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1. Introduction

Facial coverings have become a topic of research concern in recent years, partially due to the COVID-
19 pandemic. Though cloth face masks and disposable surgical face masks are effective in the context
of viral infections, US National Institute for Occupational Safety and Health (NIOSH)-certified N95
respirators are considered to be the best mask for use by healthcare workers “during procedures to
protect both the patient and the health care personnel from the transfer of microorganisms, body fluids,
and particulate matter”, and may be best for protection against viral particulates [1]. Furthermore, N95
respirators (also known as quarter-mask respirators) as well as other half-mask or full-facepiece
respirators are common for use in occupations where the worker is exposed to dust, silica, and other
small particulates. All three types of respirators can be seen in Figure 1. Though filtering ability is an
important factor for respirator protection, the ‘seal’ of the respirator on the face is also considered to be
a key factor in how much protection is provided to the wearer [2]. A common source of reduced
protection against viral and other particulate exposures for surgical and cloth face masks is air leakage
along the parameter of the mask. Thus, having a more fitted ‘seal’ incorporated into these non-respirator
masks may improve protection for wearers [3,4].
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Fig. 1: Three types of respirators: Quarter-mask (N95), half-mask, and full-facepiece. Note: Quarter-mask
respirators without exhalation valves should be used in viral particulate settings. Source: OSHA.gov [5].

This research is being conducted to quantify the differences in 3D facial dimensions among a sample
(n=2022) of US workers from a variety of racial / ethnic backgrounds and demographic characteristics
using facial scans (collected by Human Solutions). A secondary objective is to assess inter- and intra-
rater reliabilities of 3D-based measurement collection methods. Results of this research have
implications for respirator and face mask design and fit as well as utilization of 3D scanning as an
accurate anthropometric tool for measurement collection. Relevant literature regarding previous
research, employment trends for various demographics, manual measurements vs 3D scanning, and
intra-/inter-rater reliability in 3D measurement collection are discussed, followed by methods for data
collection and analysis, as well as implications and limitations for this on-going research.
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1.1. Previous facial anthropometry research and surveys

A wide array of research has investigated how demographic differences correlate to differences in face
shape and size, or facial anthropometrics, specifically in terms of respirator seal and/or respirator fit
(these terms are often used interchangeably). Brazile et al. (1998) found evidence of significant
differences in facial anthropometric measures between males and females as well as between “white,
African-American, and Mexican-American” participants [6]. The researchers concluded that individual
differences in nose breadth and nose protrusion were significant in terms of respirator fit, and “facial
dimensions based on gender, race/ethnicity, and the interaction of the two were not” (p.233) [6].
Similarly, Yokota et al., 2005, found that facial anthropometrics of US male soldiers of White, Black,
and ‘mixed’ race/ethnicity fell into a normal distribution of a single-race group via canonical discriminant
function analysis [7]. Zhuang et al. (2010) found significant differences in facial anthropometrics across
gender, race/ethnicity (four groups), as well as age (three groups) and occupation (six groups); these
differences were considered significant for design of respirators and other protective head equipment
(such as helmets) [8]. The lack of inclusion of Asian peoples in the previous studies is a stated weakness
of each. Other research has focused specifically on Asian facial anthropometrics: one study found that
products designed for US white males are not suitable for fitting Korean male and female pilots [9], and
another found that female Chinese faces are significantly different in width and length than all other
demographics’ faces [10]. A current weakness in the literature is the lack of a fully diverse test
population, which includes both male and female gendered participants, White/Caucasian (White for
brevity), Black/African/African American (Black for brevity), LatinX/Latino/Latina/Hispanic (LatinX for
brevity), and Asian/Asian-American (Asian for brevity) participants, and participants of all ages.

The U.S. government has invested considerable resources into various anthropometric surveys
throughout history: two Anthropometric Surveys (abbreviated as ANSUR | and ANSUR Il) have been
conducted by the U.S. Army in 1988 and 2012 to gather whole-body anthropometric information of
26,000 (ANSUR 1) and 12,000 (ANSUR II) army personnel, including soldiers and civilian employees
[11,12]. Though these surveys are comprehensive and have provided invaluable standards for rigorous
collection of anthropometric data, their generalizability is of question, as most soldiers are of a young
age, of male gender, and perhaps not representative of the working population in terms of race/ethnicity.
Of specific interest for respirator fit are two surveys done by NIOSH: a 1973 Los Alamos National
Laboratory (LANL) respirator fit-test panel and a 2007 NIOSH-sponsored anthropometric survey of U.S.
respirator users [13], [14]. Though these surveys are specific to respirators, their representation of the
current U.S. working population is lacking; Yang et al. (2007) note that Chinese and Asian populations,
known to have different facial anthropometry, are not well represented in these surveys [15].
Furthermore, NIOSH’'s 2007 survey, conducted by Anthrotech, offered many suggestions for
improvement in future surveys [14]. Of note for the study at hand are the suggestions from NIOSH to
ensure study sample populations are representative (in terms of demographics) of the current working
population, consider use of 3D scan data, and analyze measurement error (intra- and inter-rater
reliability) [14].

1.2. Current employment trends for various demographics

According to U.S. Census Bureau Data from 2020 in which near 150,000,000 employed workers over
16 years of age were accounted for, the demographics of workers were (at the time, in the sample) 78%
White, 17.6% LatinX, 12.1% Black, and 6.4% Asian (totals do not equal 100% due to missing data, and
LatinX ethnic status can be present with any race status) [16]. Of these workers, 46.8% were women
(use of the word ‘women’ versus ‘female’ is specific to how these data are presented) [16]. Per the
suggestion from NIOSH to ensure study populations for facial anthropometric research are
representative of the current working population, a comparison of these percentages and the
percentages of our sample will be presented in Section 2: Methods.

The U.S. Census Bureau Data from 2020 are presented in the context of percent of total employed per
demographic group per occupation (LatinX, Black, Asian, Women, and White). Data were imported into
R and analyzed (version 4.0.5) for occupations with the highest percentage of workers for all
demographics except White (Figure 2). Occupations with high percentages of LatinX workers are
occupations that likely require regular respirator wear for particulates (per Occupational Safety and
Health Administration standard 1910.134), and include drywall and ceiling install, insulation work,
cement work, carpet work and flooring, roofing, painting, agricultural work, housekeeping, construction,
and landscaping [16]. Occupations with high percentages of Black workers may require the use of N95
quarter-mask respirators for viral protection, as the occupations are social in nature: postal service,
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healthcare, transportation, parking, correctional facility, and security [16]. Asian workers make up a
large percentage of manicurists and pedicurists, as well as higher qualification jobs in various science-
based fields, suggesting that N95 quarter-mask respirators would be necessary for both particulate and
viral/social purposes for this demographic [16]. Lastly, women/females make up a large percentage of
teachers and healthcare workers, which also suggests the potential for use of N95 quarter-mask
respirators for viral protection in social environments [16]. Given that each demographic makes up a
large percentage of occupations in which some type of respiratory protection may be needed, the
present research will be valuable in providing comparative anthropometric data for respirator sizing and
fit outcomes, and ideally provide better occupational protection to these workers as an outcome.
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Fig. 2: Occupations with highest percentage of LatinX, Black, Asian, and women/female workers [16].

1.3. Manual measurements versus 3D scanning of facial anthropometrics

3D scanning is “a technology for creating high-precision 3D models of real-world objects” [17]. 3D
scanners collect surface data from an object by capturing the geometry versus a 2D image; 3D scans
are made up of triangles or polygons that “replicate” the scanned object in “minute detail” [17]. Though
3D scanning has a long list of potential applications, of particular focus is its use in gathering
anthropometric data for design applications (medical devices, wearable products, and animation, to
name a few). Prior to the use of 3D body scanning, manual measurements were completed by a trained
expert; today, experts are continually realizing benefits of non-contact measurement methods, but often
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still question the validity of 3D scanning [18]. A common question regarding 3D scanning is whether the
3D scanned object, or body for anthropometric work, is accurately representative of the original object
or body in the real world. Many studies and meta-analyses have been done to address these concerns,
for many different types of 3D scan systems. Of specific concern for this work is the validity of the Artec
Eva scanner, as data for this research was collected via this hand-held system. Unfortunately, very little
work has been done to validate the Artec Eva scanner in terms of accuracy, as has been seen in the
literature for other scanning systems.

Previous applied work has used the Artec Eva scanner for development of custom 3D printed half-mask
facepieces to provide an air-tight seal between the face and respirator; this work found that 3D scanning
constituted a “viable option” for custom 3D printing of these facepieces, and that the fit of the face pieces
did create an air-tight seal with positive wearer assessments [19]. In another study, Artec Eva was
compared to the Romer scanner (considered criterion standard) for measurement of residual lower-
limb models; the researchers concluded that the Artec Eva scanner was a valid tool for data collection
in this context, with the mean percentage error (1.4%) falling within the acceptable range for “current
scanning technologies” [20]. Facial surgery research concluded that Artec Eva’s validity in data
collection is “more accurate” than a different scanning system called FaceScan3D, but both scanners’
accuracies were within the “same range” as other commercially available 3D scanners [21].

A weakness that exists in the literature is the lack of comparison between manually collected facial
measurements and 3D collected facial scans and subsequent measurements. One study in the field of
craniofacial anthropometry addresses this weakness: measurements were gathered both manually on
the face, and digitally from the Artec Eva scanner [22]. The researchers found that measurements
obtained by the Artec Eva “showed excellent reliability and accuracy” compared to measurements
gathered manually [22]. More research should be done to validate the accuracy of the Artec Eva for
facial anthropometry data collection as compared to manual measurement data collection. In the
present work, data were purchased from Human Solutions, and manual measurements were not
collected. However, based on the current literature, Artec Eva’s internal certification of 0.1mm accuracy,
and the comparative analysis nature (between demographics) of this work, use of 3D facial scan data
collected by the Artec Eva was deemed to be suitable [23].

1.4. Inter- and intra-rater reliability in 3D measurement collection

In anthropometric studies, landmarking must be done by either a human or a program to set locations
for where body measurements are to be gathered. In manual measurement collection, the measurer is
able to palpate the body for bony landmarks, which aids in precision of both landmarking and the
subsequent measurement. Because 3D scan objects exist virtually and statically, palpation is not
possible. Scan subjects with protrusive landmarks, such as a strong brow line or prominent cheekbones,
may be relatively simple to place landmarks upon. However, many people do not have such prominent
landmarks that allow for visual landmarking without palpation. Thus, the issue of landmarking on a non-
palpable 3D object poses potential limitations in terms of data reliability. Inter- and intra-rater reliability
scoring is a common way to address reliability concerns in clinical research (which includes
anthropometric research) [24]. Kouchi and Mochimaru (2011) maintain that these reliabilities are
necessary for evaluation of landmarking errors in 3D anthropometry specifically, as many former
research efforts have evaluated validity of measurements only [25]. These researchers compared the
inter- and intra-rater reliabilities of body landmarking on a 3D body scan, done by an expert
anthropometrist and a novice measurer, finding that intra-rater reliability was lower for the expert and
inter-rater reliability was not within the acceptable range as outlined by authors of the U.S. Army ANSUR
| survey [25,26]. In the present work, inter- and intra-rater reliability will be thoroughly investigated.
Elaboration of methodology for these reliabilities is found within the subsequent outline of methods.

2. Methods

Data for this research were purchased from Human Solutions, who collected the data from 2020-2021.
Each data collection participant (n=2022) self-reported on demographic variables of age, race/ethnicity,
and gender prior to scanning. Figure 3 shows the count and percentage of each race/ethnicity, in order
of most prominent to least prominent within the sample. 61.5% of participants self-identified as White,
27.1% as Black, 4.9% as LatinX, and 4.6% as Asian. This sample appears to be somewhat adequate
in representing the current workforce, which according to the US. Bureau of Labor Statistics was 78%
White, 12.1% Black, 17.6% LatinX, and 6.4% Asian in 2020 [16]. Statistical analysis will be done to
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adjust for discrepancies in the percent per race/ethnicity in the data sample populations compared to
the 2020 employed persons population. Data is not given in by the US Bureau of Labor Statistics for
American Indian, Alaska Native, Native Hawaiian, or Other Pacific Islander workers nor for Non-Binary
gender (0.25% of sample) [16]. Due to small sample size and lack of information about these
demographics’ occupations, these data will be omitted from analysis (n=1965). Figure 4 shows the age
and gender frequencies within each of the top four racial/ethnic groups (variable y axis count); White,
LatinX, and Asian participants tended to be younger, while Black participants’ ages were more varied.
The sample is 53.1% female, and 46.9% male.

Headscan Sample Demographics: Race/Ethnicity Frequency
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Fig. 3: Race/Ethnicity makeup of sample (n=2022).

Headscan Sample Demographics: Age Frequency
sorted by Race/Ethnicity, color by Gender
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Fig. 4: Age of sample, sorted by race/ethnicity, color by gender (n=1965).

After each scan participant reported on their demographics, a 3D head scan was taken by Human
Solutions using the Artec Eva 3D scanner. Hair was covered and compressed using a swimmer’s cap
to better capture scalp shape and not occlude measurements that include head circumference. Figure
5 shows an example view of the 3D scans gathered from each participant. On each 3D scan, landmarks
from Figure 6 will be placed using the Anthroscan tool from Human Solutions. To assess inter- and
intra-rater reliability, all landmark-placing staff will be assigned to landmark an identical subset of 3D
scans three times; from this, it will be possible to gather information regarding how reliably landmarks
are being placed by each staff member and between all staff members. After landmark placement is
complete, Anthroscan will automatically output the measures seen also in Figure 6. All landmarks and
measures used in this work were developed using ANSUR studies, NIOSH respirator studies, and
respirator fit expert input (Figure 6) [11,12,26,27].
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Fig. 5: Side front view of 3D head scan from Human Solutions (collected with Artec Eva 3D scanner).

Landmarks

9) Gonion

10} Submandibular
11) Glabella

12) Sellion

13} Prenasale
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Measures
(#: contour and linear, illustrated as contour only)
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2) Alare-Alare 12) Tragion-5ellion

3) Subnasale-Menton 13) Sellion-Pronasale #

4) Cheillion-Cheillion 14) Pronasale-Subnasale #
5) Top of head-Tragion 15) Pronasale-Alare #

6) Back of head-Glabella 16) Subnasale-Menton #

7) Tragion-Earlobe juncture 17) Submandibular-Menton
8) Tragion-Ganion 18) Sellion-Mentan (linear)
9) Gonion-Submandibular 19) Bizygomatic Width #
10) Tragion-Submandibular 20) Sellion-Dorsal Hump

Fig. 6: Face landmarks and measures for data analysis.
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After all measures from the n=1965 sample have been gathered and compiled into a dataset, the data
will be analyzed using multiple linear regression, principal component analysis, and clustering methods
in R statistical software [28]. Inter- and intra-rater reliabilities will be held to a standard of 75% reliability
(strong agreement) using Cohen’s kappa coefficient [29]. The results of analyses will make it possible
to provide design, sizing, and fit suggestions to mask manufacturers for workers based on ethnicity,
race, and gender.

3. Implications and Limitations

One limitation of this work is the lack of expert-gathered manual anthropometric measurements to
quantify differences in manual versus 3D data collection methods. We encourage future researchers to
continue to address the pros and cons of 3D scanning versus manual measurement collection,
specifically for facial anthropometry and using the Artec Eva 3D scanner.

This research seeks to understand how face shape and size differ across ethnic/racial populations, age
groups, and gender to provide useful information for respirator design, sizing, and fit. Previous research
in facial anthropometrics for respirator outcomes has not utilized 3D scan data, nor has the research
seen a sample that is representative of the diversity seen in the workforce. For these reasons, this work
is expected to fill a gap within the literature. Furthermore, reporting of inter- and intra-rater reliabilities
will allow for better understanding of the reliability of utilizing 3D scan data in future facial anthropometric
work. 3D scanning continues to become a strong tool for anthropometric data collection, and should
continue to be investigated in these contexts.
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Abstract:

Background: Previous research has emphasized the importance of facial anthropometrics (shape and size) when
considering ideal respirator fit. It is also known that facial anthropometrics vary by age, sex, and ethnicity; all of
which need to be considered in the context of respirator fit. The purpose of our research is to quantify the
differences in facial anthropometrics between Caucasian, African American, LatinX/Hispanic and Asian American
workers. The LatinX population are of significant interest given their higher rates of COVID-19 illness due in part to
higher ratios of this population working in "essential" jobs.

Methods: The 3D facial images for this research were recently obtained by Human Solutions North America using
the Artec Eva handheld 3D body scanner on n=2022 United States participant volunteers. The researchers will be
digitizing the facial scans to determine key facial dimensions for respirator and mask fit. Inter- and intra-rater
reliability tests will be conducted among the five research personnel that manually digitize the facial points
associated with the key facial dimensions. Demographics of the workers were also collected and included gender,
ethnicity, age, occupation status, income, and various health and lifestyle factors.

Results and Conclusions: An analysis of the demographic data for the 3D facial scan participants indicated that the
mean participant age is 34.6 years (SD=11.5), primary ethnicity was Caucasian (61.2%), and females represented
53% of the total sample. Digitizing of the n=2022 facial images is scheduled to take place between September
2021 and January 2022. Utilization of 3D facial data and digital extraction of anthropometrics is expected to
provide a greater amount of measurement and fit information when compared to 'traditional' measurement
techniques used in previous research involving smaller sample sizes. The significance of this research is the
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quantification of facial anthropometric differences across racial and ethnic backgrounds. It is expected that this
research will contribute to improved respirator fit and better face mask sizing to protect workers and the general
population that may be exposed to respiratory hazards such as wildfire smoke, agricultural dusts, and aerosolized
viruses.
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