JF———

{3 INDUSTRIAL AND MANAGEMENT d D s P
WY encineerinG, PosTECH s it

Ergonomic Design and Evaluation
of a Pilot Oxygen Mask

Wonsup Leel, Hee-Eun Kim?, Daehan Jung?,
Seikwon Park4, and Heecheon You?

1 Department of Industrial and Management Engineering,
Pohang University of Science and Technology (POSTECH), South Korea

2 Department of Clothing and Textiles, Kyungpook National University, South Korea
3 Department of Mechanical Engineering, Korea Air Force Academy, South Korea
+Department of Systems Engineering, Korea Air Force Academy, South Korea

Global Contributor to Eco-Techno-Humanopia




Contents

= Introduction

e Background
* Objectives of the Study

= Design of Oxygen Mask
= Evaluation of Oxygen Mask

= Discussion

h’f" INDUSTRIAL AND MANAGEMENT 2 ) Ergonomic Design
L& % ENGINEERING, POSTECH Technology Lab




Motivation

« MBU-20/P pilot oxygen masks (OM) designed based on USAF facial
measurements and shape are worn by Korean F-15/F-16 pilots

» Unfit to a significant percentage of Korean Air Force (KAF) pilots
= Excessive pressure and/or oxygen leakage at the nasal root
= High level of discomfort during flight operation

= Required a new OM design which is better fit to KAF pilots
Oxygen leakage

at nasal root

MBU-20/P pilot oxygen mask Excessive pressure
(Gentex Corp., USA) at nasal side d it
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Research Objectives

Development of an Ergonomic Design and
Evaluation Methods of a Pilot Oxygen Mask

1. Development and application of OM design method
v Development of OM design method based on virtual fit assessment (VFA)

v" |dentification the OM shape proper to KAF pilots
v" Evaluation of design improvement effect by VFA simulation
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2. Validation of the proposed OM design

v Development of usability evaluation protocol
v" Evaluation of discomfort, pressure, and suitability for military equipment
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Approach

] s N
S1 Face-Mask Interface Analysis @@n
= Analysis of face, oxygen mask, and face-mask interface @@ < P:nterface > @%
= |dentification of OM design characteristics S AT — Design Dimensions

S2 Mask Design Based on Virtual Fit Assessment

» Development of virtual fit assessment (VFA) method
» Improvement of OM design through VFA method
» Evaluation of OM design improvement effect

S3 Oxygen Mask Evaluation

= Development of evaluation protocols
» Evaluation of the proposed OM designs
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S1. Face-Mask Interface Analysis

» ldentified comprehensive characteristics among face, oxygen mask, and their
interface

* Discomfort

» Oxygen leaking

* Microphone-lip clearance
* Overall satisfaction

| Fa_c_ial Aimensions 3D shape Preferences OM design dimensions
Facial Anthropometric £ Oxygen Mask
Characteristics Interface Characteristics
g OMWearing, ‘x4 21 e T
Characteristics - cicarance ke
small narrow  medium narrow  medium wide large wide it gy ditapee (mm T '

Representative face models OM sizing system
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S2. Mask Design Based on Virtual Fit Assessment

» Used various 3D face images (n = 336) and simplified OM CADs

* Virtually aligned OM CAD to 3D faces based on the OM wearing characteristics

(wearing position, wearing angle)

location of
microphone base

S1. data loading S2. adjustment of vertical location

S5. evaluation of fitting S4. adjustment of angle
and minor adjustment
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Virtual Fit Assessment

» Identified infiltration distance as fit of OM design to the face

Less or no infi|trati0n on distance (mm)

= oxygen leakage _nasal

root
Jarea

nasal
side
area

J 1

(ww) uoned0| [eda1IBA

zygomatic
bone
area

surface of face
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Iterative Design Improvement Using VFA System

Infiltration distance (mm)
-10

S1. Design initial OM shape based on RFMs ;; e
S2. Evaluation of design improvement effect | _ =
using VFA |
\ lteration virtual fit assessment
S3. Adjustment of OM shape
(n = 336)
ig;iltraltgon distafllcoe infiltration distance
lack of fit S
at nasal root ‘ =
nasal side area
| zygomatic bone area .;w
. excessive fit —=
at nasal side | =
1 appropriate fit
%7 chin area Ei
existing revised




Design Improvement Effect Analysis

(n= 336)

» Evaluated the pilot accommodation percentage of OM design
* Increased fit of OM by 3% ~ 45% (mean = 27%) at the facial area
55.3% 82.3%
27% 1
20 10 -10 20 10 -10
56%I = : nasal bridge area | 19% 1
67% . nasal side area 22% t
=~ 21% = zygomatic bone area 45% 1
48% == : cheek area . 36% t
_=: ...... |
89% &=t chin area : 3% t
existing o revised




Comparison of OM Shape: Front View

« Widened the nasal area of OM (4 ~ 5 mm) for better fit

existing revised
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Comparison of OM Shape: Side View

» Revised the nose shape of OM to enclose the nasal area to prevent oxygen
leakage

existing revised
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Comparison of OM Shape

Comfortably enclosed
~ the nasal area of pilot
to prevent oxygen
leakage

Widened the
nasal area for
comfort fit to
KAF pilots

pressure
at nasal side

existing revised
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Evaluation of Oxygen Mask




OM Evaluation Protocol

* Participants

v 83 KAF pilots (M: 81, F: 2) currently using MBU-20/P
» Evaluation methods

v" Subjective evaluation

v Pressure evaluation using pressure film

v' Suitability evaluation for military equipment: PBG* mode, low atmospheric
pressure, and high-G situations

Subjective Pressure Suitability evaluation of
evaluation evaluation for military equipment

“¢

" PBG mode

‘pressure breathing for gravity (PBG): Supplying oxygen with high pressure in high-G situation
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OM Evaluation Procedure: Subjective & Pressure Evaluation

S1.

Introduction

\

y

Selection and fitting
of the revised mask

v

S2.

Evaluation on the | | Evaluation on the
existing mask revised mask

* Questionnaire
e Pressure measurement

(counter-balanced)

|

S3.

Debriefing
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Subjective Evaluation

« Wear OM for 10 min, then answer the questionnaire

« Evaluation items
1) Discomfort due to pressure (by facial area)
2) Oxygen leakage (by facial area)
3) Slippage of OM
4) Microphone-lip contact

5) Overall satisfaction 4
» Facial area: nasal root, nasal side, inner- and outer-cheek, bottom lip, chin

o 7-point scale (0: not at all; 1: rarely; 7: extremely)

nasal root
- . Evaluation | O Existing Mask
/ Oxygen Mask Usability Evaluation Mask = o o o . |
1 - [0 Revised Mask
nasal side
1. Check (+) how much you feel no rare | somewhat | sl aht moderate quite | ver v | extreme
\ . - . Facial discom! fort | discomfort | discom fort | di fort | di fort | di fort | discom fort | discomfort
discomfort by facial area. area
L] 13 # 33 43 53 6d ]
outer-cheek
[ o [} O m} [} ]
0 I 0 0O 0 m] [
~— inner-cheek o O o o | o |o|o
O O O O O O O
. m [ ] O m} =]
— bottom lip
m ( [} O m} [}
. O O O O O O O
chin




Results: Discomfort

* In-depth analysis on 32 pilots showing discomfort > 3 at nasal root or
nasal side with the existing mask

* Discomfort of the revised mask was decreased by 32% ~ 81%

quite discomfort 5

existing mask
m revised mask
¢ standard error

moderately discomfort 4

-------------------
0' '0

slightly discomfort 3 T : I
3'0‘ 29| 66i’ 28|
=0
somewhat discomfort 2 +— 73% / N/ 63%
: | 007 | 32%

rarely discomfort 1 -

N

0 4
: nasal nasal :cheek* zygomatlc bottom chin*  overall *
S root*  side® ? bone* lip* discomfort

----------------------

no discomfort

*significant at a = 0.05 18 2 Ergonomic Design
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Results: Subjective Evaluation

» The revised mask was significantly preferred to the existing mask in terms
slippage, microphone-lip contact, and overall satisfaction

existing mask
m revised mask
¢ standard error

quite slippery 5 quite contacted 5 very satisfied 3
. lightl isfied 2
moderately slippery 4 moderately contacted 4 slightly satisfied
80%
somewhat satisfied 1 -
slightly slippery 3 slightly contacted 3 .
0.3
normal 0 -
\ 43%
somewhat slippery 2 23 somewhat contacted 2
somewhat dissatisfied -1
: T %
rarely slippery 1 rarely contacted 1 10 AYZO slightly dissatisfied -2
no slippage 0 - no contact 0 —-— very dissatisfied -3
. * . . * . . *
Slippage of oxygen mask Microphone-lip contact Overall satisfaction
*significant at a = 0.05 19 | Ergonomic Design
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Results: Preference

existing mask
(2%, n = 2)

neutral
(24%, n = 20)

revised mask
(74%, n = 61)

KAF Pilots (n = 83)

e
] ,r
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Pressure Evaluation Protocol

» Used Prescale™ pressure film (Fujifilm, Japan) for pressure measurement

Sl Preparation of pressure film

l

Measurement of pressure (10 sec)

S2.

v

S3.

Scanning of pressure film

1

Processing of pressure film scan image
using Photoshop

1

Analysis of pressure distribution

S4.

So.
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Pressure Index (PI)

 PIl: 0-to-100 scale (0 = white, 100 = black)

* Pressure category: no (Pl = 0), low (PI < 40), moderate (40 < PI < 70), and high
pressure (Pl > 70)

» Facial area: nasal root, nasal side, cheek, and bottom lip
» Analysis criteria

v Average of Pl: mean value of pressed area where Pl > 0 PI.  Mpa psi

v" Moderately pressed area: number of pixels where 40 < Pl < 70 ;g 8’1(7) ;:

v Excessively pressed area: number of pixels where Pl > 70 100 020 29
| — Pl 270
(1200 p (high pressure)

, PIl=0 A\
nasay %ge nasal side (no pressure) Q ; \
: : Pl <40

(2000 px)
: Q (low pressure)

i
Ch%EK Pl = 40~70
§ (moderate pressure) §
“bottom lip s 1 e
# (2760 px)
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Pressure Analysis: Nasal Root Area (illustration)

» Average of PI: 25.2 » Average of PI: 10.0 (60% |)

» Moderately pressed area: 948 px » Moderately pressed area: 170 px (82% |)
» Excessively pressed area: 476 px » Excessively pressed area: 82 px (83% | )
20+ B 0 'f‘f b a0

120

¥
120 ‘

o . 7 7
" : 40
140 1 140 by 1
z NES
180 i E 160 d
150 - 150 "'1. | F =
.

200 B . o SR : 200 l._..__“,..__-_'_ o re
220O 26 46 60 80 100 120 140 160 WéO 260 220 220O ZIO 41'0 B0 80 100 120 140 160 ’IéO 260 220 0
Existing mask (size: small narrow) Revised mask (size: medium wide)

=3 INDUSTRIAL AND MANAGEMENT Ergonomic Design

% ENGINEERING, POSTECH 23 Technology Lab




—— existing mask

R eS U I tS e reVised mask

* Pressure of the revised mask was decreased by 11% ~ 25%

* Moderately pressed area (40 < Pl < 70) of the revised mask was decreased
by 24% ~ 33%

« Bottom lip: discomfort score was lower = comfortable fit

Average of Pl Moderately Pressed Area
* FT x (B
n&sal root / J 2(%sal root [ J

overall
: 0] I3
(.| ) (.|
- bottom lip cheek ~bottom lip =~
() | [

*significant at a = 0.05 54 2 Ergonomic Design
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Suitability Evaluation for Military Equipment

« Evaluated OM suitability in the extreme environments of OM usage

PBG mode

Low atmospheric
pressure

High-G

Evaluation
facility

Combined Aircrew
Systems Tester (CAST;
Gentex Corp., USA)

aviation physiology
training chamber

high-G training
simulator

# participants

20

5

5

Subjective evaluation

Subjective evaluation

» Subjective evaluation

Evaluation . .
* Video analysis of
method .
mask slippage
combined aircrew :
systems tester
Image 7

“pressure breathing for gravity (PBG): Supplying oxygen with high pressure in high-G situation
25
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Results: PBG and Low Pressure Situation

The revised oxygen mask was found stable and secure in PBG mode and
low atmospheric pressure situation

Any noticeable usability problem was not reported on the revised oxygen
mask

PBG mode (n = 20) low atmospheric pressure (n = 5)

Ergonomic Design
Technology Lab
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Results: High-G, Subjective Slippage

» Subjective slippage of the revised mask was significantly decreased by 86%

(n=15)

$ standard error

quite slippery 5

t(4) = 2.95, p-value = 0.042

moderately slippery 4

slightly slippery 3 [

I
2.8
\86%
somewhat slippery 2 +——

rarely slippery 1 +—— \

existing revised
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Results: High-G, Slippage Distance

» The slippage distance of the revised mask was decreased by 31% ~ 83%
(mean = 47%)

L 1 290G

Existing Revised

i

Bl
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Discussion (1/2)

« Designed OMs for various face shapes of KAF pilots by virtual fit assessment
= Quantitatively evaluated design improvement effects before prototyping

» Validated OM design with OM users
= Proposed quantitative evaluation of pressure using pressure film
= Introduced suitability evaluation in the simulated OM usage environment
= Validated the OM design method

| kS )|
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Discussion (2/2)

* Support more comfortable and safe flight
v" Reduce discomfort due to excessive pressure & oxygen leakage
v Improve satisfaction
v Increase combat power

 OM design method using 3D facial scan and virtual fit assessment
applicable to ergonomic product designs

v Other types of mask: military gas filter mask, industrial dust-proof mask, industrial
gas filter mask, firefighter’s full-face mask, and diver’'s mask

v" Wearable products: goggles, helmets, gloves, shoes, and clothing
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Q&A

Thank you for your attention!
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Korean Male Pilots (KMP) vs. USAF Male Personnel (UMP)

2011 KAF 3D facial anthropometric data (Lee et al., in press) 1967-1968 USAF facial anthropometric data

« Mean - Lengths: KMP > UMP (d = 1.0 ~ 13.3 mm)
- Widths: KMP > UMP (d = 3.1 ~ 14.7 mm)
- Nasal root breadth: KMP > UMP (d = 5.2 mm) = high pressure

= The size and designs of OM need to be custom designed to KAF pilots

face width head length
KMP(156.4) > UMP(141.9) | KMP(188.3) < UMP(198.7) ‘

<

A
head height
KMP(241.0) > UMP(227.7) nasal root breadth

[ KMP(20.6) > UMP(15 4\

B ,ﬁ
Yl -!!-Qy, (W

S
I'.\ ! :
bitragion-menton arc
KMP(318.2) < UMP(327.0)

nose length ¥

KMP(55.0) > UMP(51.3)
— \

face length
KMP(125.0) > UMP(120.3)
v

lip width — KAF male pilots (KMP)
IP(49.9) < UMP(52.3) 32 — USAF male personnel (UMP)




OM Wearing Characteristics Analysis

* Analyzed OM wearing characteristics using photos of pilots wearing OM
and 3D scan data of pilots

S1. Mark key features of the face & OM  S2. Attach the phot o film to a monitor
on a photo of a pilot wearing OM

s S3, Allgn the 3D face and OM on CAD software
= with those on the photo :
829 excneeriv, posTeCH by referring to the marked features & Lo




Correlation Analysis Between FMI Factors

Analyzed the correlation between facial characteristics, OM wearing
characteristics, and user preferences

Identified characteristics highly related to the OM design by considering
correlation coefficient (7), p-value, and plot

« Highly correlated: r > 0.7
* Normally correlated: 0.4 < r< 0.7
* Lowly correlated: r< 0.4

* Discomfort
» Oxygen leaking

User  Mic-lip clearance
Preferences
- Interface
Facial Anthropometric . M§sk .
Characteristics OM Wearing Design Dimensions

« 22 facial dimensions Characteristics
» Wear position

* Wear angle
 Clearance

* Fithess

H"i'?“ INDUSTRIAL AND MANAGEMENT » .-
V0% ENGINEERING, POSTECH

Ergonomic Design
Technology Lab




OM Design Strategies: Nasal Width

» Wider nasal root breadth (1) = higher discomfort at nose (1)

= Application to OM design: Widen the nasal area of OM (5 mm) considering
the difference of nasal root breadth between KAF pilots (20.6 mm) and
USAF personnel (15.4 mm)

discomfort
at nasal root r=034

extreme discomfort 5 L

4

3 L 4 4

2 L & 4

1

no discomfort 0 . . . . . .
0 5 10 15 20 25 30

nasal root breadth (mm)

.".:li:‘.'ﬁ
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Discussion (3/3)

* Improve the VFA system considering material properties of face and mask
by referring to previous research on mask fit based on finite element
method (Butler, 2009; Yang et al., 2009; Dai et al., 2011; Lei et al., 2012)

* Improved VFA method can be validated by comparing to pressure
measurements

* Results of the improved VFA can be more accurately applied to design OM

LS-DYNA user input

LS-DYNA user input
Contowrs of Pressus . Contours of Pressure Fringe Levels
*ii"'-g;-:lz;m ©elom 3141 max ipt. value
ol gl B min=0.0412566, at elem# 15183  1.655e01 _
max=0.165491, at elem# 12854 1.448e.01
Fringe Levels ’
1998002 1.241e01
*-mm] 1.035e.01 _
3.990e02
3491002 8.279e.02 _
2993002 _ 6.212e02 _
felty 4144002
1.9950.02 -
1496002 _ 2.077e02 _
———— 9.286e05
4.988e 03
mmoua] -2.058e-02 ]
N 4.126e02
wd
Analysis of pressure between face and mask Analysis of air flow in mask
(Dai et al., 2011) (Butler, 2009)
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