly have also helped in
this aspect. With respect to communication skills (8–11 values of the x axis), we can
observe that the contact with the students has been satisfactory for the client, who at the
same time has also encouraged them to deal with the challenge proposed.

Figure 5 shows obtained results of the satisfaction level of both types of students:
those that have conducted the SimABP project, and those that have completed the
subject following the traditional methodology. As previously mentioned, the rubrics are
given scores from 1 (not at all) to 5 (a lot).

In the x axes, the ordinal numbers correspond to the following aspects:
1 Improve the understanding of theory contents
2 Better understand the relations between theory and practice
3 Increase the interest and motivation in the subject
4 Analyse professional activity situations
5 Solve problems or propose solutions to real situations
6 Take decisions with respect to a real situation

Fig. 5. Results obtained in the satisfaction level of the students
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7 Develop your communication skills (spoken and written)
8 Develop your personal autonomy to learn
9 Enhance your teamwork skills
10 Develop needed competences for your professional activity.

As can be observed, in all of the aspects the responses given by those students that
have conducted the SimABP project are higher compared to the responses of those
students that have conducted the traditional teaching methodology.

It is interesting to mention that the highest satisfaction level perceived by the
students with respect to the teaching methodology is related to the capacity to solve
problems or propose solutions to real situations (4.34/5). In the same way, the strength
of the project is positively assessed by the students (4.15/5) with regards to the better
understanding of the relation between theoretical contents and practical contents.

As expected, problem solving and solution proposing of real situations is the fact
where the difference between the SimABP project and the traditional teaching
methodologies are the highest.

In general, the overall perception of both methodologies is higher than the average.
It is worth pointing out that in the traditional teaching methodology the results of those
students that have selected to reproduce a real object (see left figure of Fig. 1) are also
included, which in a certain way could blur the benefits of the proposed SimABP
project. We consider that this issue is one of the reasons for having a satisfaction level
higher than the average for both methodologies.

When asked students whether they would choose a SimABP project-alike
methodology in other subjects, the 92.2% of the students have responded positively.
Furthermore, they have underlined the following aspects as the most beneficial of the
methodology: a good approach to labour reality; promotes thinking; enjoyable; satis-
factory; understandable and simple; an interesting challenge; useful for the future.

In the same way, the lack of time has been one of the negative aspects of the
proposed project.

5 Conclusions

With the goal of providing future engineer graduates with the skills current global
society demands, and to prepare them to be able to cope with the competitiveness the
labour market presents, we have defined an action that simulates a work experience in
the CAD subject named SimABP project. To this end, we propose an environment
where a client requests to address a real problem they are facing in their lab. Starting
with this challenge, students follow the PBL methodology to provide a solution, which
is guided and supervised not only by the teacher-facilitator but also by the client.

In order to evaluate how students gain the technical and non-technical skills, we
have defined specific rubrics and have make use of them to evaluate their knowledge as
well as 4Cs. Results show that the students that have conducted the innovative
SimABP project obtain better marks with respect to SW skills and correctness of
drawing standards. More precisely, the students that have conducted the innovative
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project have used adequate sections, properly applied scratching standards and accu-
rately introduced the scale, which are critical aspects in drawing regulation. Conse-
quently, we can conclude that the SimABP project has supplied a perfect framework to
the students to learn specific drawing aspects.

In the same way, and following the idea of simulating a work experience in the
classroom, a rubric fulfilled by the client of the project has been defined and used to
evaluate how students make progress in creativity and innovation and critical thinking
and problem solving, as well as in communication issues. Obtained results show that
communication skills are fully satisfied by the students while more work should be
done on training critical thinking and problem solving. As part of the integration of this
project, we have defined and used rubrics to poll students with respect to their satis-
faction level with the methodology. Results show that the satisfaction of the students is
higher than in the traditional methodology and we have seen that their motivation has
significantly increased.

Consequently, our SimABP project demonstrates that proposing a real challenging
problem results in an excellent framework for training technical and non-technical
skills.
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