
Fappl = Fe = K · (x− xeq)



σ

ε

=
F

Area
 
N

m2

 

 
 

 

 
 = Pa[ ]

=
l

l

= E

ν

ν
ν

x =
x

x

y =
y

y
= x

z =
z

z
= x

 

 

 

 

 



ρ

R = ρ⋅
l

A

R=ρ ⋅ l
A

dR= ∂R
∂ρ

⋅dρ+∂R
∂l
⋅dl+∂R

∂A
⋅dA= l

A
⋅dρ+ ρ

A
⋅dl−ρ ⋅ l

A2 ⋅dA

      = R
ρ
⋅dρ+ R

l
⋅dl− R

A
⋅dA

⇒
dR
R
=

dρ
ρ
+

dl
l
−

dA
A

consider that:
l
A
=

R
ρ

;  ρ
A
=

R
l

;  ρ ⋅ l
A2 =

R
A

ln R= lnρ+ln l−ln A    ⇒ dR
R
=

dρ
ρ
+

dl
l
−

dA
A



χ

ν

∆l
l
=ε

∆ A
A
=

∆w
w
+

∆h
h
=−υ ⋅ε−υ ⋅ε =−2⋅υ ⋅ε

∆ρ
ρ
= χ ⋅ε

∆R
R
=

∆ρ
ρ
+

∆l
l
−

∆ A
A
= χ ⋅ε+ε− −2⋅υ ⋅ε( )= 1+2⋅υ+χ( )⋅ε =K ⋅ε

l

h

w

α

ε

N-type:
δR
R
=120ε + 4ε 2

P-type:
δR
R
= −110ε +10ε 2

R=R0 ⋅ 1+k T( )⋅ε T( )+α ⋅T( )



ε

Ri =R+ΔRi =R⋅ 1+k ⋅εi( )

Vo

Vi

=
k
4
+ε1−ε2 −ε3 +ε4( )

R3=R0(1+kε3)

V0

R2=R0(1+kε2)

R1=R0(1+kε1)

R4=R0(1+kε4)

R3=R0(1+kε3)

V0

R2=R0(1+kε2)

R1=R0(1+kε1)

R4=R0(1+kε4)

R3=R0

V0

R2=R0(1+kε2)

R1=R0(1+kε1)

R4=R0

R3=R0

V0

R2=R0

R1=R0(1+kε1)

R4=R0

Vo

Vi

=
k
4
ε1−ε2 −ε3 +ε4( )

  

Vo

Vi

=
k

4
1 2( )

  

Vo

Vi

=
k

4
1( )



ε

  n
=

V0

Vi
=

1
4
⋅ k ⋅ε − −k ⋅ν ⋅ε( )− −k ⋅ν ⋅ε( )+ k ⋅ε⎡⎣ ⎤⎦=

k

4
2 ⋅ 1+ν( ) ⋅ε

v ≅ 0.3⇒ V0

Vi
=
k

4
⋅2.6 ⋅ε

F

F

SG1

SG2

SG3

SG4

δ1 = k ⋅ε

δ4 = k ⋅ε

δ2 = −k ⋅ν ⋅ε

δ3 = −k ⋅ν ⋅ε

SG3

V0

SG2

SG1

SG4



ε ε

+

SG3
SG2

SG1

SG4

V0

Vi
=

1
4
⋅ δ1 −δ2 −δ3 +δ4( ) = 1

4
⋅ k ⋅ε − −k ⋅ε( )− −k ⋅ε( )+ k ⋅ε⎡⎣ ⎤⎦= k ⋅ε

F

δ1 = k ⋅ε

δ4 = k ⋅ε

δ2 = −k ⋅ε

δ3 = −k ⋅ε

Rattiva = R0 ⋅ 1+ k ⋅ε +α ⋅T( )
Rdummy = R0 ⋅ 1+α ⋅T( )

ΔV =
V

4
⋅ δactive −δdummy( ) =

      =
V

4
⋅ 1+ k ⋅ε +α ⋅T( )− 1+α ⋅T( )⎡⎣ ⎤⎦=

V

4
⋅ k ⋅ε
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Miniaturized and embedded strain gauges





γ

    

V = L
di

dt
+ R i +

1

C
i dt F =M ⋅

d 2x
dt2 +γ ⋅

dx
dt
+K ⋅x

v= dx
dt
⇒ F =M ⋅

dv
dt
+γ ⋅v+K ⋅ v ⋅dt∫

    
0 =

1

L C
; Q =

1

R

L

C
    

0 =
K

M
; Q =

1
M K

equilibrium: inertial force+damping force+spring force=0

−m
d 2 x + y( )
dt2 +γ

dx

dt
+ kx = 0⇒ m

d 2x

dt2 +γ
dx

dt
+ kx = −m

d 2y

dt2

ωO =
k

m
: resonance frequency

1
τ
=
γ
m

: damping coefficient

⇒
d 2x

dt2 +
1
τ
⋅
dx

dt
+ωO

2 x = −
d 2y

dt2



d 2x

dt2 +
1
τ
⋅
dx

dt
+ωO

2 x = −a t( )

a t( ) = a0 ⋅e
jωt    

⇒ x = x0 ⋅e
jωt;  

dx

dt
= jω ⋅ x0 ⋅e

jωt; 
d 2x

dt2 = −ω
2 ⋅ x0 ⋅e

jωt

−ω 2 ⋅ x0 ⋅e
jωt +

1
τ
⋅ jω ⋅ x0 ⋅e

jωt +ωO
2 x0 ⋅e

jωt = −a0 ⋅e
jωt

x0 ⋅ ωO
2 −ω 2( )+ jω

τ

⎡

⎣⎢
⎤

⎦⎥
= −a0

x0 =
a0

ωO
2 −ω 2( )

2
+
ω 2

τ 2

⎡

⎣
⎢

⎤

⎦
⎥

1
2

10-9

10-8

10-7

10-6

10-5

0.0001

10 100 1000 104 105

x
0
/a [1/s2]

Frequency [Hz]

esempio numerico:

f0 =1KHz; =10s

ω0

ω= ω0

ω ω0

  

x
0
=

a
0

0

2

x0 =−
a0

−ω 4 +
ω 2

τ 2

⎡

⎣
⎢

⎤

⎦
⎥

1
2

10-9

10-8

10-7

10-6

10-5

0.0001

10 100 1000 104 105

x
0
/a [1/s2]

Frequency [Hz]

    

f
0
=1KHz

=10s

x0 = 2.5⋅10
−8 ⋅a

es. a=10g⇒ x0 = 2.5⋅10
−6m

x0 =
a0

ωO
2 =

M

K
a0





Δxris =
vnoise

S
=

5 ⋅10−3  V
4 V

mm

= 1.25 μm

n = Δxmax

Δxris

=
2.5 mm
1.25 μm

= 2000

Δxris =
vnoise

S
=

5 ⋅10−3  V
0.02 V

mm

= 250 μm

n = Δxmax

Δxris

=
508 mm
250 μm

= 2032

C =ε ⋅εo ⋅
LW
d

C ≈ εrε0
W

d
(L− x)

C ≈ εrε0
WL

d+ δ

C(d+ δ) = C(d) + δ
dC

dδ
+

δ2

2

d2C

dδ2
+ ...

C(d+ δ) ≈= εrε0
A

d

(
1− δ

d
+

δ2

d2

)



ΔC =C2 −C1 ≈ εεo
A

d −δ
−εεo

A

d +δ

      = εεo
A

d
1+ δ

d
+
δ 2

d 2

⎛

⎝
⎜

⎞

⎠
⎟−εεo

A

d
1− δ

d
+
δ 2

d 2

⎛

⎝
⎜

⎞

⎠
⎟

      = εεo
A

d
⋅
2 ⋅δ
d

=C0 ⋅
2 ⋅δ
d

x

F = −ε0
S

2d2
V 2
s

C1 = ε
S

x0 +Δx
= ε

S

1 + Δx
x0

= ε
S

x0(1 + δ)
=

C0

1 + δ

C2 = ε
S

x0 −Δx
= ε

S

1− Δx
x0

= ε
S

x0(1− δ)
=

C0

1− δ

C0 = ε
S

x0

δ =
Δx

x0
=

M

Kx0
a

vout = vi ·
(

1/jωC1

1/jωC1 + 1/jωC0
− 1/jωC2

1/jωC2 + 1/jωC0

)
=

= vi ·
(

1/C1

1/C1 + 1/C0
− 1/C2

1/C2 + 1/C0

)
=

= vi ·
(

(1 + δ)/C0

(1 + δ)/C0 + 1/C0
− (1− δ)/C0

(1− δ)/C0 + 1/C0

)
=

= vi ·
(
1 + δ

2 + δ
− 1− δ

2− δ

)
=

= vi · 2δ

4− δ2

δ � 1 → vout = vi
δ

2

vout = vi
M

2Kx0
a



ic(t) =
dQ

dt
=

d(Cvc)

dt
= C(x(t))

dvc
dt

+ vc
dC(x(t))

dx

dx

dt

vc = V0exp(jωt) → ic(t) = jωvcC(x(t)) + vc
dC(x(t))

dx

dx

dt

ic = vc

(
jωvcC(x(t)) +

dC(x(t))

dx

dx

dt

)

vc = V0 and
vc
dt

= 0

ic = V0
dC

dx

dx

dt

Vi = R ⋅ i1 + R2 ⋅ i1 − i2( )
vC1 = R ⋅ i2 + R2 ⋅ i2 − i1( )

i2 = −C1
dvC1

dt
VC1 t = 0( ) = −VivOUT

+ =Vi ⋅
R 2

R+R 2

⋅ 1−exp − R+R 2

R ⋅ R+2 ⋅R 2( )
t

C1

⎛

⎝
⎜⎜⎜⎜

⎞

⎠
⎟⎟⎟⎟⎟

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

vOUT
− =−Vi ⋅

R 2

R+R 2

⋅ 1−exp − R+R 2

R ⋅ R+2 ⋅R 2( )
t

C2

⎛

⎝
⎜⎜⎜⎜

⎞

⎠
⎟⎟⎟⎟⎟

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

Vmed =
1
T

vOUT
+ dt

0

T /2

∫ + vOUT
− dt

T /2

T

∫
⎡

⎣
⎢

⎤

⎦
⎥ if R»R2 the argument of the exponential becomes:

Vmed =Vi ⋅
R2R ⋅ R+ 2 ⋅R2( )
R+ R2( ) ⋅ R+ R2( )

⋅
1
T

C1 ⋅ 1− exp −
T

RC1

⎛

⎝
⎜

⎞

⎠
⎟

⎡

⎣
⎢

⎤

⎦
⎥−C2 ⋅ 1− exp −

T

RC2

⎛

⎝
⎜

⎞

⎠
⎟

⎡

⎣
⎢

⎤

⎦
⎥

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

if  T»
1

RC1

;
1

RC2

⇒Vmed =Vi ⋅
R2R ⋅ R+ 2 ⋅R2( )
R+ R2( ) ⋅ R+ R2( )

⋅
1
T
⋅ C1 −C2( )⇒Vmed = K ⋅ C1 −C2( )

K is few mV/pF



x0 =2 μm
Δz=25 ⋅10−9 m=25 ⋅10−3μm

δ =
Δz
x0

=
25 ⋅10−3

2
=25 ⋅10−3

VO ,rms = k ⋅ C1−C2( )= k ⋅ ε A
x0 −Δz

−ε
A

x0 +Δz
⎛

⎝
⎜

⎞

⎠
⎟≈ k ⋅ε A

x0

⋅
2⋅Δz

x0

= k ⋅C0 ⋅2⋅
Δz
x0

=C0 ⋅2⋅δ =0.8  mV



Microdisplay

Autofocus/μZoom

MEMS Oscillators
μFuel cells

μstructures

Energy 

harvesting

Electronic Compass

Microtips

MEMS ID

MEMS Speakers

Micro bolometers

Microphones

Accelerometers

Gyroscopes

Inkjet Head

Pressure sensors

Filters



2NaN3 2Na + 3N2





S±2g =
4096

4
= 1024

bit

g

S±4g =
4096

8
= 512

bit

g

S±8g =
4096

16
= 256

bit

g

S±16g =
4096

32
= 128

bit

g

ris±2g =
1

1024
= 0.98 mg

ris±4g =
1

512
= 1.95 mg

ris±8g =
1

256
= 3.90 mg

ris±16g =
1

128
= 7.81 mg



F = −ε0
S

2d2
V 2
s





Ω

v

F = 2 m v

x t( )

y t( )

F

m d 2 y
dt2 +γ ⋅

dy
dt
+k ⋅ y=−2⋅m⋅Ω⋅x0 ⋅ωx ⋅sin ωx ⋅t( )⇒

d 2 y
dt2 +

1
τ
⋅
dy
dt
+ωO

2 y=−2⋅Ω⋅x0 ⋅ωx ⋅sin ωx ⋅t( )

   y= y0 ⋅sin ωx ⋅t+ϕ( )

con :  y0 =
−2⋅Ω⋅x0 ⋅ωx

ω0
2 −ωx

2( )
2
+
ωx

τ
⎛
⎝
⎜

⎞
⎠
⎟

2⎡

⎣
⎢

⎤

⎦
⎥

1
2

ω
ω

x = x0 · cos(ωxt)

F = 2 ·m · Ω · dx
dt

= −2 ·m · Ω · x0 · ωx · sin(ωxt)



silicon
silicon oxide
silicon
resist

photo-litography

DRIE

resist stripping and oxide etching
fixedmobile



−→a = ω2 · −→r

vang [RPM ] =
60

2π
· ω

[
rad

s

]

33.3 RPM = 3.37
rad

s

atmosphere (atm) 101325 Pa 

bar 105 Pa 

dyne/cm2 0.1 Pa 

Kg/m2 9.80 Pa 

Kg/cm2 9.806*104 Pa 

millibar 100 Pa 

mm Hg (torr) 133.32 Pa 

psi (pound/inch2) 6.895*103 Pa 

1 atm= 760  mmHg =101325 Pa=1013 mbar

Pgas =
n
V

RT





Piezoresistors Si diaphragm

vacuum
chamber

rate100

rate110

=400



p2 =
n2

V
RT ;

n2

V
=

n1

V
· exp

[
−Mg(h2 − h1)

RT

]

p2 = p1 · exp
[
−Mg(h2 − h1)

RT

]

(h2 − h1) =
RT

Mg
· lnp2

p1

patm = 101.325 KPa;
M = 0.028 Kg/mol
g = 9.8 ms−2

h = 1 m

ph = patm · exp
(
−Mgh

RT

)
= 101.313 KPa

V = 5.1 · (0.009 ∗ p− 0.095) V

V (patm) = 4.1658 V
V (ph) = 4.1663 V
ΔV = −0.5 mV/m

p1 =
n1

V
RT ;



R = R0 ⋅ 1+α ⋅ ΔT( );    ΔT = Vi
2

R ⋅δ

R = R0 ⋅ 1+α ⋅
Vi

2

R ⋅δ

⎛

⎝
⎜

⎞

⎠
⎟

δ =δS +δR +a ⋅k ⋅ p ⋅ p0

p+ p0

δS =

δR =

a=
k =
p0 =

δ = f ρgas( )
ρgas =

n
V
=

p
R⋅T

Lp = 20Log10

(
p

pref

)
dB







QM
Kg
s

⎡
⎣⎢

⎤
⎦⎥
   QV

m3

s
⎡

⎣
⎢

⎤

⎦
⎥;     QM =ρ ⋅QV

Re = ρ
μ
⋅v ⋅d

Re <2000    
Re >10000    

v1 S1 = v2 S2 =QM

v2 = v1
S1
S2



m
P
+m

v2

2
+m g z = E

P
+
v2

2
+ g z = e

P1
+
v1
2

2
=
P2

+
v2
2

2

P1
+
v1
2

2
=
P2

+
1

2
v1
2 S1

S2

2

v1 =
2 P1 P2( )

S1
S2

2

1

v1 = C
P

P1 > P2

F
l

P = F
A
=

F ⋅d
A⋅d

=
W
V

Q=C ⋅ Δp
ρ



Pamb
+

v 2

2
=

P0  P0 = Pamb + 2
v 2

v= 2⋅ P0 −Pamb( )
ρ

       valid for v≤0.3⋅vsound

RS =R0 ⋅ 1+α ⋅ T −T0( )( )
ΔV = RS1−RS 2( )⋅ I =R0 ⋅ I ⋅α ⋅ T2 −T1( )

Φ



πιεζειν



    

Si = sij Tj + dik Ek

Dl = lm Em + dln Tn

j ,n = 1…6     i,k ,l ,m= 1…3

sij :  Young's module
εlm: electric permittivity
dln :  piezoelectric constant

  
d33 = 384

pC

N
;   d31 = 169

pC

N
;    d15 = 515

pC

N

ε11 ε33



dQ
dt

=−C ⋅ dV0

dt
   ⇒  ΔV0 =

ΔQ
C

C =1pF ⇒ S =1 V
pC




