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Fig. 1 Schematic representation of circular film

AR ey 4 U AR A s (o, 0) R IR A A
R B TR

OW _ (TP 100 109

o “Nor o o)

iﬁ*:W?@ﬁE?r()yEE’Ju% b o BT 3 JIE 4 [T A
PRAY 5 a Jy P AL R, o —; o T o B0 4 B2 I

(1)

B 5K 1 08 N o SR BN T L) 9 S T
AR 2 1 ik AR
W (k, 0,0)=0
’ (2)
W(r,0,t)=W(r,2rx,t)=0
FIFAW(r,0,0)=¢(r,0)Q(1),¢(r,0)=L(r)P(0),
K WO IR 43 85 A8 vk i =X (1) 43 85 0 A 5 o T
el
Zf+#P=m (3)
r*d°L  r dL ,
Ta: Lar + iyt =", (4)
ﬁ¢qaﬁ;ﬂ WA 0 N R SRR
(3)n] 1%

P(0)=kysin(n0+ ¢), (5)
APk H REL
R 20 (2) 1 2 B¢ 25 A, AT HEAS P(0)=
B AT A0 (5) B m ok B K
o (4) A 2 J5 ] UEAE 2 n By D

P(2n), 1

1SR AR SR As

L(r)=kJ(yr)+ kY.(yr), (6)
AT, W — R FER R Y, S 2 D FE R R
Bosk M k¥ w 28, BT L(O) AR, m
Y, (0)=co, Kt #ER (6) Bk, = 0. WX (2)Fim
B3RS L(R) =0, IR (6) AT 4L Ky

1(yk)= 0. (7)
WA () B S m D IEFE KN B W 0 k= .,
B Bom T B T
77777 - a—— |7/ — }) 8
w Fika bl b ook (8)

T o g LS AR 14 B i 5 A S IR T
HABE o,, /M%%Iﬁﬁﬁﬁﬁmdﬂ

7777777777 9
271 27t/€A ZTt/e 00h (9)

22 BHEEE ﬁ%éﬁﬁwﬁﬂ

K k- R B E 2 BN T Ok B E
BB TR AR5 B2 B EE . K 2 FiR G R &
B, WOt & & 006 &0 4y 6k 85 BS1 S 43 A
W, — B2 P BB IR T B i P 2% 1T S R 4T E] CCD,
7 —WAE RS H & R o F R B3k CCD, M AOE T
W) T ¥ E B CCD il sk o ¥R & A 3 1 A8
B, W06 E Rk 45 & A AR Ak, DT 5 B0 6 AR 6715 2
R AR o X D ) TR AR S B T B AT
AT A BB AR 51 A A 2 B0 2 80 R Y 2k B AR
T TR T AR 43 A ) S AE L, R I AT A B ED
AR E YRR L B E R . X TYIRTEIRSIBS
TEh B AL M R4, v 5L T[S vk si s, il
CCD M ML HL % 4 AR 75 2 — g By iF ), PRI 7E S 7
WA bR 1Y S SE PR bR A AL RS 1 R X e
JSN iU A0 S

sample  rigid endoscope lens BS2

il

acoustic excitation

BS1 2

mirror
filter

beam expander

laser

K2 Moy e B8 ot R B
Fig. 2 Schematic of digital holographic endoscopy interference
light path

WIARTE R 1E ARSI, CCD i 55 1y 3 B K ik =Xk

1507204-2



2505 £ 15 H9/2023 £ 8 B/ EHN,

1(a.y)=
A(x,y)+B(r,y)cos[go(x,y)Jr 2nf,x + ZTEfyy},
(10)
AR B 350 g T v 1 s R A A o R A
B BAR ST 6 225 06 2 6] (4 BE HLAE AL 22 5 7, F
S35 R 2 Ay il O 1) b A T 2

> W) VA A 2 T IR B0 N iR Sl A L AT LR R
Agp(x,y,Z)Z%[K<x,y)sin(wl‘)] (11)
Arp :K(I,y)sin(wzf)j'ﬂ Zﬁﬁzﬂ%1$i'§ﬁ"§<x,y)ﬁ%
WS BB, o K (2, y) MR IR, o 9 3 3 f
R4 B ) S 35 SO, 4 CCD B S R] Sy 4R 3 1 301

1) RS I PRI 2 0 i R P R A U
AxK
12(1,3})A(I,y)+B(.T,y>JO( T; )
cos| ¢ (2, y)+ 2nf.x + 2xf,y]. (12)
Horr T 5 — 2 F By D FE IR R AL
4
*E%Eft(m),lz(x,y)odo( ’;K),iz%%%ﬂﬁfﬁ]fé
PR (04 5 TR R A2 55— SR B DL 2R ok 85 ) 91 4
R AR BB S 00 IR 0 20 A3 A5 LR I A L AT A
LR 4, D P A I A A R TE — 21
B — AR, A AR e A B NS IR (R R
BRI 5315 C (2, y), SRR T LA S04 R AE SR B 5
AR AR R AL R

Im[ €} (2, y)X C(,y)]

a5

Ag = arctan

Re[ Ci (2, y)X Cola,y)]

oc arctan (13)

el

HT AR 2 ik P 2 — 2R A B DL 28R s B R
O 1 7o P B, 38 o 2% 23 P 6 T LA 75 fe s 412 380 A o7 i B
f 37, DA T 52 B A i 2 A g Rzl

3 MiHE KT

3 REMASEEEMBERRHIESZ MO HE
S
L R ) SR B A Ry TR M AT O 2 A R ) B 2 H
J A 2 e N i I A e AR o A A XS

it K A BROT 07 BB AE 20 B 1 20 L 30 40 RS A v
DL NG FE AR — B R S RS Al . S
HE S B Sy [BE 35 58, H AR 8 8~9 mm, J& 29
0.1 mm. M5 R, B W B A 4R 2h SR B9
Wl 5 HER JEEREECR T B, N
(L e g S N AP DEE DN RN 0 S (SN R e
15 mm JE BE R 0.3 mm (14 [ 1 H B8 A O BB REAS
FEAT A B B SR 5 AL J2 AR B . AT A A A
JER R SRR 1.

#1 MREE

Table 1 Material attribute

Material name Young’s modulus /Pa

Density /(kg-m™*) Poisson’s ratio
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Ca 1.486 <10’
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Fig. 3 Simulation results of first-order vibration modes of perforated films. (a) Defect-free film; (b) film with a 3 mm diameter

perforation in the center; (c) film with a 5 mm diameter perforation in the center; (d) film with an eccentric 3 mm diameter
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Fig. 5 Simulation results of first-order vibration modes of scratched films. (a) Film with a 3 mm scratch in the center; (b) film with a

6 mm scratch in the center; (c¢) film with an eccentric 3 mm scratch; (d) film with an eccentric 6 mm scratch
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Fig. 6 Section of amplitude of scratched films. (a) Section at y=0.1 of the centrally scratched film; (b) section at y=—3.7 of the

eccentrically scratched film
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Fig. 7 Simulation results of first-order vibration modes of calcified films. (a) Schematic of calcified film; (b)—(e) films with calcification

thickness of 0.1, 0.2, 0.3 and 0.4 mm, respectively
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Fig. 9 Experimental device for out-of-plane deformation detection. (a) Optical path system; (b) J0900D endoscopic otoscope; (¢) sample

fixture; (d) sound generator
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Fig. 10 First-order vibrational mode diagram of a defect-free film
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Fig. 11 First-order vibrational mode diagrams of perforated films. (a) Film with a 3 mm diameter perforation in the center; (b) film
with a 5 mm diameter perforation in the center; (c) film with an eccentric 3 mm diameter perforation; (d) film with an eccentric

5 mm diameter perforation
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Fig. 12 First-order vibrational mode diagrams of scratched films. (a) Film with a 3 mm scratch in the center; (b) film with a 6 mm

scratch in the center; (¢) film with an eccentric 3 mm scratch; (d) film with an eccentric 6 mm scratch
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Fig. 13 First-order vibrational mode diagrams of calcified films. (a) Film with calcification thickness of 0.1 mm; (b) film with

calcification thickness of 0.3 mm
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Vibration Modes Study of Defective Eardrum Realized Using Digital
Holographic Endoscopy

Ding Jianwen, Zhou Wenjing', Yu Yingjie
School of Mechatronic Engineering and Automation, Shanghai University, Shanghai 200444, China

Abstract

Objective

Ear is an important hearing organ of the human body. While hearing, the eardrum vibrates to transmit the incoming sound

to the middle ear, and the characteristics of these vibrations have a direct impact on hearing. Studying the vibration parameters of the

eardrum is extremely significant and valuable for the medical diagnosis of hearing disorders. In previous studies, researchers have used

digital holographic technology to detect the amplitude and phase of the vibrating eardrum surface. However, because of the intricate

location of the eardrum in the ear canal, the optical path structure is limited. Currently, the detection of key eardrum parameters relies

primarily on dissected samples. The correlation between the eardrum defects and vibration modes obtained through experimental and

simulation analyses remains unclear. Therefore, digital holographic endoscopy is proposed to study the vibration mode of a defective

eardrum, and an algorithm for spatial carrier phase extraction is implemented to detect the vibration mode. Compared with the fringe

pattern of the amplitude distribution obtained using the traditional image subtraction mode, the light and dark contrast of the fringes

obtained by phase subtraction is significantly improved. In this study, the effects of different defects in an eardrum on the first-order

vibration mode were verified, thereby providing a method and theoretical basis for the in-sizu detection of defective eardrums.
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Methods In this study, the relationship between eardrum defects and vibration modes was analyzed using finite element simulation
and experimental analysis. Owing to the difficulty in obtaining an eardrum, a silicone rubber film, which is commonly used in the
medical eardrum repair, was used as a substitute. In the finite element analysis, we studied the changes in the first-order vibration
mode of the artificial eardrum based on perforation, scratch and calcification. In the vibration mode detection experiment, we built an
optical path of the Mach-Zehnder interferometer for digital holographic endoscopy and used a sinusoidal signal excited by a speaker to
stimulate the resonance of the sample surface. Spatial carrier phase extraction based on the time-averaged method was used to detect
the amplitude distribution of the film surface in the vibration mode. Based on the changes observed in the amplitude distribution in the
first-order vibration mode for the artificial eardrums with different defects, the location and severity of the defect and their influence on

the vibration were analyzed.

Results and Discussions First, the theoretical analysis proves that using the spatial carrier phase extraction method to detect the
amplitude distribution in eardrum samples in the vibration mode is reasonable. In the finite element simulation and experimental
analysis, the vibration modes of the artificial eardrums with defects were analyzed, and the results showed that different defects affect
the amplitude distribution in the first-order vibration mode for the eardrums differently. For the perforated eardrum samples, the
amplitude distribution was analyzed by varying the size and location of the perforation. The results show that the amplitude near the
perforation increases significantly with the increase in perforation size (Figs. 3 and 4), and an increase in the number of fringes is
observed in the experimental results (Fig. 11). By changing the location of the perforation, the maximum amplitude shifts off-center
with the perforation, and the larger the perforation, the more evident the deviation. The amplitude distribution for the scratched
eardrum samples was analyzed by varying the size and location of the scratch. The results show that at the same location, the larger
the scratch length, the larger the surface amplitude of the film (Fig. 5), and the amplitude changes more significantly near the scratch
location (Fig. 6). The experimental results show an increase in the number of fringes, and the shape of the fringe near the central
scratch is flat (Fig. 12). When the scratch is off-center, the effect on the amplitude near the scratch is significantly greater than that at
the center. The amplitude distribution for the calcified eardrum samples was analyzed by varying the thickness of the calcified layer
(Fig. 7). The amplitude of the film decreases with an increase in the thickness of the calcified layer but is more evident at the location
of the calcified layer (Figs. 8 and 13).

Conclusions In this study, a finite element simulation method was used to evaluate the influence of different defects of an eardrum
on the first-order vibration mode. Digital holographic endoscopy was used to detect the vibration mode of the eardrum, and
experimental verification of the simulation results was performed. The simulations and experimental results show that variations in the
defects of the eardrum affect the first-order vibration mode, and the effects differ based on the size and location of the defect. From a
mechanical perspective, an eardrum defect leads to a change in the local stiffness of the structure. Perforation and scratches reduce the
stiffness, and calcification increases the stiffness; this leads to increased vibration of the eardrum near the perforated and scratched
regions and a weakened vibration near the calcification layer. This study shows the influence of defects on the vibration of the
eardrums by analyzing the distribution of the amplitude at the eardrum and the location and severity of the defect. This study provides

an optical detection technique for evaluating eardrum defects, which can help in preventing and detecting hearing disorders.

Key words medical optics; digital holographic technology; vibration modes; finite element simulation; deformation detection
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