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c  ⋅  

ħ  ⋅

Wp   

Ea   

kb   

λ  

Ψ  

ω  

σ  ⋅

∇  ∂/∂x1, ...,  ∂/∂xn

∇

δ   

ν  λ

μ  ⋅ ⋅

μx x ⋅

w, g, h, l 

χ  εr - 1 

ε0  ⋅

εr  ∈ ℝ

υ  ∈ ℕ 
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CnH2n+2, n = 10

H-C-H → C=O

C=O



T

Ea kb

b

a
a exp( , )

E

k T
f T E A t 

 
 
 

t T 

T

A = 1
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
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δ

δ

ν (cm-1) = 1/λ λ = c/f c f

β(ν)



ν ( )A cd  ,

c 

β(ν) d

c ≲ 0.1

A

δ



 

A ν 

ν0

C=O ν0

νn ν0

n νn cm-

1

ν0

J

J = 0, 1, 2, ... N

J(J+1)

νrot(J) = BJ(J+1)  B = h/(8π2cl) = const. 



νrot(ΔJ=1)= 2B l =  

c = 

ν0, 

ν0

k

ν0

νvib

k

U(r) ≅ k(r-re)
2

 k = d2U(r)/dr2

m1+m2 ω0 = (k/𝜇mass)
½  𝜇mass = 

m1m2/(m1+m2) υ+½

υ = 0, 1, 2, ..., N

∝ (υ+½)ω0 E

υ0  υ1 ΔE = E((υ+1)+½) - E(υ+½) = 

E(υ),  E = ω0ħ υ 

= 1

 vib 0 / 2 c   .        

ν c



 

υ = 

0 → υ = 1 υ

ψ(x,t)

|ψ>

υ  

υ |υ>

|υ0>  |υ1>  <υ1|μt|υ0> ≠ 0  μt 

μ

E ∝ μ

I ∝ E2 A ∝ I

 re

 2

tA r

 

 

t 1 t 0

1 e 0        

 

( ) /

r

r r r r

   

  

 

  



  

<υ1|r-re|υ0> υ1 = ± 1 (   

ν

A



   
2

t vib( )A cd   

β 

c 

 d. The  d 

 

k U(r) U(r)

C=O

C-H C=O

νvib

C-H C-

H νC-H = 730  2950 cm-1 C-C

νC-C = 1400 cm-1

C-H 2950 cm-1

νC=O ≈ 1710 

- 1730 cm-1 C10H22

νC-H-



C10H20O

νC=O
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0 r /C A d 

ε

ε

p α ε

α [38, 43]

p ε

ε ε

ε

C=O



ε

ε

 ε

q

r

C=O

δ δ



q → ρ(r)

ρ(r)

 s dVµ r  r r .

E

 so

2

b/ 3µ E k T 

α0

kb T

μ



εr

q

μ

Q2 > Q1

 

μ εr

2

r A s

r 0 b

1

2 9

N µ

M k T

 

 






E N/V

NAρ/M M NA

ρ

εr

εr T µ

C0 C1 C0,



. C0 εr,Air ≈

r 1 0/C C  .

 

µt

µs µt → µs

1 t 0  1 s 0 0µ µ         .   

µs

υ1 = υ0

0 s 0 s 0µ µ       ,   

0 0  |  1    ,

s 0µ  .   

 



Z

Z = C-1ω-1 ω = 2πf f = 50 Hz 

ε0 

εr

' ''

r r ri    .       

ε

 ε



δ = 90° - φ   φ 

r r

'' 'tan /   .       

ε ,

0 ri          

σDC,

DC 0 r tan    '       

tanδ = ε”r/ε’r = 

(σDC/ε0ω)/ε’r,

 φ

Z

Type Material Permittivity 

Insulating liquids 

Paraffin oils 2.1~2.3 [1, 3, 17, 29, 45-47]  

Cyclohexane 2 [48] 

Vegetable oils 2.9~3.8 [29, 49] 

Polar liquids 

H2O  78[48] 

Methanol  32 [48] 

Levulinic acid 18 [50] 

Acetone 21 [51] 



 

C-M

r r, k k

k

N   .       

εr,k 

 

ε

ε’r δ

ε’r

ε’r 

= 2.1 2.5 δ



δ

δ



δ

 

εr, i δ

q y = y’

E = q/(y-y’)2

y

Q = Σq

w



E

Ψ 1/y2

y g

w/2

λ = 2g+2w  g 

w

 Z

g w



λ

εr

λ

λ



 

C=O



C=O

A

C=O



 

 



εr

εr

δ δ



dPTFE

dPTFE

hhousing

δdPTFE = δhhousing

δ  

dMUT



Material CTE α in µm K-1 m-1 

Steel 316 ≅ 16[66] 

PTFE ≅ 111[67, 68] 

SuperInvar 32-5 ≅ 0.63[69] 

 

     0 electrode MUT /C T A T d T

lelectrode

z zelectrode Aelectrode(T) = lelectrode(T) zelectrode(T)

dMUT(T) = hhousing(T) - 2dPTFE(T) - 2delectrode(T)



Cmin ~ 30 pF

delectrode = 6.52 mm, lelectrode = 100.5 mm, zelectrode = 48.0 mm, lhousing 

= 102.0 mm dPTFE = 1.16 mm hhousing

δC(T) = 0

  /  0dC T dT 

hhousing T = 50° C hhousing = 16.666 mm

dMUT = 1.326 mm C = 32.21 pF

hhousing = ± 0.10 mm

dPTFE = ± 0.01 mm

D = (εr,cell-εr)/εr. 



ε

ε

ε



Tolerance C(T = 20 °C) C(T = 90 °C) 

δhhousing = +0.10 mm 29.952 pF 29.949 pF 

δhhousing = - 0.10 mm 34.837 pF 34.841 pF 

δdPTFE = + 0.01 mm 32.704 pF 32.707 pF 

δdPTFE = - 0.01 mm 31.732 pF 31.728 pF 

εr εr

y

delectrode

D = 0.005% εr = 2 20

εr = 1 εr = 20

εr

εr S = ∂C/∂εr = 32.210 pF

 



hhousing 

= 16.57 mm delectrode = 6.52 mm dPTFE = 1.16 mm

dtemp = 0.39 mm

 



εr

Z = C-1ω-1

Thousing

Thousing - TMUT = 0.1 °C

Thousing Thousing = 

TMUT τ ≈ 20

εr



Cair = 35.322 pF

Cair = 35.32 ± 0.01 pF

20 40 60 80 100

32.80

32.85

35.30

35.35

 C measured

 C calculated hhousing = -110 m

 C calculated

C
 (

p
F

)

T (° C)

hhousing

dMUT = 1.326 mm

∂C/∂T ≈ 0.00003 pF/K



 

Δεr Δ δ ≤

εr
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30 60 90
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 r
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 DTL C
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
 

x
1

0
-4

T (° C)

b

εr(T) T

δ

T

20 40 60

18

19

 r

T (° C)

 Cell

 L. Lomba et. al.



εr

εr

MUT εr measured εr literature 

Cyclohexane  2.0112 ± 0.0008 2.008 ± 0.006[48] 

Methanol  32.751 ± 0.015 32.65 ± 0.03[48] 

Levulinic acid 18.732 ± 0.009 18.75 ± 0.05[50] 

Water  78.541 ± 0.018 78.35 ± 0.05[48] 

εr

εr

 



ΔC = ± 0.01 

pF

 

 





 

A

d = 1.000 ± 0.005 mm

MUT bgA A A  .   



ν = 3000 2700 cm-1  ν = 1450

1200 cm-1

< 

1000 cm-1 ν ≈ 750 to 800 cm-1

cm-1



ν  ≈ 3600 cm-1

C=O

C=O

C=O



ν

ν t
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εr

21 ± 1 °C

Z φ δ

εr = (ε’r -iε”r  )).

ε’r

σ ωε tanδ



ε’r 

≤ ≤

1E0 1E1 1E2 1E3 1E4

2.12

2.16

2.20

2.24

 r' 

f (Hz)

 7.5 h   35 h    105 h  232 h 

 324 h  408 h  605 h  565 h

 



1E0 1E1 1E2 1E3 1E4

1E1

1E2

1E3


D

C
(p

S
/m

)

f (Hz)

 7.5 h   35 h    105 h  232 h

 324 h  408 h  565 h  605 h 
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 r' 
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
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
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C
 (

p
S
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ε

 εr

c



A

β(ν)

 νA cd       

c

β(ν) d

.

εr

, C=O C=O base C=O( / m x )a( )A A A A    

A

AC=O AC=O, base

max(AC=O) εr χ+1 χ

χ  c

c 

A = 1

χbase

 r C=O C=O, base base 1  1cA cA          

χbase = 1.12 εr 

χC=O = 31, ε

c = 0.0048 mol/l

ε εr

C=O



εr

0 200 400 600
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r
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εr 

AC=O ν = 1720 cm-1



 

ε

 



Acid and formula Structure Concentration Sigma-Aldrich number 

Methanoic acid  

HCOOH 
 

≥ 85%  Sigma-Aldrich 

27002  

Ethanoic acid  

CH3COOH 
 

≥ 99.7% Sigma-Aldrich 

320099 

Propanoic acid  

CH3CH2COOH 

 

≥ 99.5% Sigma-Aldrich 

402907 

Butanoic acid  

CH3(CH2)2COOH 

 

≥ 99% Sigma-Aldrich 

B103500 

Pentanoic acid 

CH3(CH2)3COOH 

 

≥ 99% Sigma-Aldrich 

240370 

Hexanoic acid 

CH3(CH2)4COOH 

 

≥ 98%  Sigma-Aldrich 

W255904 

Heptanoic acid 

CH3(CH2)5COOH 

 

≥ 97% Sigma-Aldrich 

H9378 

Octanoic acid 

CH3(CH2)6COOH 

 

≥ 98% Sigma-Aldrich 

W279900 

4-oxopentanoic acid 

CH3C(O)CH2CH2CO2H 

 

≥ 97% Sigma-Aldrich 

W262706 
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  (cm
-1
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0.01 Mol 4-Oxopentaonic Acid

 A

  0.01 Mol Acetic Acid

  0.01 Mol Butyric Acid

  0.01 Mol Formic Acid

  0.01 Mol Heptaonic Acid

  0.01 Mol Hexaonic Acid

  0.01 Mol Octaonic Acid

  0.01 Mol Propionic Acid

  0.01 Mol Formic Acid + 2*0.01 Mol 4-Oxopentaonic Acid

  0.01 Mol Formic and 4-Oxopentaonic Acid

 

 Baseline - unused paraffinic oil
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U(r) k
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 21 ppm

 42 ppm

 



 εr

εr

T

kb

εr(T) ∝ (T+2c)(T-c)-1 c

T = 300 370 °K,

1/T

 

 r 1 2T cT c    

ε c1 K-1

 c2 εr

R2 ≅

ppm (μg/g) c1 (K-1) c2  

21 -0.00105 2.1359 

31 -0.00105 2.1365 

42 -0.00105 2.1371 

c2 

c1 c2



20 30 40

2.136

2.137

c 2

H
2
O g/g) 

 σDC

σDC

n q  μ, σDC ~ q n μ

μ

σ(T) = σ0exp(-

Eakb
-1T-1)

σ0  

σ0



σ0

σ0

Ea

σ0  Ea

Wp

μ

2 -1 -1

el b 1 2( ) P P  T q a k T 

Wp

-1 -1 -1

1 0 p bπ exp( / 2) / 2P W k T 



2 -1 -1 -1 -1 -1

2 0 p b4 π / 2P h W k T 

 
1 1

b3/2 1 2 2 3/2 1/2 -1 -1

p

p /23/2

b2 c s mV
W k T

h a JT k T W e 


   

DC S/( ) ( ) m T n q T   

c

3/2 1 2 2 3/2

0 b2n q h a J k n c    

kb

h D a = 

Del/P1P2 q J

n σ0

Wp Wp

Ea

p / 2   aW E

  -1/2 --3/2

DC 0 p

-1 -1
p b /2

 S/m
W k T

T T eW 

σ0 Wp

T-1.5 T σDC.

R2 ≅ 1

Wp σ0 σ0 

Wp



n σ0

σ0 Wp

σ0 remains constant.

H2O (μg/g) Wp (eV) σ0 (S/m) 

21 0.4926 1.06E-5 

31 0.4711 1.06E-5 

42 0.4459 1.05E-5 

σDC(T) 

Wp

Wp
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 Fit 21 ppm
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 Fit 31 ppm

 Measured  42 ppm

 Fit 42 ppm
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Wp 

 p ppm   ( 0.0022ppm  0.54) eVW    .

 

c
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ν 1726 cm-1
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 0.001 Mol

 0.01 Mol

 0.1 Mol

AC=O

ΔAC=O = AC=O - AC=O, Base

AC=O, base = 0.2743 ΔAC=O(0.001 mol/l)  = 

0.0266 ΔAC=O(0.01 mol/l)  = 0.2267 ΔAC=O(0.1 mol/l)  = 1.9486

ΔAH2O = AH2O - AH2O, Base AH2O, Base = 0.2924

ΔAH2O(0.001 mol/l) = 0.0273 ΔAH2O(0.01 mol/l) = 0.0301 ΔAH2O(0.1 mol/l) = 

0.0449 0.1 mol/l

ppm FTIR

(21 μg/gH2O)⋅AH2O(0.1 mol/l)/AH2O, Base= 24.2 ± 0.5 ppm
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 εr 

εr

 r 1 2T cT c  



c (mol/l) c1 (K-1) c2  

0.001 -0.0011 2.1361 

0.01 -0.0010 2.1449 

0.1 -0.0012 2.2331 

c1 c2

c2
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c 2

c (mol / l)

c2

 σDC

Wp σ0 σDC(T) 

Wp

σ0. 



σ0

c (mol/l) Wp (eV) σ0 (S/m) 

0.001 0.4786 1.07E-5 

0.01 0.4730 1.08E-5 

0.1 0.4261 1.07E-5 

Wp

Wp 

Wp 
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 Measured 0.1 mol

 Fit 0.1 mol

 Measured  0.01 mol

 Fit 0.01 mol

 Measured 0.001 mol

 Fit 0.001 mol
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Wp

 

ρ = 0.8215

Vm= 0.19 l/mol

εr(c) εr, ins. liquid = 2.1054 εr, decanone = 6.9

r m r, decanone m r, ins. liquid( ) (1 )c cV cV      

c

εr(c)

0.00 0.05 0.10

2.10

2.15

2.20

 Calculation

 Experiment

 r

c (mol/l)



 r ,  / '   0.001 / '   2.135c T c c T T   

. 

εr(c,T)

Wp

c

 p  ( 0.527 / ' 0.4786) eVW c c c  

’

 
-1

p
-1

b-1-3/2

D

/

C

2

0 p

- ( ) /2
)  (,

W c k T
W cc T T e 



 .

εr σDC.

 



c (mol/l) AN 

0.0005 0.0073 ± 0.0002 

0.005 0.0890 ± 0.0002 

0.03 0.6512 ± 0.0002 
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ν = 1724 cm-1

ΔAC=O = AC=O - AC=O,base

AC=O,base = 0.274. ΔAC=O = 0.0112

ΔAC=O = 0.1142 ΔAC=O = 0.6610
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c (mol/l)

Baseline: 0.2743

ΔAH2O = 0.0036 ΔAH2O = 0.0057 ΔAH2O = 

0.0385



(21 μg/gH2O) AH2O(0.03 mol/l)/AH2O,Base
 = 23.8 ± 0.5 ppm

 

  εr

εr

c (mol/l) c1 (K-1) c2  

0.0005 -0.0011/T 2.1410 

0.005 -0.0010/T 2.1368 

0.03 -0.0011/T 2.1361 

c2



0.00 0.01 0.02 0.03
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2.139

2.142

c 2
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Parameter Symbol Value 

Electrode’s width w 𝜆/4 

Gap between electrodes g 𝜆/4 

Electrode’s height h 10 μm  

Electrode’s length le 9.25𝜆 

Connect electrode lc 10𝜆 

Connect electrode width wc 𝜆/4 

Fringe electrode lf le 

Fringe electrode width wf 𝜆/4 

Sensor substrate thickness ts 0.6 mm 

Sensor substrate rel permittivity εr,s ~ 10 

Sensor coating thickness tc 10 μm 

Sensor coating rel permittivity εr,c ~ 4 

Sensor’s wavelength λ 4 mm, 2 mm, 1 mm 
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εr,ref 

Measured 

Wavelength CAir (pF) CMUT (pF) S (pF) εr D 

4 mm 19.765 ± 0.002 19.222 ± 0.005 -0.491 ± 0.01 0.972 ± 0.001 -54% 

2 mm 12.758 ± 0.001 13.285 ± 0.002 0.476 ± 0.01  1.041 ± 0.001 -51% 

1 mm 9.926 ± 0.001 10.703 ± 0.002 0.701 ± 0.01  1.078 ± 0.001 -50% 

Simulated 

Wavelength Cair (pF) CMUT (pF) S (pF) εr D 

4 mm 19.782 19.321 -0.4191 0.9771 -54% 

2 mm 12.612 13.189 0.5246 1.0458 -51% 

1 mm 9.9455 10.799 0.7759 1.0858 -49% 
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Component Size Permittivity εr 

FR4 insulator (dins) 119.5 μm 4.5 

Solder mask between electrodes 30 μm 4.5 

Solder mask above electrode 20 μm 4.5 

Electrode thickness 32 μm - 

 

yeff = 0.3λ λ = 4 

mm ≈ 3.5λ. 
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Measurements 

Wavelength CAir (pF) CMUT (pF) S (pF) εr, IDS  D 

4 mm 1.066 ± 0.001 2.414 ± 0.002 1.22 ± 0.01 2.264 ± 0.001 7.49% 

2 mm 1.016 ± 0.001 2.063 ± 0.001 0.95 ± 0.01 2.030 ± 0.001 -3.65% 

1 mm 1.316 ± 0.001 1.956 ± 0.002 0.58 ± 0.01 1.486 ± 0.001 -29.45% 

Simulations 

4 mm 1.0730 2.4301 1.24 2.265 7.51% 

2 mm 1.0089 2.0398 0.94 2.022 -4.02 % 

1 mm 1.3185 1.9331 0.56 1.466 -30.40 % 
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Oil Type εr Reference 

Paraffinic oil 2.1~2.3 [1, 3, 17, 29, 

45-47]  

Vegetable oil 2.9~3.8 [29, 49] 

Ester oil 3.2~5 [53] 

Mineral oil 2.5~3 [30] 
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IDS Feature Advantage Disadvantage Accuracy 

1.0 Simplicity  Robust Insensitive, noisy  Not applicable 

2.0 
Grounded plane and 

Faraday shield 
High precision Inaccurate 80 % 

2.5 
Special electrode 

geometry 
High accuracy Temperature sensitivity   99.5% 

3.0 Deflector electrodes 
Temperature 

insensitive   
Physical sensor size  99% 
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