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A B S T R A C T   

Background: A continuous positive airway pressure (CPAP) mask is a respiratory ventilation method used for 
treating breathing disorders including respiratory failure and obstructive sleep apnoea (OSA). The forces applied 
by a CPAP mask may affect facial development and lead to pressure ulcers. In an experimental setting, the 
magnitude and the distribution of the contact pressures developed by a CPAP mask on the face were investigated 
for providing information aiming at optimizing the design of the device. 
Materials and methods: A nasal CPAP mask with forehead support was placed via its headgear straps on a rigid 
phantom head and then a controlled load was incrementally applied via a mechanical testing system (5848 Micro 
Tester, Instron), up to 4 maximum levels of exerted force, namely 5 N, 10 N, 15 N, and 20 N. Real-time pressure 
mapping was realized by means of sensor matrixes (I-Scan System, Tekscan) applied on the facial surface in four 
regions (forehead, nasal bridge, zygoma, and maxilla). The data were then transferred on a virtual model created 
by 3D scans of both the CPAP mask and the phantom head used in the experiments. 
Results: At increasing applied force, increases in average contact pressure were present at the zygomatic region 
(1–8 kPa), nasal bridge (12–14 kPa), and forehead (13–29 kPa), while the maxillary region showed relatively 
stable values (9 kPa). Despite the overall increase in average contact pressure with increasing applied force, no 
direct proportionality was present. Contact areas did not show clear increments, despite force may redistribute 
on a larger area, as sensors did not cover the entire mask perimeter. Peak contact pressure values were somehow 
affected by pressure concentrations that led to saturation in some areas of the sensors (up to 2% of the sensels). 
Conclusions: The CPAP mask exerts pressures that may be not uniformly distributed on the face of a subject. This 
information underlines the clinical importance of assessing both the pressure exerted and the areas that are 
interested by the mask contact, so as to optimise the CPAP masks design for obtaining a good compromise be
tween ventilation performance and reduction of possible side effects on living tissues.   

1. Introduction 

1.1. Background 

Continuous positive airway pressure (CPAP) therapy is a form of non- 
invasive ventilation (NIV) used to treat various medical conditions that 

range from acute respiratory failure associated with COVID-19 infection 
(Nightingale et al., 2020) to chronic obstructive sleep apnoea (OSA) 
(Lumeng and Chervin, 2008). OSA is a sleep disorder characterised by 
recurrent episodes of obstruction of the upper airway during sleep that 
result in greater respiratory efforts with reduction in oxyhaemoglobin 
saturation, causing sleep fragmentation and multiple symptoms 
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including daytime sleepiness (Jennum and Riha, 2009). Due to the early 
onset of paediatric OSA, the need of chronic CPAP treatment, and a 
prevalence of 1%–4% in the general population, children with this 
condition may represent a suitable example for the present case study 
(Lumeng and Chervin, 2008). CPAP ventilators administer air via a 
facial mask at a clinically effective (i.e., titrated) pressure, which usually 
ranges from few cm of H2O to 20 cm of H2O (Kushida et al., 2008). For 
example, CPAP treatment is used in children with OSA to allow the 
mechanical elimination of the obstruction (McArdle et al., 1999) with 
administration of 8–10 h per night and – in some cases – daytime 
application (Kushida et al., 2008). CPAP masks can be nasal, oro-nasal, 
or full-face, and they are available in different shapes for better adap
tation to the face, with a headgear constituted by elastic straps that keep 
the mask in position to limit air leakage (Krieger, 1992). In particular, 
nasal masks apply pressure on the midface, concentrating the contact on 
a small area (Schallom et al., 2015; Vaschetto et al., 2014), which is also 
particularly relevant for facial growth (Li et al., 2000). 

In fact, a first aspect to consider in patients undergoing CPAP 
treatment is the effect of contact pressures on facial hard tissues. The 
human skull is composed by bones that – in patients with active skeletal 
growth – may undergo remodelling along the sutures, which are nearly 
immovable fibrous articulations with a ligament (i.e., a syndesmosis) 
that connects two bony fronts (Savoldi et al., 2018). Bone remodelling 
along sutures can be stimulated by the application of mechanical forces 
(Hierl et al., 2001) and, since the CPAP mask applies forces on the face, 
previous authors have hypothesised a relationship between the use of 
CPAP mask and facial deformities in children (Fauroux et al., 2005; Li 
et al., 2000; Villa et al., 2002). On the contrary, in adults with complete 
skeletal growth, CPAP mask use may change dental position (Tsuda 
et al., 2010). In fact, teeth are supported by a periodontal ligament (i.e., 
a gomphosis) joining the radicular cement with the alveolar bone (Ho 
et al., 2007), which is subject to bone remodelling under mechanical 
stimuli, and remains active throughout the whole life (Garlet et al., 
2008). 

A second aspect to consider is that CPAP masks may also injure soft 
tissues, as sustained tissue distortion causes direct cell-scale damage and 
triggers secondary inflammatory damage and tertiary ischaemic damage 
(Gefen et al., 2020). The incidence of NIV-related pressure ulcers has 
been shown to range from 5% to 50% for a 2–4 h usage, and up to 100% 
after 48 h (Carron et al., 2013). In particular, patients using oro-nasal 
CPAP masks were reported to have higher incidence of skin break
down compared to those using total face masks (Yamaguti et al., 2014), 
showing that distributing the forces on a larger area might be beneficial. 
In addition, cutaneous injuries have been recently reported during CPAP 
treatment of COVID-19 respiratory failure (Gefen and Ousey, 2020). 
Thus, knowledge about the contact pressures applied by a CPAP mask is 
relevant for optimizing their design and reducing unwanted conse
quences on facial tissues (Ma et al., 2018). 

Recent studies have described the pressures generated by the CPAP 
mask on areas such as the nasal bridge (Brill et al. 2017, 2018; Worsley 
et al., 2016) and the perinasal region (Worsley et al., 2016). In addition, 
forces on the cheeks and on the chin have been reported by others (Peko 
Cohen et al., 2019). Nevertheless, these assessments were carried out 
without measuring the total force applied on the straps of the headgear. 
In addition, even though a recent finite element analysis (FEA) simula
tion provided a broader anatomical assessment (Genna et al., 2022), 
only few areas interested by CPAP mask pressures have been considered 
for mechanical assessments so far. 

1.2. Objective 

The objective of the present case study was to develop a laboratory 
model to quantitatively estimate the distribution of the pressures exer
ted by a nasal CPAP mask on the face of a subject. The hypothesis was 
that contact pressures are not evenly distributed on the different facial 
regions, reaching levels that may affect bone growth or cause pressure 

ulcers. Findings will be relevant to develop strategies to minimise the 
onset of craniofacial deformities and to optimise the mask design for 
reducing the chance of other iatrogenic effects. 

2. Materials and methods 

2.1. Materials 

A hollow polyvinyl chloride phantom head of natural size for an 
adult male (circumference of 55 cm (Bushby et al., 1992)) was filled 
with dental plaster. The head was mounted on a stainless-steel rod 
connected to a custom-made aluminium frame holding the head and 
allowing inclination and rotation adjustments for its positioning during 
mechanical testing. A medium size nasal CPAP mask was used (iVolve 
N2, BMC Medical, P. R. of China), which was composed by a poly
carbonate rigid frame supporting a vinyl-methyl silicone rubber cushion 
for sealing the interface between the mask and the skin. Further, the 
mask included an extension of the frame connecting a forehead support 
provided with a silicon rubber cushion to limit skin damages. The neo
prene/nylon headgear was made of two symmetrical 20 mm wide straps 
(one at the forehead level and one at the nasal level). The straps were 
made of one layer of unbroken loop fabric on the outer surface, one of 
styrene butadiene copolymeric rubber in the middle, and one of nylon 
on the inner surface. Four Velcro connectors were present at the ex
tremity of each strap for tightening the mask on the face (Fig. 1). 

2.2. Mechanical testing setup 

The aluminium frame was secured to the bottom of the testing ma
chine, and the head was positioned face-down with the main axis 
perpendicular to the floor. The mask was connected to the headgear and 
a tensile force was applied to the headgear perpendicularly to the main 
axis of the head by using a mechanical testing machine (5848 Micro 
Tester, Instron, Norwood, MA, USA) with a static load cell of ±2000 N. 
The headgear was connected to the testing machine by a horizontal 
stainless steel rod and the straps of the headgear were adjusted with 
Velcro for being uniformly loaded. In a load-controlled configuration, 
different magnitudes of force were applied (5, 10, 15, and 20 N), with 
simultaneous acquisition of the contact pressure distributions (Fig. 1). 

2.3. Pressure-mapping sensors 

Four thin flexible resistive contact pressure mapping sensors with 
trimmable configuration (model 4201, 45.7 × 21.1 mm matrix, 27.6 
sensels/cm2 resolution, by Tekscan, MA, USA) with dedicated real-time 
pressure mapping software (I-Scan System, Tekscan, MA, USA) were 
applied on four different regions of the phantom head for measuring the 
contact pressures (i.e., forehead, nasal bridge, zygoma, and maxilla). 
The sampling frequency was 50 Hz, with a mean squared error of 2.7% 
in the measurements (Brimacombe et al., 2009). Assuming a symmet
rical distribution of the forces applied by the mask relatively to the facial 
midline, sensors were positioned so that results could be mirrored on the 
opposite side of the face (Fig. 1). The position of each sensor with respect 
to the phantom head was registered through an opto-electronic system 
(Smart-DX 400, BTS Bioengineering) with ten digital cameras equipped 
with infra-red illuminators and reflective passive markers. Seven 
markers were attached to the head, creating a 3D reference system for 
the segment. A tracked probe pointer was then used to scan the facial 
surface and identify the 3D area and position of each sensor with respect 
to the anatomical segment, so that the output of the sensors matrix could 
be transferred onto the facial surface. 

To obtain pressure distributions, sensors were calibrated before and 
after data acquisition by using the mechanical testing machine. The 
procedure was carried out by linear calibration for single array by 
imposing a known load (i.e., 5, 10, 15, and 20 N), according to specifi
cations from the manufacturer (Tekscan Linear Calibration, Tekscan, 
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MA, USA). For each sensor, the head was oriented so that the sensor 
surface was perpendicular to the loading direction, and force was 
applied through a flat stainless steel tip (Ø = 14.0 mm) covered with 2.0 
mm silicon layer. After application on the head surface, sensors 
configuration was set equal to zero (accounting for possible de
formations due to irregular facial profile). Further details about the 
acquisition of the position of the sensors and their calibration are re
ported in the Appendix. 

2.4. Data analysis 

The analysis of the contact pressures and contact areas was carried 
out independently for each facial region (i.e., forehead, nasal bridge, 
zygoma, and maxilla). The peak contact pressure (kPa) was defined as 
the maximum contact pressure among all the values recorded by all 
sensing elements of a sensor matrix. By choosing a threshold of 30% of 
the saturation value of each single sensor for discriminating “active” 
from “inactive” elements (pressures smaller than the threshold were 
considered as “noise”), the active contact pressure area (mm2) was 
defined as the sum of the areas of the active elements of a sensor, at the 
moment in which the peak contact pressure was detected. The average 
contact pressure (kPa) was calculated as the ratio between the sum of all 
the contact pressure values recorded in an active area of a sensor at the 
moment in which the peak contact pressure was detected, and the 
number of active elements (this variable was introduced to allow an 
additional estimation that was not based only on peak contact pressures, 
which can be influenced by surface irregularities and sensor placement, 
and may be not be clinically relevant). Data were summarised and 
qualitative comparison was performed among each area, by considering 
each maximum force applied. 

3. Results 

Out of 264 sensels for each contact pressure sensor, the saturation of 
the sensors during data acquisition varied between 0% (0/264, mainly 
on the nasal bridge) to 2.3% (6/264, mainly on the maxilla), further 
details are reported in the Appendix. Data about peak contact pressure, 
average contact pressure, and active contact pressure area are presented 
in Fig. 2. 

The forehead region showed increase in average contact pressure 
(13–29 kPa) and contact pressure area (54–62 mm2) when the force 
increased from 5 to 20 N. Average contact pressures were the highest 
compared to the other regions. No relevant variations in peak contact 
pressure were observed because of sensor saturation at 55 kPa. 

The zygomatic region showed increase in average contact pressure 
(1–8 kPa) and contact pressure area (40–44 mm2) when the force 
increased from 5 to 20 N. This was the region where the smallest average 
contact pressures were detected. No relevant variations in peak contact 
pressure were observed because of sensor saturation at 69 kPa. 

The nasal bridge region showed increase in average contact pressure 
(12–14 kPa), but not in contact pressure area (58 mm2) when the force 
increased from 5 to 20 N. Average contact pressures had intermediate 
values compared to the other regions, together with the maxillary re
gion. Small variations in peak contact pressure were observed (22–23 
kPa). 

The maxillary region showed stable values of average contact pres
sure (9 kPa) and no clear trend in terms of contact pressure area (up to 
228 mm2) when the force increased from 5 to 20 N. Average contact 
pressures had intermediate values compared to the other regions, 
together with the nasal bridge region. No relevant variations in peak 
contact pressure were observed because of sensor saturation at 23 kPa. 

Highest peak pressures were located primarily in the lower area of 
the zygomatic region (close to the upper area of the maxillary region), 

Fig. 1. Setup for the mechanical testing. The continuous positive airway pressure (CPAP) mask with respective headgear straps (A). View of the supporting frame and 
bar that was used for the load application (red arrows), with sensors are applied on the facial surface (B). View of the CPAP mask before (C) and during (D) loading, 
where compression of the silicone cushion can be noticed. 
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and along the contact area of the lower border of frontal cushion in the 
forehead region. In addition, great variation in peak pressure were 
present within the same anatomical region, with specific areas of the 
mask perimeter revealing a high pressure concentration, while others 
were left almost unloaded (Fig. 3). 

4. Discussion 

The present experiment showed that the CPAP mask may exert 
contact pressures that are not uniformly distributed on the face, with the 
nasal bridge and the forehead region subject to higher average pressures 
compared to the zygoma and the maxilla. Possible effects of these 
pressures on the facial growth of young patients constitute a clinically 
relevant concern that still needs to be addressed (Fauroux et al., 2005; Li 
et al., 2000; Villa et al., 2002). Most of the knowledge about the 

magnitude of forces capable of having orthopaedic effects on the head of 
children comes from studies in dentofacial orthopaedics about the use of 
headgears applied to the cranial vault and anchored to the maxilla to 
limit its excessive forward growth (Perillo et al., 2012). For such pur
pose, forces between 500 and 1500 g (Graber et al., 1985), or 2–12 N 
(Braun and Bottrel, 2004; Johnson et al., 1999; Lyons and Ramsay, 
2002) should be applied. Given that the susceptibility of the craniofacial 
skeleton to orthopaedic forces is even greater in young children, there is 
a legitimate concern of possible skull deformations due to CPAP mask 
usage (Li et al., 2000). In fact, previous authors suggested to avoid 
prolonged CPAP therapy below that age of twelve (Villa et al., 2002), as 
the midface completes most of its growth around this age. Overall, 
growth modification may involve bones that are attached to the cranium 
via sutures, while the mandible is connected to the skull via a condyle 
with a synovia (i.e., a condylarthrosis) (Ochoa and Nanda, 2004), which 
can be safely advanced for enlarging the upper airway (Gu et al., 2021) 
while compression during retrusion may lead to necrosis. Thus, the 
magnitude of CPAP forces should be low enough to avoid damages to the 
mandibular joint, and to avoid restraining the growth of the other 
craniofacial bones, while maintaining adequate ventilation 
performance. 

Little information is available about the overall force that is used for 
securing the CPAP mask on the face. One study reported strap tensions 
between 9.4 and 105.0 gf (0.1 N–1 N) per single strap to maintain a sub- 
optimal air leakage of 50 l/min (Shikama et al., 2018), representing a 
total force up to about 4 N (for the four straps) that was similar to the 5 N 
tension adopted in the present study. Incremental forces up to 20 N were 
applied in the present experiment to simulate higher tensions that might 
be needed if leakage of 12 l/min is the clinical target (Fischer et al., 
2008). With regard to forces exerted on the face, previous authors re
ported values of 0.5 N on the cheeks, 2 N on the nasal bridge, and 4 N on 
the chin (Peko Cohen et al., 2019). Thus, a loading from 5 N to 20 N was 
used in the present study to cover the various hypothetical clinical 
scenarios. More information is available about the pressures exerted by 
the CPAP mask on the nasal bridge at unknown loading, which ranged 
from 60 to 75 mmHg according to one study (Brill et al., 2017), from 47 
to 92 mmHg based on a second study (Brill et al., 2018), and from 84 (for 
optimal fitting) to 158 mmHg (at highest strap tension) according to 
others (Worsley et al., 2016). These values (corresponding to pressures 
of 6–21 kPa) were in agreement with the average contact pressures 
obtained in the present study in the nasal region during a loading be
tween 5 and 20 N (which ranged from 12 to 14 kPa). Another study that 
applied a strap tension up to about 4 N, reported pressures at the nasal 
bridge from 18.6 to 32.3 mmHg (3–4 kPa) and at the zygoma from 7.7 to 
18.9 mmHg (1–3 kPa) (Shikama et al., 2018), which are compatible with 
the 12 and 1 kPa respectively obtained in the present experiment at 5 N 
loading. However, at the forehead (3.3–13.2 mmHg, corresponding to 
1–2 kPa), reported pressures were smaller than the 13 kPa here pre
sented. Average contact pressure values might be more meaningful than 
maximum values, as peak values may be affected by force concentra
tions in areas with higher surface curvature (as shown by sensors satu
ration in the present experiment), a condition that may not adapt well if 
the substrate is actual human skin. On such soft substrate, increasing 
strap tension seems to have a significant effect on biomarker release 
(Worsley et al., 2016), and contact pressures greater than 5–7 kPa 
(40–50 mmHg) were associated to skin damage that may lead to pres
sure ulcers (Sugama et al., 2002). This said, the present experiment was 
not capable of measuring the contact pressure along the entire mask 
perimeter and some areas subject to loading may have been neglected. 
In fact, despite a general increase in contact pressure and contact pres
sure area from 5 to 20 N, a direct proportionality with the applied force 
was not evident. The distribution of the contacts may have been 
migrating during incremental loading – for example - toward the fore
head, which central area was not included in the analysis due to a more 
lateral position of the sensors. In agreement with the present findings, 
previous authors reported similar contact pressures at the nasal bridge 

Fig. 2. Peak contact pressure (top), average contact pressure (middle), and 
active contact pressure area (bottom) for each analysed region, when the 
continuous positive airway pressure (CPAP) mask was loaded by means of the 
headgear. Data are presented for each applied force: 5 N (light blue), 10 N 
(green), 15 N (yellow), and 20 N (red), and respective values are reported on top 
of each column. 
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by using oro-nasal masks and a slight pressure increase when a nasal 
mask was used, despite increased strap tension to maintain similar air 
leak at air pressure increasing from 15 to 25 cmH2O (Brill et al., 2018). 
Other authors analysing an oro-nasal mask reported similar contact 
pressures on nasal bridge, maxilla, zygoma and forehead despite in the 
two experimental conditions (i.e., with and without a personalised 
fitting device) the strap tension was significantly different (Shikama 
et al., 2018). A further work, also using an oro-nasal mask, showed 
increased contact pressures at the nasal bridge but similar pressures at 
the zygomatic region despite straps were tensioned with increments of 5 
mm (Worsley et al., 2016). Overall, the experimental findings high
lighted the importance of estimating the contact pressures at different 
anatomical areas and may suggest – for example – to prefer masks that 
decrease the pressures in the zygomatic region by redirecting them on 
forehead. In fact, forehead growth is less affected by orthopaedic forces 
compared to the mid-face (Savoldi et al., 2021), and forehead retrusion 
may have fewer consequences on nasal breathing compared to the 
maxillary retrusion (Lal et al., 2015). Alternatively, the design of the 
frame and cushion of the CPAP mask could be modified to enlarge the 
surface in contact with regions that are critical in terms of growth 
impairment or pressure ulcers formation (Lin et al., 2020). In addition, 
within the same anatomical region, some areas of the mask perimeter 
were subject to pressure concentration while others were left almost 
unaffected, which may be related to unwanted leakage (Kushida et al., 
2008). 

4.1. Limitations 

The presented setup overcame a series of challenging factors. For 
example, the facial surface cannot be assumed to be flat for areas in the 
order of cm2, and the recording allowed to transfer the sensors output 
matrix to the facial surface (accounting for the specific orientation and 

deformation). Still, the adopted head model presented evident differ
ences with a real human skull since the facial surface was rigid and the 
skin layer was not simulated. These conditions represent an extremely 
challenging experimental problem, which can hardly be solved by a 
synthetic skin layer (Heo et al., 2020). In fact, sensors such as the one 
adopted in the present study are relatively rigid, and their use on arti
ficial skin or even on real patients (Brill et al. 2017, 2018) may have 
limitations as their rigidity would conflict with the presence of a softer 
substrate. Hence, approaches via numerical simulation such as FEA may 
be valuable to achieve meaningful estimations of the effects related to 
the presence of soft tissue (Genna, 2022). In this picture, although the 
measurements we performed in this experimental study may over
estimate the real ones, the information about pressure distribution can 
provide useful hints in mask design. Furthermore, the skull was a single 
piece, while the real human skull is composed by separate bones. This 
said, although skull models with craniofacial sutures are commercially 
available (Khalid, 2018), the 2–12 N force capable of generating clinical 
bone remodelling when applied over a period of months, is – instead – 
incapable to deform a human skull when applied just for seconds or 
minutes. In addition, a series of variables may affect the distribution of 
the pressures of the CPAP mask on the face, such as the mask size, type, 
and orientation of the headgear straps securing it on the calvaria (Tanne 
and Matsubara, 1996). In addition, the present case study considered a 
single face shape, while mask goodness of fit vary among individuals 
(Verberne et al., 2020). Furthermore, it is noteworthy that no air pres
sure was applied (i.e., the CPAP mask was not tested during connection 
with a CPAP machine), which may affect the overall contact pressure 
distribution. Several of these aspects might be overly challenging for an 
experimental approach. Therefore, modelling and simulation might be 
advisable (Genna et al., 2022; Tanne and Matsubara, 1996) for including 
the coupling of solid and fluid dynamics (Wakayama et al., 2016) and for 
introducing the temporal bone remodelling. Finally, focusing on the 

Fig. 3. Graphical representation (including mirroring of the sensors output with respect to the midline) of the peak contact pressure distributions when the CPAP 
mask was loaded by means of the headgear. Contact pressures are shown with a colour scale ranging from lower pressures (blue) to higher pressures (red). 
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clinical impact of the present work, it is noteworthy that the present 
study did not aim at suggesting clinical guidelines for the use of CPAP 
masks, and the presented results should be interpreted with caution 
when related to clinical decision making. 

5. Conclusions  

• The presented experimental model may be used for providing an 
overall estimation of the contact pressures applied via the CPAP 
mask on the face of a prototypical subject. 

• CPAP masks create contact pressures that are not uniformly distrib
uted on the face, and the design of their frame, cushion, and head
gear should be oriented to re-distribute such pressures towards 
anatomical areas with lower risk of deformation or soft tissue injury.  

• Within the limitations of this study, the presented findings may be 
considered by clinicians and technologists for obtaining a good 
compromise between delivering the best treatment (in terms of 
ventilation) and reducing the side-effects on living tissues. 
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APPENDIX 

Acquisition of facial surface and sensors position: 

Information about facial surface, sensors surface (as they were deformed to adhere to the facial surface), and sensors position were acquired as 
point-cloud non-structured information. Such information was aligned with the 3D head via a rigid registration procedure (Iterative Closest Point 
Alignment) using a commercial software (MeshLab, ISTI - CNR Research Center, Italy). These acquisitions allowed to transfer the output of the sensors 
matrix onto the facial surface (accounting for the specific orientation and deformation). In order to obtain this information, a mesh model of a sensor 
was created with a software (Blender, Blender Foundation, Netherlands), where each vertex of the 11 × 22 mesh represented a sensible element of the 
sensor. The mesh was adapted to the point-cloud acquired for each sensor through morphing tools (Sculping, Blender, Blender Foundation, 
Netherlands). 
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Appendix Fig. 1. Acquisition of the 3D position of the sensors on the phantom head with reflective markers applied (left). Acquisition of the 3D point-cloud surfaces 
by optoelectronic system with details of the facial surface, the four contact pressure mapping sensors, the mesh of a single pressure sensor, the position of the mesh of 
each of the four sensors on the 3D model of the head, and an example of pressure mapping obtained on the four sensors (right). 

Calibration of sensors:

Appendix Fig. 2. Detail of the calibration of one sensor using the mechanical testing machine.  
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Output limits of sensors:  

Appendix Table 1 
Number of saturated elements (sensels) for each sensor, out of a total of 264 elements. Peak contact pressures (kPa) are reported, where values indicated with “>” 
corresponding to the peak saturation pressure of the specific sensor.  

Region Number of saturated elements (sensels) Peak contact pressure [kPa] 

5 N 10 N 15 N 20 N 5 N 10 N 15 N 20 N 

Forehead 2 2 0 1 >54.6067 >54.6067 52.00 >54.6067 
Zygoma 2 3 3 3 >68.8254 >68.8254 >68.8254 >68.8254 
Nasal bridge 0 0 0 0 22.00 23.00 23.00 23.00 
Maxilla 2 3 4 6 >22.7826 >22.7826 >22.7826 >22.7826  

Mechanical testing of CPAP mask with perpendicular forces: 

A series of tests was performed by applying a direct perpendicular force of 20 N on the mask with the head positioned face-up and the mask on top. 
Force was applied through a SS sphere (Ø = 25.4 mm) that was positioned in the anterior hole of the mask (used for the pipe connection), so that a 
purely axial load and uniform stress were present. These settings were adopted to have a simplified model that was used for validation of the finite 
element analysis (FEA) model.

Appendix Fig. 3. Setup for the mechanical testing with the CPAP directly loaded with perpendicular forces via the mechanical testing machine.  

Mechanical testing of CPAP materials: 

Additional tests were also performed for the mechanical characterisation of the materials that was necessary for creating the FEA model. A CPAP 
mask (which was the same model of the scanned mask) was used for the preparation of the specimens. Tests were performed measuring time (s), 
displacement (mm), and force (N) under imposed displacement. All materials showed a linear stress/strain relationship from 0 to 20 N. The poly
carbonate under compression showed Young’s modulus of 226 MPa, the polycarbonate under tension a modulus of 1190 MPa, the thin silicone 
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specimen under tension a modulus of 1.27 MPa, the thick silicone specimen under tension a modulus of 1.31 MPa, the short neoprene/nylon bend 
under tension a modulus of 1.66 MPa, and the long neoprene/nylon bend under tension a modulus of 1.38 MPa.

Appendix Fig. 4. Material testing of polycarbonate (A and B), silicone (C), headgear straps (D), and polycarbonate-silicone structure forming the forehead sup
port (E). 
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