Mass-spring-damper system
Without external forces:
Equilibrium condition

Fdz—cvz—cjc mx+cx+kx=0
XF = ma =mx

If an external acceleration acts on the mass, F, addsup: mx+cx+kx—F, =0

From a time-domain differential equation, to a linear equation in the domain of Laplace transforms:

@_ 1 m 1

a SZ"‘C/mS‘*‘k/m k 1+2-€/w05+52/w2
0

mX(s)s? + cX(s)s + kX(s) = —ma

At low frequencies (v < wy): x(t) - —% .a
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Transfer Function between force and displacement

« Dependence on two characteristic parameters of the system, which are the resonance
(angular) frequency w, and the quality factor Q.

X(8)s? +cX(s)s + kX(s) = F,,..(s
m (S) ( ) ( ) ext( ) \/; [eigenvalue solution for b=0]
Wy = E ms2+k=0->-mw2+k=0->wo=k/m
Ym
X(s) = F S m [amplification factor at
( ) s2 4 C /m s 4+ k /m ext( ) Q = wy F resonance in underdamped
systems]
Fep(s) = O /m o = KO Yo
XF - — S) = =
Fext(s) s2 + C/ms+ k/m o Fext(s) s2 4 S% + wg?

An introduction to Electronic Sensing Devices — Elisa Riceputi
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Poles of the Transfer Tunction

« The system has a low-pass 2"9 order transfer function with two singularities which can be
either complex conjugate, or coincident real, or split real poles.

Y
TXF(S) = Wo Im A
s2+s—7 + wy?
Q
2 X
1
A= (Q) — 4wy’ = (—2— 4) i
wo Q
. HK—R—R—
=4 Re
Qz =
X
» split real poles: A>0 > Q<0.5
* coincident real poles: A=0 > Q=0.5
* complex conjugate poles: A<O > Q>0.5
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e
Transfer Function modulus function of Q

« MEMS devices operate in different regions of the transfer function:

« accelerometers, microphones and pressure sensors typically operate under forces occurring far
before resonance; as we will see, they usually have relatively low Q factors (typically < 10, or < 1);

* resonators (including the gyroscopes 60 A

=—Q =500

drive) operate at resonance (few tens kHz wl ;??8225%;2 --a-
to few MHz) and require high quality —Q=005
factors (typically few thousand to ten 20} —-Q=05 |
thousand); 5 o

* other sensors (gerSCOpeS, = accelerometers,
magnetometers...) operate slightly before } -20 barometers

the resonance frequency (off-resonance a0l
or mode-split operation), due to a

modulation in frequency of the applied 60r

forces; 80
* no devices operate beyond the resonance ool L LU E N
frequency. 10° 10’ 102 10° 10 10° 10°
Frequency [Hz]
pAq‘i \ E?'gﬁ%iﬁ% An introduction to Electronic Sensing Devices — Elisa Riceputi
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Capacitive sensing configuration

* Moving parts of microsystems are called “rotors” (even if they do not rotate).
» Fixed electrodes are, again from the analogy above, called stators.

Example 2: N comb-finger (area varying)

Example 1: one parallel-plate (gap varying) A
differential transductions

differential transduction

<
L AN éé C _Zgoh(x0+x)N
Cl =& S 1= g
rotor g—X <
S
o
=

“““““\ C2:2£0h(9;0—x)N

I

|

Ty

—:i:
200m  EHT= 500KV Signal A= SE2 THtCorm. =Off  Date :11 Aug 201¢ Sign m.=Off Dy | 100um EHT = 5.00kv  Signal A= SE2 TittCorm. = Off  Date :11 Aug 201¢
ScanRot=Off e sun- ? ta 08 somm  Mag= tazx  SCMROTON TmmmwrweT g issase

WD=50mm  Mag= 244X e Time :18:20:01

P — ; . . . . . . .
(e J¢ | DEOL STUDI An introduction to Electronic Sensing Devices — Elisa Riceputi
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Electrostatic force between two parallel plates

* In equilibrium conditions, electrostatic forces balance the mechanical force If a voltage is applied, a charge Q arises on the capacitor
plates, as Q = CV.

Charges of opposite sign on the plates generate an electric

« Any variation in the energy E_ stored in the capacitor is given by the work _ : S g /
field and thus an electrostatic force which is always attractive.

W done by the mechanical or electrical forces > dE,=dW. ., +dW .

« Single-ended configuration

ﬂ» i dE;=d G C VZ) = V; dc (electrostatic energy stored in a capacitor)
Frnec 1 AW nech = —Fecn (work done for a displacement dx)
v C) Fep AW gjec = VdQ = Vd(CV) = V(CAV +VdC) = V?dC (electrostatic work done to change the voltage over a capacitor)
* L v?
Frecndx = 7dC V2 £oAN

Felec = —Frech = 2 2
o (g — x)
AN derivative AN

g - x RGeS

mx + cx + kx = Fopp + Folec

UNIVERSITA
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Differential configuration

« The situation can be easily extended by considering the differential configuration with opposite forces:

* Note that the applied force is a function of the displacement itself, both in single-ended and in differential
configurations

o aNs | UNIVERSITA
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Electrostatic force between comb fingers aQ

* In equilibrium conditions, electrostatic forces balance the mechanical force

+ Comb-finger capacitors are of the area-varying type: 14
« the facing area is A = h(x,+x), h being the process
height and x, the facing length at rest

« for N fingers on the rotor, a factor 2 should be added as
the facing is on two sides

Travel range

dE,. =dWmec, + dWelec
C= 20AN _ 2eoh(x + xg)N  derivative qc = 2e0hN
8 8 9

dx

V22gyhN VigohN
Feolec = 7 dx=de
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Motivations and goals

» Accelerometers are the “most intuitive” MEMS devices and were the first MEMS sensors to be
commercialized in automotive (airbag activation, 1993), electrical appliances (washing
machines, 2001), and consumer markets (gaming joysticks, 2006):

acceleration — inertial force — displacement — capacitive (or other) variation
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Accelerometer

 Measures proper linear accelerations
« Gravity g
« External accelerations

« Application fields

* Inertial navigation systems e v
« Vibration monitoring . €
« Smartphone
» All accelerometers (MEMS and not) are based on the i
mass-spring-damper system -J|:|
k C

\% | UNIVERSITA
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Mass-spring-damper + capacitive displacement measurement

Vi
}Vx
Cz
Yo
V, X ——x
g

Va
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3D MEMS accelerometer

« A first mobile mass is anchored to the substrate by means
of springs (X and Y in figure) 2 movements are
constrained to lie on the XY plane

« The mass displacement along X and Y directions are
measured by means of capacitive combs

« A second mass is anchored to the substrate by means of
a spring 2 upward and downward constrained movement
(Z axis)

« Mass and substrate (both made by silicon) form a

capacitor > mass vertical displacement measured
capacitively

Fo\e | UNIVERSITA
8
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Readout approaches for MEMS accelerometers

* In order to readout a signal from an accelerometer, we need to capacitively measure its displacement to recover
the information on accelerations.
* Note: the capacitance is variable! The general expression of the current through such a capacitor, biased by a

generic voltage V, is:

_do_c(CV)_ dv  dC
T ar T Tar C Cdr dt

« There is not a single way to readout accelerometers...

UNIVERSITA
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Parallel-plate (PP) readout configurations

Application of a constant DC voltage =V, between each
stator and the rotor

ﬁ Voo C
| |
|1

|

|

|

|

I

|

|

|

. G l
Seismic I —— Ve :
mass C, Lo |
out I

ﬂ Voo = I/m= 0 :
|

|

|

= |

I

|

|

|

|

|

|

|

I

1

Application of a modulated AC voltage between each stator
and the rotor

]

C,
+

VooSin(wyt)

oY sooe B . >,,

o 4 v
e =t dt dt

This term is proportional to the capacitance derivative: not to
lose the stationary (DC) value of the acceleration, we need to
integrate the signal. The feedback impedance is capacitive.

This term dominates for very-high frequency AC signals (the
derivative is indeed, proportional to the AC frequency). Any
feedback impedance is okay.

» For didactic goals the use of a DC voltage is initially appropriate;

« so we will start by analyzing an axel in the condition given in the left figure (anyway note that the final expression of the sensitivity
is the same for both configurations!);

« initial assumption: no bias current of the OpAmp (otherwise this is continuously integrated by Cf, leading to output voltage
saturation!
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Example of a differential capacitive sensing configuration

« Assume that the accelerometer is initially in the rest position and that C, is initially discharged:

Vm=0 QF=O C1=C2:

« If the position changes by a quantity x, we have opposite changes in the value of the differential capacitances:
for x > 0 (as in the figure) — C, decreases and C, increases

)r t=0
C,

+VDDI
ﬁ I I ((51 = fodN

< gtx
= EOAN
——0 =5 by
+ \ Y
our

/AiTANs | UNIVERSITA
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Charge transfer — imbalance
 The charge on the rotor has the sign in the figure and is given by:

Q1 =—CiVpp Q2 = CVpp

«  While the values for x = 0 are equal and opposite (charge neutrality), for positive displacements a net charge on the
rotor appears:

ﬁ +Vpp (Wf
+ + |+ + I I
—— - 14
our
ﬂ Vo Vo = V=0

el )¢ | estistuoi MEMS devices — Accelerometer and Gyroscope — Elisa Riceputi
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Charge transfer — amplifier

« The OpAmp input is an ideal high impedance - the charge (i.e. the current flow) is delivered through the
feedback capacitance (AQ,, = Qr)

* The output voltage of the operational amplifier changes by a quantity:

AQm  —CiVpp +CVpp  Vpp
AVour = = = (Cz - Cl)
. Cr Cr Cr

ﬁ +Vpp (wf
+ +]+ + 'i I+
e
oo o=« : 5 /4
out
ﬂ \Z -Vop E—J V=0
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Output voltage vs displacement

« Detailed calculation of AQ,,, as a function of displacement x:

MO Vo (Co— C) = V g0AN  gyAN _y g0AN 1 1 v 2%/g
Qm= Vpp(C; 1) = Vpp g—x g+x_DD g 1_x/g 1+x/g_DD01_(x/g)2

* For small displacement x of the suspended mass with respect to the air gap g between parallel plates:

o forxg = gzO

. X
)lclm AQm = ZVDDCOE

__)0

« The output voltage can be calculated as a function of the displacement x generated by the external
acceleration:

A Vpp C
Avoutzﬁzz DD =0 ,

Cy Crg

o 0~Ns | UNIVERSITA
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Application example: static conditions

« Orientation and inclination q ( )
» Chest inclination | (f

« Device position (vertical, horizontal)

2000 +
Roll Pitch Left foot stance - Eyes Closed
30 ; : . .
1000 -
r 20 ...........................
0 'f 10 : : i
o
2 %@r
z 0 LI
L K=
-1000 £
| o I T o] SRS R SR
L =201
-2000 4
%% 20 0 o0 10 20 30

Roll [degrees]
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Application example: dynamic conditions

2000

g 1000 :z
Unknown conditions: g il l ) ,||‘“| ' h I I H |
“amount” of movement 5. mmi‘m‘mimm i ,!}!Lll"l’wllill,{. "I his H'
<
b M M
-2000
0

500 1000 1500 2000 2500 3000 3500 4000

Time (s)
Movement o
2000
g
Known conditions: e
“quality” of movement E L
(pattern) 8
-1000
0
Time (s)
500 X
E “”“‘J |
g HHII’H‘W’I! ‘l W I'\MI’/ h“ M ‘M", ‘ fi H \l ””l ” '“’ \H “\H'N'
Vibrations Known conditions G -1000 N ‘ ” ’ mm ’ ’ r ”m
§-1500 r
-2000
0 15
Time (s)
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Accelerometer non-idealities

 Measured acceleration: gravity + external accelerations

Ax 9x Aext, x
Ay = gy + Aext, y
Az 9z Aext, z

 Thermal drift
» Variation of =1,5% of the sensitivity between -40 °C and +85 °C
* Temperature-dependent variation: 0,5 mg/°C

120
100+

40

0 50 100 150 200 250 300 200 0 100 150 200 250 300

Time (s] Time is)
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Gyroscope

« Measures the angular velocity

« Application fields
« Vibration monitoring
* Automotive (ESP)
* Image stabilizer
* Videogames

« MEMS gyroscope: based on the
mechanical movement of the MEMS
structure due to the Coriolis force

Fc=mac=—2mﬂxv

BReLr Sruo MEMS devices — Accelerometer and Gyroscope — Elisa Riceputi
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1D MEMS gyroscope

« Two proof masses positioned above two
fixed conductive plates = two capacitors

e Comb drives make the masses vibrate in
opposite directions

« The support integrating the sensor (and
thus the masses) undergoes a rotation ()

« Two forces F, generate on the masses,
making them moving upwards/downwards
of a quantity x «< F,

» Displacement is measured by means of the
two capacitors 2 V = f(w)
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3D MEMS gyroscope

« 3 gyroscopes sensitive to rotations (roll, pitch,
yaw) along 3 axes (X, y, z)

« Comb drives make the pitch proof mass vibrate

« Springs located in the corners transfer the
vibrations to the roll and yaw proof masses

« A rotation along any of the three axes leads to a
displacement of the related proof mass due to the
Coriolis force: capacitive measurement either by
means of plates placed under the masses (in
case of x and y), or capacitive combs at the ends
(in case of z)

Spot Magn Det WD E— Hm
10.00kV 30 150x SE 155 ST Micro GK10A P1 Chipworks ER
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3D MEMS gyroscope

y (pitch)
pitch
drive proof drive
mass

capacitors 2 (yaw) x (roll) capacitors
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Application example: dynamic conditions

« Vertical rotation speed of the chest
* Rotations due to walking (low intensity signal)
* Rotations due to the test execution (high intensity signal)

200

-
a
o

-
o
o
e —

Angular speed (deg/s)
(3]
o o

i

| | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50
Time (s)

-50 -

-100
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Gyroscope non-idealities

« High power consumption due to the oscillating masses
» Characterized by an offset of few deg/s on each axis

10 N —
i
5 | | . :
5C :
I ‘. | ;
0 LA tha
)
5 -
| ‘
10 TN N 1111 ey
100

1

i,
!N! |
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Effect of the non-ideality

 How is it possible to compute angular displacement when angular velocity is known?
T
0 = j Q(t) dt
0

50~ Q(t) -t - 0,=0,_,+Q(t) -t

o

L
o
T

3
o
T

* Drift effect due to the axes’ offset!

Angle [degrees]
& n A )
o o o o
T T T T

4y
o
T

I
=z |

]
(=]

2 4 [ 8 10 12 14 16
Time [seconds]
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Laboratory activity




Arduino

« What is Arduino?

“Arduino designs, manufactures, and supports electronic devices and software, allowing people
around the world to easily access advanced technologies that interact with the physical world.
Our products are straightforward, simple, and powerful, ready to satisfy users’ needs from
Students to makers and all the way to professional developers.”

 Programmable platform (module/shield) with opensource schematic and layout and
opensource Integrated Development Environment (IDE)

« Language based on C/C++

An introduction to Electronic Sensing Devices — Elisa Riceputi




& sketch_mar6a | Arduine IDE2.0.4 - [m} e
File Edit Sketch Tools Help

Arduino IDE — Next Lesson Requirements

sketch_marba.ino

1 I.-'Dic setup() {

(&l sketch_marba | Arduine IDE 2.0.4 — O h4

* Find the downloadable software at the following link: s s s oe e

Debug - Debugging is not supported by

"Arduino Nano 33 BLE

& sketch_marba | Arduino IDE 2.0.4 — O *

» Lastrelease =2 Arduino IDE 2.0.4 fle Edt Sieh Took bl

. . (& sketch_mar6a | Arduine IDE 2.0.4 — O x
* Install ArduinoBLE drivers e tat Sketcn Tooks el
+ Board manager (Arduino Mbed OS
Nano BOardS) LIBRARY MANAGER sketch_marGa.ino
nano 33 1 void setup() {

« Library manager (Arduino BLE, - 5
Arduino_LSM9DS1) Topic: Al v

¥

void loop() {
Arduino_LSMIDS1 by
Arduino

. . . Version 1.1.0
* On I I ne ed Itor Allows you to read the
accelerometer,

magnetometer and
gyroscope values from the

xR T s R (s VR W R A TR 8 ]

=

LSMIDS1 IMU on your
Arduino Nano 33 BLE

Sense.
 Please have a look at Ohm’s Law! 111~ (INSTALL
pmq E?éﬁ%iﬁvﬁ An introduction to Electronic Sensing Devices — Elisa Riceputi



https://www.arduino.cc/en/software
https://create.arduino.cc/editor/

Arduino Nano 33 BLE Sense

 Power: 3.3V, 15 mA DC for I/O pin

RGE LED

» NINA B306 module (U1): —— S
- Nordic nNRF52840 (uC, 32-bit, 64 MHz)
« 256 KB SRAM, 1 MB flash L ~D12~
« BLE 5.0 multi-protocol | . $
) L ~p9
« ATECCG608A (Cryptographic chip, U4) | E
)
-«  MPM3610 (DC-DC — Power System, IC1) o —
[ a6 03
« Sensors:
« LSM9DS1 (lMU 9 axis, U2) (_RESET ) ( RESET )
+ LPS22HB (Barometer and temperature, ) g
« HTS221 (Relative humidity, )

« APDS-9960 (Proximity, light, RGB, gestures, U5)
« MP34DTO05 (Digital microphone, U3)
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https://content.arduino.cc/assets/Pinout-NANOsense_latest.pdf?_gl=1*jf957y*_ga*MTc5NjMxMDczOC4xNjM0MjIxOTU0*_ga_SELSHHP7SG*MTYzNDIyNzAyNy4yLjEuMTYzNDIyNzAyOS4w
https://content.arduino.cc/assets/Pinout-NANOsense_latest.pdf?_gl=1*jf957y*_ga*MTc5NjMxMDczOC4xNjM0MjIxOTU0*_ga_SELSHHP7SG*MTYzNDIyNzAyNy4yLjEuMTYzNDIyNzAyOS4w
https://content.arduino.cc/assets/Pinout-NANOsense_latest.pdf?_gl=1*jf957y*_ga*MTc5NjMxMDczOC4xNjM0MjIxOTU0*_ga_SELSHHP7SG*MTYzNDIyNzAyNy4yLjEuMTYzNDIyNzAyOS4w

Arduino Nano 33 BLE Sense schematic

1 2 3 4 5 6 7 8
A A
B
::..-O o
3 &
c o] I e
o {1 =
v %8 82 L
D
E HTS221 il
NeNG333LE U2
17/87/2819 11:81
O Sheeu 171
1 I 2 I 3 4 5 [ 8
UNIVERSITA q . . . . . . .
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https://content.arduino.cc/assets/NANO33BLE_V2.0_sch.pdf

& sketch_mar6a | Arduine IDE2.0.4 - [m} e
File Edit Sketch Tools Help

Arduino IDE — Next Lesson Requirements

sketch_marba.ino

1 I.-'Dic setup() {

« Find the downloadable software at the following link: L

« Lastrelease - Arduino IDE 2.0.4

Ln1,Col 1 Arduino Mano 33 BLE [not connected] [}
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https://www.arduino.cc/en/software

& sketch_mar6a | Arduine IDE2.0.4 - [m} e
File Edit Sketch Tools Help

Arduino IDE — Next Lesson Requirements

sketch_marba.ino

1 I.-'Dic setup() {
+ Find the downloadable software at the following link: ¢
f void loop() {
« Lastrelease 2 Arduino IDE 2.0.4 B sketch_mara | Arduine IDE 2.0.4 | — O X,

File Edit Sketch Tools Help

' i Debug - Debugging is not rted b
+Install ArduinoBLE drivers QO I V.55

« Board manager (Arduino Mbed BOARDS MANAGER sketch_mar6a.ino
OS Nano Boards) nano 33

E Type:  All v

Arduino Mbed OS Nano
Boards by Arduino

=

void setup()

¥

void loop() {

o I T Wy I N W I

Boards included in this
package:

Arduino Nano RP2040
Connect, Arduino Nano 33
BLE

=
[ I I v
e

354w INSTALL
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https://www.arduino.cc/en/software

Arduino IDE — Next Lesson Requirements

« Find the downloadable software at the following link:
 Lastrelease - Arduino IDE 2.0.4
 |nstall ArduinoBLE drivers

« Board manager (Arduino Mbed OS Nano Boards)
« Library manager (Arduino BLE, Arduino_LSM9DS1)

LIBRARY MAMAGER sketch_marBa.ino LIBRARY MAMAGER sketch_marGa.ino
nano 33 1 woid setup() { nano 33 1 void setup() {
2 2

Type: Al v 3 Type: Al v 3
Topic: Al w 4 1 Topic: Al v 4 ¥

S I ) 5

[nh > IR [ ArduinoBLE by Arduino 6 void loop() {
- 6  wvoid loop() { Version 1.2.0 B ot
Ard U!“C’_L SM3DS51 by 7 This library supports ’
Arduino 3 creating a Bluetooth® Low 8
Version 1.1.0 ) Energy peripheral & central a I
Allows you to read the 9 ¥ mode. 16
accelerometer. 18 Enables Bluetooth® Low
magnetometer and Energy connectivity on the
‘alues from th Arduino MKR WiFi 1010,
LEMIDS1 IMU on your Arduino UNO WiFi Rev.2,
. Arduino Nano 33 loT,
’grd“"’“’ Nano 33 BLE Arduino Nano 33 BLE and
Snse. Nicla Sense ME.
111+ (TINSTALL 132v ( INSTALL
[ iy UNIVERSITA " Q . . : H 1 i
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https://www.arduino.cc/en/software

& sketch_mar6a | Arduine IDE2.0.4 - [m} e
File Edit Sketch Tools Help

Arduino IDE — Next Lesson Requirements

sketch_marba.ino

1 I.-'Dic setup() {

(&l sketch_marba | Arduine IDE 2.0.4 — O h4

* Find the downloadable software at the following link: s s s oe e

Debug - Debugging is not supported by

"Arduino Nano 33 BLE

& sketch_marba | Arduino IDE 2.0.4 — O *

» Lastrelease =2 Arduino IDE 2.0.4 fle Edt Sieh Took bl

. . (& sketch_mar6a | Arduine IDE 2.0.4 — O x
* Install ArduinoBLE drivers e tat Sketcn Tooks el
+ Board manager (Arduino Mbed OS
Nano BOardS) LIBRARY MANAGER sketch_marGa.ino
nano 33 1 void setup() {

« Library manager (Arduino BLE, - 5
Arduino_LSM9DS1) Topic: Al v

¥

void loop() {
Arduino_LSMIDS1 by
Arduino

. . . Version 1.1.0
* On I I ne ed Itor Allows you to read the
accelerometer,

magnetometer and
gyroscope values from the

xR T s R (s VR W R A TR 8 ]

=

LSMIDS1 IMU on your
Arduino Nano 33 BLE

Sense.
 Please have a look at Ohm’s Law! 111~ (INSTALL
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