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Ultrasonic Doppler sensor?| i ArZ1 =% ZHd|

Q Ultrasonic Doppler sensor, microphone % IMU EHXj

O HESLHZ ga] g7 &8F 4 ol KUT WE2 of7f AXIE 7|7 E7

Microphone & IMU
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Ultrasonic Doppler sensor?| it 421 =% ZH]

Q Ultrasonic Doppler sensorg &of L& 2| 22 F78

ground

B Transmitter
B Receiver

38

.4—»—».4—

m%

——~"———313 Curved surface
\ k-

=133 for adhering to the neck
- Ultrasonic Doppler sensor:
-‘_______‘.'-‘-‘—‘—’- measurement of movement
of the target
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SMAS Mo Hekel M

Q =l peaks, starting/ending pointsE & Z&5}10] 57}X| & dEkel HE FE
1. Peak amplitude 2. Number of peaks
3. Peak-to-peak interval 4. Energy

4. Duration time

'

@3 duration time

[
»

|
1
12 4 : < S
: |®peak to- i :
----------- - Kint \)'.al |
10 - 3 eak inter |
I I
E 0.8 e ! I (@ number of peaks
= 3 : (e.q., 2 peaks)
(O] = 1
o] o
= © I
Q x I
£ 04 3 |
< Q :
© I
0.2 1 :
startlng ending
0 50 100 150 200 250 300 350 400 450 500

> Time (m
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AtZ1 =M Software

L EEY AN, S8 HA, 7t5E A9 A A[ZHHIO[E] A Zte}

O
QO 24 #H| 8l starting/ending pointsE % clickst] X|H 7ts
O

2AIZE S8 Al msec T Al SEE MESHK VFSS2 @7 40| 80|

Analysis Left

Plottmg

{ N | E——

53 54 55 56 57 58 59 60 61 62 53 54 55 56 57 58 59

|
¥ |
00 l. - ‘. .. .- _ :
I;l " e = R
s Juration Time ms Peak Threshold Analyze
jumi aKS

3 54 55 56 57 58 50 60 61 62 53 54 55 56 57 58 59 60 61 62
— 2 "
u} L
1' - Jeal itudes 1\
Ml A 53 64 55 56 57 58 50 60 61 62 53 55 56 57 58 50 60 61 6
A - 00:59.91

Ml ot

X gjo

rﬁsec CtQ| A|ZH K M.
VFSSe} dstot Al
UX| 7I5

54 56 56 57 58 59 60 61 62

LT RT Bolus: Stop

( Ca W W e
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QO A™ FoX}E: n =300 (HaQ)
O =73 data: SMAS data, L}0|, &

Q F7t L E3e 2=

> = 3ml, 9ml
» 252 3ml, 9ml
O 2" "WI7LHe 7|1E
> CV(Coefficient of variation) 2¢1S S5l Bt=d0| &H =Qlkl= 4% (0.3 7|&F)
> & SO HXTE XMSLE Qs M= TF Ho| HHEX| b= E

o
a
microphone & IMU

ultrasonic Doppler
sensor array

B G

/é\ INDUSTRIAL AND MANAGEMENT
i ENGINEERING, POSTECH 12




* Gugging Swallowing Screen

b, Prelininary investigation /Indirect swallowing test

Yes No

A Vigilance (alert for at least for 1Gminutes) 1[v] [1]
> I- 9 | II- OH —_'I—I- E‘ I-I E II Cough and/or throat clearing (voluntary cough) 1] 0]

g o — o Saliva swallow:Swallowing successful 117 0
Drooling 0] [N
Yoice change o [

S| E t A B. Direct swallow test

‘/ GUSS(20 (| Severl yT z | l) Liquid Semisoil Id Solid
Deglutition: Swallowing not possible 0[] 0[] 0]
Swaliowing delayed il Tl iC
Swallowing successful 2[4 2] 2]
v ASHA-NOMS(7 scale, severityt = E=|) i e ™ =
y M [iEd [ iT]
Drooling: ‘Yes 0[] 0[] 0]

Nor 1 1 1

\/ Voice change: Yes [ [1] ]

No 1 1 1

DOSS(7 scale, severityt = &) il
ASHA-NOMS scale [ Level 2 /7
i Oral Intake Scale [ Level 2 /7

> SMAS data(57 X| measure)

[E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 Total score 0O

o
o2

= BISA-15
B1 B2 B3 B4 BS B6 B7? B8 BS
E:' |_ HAI- "‘l H E BIO BIl B2 BI3 B4 BIS Total score
Q E7h O3z Hh=)

* Clinical dysphagia scale

o

Location Hon-sten lesion - O ] Sten lesion - 5
| T-cannula Hone - 0 [] Existence - 25
> E 3 ml 9 ml Aspiration [ Hone - 0 [ Existence - 10
’ Lip sealing intact - 0 [ inadequate - 2 [] Mone - 4
Chewing and mastication intact - 0 [0 inadeauate - 4 [] bone - 8
Tongue protrusion intact - 0 [] inadequate - 4 [] Mone - B
> i | 3 ml 9 ml Laryngeal elevation [J intact - 0 inadequate - 5 [] More - 10
= Reflex coughing Hone - 0 0 Emm?e -
Before[ ] |Swa\|uwm9D ‘ after[]
Total score 0 -100 5 E

Q =d 87tAe 7=

CV ¢t =Hels Soff H=5d0| &7 &elk[= 9 (0.3 7[F)
A

>
> o S8 dXS Motz 2ol M=t A SEEX He 87
13




Experimental Design

O &%
1) Thin liquid (‘& <): 3, 9 ml
2) Thick liquid (2Z2): 3, 9 ml

38 % 8% 471X

_|_E
I-;’:! o Tr X

O
=
I
0>

Q 5 MY 315 123](= 471X x 33)
Xt
o

H|: Ultrasonic Doppler sensor-based system (SMAS-X05)

SMAS-X05
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Experimental Procedure

X & AEAIZE: 15 min
s AlS B2X MO
S1. Informed consent == Ee
T =AY FO S2M EY
min
S2. Exercise = SMAS & Sl Az 290l
(5 min)
. ) = Zf AZI0f SMAS 334 B
S3. Swallowing session L N N
=AY I F SMAS Mz il of g 2ol
(5 min)
. g = A AT 20
S4. Debriefing R .
- E°|:'|I 7&'%'5'60'6" 04—1— %.I'ol_l
(2 min)
& INDUSTRIAL AND MANAGEMENT Ergonomic Design
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Data Preprocessing

-

33| HHE M 20| et CV(coefficient variance) 22l

Raw data Data Preprocessing

HAHZ|&=:CcV<05

Processed data
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SMAS Data =AM

Q Viscosity, volume H3t0|| [HE FaFd 240l

Q 42, 2Xp B 4 H|

—

* Gugging Swallowing Screen
(msec)
1,200 A. Preliminary investigation /Indirect syallowing test
122(; - & ; & et [ ot Yes Ho
Durati = = - = = —
‘::::::“ 00 MOl | § -44%| 4 53% Vigilance (alert for at least for IGminutes) T+ oLl
1) 200 e -3.6% 8.1% Cough and/or throat clearing (voluntary coush} 1+ 0[]
LN | | | B | e Saliva swallow:Swalloving successful
O e & e e m Drooling
i : oo O e Yoice change
Thin 3 ml Thin 9 ml Thick 3 ml Thick 9 ml
B. Direct swallow test
(mv)
0.80
0.60 HE? %1t
Peak o0 = = N - B A [ § 96%| 4 28% Swallowing successful z
amplitude g e -3 I i B 3]
e . T 52% 79% Cough(involuntary): Ves
0.00
Thin 3 ml Thin 9 ml Thick 3 ml Thick 9 ml
)] TOTAL SUM: g /20
30 4 ASHA-NOMS scale | level 2 /7
Nomber 25 HEt IR Functional Oral Intake Scale [ Level 2 /7
20
of 15 = 3 . = 3 il Haol [ 4 52%] 4 7.8% « EAT-10
peaks 10 2x 3.9%) 2.4%
(NP) 0s [ET e E3 E4 5 E6__ E7 8 E9 EI0___ Total score 0 o
0.0
5 5 n A n S * BISA-15
Thin 3 ml Thin 9 ml Thick 3 ml Thick 9 ml
B1 B2 B3 B4 BS B6 B7 B8 B9 Total 0 =
otal score
(msec*mV) BID B11 B12 B13 B14 B15 -5
3000 ,
250.0 q L. )
2000 ) gt * Clinical dysphagia scale
Power 150.0 = = _ Auel | §-188%| 4 64%
(PW) 1000 z 1 N I st 9.1%) 13.9% Location Hon-stem lesion - O [ Sten lesion - 5
50.0 T-cannula Hone - O [ Ezistence - 25
00 X 3 n Ao o A Aspiration Hone - 0 [ Ezistence - 10
Thin 3 ml Thin 9 ml Thick 3 ml Thick 9 ml Lip sealing intact - 0 [ inadequate - 2 [] tone - 4
(msec) Chewing and mastication intact - 0 [ inadequate - 4 [] tone - 8
1000.0 Tongue protrusion intact - 0 [ inadequate - 4 [] None - 8
800.0 L ey ol 1 1 ME ¢ of 1 Laryngeal elevation [] intact - 0 inadequate - 5 [] tone - 10
Peak 600.0 e = ] Existence - 30
interval = B | §-17.5%) £234% Reflex coughing Mone - D Ll
e -
(Pl 400.0 Rt 5.3%| 4 14.9% Before[ ] ‘ Swallowing[] | Ater[]
2000 Total score 0 -100 5 H
0.0
( Thin 3 ml Thm 9ml Thick 3 ml Thick 9 ml
INDUSTRIAL AND MANAGEMENT y Ergonomic Design
L=\
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SMAS Data =4: Viscosity, Volume

Q

s

o1, Bato

-,

[1ot

IRto] 52 At YX| 2ol
» Viscosity 1 = peak amplitude, duration time |

» Volume 1 = peak amplitude, duration time 1

a2
Measure Factor o|HE] M3 Gi7 | AT May g1 Xy A H| 2
n=120 n=24
( ) ( ) dAol (n=300)| EXt (n = 60)
Viscosity 7t (2 20%) ZH2(26.2%) ZH2(9.4%) 2 (7.2%) x|
Peak amplitude
Volume &7} Z7H 20%) Z7H12.3%) S7H2.7%) Z7H7.6%) AUX|
Viscosity 7t - ZHA(1.4%) 22 (3.1%) ZH4(4.8%) x|
Duration time
Volume 37t - Z7H5.6%) S7H4.6%) Z7}3.5%) U]
/é\ INDUSTRIAL AND MANAGEMENT y Ergonomic Design
i ENGINEERING, POSTECH 18 Technology Lab



SMAS Data &AM: ™

o

AFO|

L

Q Duration time, peak amplitude, energyOi| A 44 211t 3+X}tO| Xt0| ZHol
ok O
0 Peak amplitude®} energy2| A2 | A}
{ “msec) Duration Time \I,' - 0,80 Peak Amplitude \‘,
1 1,000 TR 1
D ao | LB o B z i :
| 800 _ = _I _ f 00 | ) :
I 600 Het | ¥t W o4 ~ = N _ =1 | %t |
1 1] 1
1400 YOl | ) -3.1%| 4 46% I 020 YOl (§ -94% | 4 27% !
1200 il i
i ghxt -4.8% | 1 35% M o0 L_L 1 1 Etxt 72% | 1 76% !
1 0 Oy Qe 09 O %) n Qg £ ig & ig G isg G !
] A d A B & BB n Thin3ml Thin9ml Thick3ml Thick 9 ml !
o Thin3ml Thin9ml Thick3ml Thick 9 mi AN <
----------------------------------------------------- ,r N
30 , Number of Peak ! 3000 Energy \:
2.5 12500 H
2.0 M ¢ %+t ! 2000 - - 1
= ES =, T == 1 = = HE t 2 T
1 : : HAOI (4 64% |4 68% | 100 i} L - N = =
1.0 — i 100.0 & g4l |J-183% |4 6.5%
0.5 Xt 48% |1 06% ' 500 - i
0.0 ! Xt -78% |1 8.5%
: O Qo O ¢ % 0o 0o ¢ 1 0.0 OA R) " 0 Q) " 1
o TN} oI R R R & 1 & R el AR B R [
Thin3ml Thin9ml Thick 3 ml Thick 9 mi '\\ Thin3ml Thin9ml Thick 3 ml Thick 9 ml ,ll
10000 5 Peak Interval
800.0
L I I I
I T
600.0 T ES ElE 1 C‘)Dt 1
1000 Al Y -88% | 4133%
200.0
00 gt 33% | 1 46%
/é\ INDUSTRIAL AND MANAGEMENT &% &2 & & 8 & & & \ Ergonomic Design
m ENGINEERING, POSTECH Thin3ml Thin9 m| Thick 3ml Thick 9 ml Technology Lab
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O Machine learning 7|8t AZl &0
» Data
v ™"AMO1 3009, A2 AOH 2HXF 603 2| SMAS data

» Variables
v Independent: SMAS & & 57}X|(duration time, peak amplitude, number of peaks, impulse, peak interval)

v Dependent: /2 20l 2tXt 0] &

> X8 model

Random forests

XGBoost

Logistic regression

Support vector machines (SVM)
CNN

AN N N N

/é\ INDUSTRIAL AND MANAGEMENT y Ergonomic Design
smme ENGINEERING, POSTECH 20 Technology Lab



HE 23 85 X &

O Machine learning 7|2t &/ Z Zoff T& 2 E 671X| 4
> MEE (Accuracy): MA| £ 5 ZEHO| Hatol HEZS £

True Positive + True Negative

Accuracy =
Y Total Predictions

1o

> BIZHE (Sensitivity): MM 2 20l AL S0 X2 THHE H

True Positive

Sensitivity = — ,
y True Positive + False Negative

> 0|k (Specificity): &N Z HAQQ AL F0| Aoz THHE H|Z

True Negative

Specificity =
pecificity True Negative + False Positive

> ‘AR (Precision): L 20| 2tz LS 32 T A A 2HAtQ| H|=

True Positive

Precision =
True Positive + False Positive

> F1-Score: precision2} sensitivity2| Z=z} H1

Precision X Sensitivity
F1=2X

Precision + Sensitivity

> ROC-AUC: AH| StXIQ} HAOIS LB =X| LIEI = M
21



ZHH o B Data Preprocessing

ol F T R & =32 2|ot data set

v 8ol A 360071 (300 x 12tH), BHAF A2 7207 (60Y x 12H)
v 1EY 127112] 2 data (2 viscosity (thin, thick) x 2 volume (3ml, 9ml) x 32])

v HAOl dataE 60, 120, 180, 3002| 47}X| =gto 2 1M

» Data preprocessing
v &Y =33 BtE &0 CHsH CV(coefficient of variation) 0.5 O| &Y AL O| & X| 2 XA

v SMAS A 0] L8 min-max normalization =%

» Random data split
v Training data: 70%
v' Test data: 30%

/é\ INDUSTRIAL AND MANAGEMENT . Ergonomic Design
‘sme ENGINEERING, POSTECH 22 Technology Lab



I B9l Data Preprocessing

0 CNN(Convolutional neural network) model =&
> Input data: & & A| LIEfLEE= I image
» Data preprocessing - padding

v NE Zo| Y SYE MY MO NS 0| Zo|7t 2t 7y 2 MEE 7|FE0E 59

=

v" Null data & ¢¥: 2= data®| Z0|E 7|0 7| 23l null data & &

Padding =3 Of|A|

Amplitude (V) Amplitude (V)

sot I /_\/\ sof T /\/\ Null data &€
S02 I T~ : S02 x SN~ .

Time (;ec) Time (sec)
803 I /\/\ S03 I /\/\

5300 T SN~ i 8300 T SN~

/é\ INDUSTRIAL AND MANAGEMENT - Ergonomic Design
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L ol Al (119

O X model & XGBoost2t Logistic regression0| 7t& Lot 452 LIEFH

Data sets
Model Accuracy Sensitivity Specificity F1-Score ROC-AUC
A Fof Xt Hapel
_ Random Forest [ | 08 0.74 .08 [ 073 0.86
I XGBoost 0.85 0.74 0.89 075 0.85 :
: Logistic regression 60 60 0.85 0.74 0.89 0.84 0.75 :
ST TTTTTTTT I o [ oes | o | o | os0
CNN 0.70 047 0.90 0.79 0.60
Random Forest 0.72 0.21 0.94 0.85 0.31
XGBoost 0.74 0.26 0.94 0.85 0.38
Logistic regression 60 120 0.74 0.26 0.94 0.84 0.38
SVM 0.75 0.17 0.99 0.77 0.30
CNN 0.68 0.64 0.70 0.74 0.57
Random Forest 0.80 0.13 0.99 0.85 0.22
XGBoost 0.81 0.18 1.00 0.87 0.30
Logistic regression 60 180 0.81 0.18 1.00 0.84 0.30
SVM 0.79 0.08 1.00 0.76 0.14
CNN 0.74 0.20 0.91 0.73 0.27
Random Forest 0.86 0.00 1.00 0.84 0.00
XGBoost 0.86 0.03 0.99 0.81 0.05
Logistic regression 60 300 0.86 0.03 0.99 0.78 0.05
SVM 0.86 0.00 1.00 0.77 0.00
CNN 0.78 0.25 0.88 0.67 0.27




L ol Aol 219

OHM

O 2xte0d, Y40l 60 data setOf A 7HE £2 H&0| LIEH
> LIE data setO| M accuracy= =2 ™O|X| Tt sensitivity7} &&=

» e 7t 20{E +5 sensitivity/t L0y

- :
Data sets : :
Model N Accuracy : Sensitivity : Specificity F1-Score ROC-AUC

A Fof Xt Hapel I I
Random Forest 0.82 i 0.74 i 0.86 0.73 0.86
XGBoost 0.85 ! 0.74 | 0.89 0.75 0.85
Logistic regression 60 60 0.85 I 0.74 i 0.89 0.84 0.75
SVM 0.71 i 0.66 : 0.74 0.77 0.60
CNN 0.70 : 0.47 : 0.90 0.79 0.60
Random Forest 086 | 000 [ 100 084 000
XGBoost 0.86 : 0.03 : 0.99 0.81 0.05
Logistic regression 60 300 0.86 I 0.03 ! 0.99 0.78 0.05
SVM 0.86 ! 0.00 - 1.00 0.77 0.00
CNN 078 1 0.25 I 088 0.67 027

l- |




ol
e =

ol A1} (3/4)

O 260, HAQ 60H data setl| XGBoostO|A] 7H& £ 2
» Accuracy: 0.85
» Sensitivity: 0.74

» F1-Score: 0.75

350l LtEt

ot

» Precision: 0.77
» Specificity: 0.89

XGBoost ¥ M=

True positive rate

Receiver Operating Characteristic: XGBoost

1.0 1
Data sets
Model Accuracy | Sensitivity | Specificity | F1-Score ROC-AUC .|
x| el
,I-— 60 0.85 0.74 0.89 0.75 0.85 Ié e
e 2
120 0.74 0.26 0.94 0.85 0.38 g
XGBoost 60 £ 041
180 0.81 0.18 1.00 0.87 0.30
300 0.86 0.03 0.99 0.81 0.05 02 |
Train ROC-AUC: 0.9588)
—— Test ROC-AUC: 0.8493)
0.0 4 N XGBoost
0.‘0 0.‘2 0:4 0.‘6 0:8 l.‘O
i False positive rate
/9—\ INDUSTRIAL AND MANAGEMENT 26 4 Ergonomic Design
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ot o E A} 49)

0 =Xt 603, 42 3008 data setl| 4% MurH QI BE d50| XA LtEHH
» Accuracy: 0.86 » Precision: 0.33
» Sensitivity: 0.03 » Specificity: 0.99
» F1-Score: 0.05

XGBoost B M&

True positive rate

Receiver Operating Characteristic: XGBoost

1.0 1

Data sets
Model Accuracy | Sensitivity | Specificity | F1-Score ROC-AUC
axb | Hayel

(B

0.8 1

e
o
L

60 0.85 0.74 0.89 0.75 0.85 ;lé
120 0.74 0.26 0.94 0.85 0.38 £ 04
XGBoost 60
180 0.81 0.18 1.00 0.87 0.30
I 0.2
il 300 0.86 0.03 0.99 0.81 0.05 |

Train ROC-AUC: 0.9351)
—— Test ROC-AUC: 0.8091)
0.0 : XGBoost

T T T T T T
0.0 0.2 0.4 0.6 0.8 10

False positive rate

/é\ INDUSTRIAL AND MANAGEMENT y Ergonomic Design
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Discussion (1/2)

Q 37}X| measure(peak amplitude, energy, duration time)|A{ &2 ZHof

ghxret gl 2ol f2olet Xto| mfef

0z
oV

ZHOf SHXFI7L M 4O H Tt duration timeO| ZA| LtEFL

O 2tX+2| peak amplitude2t energy”/t H& QI 2Lt A LIEHH

L X
0z
oV

Q 57tX| machine learning 22l S Soll o4 & 2E ds =0l 9l i
v" Random forest, logistic regression, SVM, XGBoost, CNN
v ddlnt 2xtel =5 6022 SUSHA =SS [
v Data set0| ZtH 210] XGBoostHA| &2 T 50| LIELE

v HAQI0| B2 AL data ER YO Z sensitivity7} %Al LIELS

f=5 E ic Desi
) Azl 280} TL?J.‘,’.:T,'I‘L; ol




(2/2)

ISCUSSION

D

ot A| &

Q ©

Xt =(60)7} &CHE 22 X0 data

Of A LIE}

2t
o s

(=]

2=(300)01| H|3H

X AFO|
O O -

v

Lt
[

=3
o

f

sensitivity, precision

)

(=)
—

O{ 520f| CHaf A2t

Of

A0

ALZ1 X}
(s

X} datae=

v

ol

Bl
foF
K-

or

Klo

O|

—

<0

i

=M™ E| normative data += =3

Ergonomic Design
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