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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

During the COVID-19 pandemic started in March 2020, the need for personal protective equipment rapidly grew as it became mandatory. The 
availability of a set of faces can be of great utility in designing a face mask with proper adherence and comfortability in wearing and breathing. 
A 3D geometry of a face with user-defined anthropometric measures was generated with Blender, a powerful development tool for creating 3D 
images. Using 3D Facial Norms, a free online database, it was possible to compute the mean anthropometric measures for the age groups of 17-
20, 20-30, and 30-40 years old and then generate the respective faces for both genders. The adherence of an innovative face mask was then 
simulated with the reverse engineering software considering both the face mask and the faces rigid. 
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1. Introduction 

1.1. Covid-19 pandemic 

The COVID-19 pandemic, declared by the World Health 
Organization (WHO) in March 2020, highlighted the fragility 
and vulnerability of conventional global supply chains. The 
auto-isolation of China, a worldwide supplier of raw or semi-
processed material in many fields, led to a shortage in the 
supply of medical and non-medical products, including 
personal protective equipment (PPE) [1–3]. 

During this pandemic, Governments and WHO advised the 
population to use masks to reduce the diffusion of COVID-19, 
such as cloth masks (cotton or gauze), medical masks (medical, 
surgical, or procedural), and respirators (N95, N99, N100, P2, 
P3, FFP2, and FFP3) [4–6], which were well-fitted devices 
designed to protect from respiratory infections, arranged 
according to their filtration capacities [7].  

Face masks now have a well-established role in mitigating 
the spread of COVID-19, preventing symptomatic and 

asymptomatic transmission [2,3,8]. Face masks are highly 
requested worldwide as a healthcare necessity, and billions are 
produced. These face masks are constituted of petrochemical-
derived raw materials, which are non-degradable or reusable, 
thus affecting and damaging the environment [9]. Concerning 
materials, disposable masks were made using several polymers 
such as polyethylene, polycarbonate, and polyester. Synthetic 
polymers such as polypropylene, polystyrene, polylactic acid, 
and polyethylene terephthalate were applied to design and 
fabricate face mask shields, although natural polymers could be 
a valid substitute for synthetic polymers [10]. 

Another problem caused by the massive use of face masks, 
especially for health workers, is the comfort of wearing them. 
Surgical masks and more FFP2/N95 face masks cause 
discomfort and reduce ventilation and cardiopulmonary 
exercise capacity [11]. FFP2/N95 adheres better on the face, 
causing more discomfort and providing more filtering action 
[12]. It is essential for face masks to adhere the best to the face 
to provide the necessary protection [13]. 
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Considering all the above aspects, locally producing a 
comfortable, breathing, and sustainable mask is highly 
necessary. 

1.2. RIAPRO at Politecnico di Bari 

During the outbreak of the COVID-19 pandemic, in March 
2020, Politecnico di Bari launched a project named RI.A.PRO 
(RIconversione Aziendale per la PROduzione di DPI, literally 
Corporate reconversion for the PPE production), supported by 
the Apulia Region (Italy), in coordination with the other 
regional universities. This project was a helpful tool and 
reference for small and medium-sized enterprises located in 
Apulia and other Italian regions to undertake a conversion 
process to produce medical and anti-COVID-19 products [14]. 

The Apulian company, New Euroart S.r.l. in Grumo Appula 
(Bari, Italy), realized an innovative, comfortable product 
named Lala Mask®. This product is fully sanitizable and 
washable with soaps and alcohol, hypoallergenic and 
recyclable; it aims to guarantee facial adherence, lightness, and 
high breathability [15,16]. The mask consisted of two different 
polymers chemically joined during a sequential injection 
molding process. The rigid part of the mask, called body, was 
made in Polypropylene (PP), while the flexible part in contact 
with the body skin, called rubber, was made in Thermoplastic 
Elastomer (TPE). All materials were of medical grades. 

1.3. 3D printing for face masks 

Under the outbreak of COVID-19, 3D printing technology 
helped overcome shortages of critical supplies [17–19]. Recent 
studies proposed alternative 3D printing processes and 
materials [3]. This unregulated supply chain opened up new 
medical certification and intellectual property rights [20]. 
Other initiatives consisted of several open-source files of 3D 
printable masks available on platforms or websites of 
companies operating in the 3D printing sector. The open-source 
MY FACE MASK Add-on for Blender [21], a free and open-
source 3D creation suite, generated a custom mask modeled 
from a 3D scan of the human face. Masks generated with this 
add-on were also suitable for 3D printing [22]. Using this add-
on, the face area where the mask adhered was identified with a 
brush. The 3D model of the template was finally exported in 
STL format, ready for production. 

1.4. Description of an innovative mask 

A patent analysis was performed to understand the 
technological scenario to design and manufacture the face 
masks, analyzing the opportunity to develop an innovative face 
mask. Therefore, a search string1 to collect relevant patents for 

 
 
1 The search string used for the patent retrieval was: ((mask AND face) OR 
(facemask)) AND (virus) AND (filter) AND (fit OR comfortability OR wear). 
This string allowed to concurrently consider the object of invention (i.e., the 
face mask), its protection function, and its comfortability, hence covering all 
the relevant aspect for the development of an ergonomic face mask to protect 
humans against viruses, such as the COVID-19 one. 

the analysis was defined, and the Orbit2 database was used to 
retrieve the patents to be successively analyzed3. The search 
was carried out on patent titles, abstracts, and claims to obtain 
relevant results and avoid potential “false positives” without 
limiting the exploration to a specific time interval. After the 
search, the patents retrieved were scrutinized to remove 
irrelevant results. A final group of 147 patents was achieved, 
corresponding to 92 patent families 4 and related data. By 
analyzing the first application date for each family, the patented 
technologies applied between 1989 and 2021 were spotted (see 
Fig. 1). A dramatic rise in applications in 2020 was discovered, 
probably related to the outbreak of the COVID-19 pandemic. 
 

 
Fig. 1.  Number of patented technologies filed per year 

Concerning the offices where the retrieved patents were 
registered, the leading one was the Chinese patent office with 
75 patents, followed by the South Korean (9 patents), Japanese 
(8 patents), and United States (6). Data suggested that Chinese 
firms and individuals were the leading ones regarding patented 
technologies owned, indicating a lively innovative activity on 
face masks in China. 

To evaluate the relevance of the face mask patents collected 
for the analysis, forward citations from each family of patented 
technology were relied on. Indeed, forward citations indicate 
the influence of patented technology on subsequent 
developments. Henceforward citations were widely used in the 
patent literature to assess patents' technological and economic 
value [23–25].  However, to avoid time-related effects that 
could potentially bias the analysis, the number of forwarding 
citations received by each family of patented technology was 
divided by the patent age, calculated as the number of years 
elapsed since the first application of the focal technology [26]. 
The analysis based on this indicator showed that the five most 
impactful technologies (i.e., the patented technologies with the 
highest value of forwarding citations per year) are the 
following: 

 

2 Orbit Intelligence is a database developed by Questel containing data on more 
than 100 million patents registered in worldwide patent offices, thus providing 
a complete source of information for our analysis. 
3 The search for patents was performed at the beginning of June 2021. 
4 Patent families are groups of patents protecting an invention in more than one 
patent office [39]. 
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• Virucidal material (first publication GB0603138 in 2006, 
3.8 citations/year): a material to produce protective 
clothing for face mask manufacturing, avoiding virus 
transmission. 

• Devices for decreasing human pathogen transmission 
(first publication WO2009/003057 in 2008, 2.4 
citations/year): a face mask to avoid virus transmission, 
endowed with a fabric layer to attach human pathogens 
chemically. 

• Ultra-thin polymer film and porous ultra-thin polymer film 
(first publication WO2013/137260 in 2013, 2.1 
citations/year): a method to produce an ultra-thin polymer 
film to prevent the passage of microorganisms. 

• Face mask for the protection against biological agents 
(first publication ITPS20040007 in 2004, 1.8 
citations/year): a face mask endowed with a filtering layer, 
a high-efficiency exhalation valve, and a boundary sealing 
layer to favor the sealing between mask and face. 

• Positive-pressure protective clothing with virus 
prevention, purification, ventilation, exhaust, and heat 
dissipation (first publication CN111135493 in 2020, 1 
citation/year): clothing comprising a head-mounted 
protective mask to prevent virus transmission for 
ventilation and heat dissipation. 

 
This analysis showed that impactful patents were mainly 

focused on virus prevention, while the wearability and the 
comfortability of face masks was an aspect relatively neglected 
or that existing technologies did not effectively satisfy. The 
analysis also indicated a technological gap to fill by introducing 
a new face mask offering protection and comfort to people 
wearing it. 

2. Modeling of faces and evaluation of geometrical 
adherence 

2.1. Identification of characteristic anthropometrics measures 

Literature analysis for anthropometric facial measurements 
was performed to evaluate the adherence of a mask to the 
human face. A reference face covering the anatomical 
characteristics of most users was defined. Anthropometric 
facial measurements were evaluated by computing the 
distances among standardized anatomical points. This work 
considered a collection of the central line and lateral landmarks 
acquired using a 3D photogrammetric methodology developed 
by the authors [27–29]. The online 3DFN (3D Facial Norms) 
database was used due to its valuable and complete availability 
of anatomical facial measurements made with 3D 
stereophotogrammetry. The database consisted of 2,454 
individuals from 3 to 40 years old who belonged to the 
Caucasian European genome. Anthropometric measurements 
evaluated the distance between facial landmarks (e.g., nasion, 
gnation) from 3D images. The database also provided 
statistical measurements according to gender and age [30]. 

The faces for assessing the mask adaptability were selected 
considering: 
 

• Two genders (Male and Female). 
• Three age groups: 17-20, 21-30, 31-40 years old, 

corresponding to puberty, youth, and maturity, respectively. 
 

The maximum age of 40 was set because no data beyond 
this age was available. However, a defined trend in 
anthropometric measurements was identified by analyzing the 
graphs (Fig. 2). The values could be extrapolated for other age 
groups such as 40-50 and 50-60 years old. By combining 
typology, gender, and age group, six faces were obtained, 
characterized by precise anthropometric measurements. A text 
file was available for each anthropometric measure and the two 
genders with the numerical values for each age, from 17 to 40. 
A Python [31] script was written to process all the 
anthropometric measurements and generate a text file with the 
average value of each measure, considering only a specific 
range of years corresponding to a band. 

 

 
Fig. 2.  Statistical trends of the distance between nasion and gnation [30]. 

2.2. Creation of base face in Blender 

After searching for data relating to anthropometric 
measurements, the creation of parametric human faces started. 
A 3D reproduction of a volunteer’s face by photogrammetry 
was done using well-established methodologies [32,33]. 
Through the VECTRA Analysis Module (VAM) software [34], 
the frontal and profile photos of the face were obtained. 
Together with the 3D face, these photos were imported in 
Blender and used as a reference for creating the mesh of the 
face. 

 

 
Fig. 3.  Mesh creation on Blender, starting from two photos of a face 
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Fig. 2.  Statistical trends of the distance between nasion and gnation [30]. 

2.2. Creation of base face in Blender 

After searching for data relating to anthropometric 
measurements, the creation of parametric human faces started. 
A 3D reproduction of a volunteer’s face by photogrammetry 
was done using well-established methodologies [32,33]. 
Through the VECTRA Analysis Module (VAM) software [34], 
the frontal and profile photos of the face were obtained. 
Together with the 3D face, these photos were imported in 
Blender and used as a reference for creating the mesh of the 
face. 

 

 
Fig. 3.  Mesh creation on Blender, starting from two photos of a face 
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3D entities, surfaces, and volumes were created in Blender 
in various ways. In this work, starting from a primitive mesh 
(in this case, a plane), the initial mesh was enlarged by adding 
vertices and faces and gradually adapted to the reference face 
(Fig. 3), using functions available on Blender [35]. At the end 
of the procedure, the 3D surface (identified by a mesh) of a 
human face was obtained, with differences between real and 
virtual surfaces below 2 mm (Fig. 4). 

 

 
Fig. 4.  Comparison of the 3D surface obtained with Blender with the 3D 

model obtained from the stereophotogrammetry of the same face 

2.3. Parametrization of the base face 

Once the basic face mesh had been obtained, a script in 
Python was implemented to modify the anthropometric 
measurements. It was possible to execute Python scripts within 
Blender to create or move a node, change a gradient, and 
automatically sequence video frames. To modify the 
anthropometric measurements relative to the mesh of the base 
face, the vertices corresponding to the classical landmarks were 
identified on the mesh. Each vertex was selected with the 
mouse, and the vertex index was extracted. This index was 
collected in a text file and used later to translate the relative 
vertex. The landmarks referred to those available in the 3DFN 
database, from which the values of the various anthropometric 
measurements were taken. Once all the indices of the vertices 
corresponding to the landmarks were obtained, the part of the 
code producing the translation of the points was written. 

In the 3DFN database, some measurements are lacking, such 
as the angles between nasion, subnasion, gonion, the distance 
between exocanthion (or endocanthion) and the rest of the 
landmarks, the distances measured with the calliper, between 
euryon, frontotemporale, zygion, gonion, glabella, and 
opisthocranion and the rest of the landmarks. These problems 
were solved by considering this angle constant for all age 
groups (this assumption was not entirely correct but generated 
a reasonable approximation [28,32,36]) and scaling the whole 
face separately in the three directions. Regarding the 
composition of the Python code translating the vertices 
corresponding to the landmarks, the files relating to the 
anthropometric measurements were initially imported 
according to the gender and age range of the face to create. The 
scale factors were calculated, considering a scale factor for 
each direction (X, Y, and Z) as a fraction of representative 
measures calculated in the reference face and interpolated from 
the database. The whole face was selected and scaled in the 
three dimensions using these factors. The face was then rigidly 

translated so that the pronasale coincides with the origin of the 
axes (0;0;0). Every single landmark was translated, comparing 
the current coordinates of the landmark with those calculated 
from the imported measurements. All translations, except the 
rigid ones, were proportional. Even the vertices close to the 
translated one, within a certain radius, were proportionally 
translated, thus deforming the mesh more homogeneously. In 
particular, a Gaussian proportionality was chosen for all the 
translations. Every landmark was moved individually, with a 
user-defined function changing the landmark of a known index 
of a given vector and a given radius of the zone mentioned 
above. The radius identifying the vertices affected by the 
proportional translation was set for every landmark, with an 
iterative process in which the result of the translation was 
evaluated, comparing the face visually in Blender with the 
original one. The entire face was rigidly translated again at the 
end of the procedure, as the pronasale might have moved from 
(0;0;0). A check was finally made on the correctness of the 
anthropometric measurements of the face obtained by printing 
the sizes of the obtained face on a Blender dialog box, together 
with those extracted from the imported file - the ideal ones. It 
was necessary to run the code two or three times until two 
measurements coincided, except for a minor error. 

The following points identified the main steps of the code: 
 
• Importing the files containing the anthropometric 

measurements of the face to be produced (characterized by 
gender and age group). 

• Calculation of the scale factors for scaling the whole 
reference face. 

• Rigid translation of the entire face to create the pronasale 
coincidence with the origin (0,0,0). 

• Translations of all landmarks, following the imported 
anthropometric measures. 

• Rigid translation of the whole face so that the pronasale 
coincides with the origin (0,0,0). 

• Verification (with print on screen) of the fitting of the 
current anthropometric measurements with the ideal ones. 
 
Fig. 5 and 6 show the faces of women and men (30-40 years 

old) due to this iterative process. 
 

 

Fig. 5.  Side and front view of 30-40 years old woman 

 

Fig. 6.  Side and front view of 30-40 years old man 

 Author name / Procedia CIRP 00 (2019) 000–000  5 

2.4. Evaluation of geometrical adherence for parametric faces 

The assessment of the mask fit was carried out using the 
Geomagic software suite (3D systems Corp., Rock Hill, 
USA)[37]. The mask was manually aligned to the face, 
considering the face, the body of the mask, and the rubber (of 
the mask) fully rigid bodies. The movement was carried out 
using the Object movement system function in rotations and 
translations. This function made visible the three axes of 
translation and the three circumferences of rotation. By 
dragging an axis or a circumference, it was possible to move 
the object accordingly. The final position of the mask was 
determined to have a penetration exclusively of the rubber and 
not of the mask's body, searching for a continuous contact 
profile between the rubber and the face. Subsequently, using 
the 3D comparison function, the extension of the two profiles 
(i.e., face and mask) was computed to interpenetrate and move 
apart the mask, in terms of rigid corps, excluding the 
deformation of the mask and the soft tissues of the face. This 
value could be the first indicator of the excellent fitting on the 
face of the mask. 

 

 
Fig. 7.  Distance in millimeters of the mask from the face, the red identifies 

the separation, the blue the interpenetration 

 

 
Fig. 8.  Distance in millimeters of the face from the mask, red identifies both 

interpenetration and separation, blue the separation 

The positive values (red on the color scale) were associated 
with separation, while the negative values (blue on the color 
scale) were associated with interpenetration. The null values 
(green on the color scale) identified the crossing points between 
the two profiles for all images. The results for a woman (30-40 
years old) are presented in Fig. 7 and 8. 

After extending the analysis to the female and male masks 
of the 3DFN database, the following results were achieved: 

 
• The mask adhered well overall for male subjects if the face 

was not excessively thin for any age group. However, some 
possible discomfort could be generated as nostrils were 
partially pressed. 

• For female faces, the mask did not rigidly and perfectly 
adhere to the lateral parts of the nose. 

• The deformation was not considered for some female 
subjects because the mask could be too large. 

 
It is important to underline again that, even if overall the 

mask was not fitting well, it should be considered that 
deformations of soft tissues and of the mask, which could lead 
to an improvement of the adherence, were not considered. 
Moreover, the mask's design used in this work was a prototype, 
later subjected to improvements. 

3. Conclusions & future developments 

3.1. Conclusions 

This article presented a methodology to test the adherence 
of face innovative face masks, adopting a script written on 
Blender for generating reference faces. The faces were 
parametric, obtaining reference models with user-defined 
anthropometric measures. Using an online database of 
anthropometric measurements, it was possible to generate the 
3D representation of many faces with an implemented script. 
This represented an exciting tool for designers and engineers to 
optimize the shape of objects that adhere to the face, such as 
face masks, to have the best fit considering the variety of 
anthropometric measures. 

3.2. Future developments 

This work describes a first resolution approach, neglecting 
the deformability of the soft tissue and of the mask. The 
experiments on wearability on real faces are presented in 
another paper, overcoming this limitation [38]. 

2D and 3D Finite Element Model simulations could be 
carried out, both considering or not the thickness of the 
elements. While the thickness of the mask is known, it would 
be necessary to obtain from the literature the mean values of 
thickness of soft tissues. 

Another development could be to model faces for age 
groups from 50 years upwards and verify their adherence. Ad 
hoc face detections could be carried out, online databases could 
be used, and the reference faces modified. In addition, FEM 
simulations of these faces could be carried out, considering the 
degradation of the elasticity of the soft tissues. 

Finally, it could be possible to create a simplified 1D but 
pseudo-3D model, to quickly simulate the interaction of the 
entire rubber profile that comes in contact with the face. For 
example, a 3D profile composed of N nodes connected by 
springs could model the presence of the rubber material in a 
simplified way. To these N nodes of the grommet, there are as 
many N nodes as possible, which are, however, part of the face, 
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3D entities, surfaces, and volumes were created in Blender 
in various ways. In this work, starting from a primitive mesh 
(in this case, a plane), the initial mesh was enlarged by adding 
vertices and faces and gradually adapted to the reference face 
(Fig. 3), using functions available on Blender [35]. At the end 
of the procedure, the 3D surface (identified by a mesh) of a 
human face was obtained, with differences between real and 
virtual surfaces below 2 mm (Fig. 4). 

 

 
Fig. 4.  Comparison of the 3D surface obtained with Blender with the 3D 

model obtained from the stereophotogrammetry of the same face 

2.3. Parametrization of the base face 

Once the basic face mesh had been obtained, a script in 
Python was implemented to modify the anthropometric 
measurements. It was possible to execute Python scripts within 
Blender to create or move a node, change a gradient, and 
automatically sequence video frames. To modify the 
anthropometric measurements relative to the mesh of the base 
face, the vertices corresponding to the classical landmarks were 
identified on the mesh. Each vertex was selected with the 
mouse, and the vertex index was extracted. This index was 
collected in a text file and used later to translate the relative 
vertex. The landmarks referred to those available in the 3DFN 
database, from which the values of the various anthropometric 
measurements were taken. Once all the indices of the vertices 
corresponding to the landmarks were obtained, the part of the 
code producing the translation of the points was written. 

In the 3DFN database, some measurements are lacking, such 
as the angles between nasion, subnasion, gonion, the distance 
between exocanthion (or endocanthion) and the rest of the 
landmarks, the distances measured with the calliper, between 
euryon, frontotemporale, zygion, gonion, glabella, and 
opisthocranion and the rest of the landmarks. These problems 
were solved by considering this angle constant for all age 
groups (this assumption was not entirely correct but generated 
a reasonable approximation [28,32,36]) and scaling the whole 
face separately in the three directions. Regarding the 
composition of the Python code translating the vertices 
corresponding to the landmarks, the files relating to the 
anthropometric measurements were initially imported 
according to the gender and age range of the face to create. The 
scale factors were calculated, considering a scale factor for 
each direction (X, Y, and Z) as a fraction of representative 
measures calculated in the reference face and interpolated from 
the database. The whole face was selected and scaled in the 
three dimensions using these factors. The face was then rigidly 

translated so that the pronasale coincides with the origin of the 
axes (0;0;0). Every single landmark was translated, comparing 
the current coordinates of the landmark with those calculated 
from the imported measurements. All translations, except the 
rigid ones, were proportional. Even the vertices close to the 
translated one, within a certain radius, were proportionally 
translated, thus deforming the mesh more homogeneously. In 
particular, a Gaussian proportionality was chosen for all the 
translations. Every landmark was moved individually, with a 
user-defined function changing the landmark of a known index 
of a given vector and a given radius of the zone mentioned 
above. The radius identifying the vertices affected by the 
proportional translation was set for every landmark, with an 
iterative process in which the result of the translation was 
evaluated, comparing the face visually in Blender with the 
original one. The entire face was rigidly translated again at the 
end of the procedure, as the pronasale might have moved from 
(0;0;0). A check was finally made on the correctness of the 
anthropometric measurements of the face obtained by printing 
the sizes of the obtained face on a Blender dialog box, together 
with those extracted from the imported file - the ideal ones. It 
was necessary to run the code two or three times until two 
measurements coincided, except for a minor error. 

The following points identified the main steps of the code: 
 
• Importing the files containing the anthropometric 

measurements of the face to be produced (characterized by 
gender and age group). 

• Calculation of the scale factors for scaling the whole 
reference face. 

• Rigid translation of the entire face to create the pronasale 
coincidence with the origin (0,0,0). 

• Translations of all landmarks, following the imported 
anthropometric measures. 

• Rigid translation of the whole face so that the pronasale 
coincides with the origin (0,0,0). 

• Verification (with print on screen) of the fitting of the 
current anthropometric measurements with the ideal ones. 
 
Fig. 5 and 6 show the faces of women and men (30-40 years 

old) due to this iterative process. 
 

 

Fig. 5.  Side and front view of 30-40 years old woman 

 

Fig. 6.  Side and front view of 30-40 years old man 
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2.4. Evaluation of geometrical adherence for parametric faces 

The assessment of the mask fit was carried out using the 
Geomagic software suite (3D systems Corp., Rock Hill, 
USA)[37]. The mask was manually aligned to the face, 
considering the face, the body of the mask, and the rubber (of 
the mask) fully rigid bodies. The movement was carried out 
using the Object movement system function in rotations and 
translations. This function made visible the three axes of 
translation and the three circumferences of rotation. By 
dragging an axis or a circumference, it was possible to move 
the object accordingly. The final position of the mask was 
determined to have a penetration exclusively of the rubber and 
not of the mask's body, searching for a continuous contact 
profile between the rubber and the face. Subsequently, using 
the 3D comparison function, the extension of the two profiles 
(i.e., face and mask) was computed to interpenetrate and move 
apart the mask, in terms of rigid corps, excluding the 
deformation of the mask and the soft tissues of the face. This 
value could be the first indicator of the excellent fitting on the 
face of the mask. 

 

 
Fig. 7.  Distance in millimeters of the mask from the face, the red identifies 

the separation, the blue the interpenetration 

 

 
Fig. 8.  Distance in millimeters of the face from the mask, red identifies both 

interpenetration and separation, blue the separation 

The positive values (red on the color scale) were associated 
with separation, while the negative values (blue on the color 
scale) were associated with interpenetration. The null values 
(green on the color scale) identified the crossing points between 
the two profiles for all images. The results for a woman (30-40 
years old) are presented in Fig. 7 and 8. 

After extending the analysis to the female and male masks 
of the 3DFN database, the following results were achieved: 

 
• The mask adhered well overall for male subjects if the face 

was not excessively thin for any age group. However, some 
possible discomfort could be generated as nostrils were 
partially pressed. 

• For female faces, the mask did not rigidly and perfectly 
adhere to the lateral parts of the nose. 

• The deformation was not considered for some female 
subjects because the mask could be too large. 

 
It is important to underline again that, even if overall the 

mask was not fitting well, it should be considered that 
deformations of soft tissues and of the mask, which could lead 
to an improvement of the adherence, were not considered. 
Moreover, the mask's design used in this work was a prototype, 
later subjected to improvements. 

3. Conclusions & future developments 

3.1. Conclusions 

This article presented a methodology to test the adherence 
of face innovative face masks, adopting a script written on 
Blender for generating reference faces. The faces were 
parametric, obtaining reference models with user-defined 
anthropometric measures. Using an online database of 
anthropometric measurements, it was possible to generate the 
3D representation of many faces with an implemented script. 
This represented an exciting tool for designers and engineers to 
optimize the shape of objects that adhere to the face, such as 
face masks, to have the best fit considering the variety of 
anthropometric measures. 

3.2. Future developments 

This work describes a first resolution approach, neglecting 
the deformability of the soft tissue and of the mask. The 
experiments on wearability on real faces are presented in 
another paper, overcoming this limitation [38]. 

2D and 3D Finite Element Model simulations could be 
carried out, both considering or not the thickness of the 
elements. While the thickness of the mask is known, it would 
be necessary to obtain from the literature the mean values of 
thickness of soft tissues. 

Another development could be to model faces for age 
groups from 50 years upwards and verify their adherence. Ad 
hoc face detections could be carried out, online databases could 
be used, and the reference faces modified. In addition, FEM 
simulations of these faces could be carried out, considering the 
degradation of the elasticity of the soft tissues. 

Finally, it could be possible to create a simplified 1D but 
pseudo-3D model, to quickly simulate the interaction of the 
entire rubber profile that comes in contact with the face. For 
example, a 3D profile composed of N nodes connected by 
springs could model the presence of the rubber material in a 
simplified way. To these N nodes of the grommet, there are as 
many N nodes as possible, which are, however, part of the face, 
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also connected by springs representing the soft tissues. The 
goal is to have a tool to quickly model and optimize any rubber 
pad design. 
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