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Abstract

The need for personal protective equipment rapidly grew during the COVID-19. Companies had to face problems related to their products'
sustainability, adherence, and comfortability. Designing a face mask with proper adherence and comfortability in wearing and breathing became
a matter of great importance. In this work, the adherence of an innovative face mask and its comfortability were experimentally tested with real
faces, considering the deformation of the mask and the soft facial tissues. A stereophotogrammetric acquisition was made of the face with the
face mask during these tests. A comparison between the geometries of the face and the mask, undeformed and deformed, gave the respective
deformations. The force applied by the mask to the face was calculated, measuring the elastic strain of the mask bands during wearing and the

deformation.
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1. Introduction

The COVID-19 pandemic led to a shortage in the supply of
medical and non-medical products, especially personal
protective equipment (PPE) [1-3]. Governments and WHO
advised the population that masks dramatically reduced the
diffusion of COVID-19 during this pandemic [4-7].
Disposable masks were made with several materials and
synthetic polymers, exploring the use of natural-based
polymers as valid substitutes [8].

Face masks had a well-established role in mitigating the
spread of COVID-19, preventing its symptomatic and
asymptomatic transmission [2,3,9]. This condition made these
products highly requested worldwide as a healthcare necessity,
producing billions. These face masks were created from
petrochemicals-derived raw materials, which were non-
degradable or reusable, thus affecting and damaging the
environment [10]. Another problem caused by the massive use
of face masks, especially for health workers, was associated

2212-8271 © 2022 The Authors. Published by Elsevier B.V.

with the comfort of wearing a mask. Surgical masks and
FFP2/N95 face masks caused discomfort, reducing ventilation
and cardiopulmonary capacity [11]. FFP2/N95 adhered better
on the face, causing more discomfort but providing the
necessary filtering action [12][13]. Considering all the above
aspects, producing locally a mask that was also comfortable,
wearing and breathing, and sustainable was highly necessary.
In March 2020, Politecnico di Bari launched the project
RILA.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, to help small and medium-sized
enterprises in a conversion process for producing medical and
anti-COVID-19 products [14]. The Apulian company New
Euroart S.r.l. (Grumo Appula, Bari, Italy) registered for the
program. It formalized a specific research project called
Technological scouting, process mapping, and production
fluxes optimization to realize bi-material face masks. The bi-
material product, called Lala Mask®™, was comfortable, assuring

This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-ne-nd/4.0)
Peer-review under responsibility of the scientific committee of the V CIRP Conference on Biomanufacturing

10.1016/j.procir.2022.06.063



Elisa Ficarella et al. / Procedia CIRP 110 (2022) 354-359 355

complete facial adherence. 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. It was
also fully sanitizable and washable with soaps and alcohol,
hypoallergenic and recyclable. Additional features were
extreme lightness and high breathability [15]. The design of
this mask was verified by the simulation of adherence using
artificial faces generated from 3D Facial Norms, as presented
in previous work [16].

2. Photogrammetric scan of masks and faces
2.1. Dimensional analysis of the mask

The first step of the experimental campaign consisted of
dimensional analysis of the mask, whose design was a
prototype, to obtain a 3D model using photogrammetric scans.
The scanned model of the product made through an injection
molding process [19] was compared with the original CAD
model. The mask was first opacified with special non-toxic
sprays. The acquisitions were made with a scanning system
composed of three synchronized cameras. Due to the geometry
of the masks, two separate acquisitions were necessary (upper
and bottom). The acquisitions were processed in Photoscan
(Agisoft LLC, St. Petersburg, Russia) [17] and then imported
into the Geomagic Wrap (3D systems Corp., Rock Hill, USA)
[18] to obtain a watertight 3D model (Fig. 1).

Fig. 1. Final 3D model, front (left figure) and rear (right figure) view

Geomagic Control was later used for quality control and
dimensional inspection by comparing the scan and the CAD
model (Fig. 2). The files were imported and aligned after
defining the Reference (reference data, attributed to the
photogrammetric scan) and the 7Test (data to be measured,
attributed to the CAD). The results showed large areas where
the distances between the two models were high because of
variations in the CAD and the presence of flexible parts, having
multiple dimensional configurations.

2.2. Scanning faces with FaceScanner

The face-scanning was carried out with the equipment and
software realized by Polishape 3D srl (Bari, Italy), a spin-off of
the Polytechnic of Bari [20-25]. Six individuals of different
gender, ages, weight, and height were involved in this study
(Table 1). The scanning system was FaceShape Maxi Line, a
high-end facial scanner using six high-definition reflex
cameras. The multi-camera configuration simultaneously
captured frames from different angles.

Table 1. The physical characteristics of the six individuals.

Sex Men Women
D #1 #2 #3 #4 #5 #6
Age [y] 25 25 26 24 31 29
Weight [kg] 67 68 70 43 54 60

Height [m] 1.72 1.75 1.78 1.52 1.67 1.58

Fig. 2. The 3D comparisons between CAD and scans in mm.

The six cameras were fixed to an aluminum shelf containing
the power supplies, control electronics, cables, and coupling
systems. The Poliscan software, implemented by the same
company, managed the acquisitions. After opacifying the mask
with non-harmful products, colored notches were marked on
the elastics for subsequent measurements. Therefore, four
acquisitions were made for each subject: one frontal before
wearing the mask and three without (one frontal and two
laterals). Finally, the images were processed in Photoscan [17]
to obtain the 3D models (Fig. 3).

Fig. 3. a) Frontal subject #2 without the mask, b) Frontal view, c) Right
lateral view, and d) Left lateral view of subject #2 with the mask

Since FaceScanner did not scan subjects up to 360°, three
separate acquisitions were performed for each subject (one
front and two laterals) to detect cheekbones and lateral areas of
the elastics. The three partial models were combined into a
single face reconstruction after the reference collar and other
unnecessary parts were digitally removed. The alignment of the
models was carried out first with the Manual Registration
command with four points by setting the front one as the fixed
set and the lateral models as floating sets.
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Fig. 4. Merged models of the six individuals with the mask

Before executing the merge, the Global Registration
command (ICP) was performed. The forehead was selected as
the sampling area, as it remained unchanged. During these
operations, the standard deviation and the average distance
were checked to be under 0.1 mm. Fig. 4 shows the final
models of the six individuals.

3. Detection of deformations
3.1. Analysis of face deformations
The models of the faces with and without masks were

compared (Fig. 5 and 6), after selecting the parameters for the
comparison (Table 2).
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Fig. 6. 3D comparison with and without the mask (lateral view) in mm.

Table 2. Parameters of 3D comparisons.

Parameter Max and Min  Critical ~ Critical max Nominal max
deviation Angle and min and min
Value +9.89 mm 45° +10 mm +]1 mm

The models were placed in the same analysis condition
using an equivalent cutting plane to correctly detect the
deformed part of the face (red color of the colorimetric map).
Since the six subjects had different facial geometries, each
section plane's specific coordinates were entered to evaluate the
same zygomatic area. The section curves of both the deformed
and non-deformed models were determined (Fig. 7), and the
deviation between the two geometries was displayed. Labels
DEF.1-DEF.4 were assigned to four points to select the same
face areas for all subjects.

0EF1 D

Fig. 7. Result of 2D comparison on subject #1 and points of soft tissue
deformation (all dimensions in mm)

3.2. Deformation of the facemasks

In the study of the model deviation, the mask before wearing
(not subject to deformation) was chosen as the Reference, while
the Test was attributed to the worn mask. The latter was
selected and cut from the faces of the subjects using the
Selection tools. The two meshes were aligned using the Manual
Registration and Global Registration commands, identifying
the rigid part of the template as the sampling area. The
parameters for the 3D comparisons were set as in the previous
analysis. Fig. 8 shows one of the 3D comparisons made.
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Fig. 8. Colour map and spectrum of deviations of the 3D comparison between
the worn and unworn mask in mm.

The rigid part of the mask, called body, was not subject to
deformation due to its lower flexibility. The seal of the flexible
part, called rubber, was not visible when the mask was worn,
acquiring with photogrammetric techniques not possible. Using
the same procedure applied for the faces, a cutting plane for
each model was defined with the identical coordinates of the
2D comparison of the soft tissues. The section curves of the
deformed and the non-deformed masks were determined (Fig.
9).
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Fig. 9. Result of the 2D comparison of the mask worn by subject #1 and
points of deformation.

Labels P.1-P.4 were assigned to four points to consider the
same face areas for all subjects.

4. Tensile tests of the elastics
4.1. Implementation of the measurement system

The deformations were closely related to the tension of the
elastic bands of the mask. Thus, it was necessary to define a
method for measuring the force and load exerted on the face.
Tensile tests were carried out on the elastics. First, the elastics
were marked with uniformly spaced notches with the help of a
custom-made template. The initial distance between the
notches in the absence of load was equal to 9.47 mm. Secondly,
a structure consisting of aluminum profiles was created to
perform the tests. At one end, the elastic was constrained,
applying weight on the opposite side. A measuring device was
inserted into the structure. Finally, as for the template, the
housing was designed, and 3D printed for the weights ranging
between 10 and 500 grams, connecting them to the elastic's free
end. A weight of 20 grams was set in the housing printing phase
and subsequently verified and considered during the tensile
tests.

4.2. Tensile behavior of elastomers

To establish a method to adopt, various preliminary tests
were carried out to evaluate the tensile mechanical behavior of
the elastic bands. At first, to understand the maximum value of
the load, the distances between two consecutive notches on the
elastics were measured to identify the maximum stretch
occurring when the mask was worn. For the measurements,
three areas were chosen: A1, closer to the mask; 43, closer to
the ears; and 42, intermediate (Fig. 10). The measurements
were made on each model on both sides using the Distance tool
function of Geomagic Control, and a maximum distance of
19.03 mm was found.
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Fig. 10. Identification of areas A1, A2, and A3 and measurement of the
distance between two marks with Geomagic Control.

Then, a tensile test with an incremental load of 10 grams
was carried out to define the weight range during the
measurements. The weight to obtain values of 19 mm was 360
grams. At the end of the first test, the plastic deformation of the
material was identified. Measurements were also performed
during weight unloading to record the force-elongation
hysteresis. The procedure for loading and unloading consisted
of'a load variation of 30 grams up to the maximum value of 360
grams in the loading and 0 grams in unloading.

4.3. Tensile test results

A sample consisting of three elastics was tested, and, on
each one, three repetitions were performed to make further
assessments on degradation. Each repetition can be attributed
to the number of times a subject wears the mask. For the first
repetition, the result is reported in Fig. 11, showing a hysteresis.

Since the subjects wore the mask only once, the hysteresis
of the first repetition was considered, causing a more
significant deformation. Fig. 11 shows the logarithmic trend
line added, which better overlapped the traction curve (R* =
0.9977). Equation (1) calculated the force associated with the
distances measured with Geomagic on the mask elastics.

y =5.1121In(x) — 11.375 (mm) (1)

[N]

3.5

@ loading
W unloading
BWy-5112 In(x) - 11.375

[mm]
9.47 1147 1347 1547 1747 1947

Fig. 11. Force vs. elongation for the first repetition compared with the
logarithmic curve.

5. Results and discussion

For each subject, the points DEF.1, DEF.2, DEF.3, DEF.4
were detected on the areas of deviation between the section
curves on the zygomatic area of the meshes with and without a
mask. The face areas in contact with the mask were considered,
and significant deformation was assumed (Table 3).

Table 3. Soft tissue deformation points

Sex ID Deformation of soft tissue [mm]
DEF.1 DEF.2 DEF.3 DEF.4
1 2.80 1.10 1.90 1.00
Men 2 2.39 0.83 293 1.85
3 3.22 0.98 3.31 1.19
4 1.74 0.27 1.44 0.61
Women 5 3.47 3.33 3.48 1.93
6 3.41 2.46 0.68 0.39
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It was possible to note that:

e DEF.] (left cheekbone area) and DEF.3 (right cheekbone
area) had the highest values because closing to the contact
area with the mask edges. Except for subject #1, there were
no differences between the deformations of the right and left
sides.

e DEF.2 (left zygomatic area) and DEF.4 (right zygomatic
area) assumed the lowest values, as they were further away
from the contact area with the mask edges. There were no
notable differences between right and left-sided
deformations, except for subject #6.

Based on the above results, only the deformations DEF. 1
and DEF.3 were investigated in the subsequent analyses. Only
the A1 area closer to the mask was evaluated for the calculated
force. Table 4 summarizes the experimental data relating to the
relationship between the force values exerted by the elastics
and the deformation of the soft tissues. A greater deformation
did not always correspond to a greater force because the skin
behavior was linked to aspects of dermatological nature
specific to the individual.

Table 4. Deformation and strength data.

D Skin deformation Upper elastic Lower elastic force
[mm] force [N] [N]
DEF.1 DEF.3 Left Right  Left Right
1 2.80 1.90 2.36 3.25 0.47 0.81
2 2.39 293 2.55 3.69 1.06 1.16
3 3.22 3.31 3.29 3.58 1.26 1.23
4 1.74 1.44 2.26 222 0.68 0.93
5 3.47 3.48 2.87 2.99 0.56 0.70
6 341 0.68 2.28 2.56 1.07 0.70

Comparing individuals based on gender, the three men
(subjects #1, #2, #3) had deformations like those of the female
subjects #5 and #6. Gender did not notably influence
deformation [26]. The differences between men and women
could be significant for the mask deformation, as it varied
according to the geometry. Generally, female faces were
smaller, and recommending a standard mask size could not suit
the entire population [27]. The more problematic area for the
contact was located under the chin. In the upper zygomatic
region, the high deformation in female subjects was not due to
a better mask fit. Significant differences were detected for
female subject #4, attributable to other factors such as her low
weight and a low thickness between the soft and hard tissues.
The weight could be recognized as one of the most influencing
factors on the mask wearability. The same assessments could
be extended to the height as it was typically related to weight.
However, the weight and soft tissue deformations were not
always directly proportional. The three men had similar
weights (and heights), different from the women. Nevertheless,
they presented smaller deformation values. Another leading
cause could be the chronological age since subjects #5 and #6
were the oldest. Their more significant deformation could
reduce skin elasticity [28]. The analysis of the male ages
confirmed this evaluation. The three men were similar,
belonging to the same age group (25 and 26 years). The
youngest subject had the lowest deformation values (age 24).

As for the faces, four points (P.1, P.2, P.3, P.4) were defined
on the deviation areas between the section curves of the masks,
typical to all individuals. The measurement results are shown
in Table 5.

Table 5. Deformation points of masks
Mask deformation [mm]

P.l P2 P.3 P4
1 091 2.53 1.05 2.61
2 0.56 2.48 0.66 2.63
3 1.10 237 0.65 2.46
4 0.75 231 1.79 2.45
5 1.07 242 1.19 1.66
6 0.72 2.61 0.67 2.38

In particular:

e Points P./ and P.3 had lower deformation values as they
were placed on the rigid part of the mask. No significant
differences were recorded between the right and left sides.

e Points P.2 and P.4 had high deformation values because
they were placed on the flexible gasket of the mask. No
significant differences were recorded between the right and
left sides.

Minor deformations were observed on the mask of subject
4. As shown in Table 3, the force exerted on the masks worn
by women was less than that acting on the masks worn by men.
The deformations were of the same order. The elongation of
the elastic mainly depended on two factors:

o The comfort level would place all the subjects involved in
this study at the same level. The six individuals donned the
mask independently and adjusted the length of the elastics
according to the desired comfort.

o The size of the head was measured to be greater in men.

6. Conclusions

In this project, deformations of the soft tissues were detected
following the use of facemask starting from the 3D models of
individuals, equally distributed in gender, of different weights,
heights, and ages. Tensile tests on the elastics of the mask were
executed. This study helped perform the Finite Element
Method. It allowed the mask design to consider the face
deformation, improve adaptability, reduce the loss zones on
edges, and increase comfort with less skin injury risk.

The results showed that the subject weight and deformations
of soft tissues were not always directly proportional. The
influence of the age factor on the skin's elasticity should be
considered. As regards gender, no substantial differences were
found. The analysis could be extended to areas below the chin,
where the more problematic zones for the contact are located.
Although the deformations of the masks were of the same order
of magnitude for all six individuals, the force exerted on those
worn by women was less than for men because of head size.
Aspects of a dermatological nature, such as the distribution of
subcutaneous fat, the elastic modulus, and the thickness of the
soft tissues, should be further examined.
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