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Abstract: In the ergonomic design of wearable products such as an oxygen mask, systematic design
methods including the analysis of anthropometric information, evaluation of fit, and product design
need to utilize 3D human scan data. The present study intends to develop a virtual fit analysis method
that generates an ergonomic shape of an oxygen mask for fighter pilots based on 3D facial scans. The
proposed virtual fit analysis method enables iteratively to revise the shape of an oxygen mask until
an appropriate level of fit between the mask and a group of pilot faces is achieved. The proposed
method of virtual fit analysis and design optimization was applied to find ergonomic shapes of
oxygen masks for four size categories (small narrow, medium narrow, medium wide, and large wide)
to accommodate 336 pilots of the Republic of Korea Air Force. The virtual fit analysis results in the
study showed that the revised oxygen mask shapes achieved significantly higher accommodation
percentages (4.8~88.7%) at facial areas (nasal root, nasal side, cheek, and chin) compared to the
existing oxygen mask shapes. The proposed method can be applied to develop an ergonomic product
design that fits the face and other human body parts.

Keywords: pilot oxygen mask; design optimization; virtual fit analysis; ergonomic design

1. Introduction

A pilot oxygen mask worn over the face of a fighter pilot requires an ergonomic
design that comfortably fits the face of the pilot. The pilot oxygen mask provides the pilot
with oxygen while a mission is conducted at a high altitude where oxygen is lacking [1].
In addition, the pilot oxygen mask protects the pilot by supplying oxygen securely in a
hazardous situation such as decompression, fire and fume in the cockpit, and windblast
during ejection [2]. A pilot mask lacking the consideration of the facial characteristics of
the user population can cause discomfort, pain, and/or leakage of air at some facial areas,
especially around the nasal root [1,3].

Although the facial characteristics of the user population need to be considered to
design an ergonomic shape and size of a mask, the analysis of the fit of a mask to the
user population has not been considered sufficiently. Existing studies [4-10] recommend
face length, face width, lip width, nasal root breadth, and nose protrusion as key facial
dimensions for mask design. However, measurements of the key facial dimensions are not
sufficient in designing the ergonomic shape and size of a mask that properly accommodates
the faces of the user population due to the high complexity and diversity of the face shape
and size among the users [11,12]. Several studies [13-16] introduced mask design methods
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using the information of 3D facial shapes as well as facial sizes. Gross et al. [15] reported
an improved design of MBU-20/P (Gentex Corporation, Simpson, PA, USA) pilot oxygen
mask using the profile curves of the 3D scanned faces of 30 male and 30 female pilots of
the U.S. Air Force. Han et al. [14] designed an industrial respiratory mask of three sizes
(small, medium, and large) for Korean industry workers using 3D representative head
models identified by analyzing Korean faces. Lastly, Zhuang et al. [13] used five 3D head
forms representing U.S. workers in designing an industrial respiratory mask. However,
the validation of a design with a large group of users is often limited due to time and
cost [17-19]; therefore, a computerized method would be a practical solution for design
validation with a large number of virtual individuals [20,21].

A virtual fit analysis method that simulates the fit of a product design using the 3D
face images of users and the CAD of the product still lacks its applicability to developing
an ergonomic design of mask which is optimized for a large number of users. Virtual
fit analysis methods have been introduced in designing wearable products such as cloth-
ing [22-25], helmet [26,27], and mask [15,21,28]. The previous studies focus on the analysis
of fit between a product and the human body under a particular placement condition (e.g.,
the placement of a product to a predefined location of the human body) or the development
of a custom design for a particular user. Studies including Dai et al. [29] and Lei et al. [30]
applied the finite element analysis (FEA) using an FEA program such as ANSYS (ANSYS
Inc., Canonsburg, PA, USA) to analyze the fit of a mask by estimating the contact pressure
of a mask to the face. However, very few face models and mask designs were considered in
the FEA studies due to the complex procedure and high demand of time to manipulate 3D
face images and mask designs in an FEA program. Thus, the FEA approach shows limited
applicability to virtual fit simulation for a large number of 3D faces (say, over 100 faces) in
developing an ergonomic design of mask that is appropriate to a designated percentage
(say, 90%) of the target population. Furthermore, an efficient method for virtual design
validation and design optimization needs to be explored.

The present study is intended to develop a virtual fit analysis method to develop an
ergonomic design of a pilot oxygen mask for a particular user population. The virtual fit
analysis method investigating the levels of fit of mask design candidates to 3D faces of a
user population is explained in Section 2. Then, the application of the proposed method to
improve the existing design of MBU-20/P pilot oxygen mask for a better fit to the faces of
Korean Air Force (KAF) pilots is demonstrated as a case study in Section 3.

2. Design Method of Pilot Oxygen Mask Based on Virtual Fit Analysis

Three types of information are considered in virtual fit analysis for designing the
shape and size of a mask: (1) 3D facial scan images and face measurements of the user
population, (2) the boundary shape on which the mask contacts the face, and (3) the
wearing positions of the mask on the face. An ergonomic design of the mask is searched by
analyzing the distances between the mask boundary and 3D faces. The virtual fit analysis
method proposed in the study is presented in the following subsections.

2.1. Information Required for Virtual Fit Analysis
2.1.1. 3D Facial Scan Images and Face Measurements

Three-dimensional (3D) face mesh surfaces are prepared and then facial landmarks
such as sellion, supramentale, and cheilion considered in mask design [1] are identified
on the 3D facial images. Then, face dimensions considered in mask design such as sellion-
to-supramentale length and lip width (bi-cheilion distance) [1,15] are measured using the
facial landmarks.

2.1.2. Boundary of Pilot Oxygen Mask

As shown in Figure 1, the gourd-shaped part of the mask contacting the face is
designed by forming a line connecting design landmarks on the mask using spline inter-
polation. The mask design landmarks are defined as points that form the mask boundary
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(a)

Figure 1. A design of a pilot oxygen mask based on a mask boundary (perspective view): (a) design of a pilot oxygen mask;

using a spline curve [15,31]. The locations of the design landmarks are determined by
considering the shape of facial features such as the root and sides of the nose and the sides
and bottom of the lip for a natural fit of the mask boundary to the face. For example, as
shown in Figure 1, the boundary of the existing MBU-20/P pilot oxygen mask proposed by
Gross et al. [15] is drawn by connecting eight design landmarks: a nasal root point (D1),
two nasal side points (D2 and D3), two cheek points (D4 and D5), two chin side points (D6
and D7), and a bottom lip point (D8). Note that the mask boundary can be modified by
adjusting the locations of the design landmarks or adding/removing design landmarks.

D1 .
(nasal root point)

D3
(nasal right-side point) D2

(nasal left-side point)

D5
(right cheek point)
D4
D7 (left cheek point)

(chin right-side point) (bottom
lip point) D6

(chin left-side point)

(b)

(b) a boundary of a mask drawn by a spline curve connecting eight design landmarks.

2.1.3. Mask-Wearing Positions

The wearing positions of a pilot oxygen mask on the face are identified using 3D scan
images of the mask and the face and the information of the mask design landmarks and
facial landmarks, as illustrated in Figure 2. The mask, face, and face worn with the mask
are scanned separately (Figure 2a—c), and then the individual scan images of the mask and
face are overlaid to that of the mask-worn face (Figure 2d). This superposition approach
is conducted by referring to the previous studies on the virtual alignment of a product
on a particular human body part [15,32]. Lastly, the wearing positions of the mask on the
face are identified by measuring the vertical and horizontal distances between the mask
design landmarks such as D1 (nasal root point) and D8 (bottom lip point) and the facial
landmarks such as sellion and supramentale (Figure 2e). The quantitative data (average,
SD, and range) of the mask-wearing positions are used for the placement of a 3D mask
design model to a 3D face scan image in the virtual fit analysis of a mask design. The
mask-wearing position information is important for the analysis of distances between a
particular mask design and various faces while applying the same placement strategy of
the mask to the faces.
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Figure 2. Identification of mask-wearing positions using 3D scan images of a pilot face and an oxygen mask (illustrated).

(a) 3D scan image of an oxygen mask; (b) 3D face scan image without wearing the mask; (c) 3D face scan image wearing

the oxygen mask; (d) 3D scan images of the mask and the face overlaid to the 3D face scan image wearing the mask; (e)

identification of the mask-wearing positions based on the mask design landmarks (M) and facial landmarks (/).

2.2. Ergonomic Mask Design by Virtual Fit Analysis

A virtual fit analysis method is developed to find the most ergonomically optimized
boundary of the mask by virtually fitting the mask to various 3D faces. First, the boundary
of a mask is virtually located over a 3D face at the identified mask-wearing positions.
After virtual fitting of the mask to the face, the horizontal distances between the boundary
of the mask and the surface of the 3D face are calculated along the vertical axis with an
interval of 1% of the mask length, as illustrated in Figure 3a; in the plot, the facial area
of which horizontal distance <0 mm (red area in Figure 3a) indicates the mask boundary
region not contacting the face (causing oxygen leakage), while the opposite penetrating
the face (causing contact pressure to the face). Next, the interface area of the mask and
the face is divided into five sections along with the vertical location from the top: 0% to
10% for the nasal root area, 10% to 50% for the nasal side area, 50% to 90% for the cheek
area, and 90% to 100% for the chin area. Figure 3b plots the horizontal distances of a
designated group of faces (e.g., n = 29 pilot faces belonging to the small narrow size group)
from the mask boundary, showing negative horizontal distances at the nasal root and
positive horizontal distances at the other face sections. A virtual fit analysis program was
coded using MATLAB (MathWorks, Inc., Natick, MA, USA) in the present study to analyze
horizontal distances between the mask boundary and 3D face surfaces.

An ergonomically optimized shape of the mask boundary for a designated user group
is searched by an iterative design process and virtual fit analysis shown in Figure 4. In the
first step (S1), an initial shape of the mask boundary is prepared by generating a spline
curve that connects the design landmarks corresponding with positions on the face with the
average size for the user group. In the second step (S2), the horizontal distances between
the mask boundary and 3D face surfaces of the user group are calculated. In the third step
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(S3), the plots of the horizontal distances are evaluated to determine the appropriateness
of the mask boundary for the designated user group. Note that the present study used a
range of proper fit along the face sections identified by a usability evaluation survey of the
MBU-20/P oxygen mask (described in Section 3.2) to evaluate the appropriateness of a
mask boundary. In the fourth step (54), the mask boundary is modified by adjusting the
locations of the design landmarks in case that the mask boundary is found unsatisfactory
for the designated user group. Repeat S2 to 54 until a satisfactory mask boundary is found.

Lastly, in the fifth step (S5), a complete design of the mask is developed based on the
selected mask boundary.

gl?sal root point) } nasal root

+ nasal side

+ cheek

vertical location (%)
wn
(=)

| J» chin
20 10 0 -10

distance between

the boundary shape

and the face (mm)

100

D8
(bottom lip point)

(a) (b)

Figure 3. Virtual fit analysis by calculating horizontal distances between the mask boundary and 3D face surfaces (illus-
trated). (a) Horizontal distances between the mask boundary and the face surface along the vertical axis with an interval of
1% of the mask length (blue line: mask boundary; red line: face surface, red shaded area: mask boundary region of negative
horizontal distances causing oxygen leakage; blue shaded area: mask boundary region of positive horizontal distances

causing contact pressure to the face); (b) plots of the horizontal distances between the mask boundary and face surfaces of a
small narrow size group (n = 29).

S1. Design of an initial shape of mask boundary

}

S2. Calculation of horizontal distances between | S4. Adjustment of
the mask boundary and 3D face surfaces the mask boundary shape

need to
be improved

S3. Evaluation of
the appropriateness of
e mask boundary sha

satisfactory

SS5. Completion of a mask design based on the
selected mask boundary shape

Figure 4. An ergonomic design process of a pilot oxygen mask by virtual fit analysis.
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3. Application to Virtual Fit Analysis Method to Pilot Oxygen Mask Design

The oxygen mask design method based on virtual fit analysis proposed by the present
study was applied to improve the existing design of MBU-20/P pilot oxygen mask for
Korean Air Force (KAF) pilots.

3.1. Acquisition of Information for Virtual Fit Analysis
3.1.1. KAF Pilots” Facial Scan Images

Three-dimensional (3D) scan images of 336 KAF pilots and cadets (278 males and
58 females) obtained in our previous study [1] were used to improve the existing oxygen
mask design in the present study. The 3D scan images of pilots were collected using
the 3D scanner Rexcan 560 (Solutionix Co., Seoul, South Korea) and then eighteen facial
dimensions were measured. Four mask size groups and pilots belonging to each size
group (small narrow: 34, medium narrow: 121, medium wide: 76, and large wide: 105)
were identified by applying a sizing system generation method [33-35] based on sellion-
to-supramentale length and lip width (key facial dimensions of MBU-20/P) as shown in
Figure 5a and four representative face models (RFMs) were found for each size group as
shown in Figure 5b [35]. Of the KAF pilots and cadets, the profiles of 85 male pilots (small
narrow: 21, medium narrow: 23, medium wide: 19, and large wide: 22) were photographed
while wearing their current oxygen masks to examine the mask-wearing positions.

60

25 I 2 3 4+ 55

width 20

Y T s A 45
+* Narrow * ¢
+

*e
¢ T ¢
+

40

90
se

100
llion-to-supramentale length

110

(a) (b)

Figure 5. An oxygen mask sizing system and representative face models for Korean Air Force pilots. (a) A sizing system of

MBU-20/P oxygen mask for Korean Air Force pilots; (b) representative face models of the oxygen mask sizing system.

3.1.2. Design of Alternative Shapes of Mask Boundaries

Alternative boundary shapes to improve the existing oxygen masks for KAF pilots
were prepared by projecting the design landmarks of existing oxygen masks onto the RFMs
of KAF pilots. As shown in Figure 6, design landmarks D2 to D7 of the MBU-20/P oxygen
mask specified by Gross et al. [15] were projected onto an RFM, while D1 (nasal root point)
and D8 (bottom-lip point) are positioned to the sellion and supramentale on the RFM. Then,
the projected design landmarks are connected by the drawing function of spline curve in
Rhino 3D (Robert McNeel and Associates, Seattle, WA, USA) as shown in Figure 7b for
an alternative boundary of the oxygen mask for the KAF pilots. Note that the alternative
mask boundary is flatter than that of the existing mask boundary, as shown in Figure 7c.
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D8 (bottom lip point)

Figure 6. Projection of design landmarks of the existing MBU-20/P mask onto a representative face
of the Korean Air Force (KAF) pilots (red B: design landmarks of MBU-20/P specified by Gross
et al. [15]; blue @: projected design landmarks on the face surface; x: facial landmarks).

(a) (b) (c)

Figure 7. Boundaries of the existing and alternative oxygen masks. (a) The boundary of the existing MBU-20/P oxygen mask
based on design landmarks specified by Gross et al. [15]; (b) a boundary based on adjusted design landmarks identified
by the projection of the existing design landmarks onto a representative face model of the Korean Air Force pilots; (c) the
difference of the existing and alternative mask boundaries.

3.1.3. Identification of Mask-Wearing Positions

The mask-wearing positions of the oxygen masks of the four size categories were
identified based on the profile photos of the 85 KAF pilots while wearing their MBU-20/P
oxygen masks. The identification of mask-wearing positions was conducted in a four-step
procedure. First, the profile face of a pilot while wearing his/her own oxygen mask was
photographed by a digital camera (Figure 8a). Second, the digital photo was printed
on a transparent film and placed on a PC monitor (Figure 8b). Third, the 3D face scan
of the pilot and the CAD model of the mask were aligned manually with the face and
mask images of the printed film (Figure 8c) using RapidForm 2006 (INUS Technology, Inc.,
Seoul, South Korea). Lastly, the mask-wearing positions were identified by measuring the
Euclidian distances between the facial landmarks (sellion and supramentale) and mask
design landmarks (D1 and D8), as summarized in Table 1.
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(a)

(b) (c)

Figure 8. A photo-based placement of the 3D face and mask images for the identification of mask-wearing positions
(illustrated). (a) A profile photo of a pilot while wearing the MBU-20/P oxygen mask; (b) a transparent film with a printed
photo placed on the monitor; (c) an alignment of the 3D face and mask images to their corresponding images of the printed

photo on the film.

Table 1. Mask-wearing positions (unit: mm) for four mask size categories.

Mask-Wearing Positions Size of Mask n Average SD Min Max
g g
small narrow 21 17.8 6.6 5.3 31.4
i . . medium narrow 23 16.4 6.3 52 29.7
Sellion to D1 * vertical distance medium wide 19 17.8 51 41 253
large wide 22 11.5 6.2 4.3 13.2
small narrow 21 5.3 3.2 0.6 129
. . . medium narrow 23 5.8 2.3 19 10.6
Sellion to D1 horizontal distance medium wide 19 40 29 05 79
large wide 22 6.6 2.4 3.0 11.7
small narrow 21 7.3 3.3 2.0 14.5
. . . medium narrow 23 9.9 5.1 0.5 19.5
Supramentale to D8 * vertical distance medium wide 19 9.9 46 27 168
large wide 22 13.6 7.1 3.2 26.2
small narrow 21 —-0.5 25 —4.1 3.5
. . medium narrow 23 —-0.3 2.0 -29 29
Supramentale to D8 horizontal distance medium wide 19 11 24 45 35
large wide 22 -2.3 2.9 -9.9 3.1

* D1: nasal root point; D8: bottom lip point.

3.2. Design of Pilot Oxygen Mask by Virtual Fit Analysis

Ergonomic boundary shapes were derived for the oxygen masks of the four size
categories (small narrow, medium narrow, medium wide, and large wide) by an iterative
process of the five-step design approach by virtual fit analysis in Figure 4. In the first step
(51), initial mask boundaries were prepared by projecting the design landmarks of the
existing oxygen masks onto the corresponding RFMs in Figure 5b and then each mask
boundary was placed on the 3D face images (small narrow: 34, medium narrow: 121,
medium wide: 76, and large wide: 105) which belong to corresponding size group by
considering the mask-wearing positions in Table 1. In the second step (S2), the horizontal
distances between the mask boundaries and the 3D face surfaces were calculated. In
the third step (S3), the appropriateness of each mask boundary was assessed for each
face section in terms of accommodation percentage (Equation (1)), which indicates the
proportion of horizontal distances within the lower and upper limits for each vertical
location (indicated by two red lines in Figure 9). Note that the lower and upper limits of the
horizontal distance between mask boundary and face surface by face section for each mask
size category were identified by analyzing, out of the 82 pilots, the profile photos of those
satisfied with their oxygen masks at a usability evaluation survey of MBU-20/P oxygen
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vertical location (%)

mask conducted by Lee [35]. In the fourth step (54), each mask boundary was modified
by adjusting the locations of the design landmarks. The steps S2 to S4 were iterated until
an appropriate boundary was found for each mask size category. Lastly, in the fifth step
(S5), the oxygen mask design was completed for each mask size category by combining the
appropriate mask boundary and the outer parts (Figure 1a).

face section face section
(accommodation (accommodation
" ~ percentage) percentage)
% nasal root 0T } nasal root
10 4 (95.5%) 10+ 4(93.4%)
20 20 |
30 - nasal side 30 | - nasal side
(21.0 %) S (81.8 %)
40 = 40 |
= ‘
50 g 50 if 5
2 i
60 = 60 [
2
70 - cheek 5 70 | ‘ cheek
(0.8 %) s (88.8 %)
80 + 80 f
90 = 90 | | =
W f,_ o
100 -5 Mo g 19 (1070 100 “—5—g o 10 7%
horizontal distance horizontal distance
between the mask boundary between the mask boundary
and face surface (mm) and face surface (mm)
(a) (b)

Figure 9. Virtual fit analysis results of the existing and alternative designs of pilot oxygen mask boundary (size: small
narrow; red lines: the lower and upper limits of appropriate fit; blue lines: plots of the horizontal distances between the
mask boundary and face surfaces). (a) Existing design; (b) alternative design.

accommodation percentage at vertical location i
__ Number of HD; satisfying LL;< HD;; <UL; 100
- Number of faces X

M

where, i = vertical location, i = 0 to 100,

j = face number,

HD;; = horizontal distance of mask boundary to the surface of face j at vertical locationi,
LL; = lower limit at vertical location i, and

UL; = upper limit at vertical location 7.

The accommodation percentages of the revised mask boundaries derived through
the virtual fit analysis method for the four sizing categories were found 4.8~88.7% higher
than those of the existing boundary shapes over the face sections for KAF pilots. The
accommodation percentages at the nasal side, cheek, and chin areas showed noticeable
improvements for proper fit of the mask to the face (Figure 10). All the accommodation
percentage differences between the existing and revised masks except two conditions (SN
and MW at the nasal root) were found significant by the paired f—test at « = 0.05.
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Figure 10. Comparison of the accommodation percentages of the existing and revised oxygen mask designs by mask size

category (SN: small narrow, MN: medium narrow, MW: medium wide, and LW: large wide; * significant at « = 0.05).

4. Discussion

The revised oxygen mask designs through the virtual fit analysis method proposed
in the present study showed a better fit to KAF pilots in terms of accommodation per-
centage than the existing designs. In the present study, the REMs of the KAF pilots were
identified for the oxygen mask sizing system based on two key facial dimensions (sellion
to promentale length and lip width). An initial boundary of the oxygen mask designed
using the RFM may not accommodate a high percentage of KAF pilots if the RFM does not
properly represent other facial dimensions (e.g., nasal root breadth) or the detailed facial
characteristics of the other pilots [20,21]. The initial mask boundary could be improved in
terms of accommodation percentage by iterative design adjustment. For example, Figure
11 shows that the mask boundary finally selected for the small-narrow size by the iterative
design and virtual fit analysis process improved 3.4~11.7% of accommodation percentage
compared to the initial mask boundary prepared by the corresponding RFM.

The present study introduced a novel method to analyze the fit through a virtual fit
simulation with 3D body scan images to find an optimal design of a product for better
fit and comfort to users. Different from the previous studies on virtual fit analysis for
design customization [15,21-28], this study has achieved a design optimization based on
a quantitative measure such as horizontal distances between the mask boundary and the
face surfaces. A placement strategy of the mask to a particular location of the face based on
the information of the wearing positions of the mask over the face was introduced. The
wearing positions of the mask over the faces were empirically found using measurements
of the distances between the face and mask at the nose and the chin. The mask placement
strategy of the present study would be preferred for a realistic virtual fit of the mask to the
face to an automatic alignment method such as the iterative closest point (ICP) algorithm
that can align the mask to the impractical location of the face. The proposed virtual fit
analysis method using 3D body scan images would be of use to develop an ergonomic
design of a wearable product for proper fit and comfort to the user population.

The photos of mask-wearing pilots, instead of 3D scans, were used in the present
study due to the limited access of our research team to military facilities and the lack
of portability of the 3D scanning system used in the present study. Our research team
obtained approval of access to military facilities to scan KAF pilot faces, but failed to obtain
approval of follow-up access to scan pilot faces worn with oxygen masks due to heightened
military situations. Avoidable errors could occur in identifying mask-wearing positions
due to the manual alignment of a mask CAD model and a face scan to the corresponding
mask-wearing face image on the photo.
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Figure 11. Comparison of mask boundaries and accommodation percentages by face section (size: small narrow). (a) The
existing mask boundary; (b) an initial mask boundary based on the representative face model; (c) the final mask boundary
found by iterative design and virtual fit analysis.

The virtual fit analysis method proposed in the present study was found effective
by reducing the time and cost of prototyping and usability evaluation in the oxygen
mask design process by providing the ergonomic design of oxygen mask boundary with
efficiency. After preparing an oxygen mask design, a physical prototype of the mask
design needs to be manufactured using an expensive molding process for usability testing
under different mask operating situations (e.g., low atmospheric pressure or high gravity
acceleration situation) and evaluations of other military conformity requirements (e.g.,
durability, toxicity, and compatibility with existing components such as microphone and
valve). The design process of a pilot oxygen mask needs to avoid repetitions of prototyping,
usability testing, and conformity evaluation due to limitations in research budget and
development time. In the present study, the ergonomic designs of mask boundary could be
found through the iterative virtual fit analysis method before prototyping. In our follow-up
study, the prototype of the revised oxygen mask of the medium-wide size was fabricated
first and found satisfactory to KAF pilots in terms of fit and comfort and minor design
issues of the prototype (e.g., shape and thickness of flap) were reported as those to be
improved; the prototypes of the other three sizes were fabricated and found satisfactory by
KAF pilots [35,36].

The revised oxygen masks developed in the present study showed a better fit than
the existing masks by a usability evaluation in our follow-up study [36]. The prototypes
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" " oxygen leakage
>' - / at the nasal root

of the revised designs of four sizes were manufactured using materials similar to the
existing MBU-20/P and compared to the existing designs by 88 KAF pilots in terms of
discomfort, facial contact pressure, and performance. The discomfort levels of the revised
masks were 33~56% lower on average than those of the existing oxygen masks. The facial
contact pressure of the revised masks was 11~33% lower on average and more uniformly
distributed than that of the existing oxygen masks. In a high gravity acceleration situation
(e.g., 9 G), the slippage of the revised mask was 24% less on average than that of the existing
masks. Figure 12 shows a visual comparison of fit between the existing MBU-20/P and
revised pilot oxygen masks.

no leakage
m,/ at the nasal root

excessive pressure
around the nasal side

(a) (b)

Figure 12. Visual comparison of existing and revised pilot oxygen masks. (a) MBU-20/P oxygen mask; (b) revised

oxygen mask.

The proposed virtual fit method showed significant applicability to the design of an
oxygen mask for a particular user population because the proposed method considers the
morphological features of the target users using a large number of 3D face scan images
through the simulation process. The proposed method would develop the ergonomic
design of an oxygen mask for a target user population having particular face characteristics
in size and shape.

The iterative process using the virtual fit analysis method for optimization of the pilot
oxygen mask design can be automated in future research for efficient application. In the
present study, the mask boundary shape was manually adjusted using a CAD soft-ware
program by referring to the results of the virtual fit analysis in the iterative design process.
However, the iterative design process to search for a more appropriate design of the mask
boundary can be automated by an algorithm maximizing the accommodation percentage
in terms of the fit between mask boundary and face surfaces. The automated process would
be applicable to ergonomic designs of industrial and medical masks and other wearable
products to the face.

Lastly, the analyses of facial contact pressure and deformation in mask design can be
incorporated into the virtual fit analysis method in future research. Although the virtual fit
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analysis method can help designers find an ergonomic shape of oxygen mask for various
faces, the issues of contact pressure and soft-tissue deformation while wearing a mask were
not considered in the present study. The distances between the mask boundary and 3D face
surfaces and the results of the virtual fit analysis can be used for finite element (FE) analysis
as illustrated in Figure 13 to estimate the facial contact pressure and deformation while
wearing an oxygen mask as demonstrated in previous studies [29,30,37]. The FE analysis
process of the oxygen mask design with multiple faces through a simulation using MATLAB
programming would be conducted as a follow-up study [21,38]. By incorporating the
material properties of the facial tissue and oxygen mask in the FE analysis, an appropriate
mask design can be found in terms of contact pressure. The effectiveness and applicability
of the proposed virtual fit method need to be further explored in comparison with the FE
analysis method.

(a) (b)

Figure 13. Finite element analysis for the estimation of contract pressure and deformation using the horizontal distance

information identified by the proposed virtual fit analysis method (illustrated). (a) Virtual fit analysis result; (b) finite

element analysis result.

5. Conclusions

The present study proposed a virtual fit analysis method for designing an ergonomic
oxygen mask design for a particular user population. The proposed virtual fit method
consists of the analysis of the 3D facial characteristics of a user population, definition of
face landmarks and mask design landmarks, identification of mask-wearing positions on
the face, formation of a mask boundary shape, calculation of horizontal distances between
the mask boundary and face surfaces, and iterative adjustment of the mask boundary
shape for maximum accommodation percentage. The application of the proposed virtual
fit method to development of revised oxygen mask designs for KAF pilots found that the
accommodation percentages of the revised mask boundaries for the four sizing categories
(SN, MN, MW, and LW) increased by 4.8~88.7% compared to those of the existing boundary
shapes over nasal root, nasal side, cheek, and chin sections for KAF pilots. The present study
supports a virtual fit approach in developing an ergonomically optimized design because
an iterative process of adjustment of a product design and checking of its appropriateness
to a large number of users using 3D body scans, not human participants, is possible with
reasonable time and cost.
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