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Administrivia

» Project Proposals due later this week
* Feel free to chat with me if you‘'ve got any questions about ideas
« Emailed project groups already

« If you're still looking for a group, or another group member,
let me know

« Goal to get you feedback next week
« Will likely focus on groups I'm concerned about though
* No news is good news



Campus resources for prototyping

 Ford Prototyping Lab has lots of resources that could be useful
« Machine shop and hand tools
 Laser cutters
» 3D printing

« https://design.northwestern.edu/about/design-facilities/prototyping-
lab.html

« Mudd Library has 3D printing support as well
 Often free to use for classes

o https://www.library.northwestern.edu/use-the-libraries/technology-
multimedia/makerlab-3d-printing/
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Today’s Goals

« Think about sensing and sensors

 Explore a variety of sensor types, how they are made, and what
their capabilities are

» Discuss output devices as well: actuators

« Generally: do an overview of what exists and how it works
« Embedded systems is a mile wide and an inch deep
 Goal is to have a basic understanding of many things
« And then build a deeper understanding of the stuff you use




Outline

- Sensing Overview

 Types of Sensors
« Temperature
« Light
o Inertial
 Others

» Capacitive Touch Sensing

e Actuators




Definitions

* A sensor is a device that measures a physical quantity
« Temperature sensor
* Light sensor
 Microphone

« An actuator is a device that modifies a physical quantity
* Heater
« Motor
« Speaker



Analog signals

e Exist in infinite states
e From a maximum to a minimum

» Often used for interactions with
the real world

» Sensors usually generate analog
signals

 Microbit example: microphone

f{t] = Ch1 - Ch2
O HEEH
flt]




Sensors transform quantity into an electric signal

 Microcontrollers can interact with analog signals

» Generating an analog signal proportional to physical quantity makes the
quantity able to be sensed

 Microcontrollers will transform this analog signal into a binary value with
an analog-to-digital converter

 How do we generate an electrical signal?
« Ohm’'s Law: V =1 * R (Voltage = Current * Resistance)
* Vary any one of these three and an analog signal is created
* Resistive sensors are common
 As are sensors that produce a voltage/current



Resistive sensors

_pL

R
A

* L: length of the conductor
 A: area of the conductor
« p: resistivity of the conductor material

« Various materials have resistivity that is itself a function
« Based on temperature, light, strain, etc.



Force-sensitive resistor

* Vary resistance based on
pressure or flex
» Various shapes and sizes
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Using a resistive sensor

 Place in series with  vs O Supply Voltage +5V
another resistor
Temp= 25°C \\: LDR
- Between VCC and THERMISTOR
ground
1@
O Vout

« Measure voltage

between the two R2
relative to ground
oV l
O O L

* Forms a GND
“voltage divider”

5k
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Voltage divider

.VO

V., is a voltage source
« R; and R, are resistors

— x |/
ut R1+R2 n

. IfR, == R,
* Vout = Vin/2

» Smaller R, means larger V,,,
* V,; approaches V,,

!Important! Learn this I
R>

vin

vﬂut
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Generating voltage via piezoelectric effect

« Compression of the No Pressure Pressure
material generates
a voltage

e Various sources of
compression:
* Air Pressure
« Acceleration
 Strain

* Alternative to resistive sensors. But, a voltage is still the output




Understanding sensor voltage

» Once you get a voltage, what do you do with it?

» Need to understand the transfer function between voltage and the
sensed quantity
« Examples for an accelerometer: senses acceleration

« Hopefully, function is linear
« Frequently, function is NOT
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Affine sensor model (for linear sensors)
F(x) = ax + b

* X is the quantity being sensed
» F(Xx) is a voltage proportional to that quantity

 Parameters

* a: sensitivity, units Volts/quantity
« Change in voltage per change in quantity

 b: bias, units Volts
 Offset in voltage for zero of the quantity
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Bias and sensitivity example

Accel -3.6 0 3.6
x(2) I I I |‘ I I
<1 | | N I
\\ \ /
\\ \\ I/
\\ \ 1
\\ \ ]
\\ \ /
\\ \ /
e 0 LS 1.0
Vreadout (V)< s SI \* k’ >
F(x) | I
F(x) =ax+b
b=1.5

a=15/3.6=0.417 V/g
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Break + Question F(x) = ax + b

X is the quantity being sensed
 Accelerometer
« Measures 0-5 g F(x) is a voltage proportional to

that quanti
* Over a 0-5v range quanty

a: sensitivity, units Volts/quantity
Change in voltage per change in quantity

» What is sensitivity?
o b: bias, units Volts
o What IS b|a5? Offset in voltage for zero of the quantity

« What acceleration is the voltage reading 3.5 volts?
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Break + Question F(x) =ax + b

X is the quantity being sensed
 Accelerometer

« Measures 0-5 g F(x) is a voltage proportional to

that quanti
* Over a 0-5v range quantity

a: sensitivity, units Volts/quantity
Change in voltage per change in quantity

« What is sensitivity? 1 v/g
o b: bias, units Volts
o What IS b|a5? O V Offset in voltage for zero of the quantity

« What acceleration is the voltage reading 3.5 volts?
«35v =1v/g*x+0v->3.5¢g
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Understanding transfer function: ADXL330 datasheet

* Sensitivity
and Bias are
listed values

e Ratiometric

* Relative
to voltage
the system is
powered at

SPECIFICATIONS

Ta =25°C, Vs =3V, Cx = Cy = Cz = 0.1 pE acceleration = 0 g, unless otherwise noted. All minimum and maximum specifications are
guaranteed. Typical specifications are not guaranteed.

Table 1.

Parameter Conditions Min Typ Max Unit

SENSOR INPUT Each axis
Measurement Range +3 +3.6 g
Nonlinearity % of full scale +0.3 %
Package Alignment Error +1 Degrees
Inter-Axis Alignment Error +0.1 Degrees
Cross Axis Sensitivity' +1 %

SENSITIVITY (RATIOMETRIC)?
Sensitivity at Xour, Your, Zout
Sensitivity Change Due to Temperature?

Each axis
Vs=3V
Vs=3V

ZERO g BIAS LEVEL (RATIOMETRIC)
0 g Voltage at Xour, Your, Zout
0 g Offset vs. Temperature

NOISE PERFORMANCE

Each axis
Vs=3V

Noise Density Xour, Your 280 ug/vVHz rms

Noise Density Zour 350 ug/VHz rms
FREQUENCY RESPONSE*

Bandwidth Xour, Your® No external filter 1600 Hz

Bandwidth Zour® No external filter 550 Hz

Rrir Tolerance 32+ 15% kQ

Sensor Resonant Frequency 55 kHz

—— e —————
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Understanding transfer function: ADXL330 datasheet

 Bandwidth

« x~Data update
speed of the
Sensor

« Data changes
above 1600 Hz
are less
detectable

 Various other
features listed
that you may
or may not care
about

SPECIFICATIONS

Ta =25°C, Vs =3V, Cx = Cy = Cz = 0.1 pE acceleration = 0 g, unless otherwise noted. All minimum and maximum specifications are
guaranteed. Typical specifications are not guaranteed.

Table 1.
Parameter Conditions Min Typ Max Unit
SENSOR INPUT Each axis
Measurement Range +3 +3.6 g
Nonlinearity % of full scale +0.3 %
Package Alignment Error +1 Degrees
Inter-Axis Alignment Error +0.1 Degrees
Cross Axis Sensitivity! +1 %
SENSITIVITY (RATIOMETRIC)? Each axis
Sensitivity at Xour, Your, Zout Vs=3V 270 300 330 mV/g
Sensitivity Change Due to Temperature? Vs=3V +0.015 %/°C
ZERO g BIAS LEVEL (RATIOMETRIC) Each axis
0 g Voltage at Xour, Your, Zout Vs=3V 1.2 1.5 1.8 "
0 g Offset vs. Temperature *1 mg/°C
NOISE PERFORMANCE
Noise Density Xour, Your 280 ug/vVHz rms

Noise Density Zo
FREQUENCY RESPONSE*

Bandwidth Xour, Your®
Bandwidth Zoyr®

Rrir Tolerance

Sensor Resonant Frequency

No external filter
No external filter

32+ 15%
55

g/yHz rms

kHz

—— e —————
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Active and passive sensing

Passive Sensing

Active Sensing
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Active and passive sensing

 We usually focus on passive sensing
» Cheaper and lower energy costs!

 Active sensing examples
 Flash photography
« Ultrasonic distance sensing
« Lidar and Radar
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Outline

» Sensing Overview

* Types of Sensors
 Temperature
« Light
e Inertial
 Others

» Capacitive Touch Sensing

e Actuators




Digital temperature sensor

 Thermostat
* Original meaning of the word

« Heat bends a strip of two
different metals

 Switches circuit on/off based
on the temperature

Electrical
connection Bi-metallic strip

Electrical Contacts
Closed

Electrical Contacts
open due to Heat

a— Higher Metal Strip

«— Lower Metal Strip

J Electrical ﬂé_. Electrical
Contacts

connection
I ] || Contact
__________.__—_-—:-_ﬂ_‘_’:; H I ovement

Open circuit
T‘ '.LT ﬁ_. condition
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Thermo-electric temperature sensing

The voltage output
beingthe temperature

The measuring
(Hot) Junction

J

Constantan (Vo= V1-V2)

lTl A The reference
| (Cold) Junction
HEAT

 Thermocouple generates a voltage based on temperature

 Can be used to harvest energy to run system

WV
8]
$
Vout difference between the
'
@]
Wz

two dissimilar junctions
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Thermocouples are used in an RTG to power Mars rovers

 Radioisotope Thermoelectric Generator
* Nuclear source creates heat
« Thermocouples convert heat to electricity

Therr

 Reliable energy source for space!

 Solar panels get dusty on Mars, and sunlight
has reduced energy at great distances

 In first year: 125 W
« After 14 years: 100 W
» Curiosity has been running this long

« Used for other deep-space missions too
 Voyager, New Horizons, Cassini, Dragonfly

http://large.stanford.edu/courses/2012/ph240/belanger2/
https://en.wikipedia.org/wiki/Multi-mission radioisotope thermoelectric generator
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Resistive temperature sensing

 Thermistor varies resistance based
on temperature

 Set up as a voltage divider to measure  3q

oS 250
R,

— 200
» Advantages: extremely cheap and easy & '*°
to use

» Disadvantages: non-linear transfer 0
function

-100

0 100 200
Temperature (C)

300
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Outline

» Sensing Overview

* Types of Sensors
« Temperature
 Light
o Inertial
 Others

» Capacitive Touch Sensing

e Actuators




Measuring light

e Lux: unit of illuminance

» Beware spectrum sensitivity

Relative Spectral Response
RELATIVE RESPONSE - %

. [\
A
10\
D Z
. L

400 500 600 a0 800 200
WAVELENGTH - nm

llluminance
0.002 lux

0.2 lux

0.27 - 1 lux

3.4 lux

50 lux
80 lux
100 lux

300 - 500 lux

1,000 lux

10,000 -
25,000 |ux
32,000 -
130,000 lux

Example

Moonless clear night sky

Design minimum for emergency
lighting (AS2293).

Full moon on a clear night

Dark limit of civil twilight under a
clear sky

Family living room
Hallway/toilet
Very dark overcast day

Sunrise or sunset on a clear day.
Well-lit office area.

Overcast day; typical TV studio
lighting

Full daylight (not direct sun)

Direct sunlight
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Resistive light sensing

» Photocell changes resistance with

Electrodes

. . Cold weld
light (non-linear) contacts
ABSOLUTE MAXIMUM RATING (1= 23°c UNLESS OTHERWISE NOTED Ceramic
SYMBOL | PARAMETER MIN | MAX | UNITS
Vik Applied Voltage 150 v
Py sperr | Continuous Power Dissipation 100 | mW/°C
To Operating and Storage Temperature | -30 | +75 °C
Ts Soldering Temperature* +260 | °C
*0.200 inch froam base for 3 seconds with heat sink.
ELECTRO-OPTICAL CHARACTERISTICS RATING ai 23°c UNLESS OTHERWISE NOTED
SYMBOL CHARACTERISTIC TEST CONDITIONS MIN TYP MAX UNITS
Rp Dark Resistance After 10 sec. @ 10 Lux @ 2856 °K| 0.2 M)
R lluminated Resistance 10 Lux @ 2856 K 3 11 KL}
e LOG(R100)-LOG(R10)** -
S Sensitivity LOG(E100)-LOG(E10)™™ 0.6 /Lux
Arange Spectral Application Range| Flooded 400 700 nm
A peak Spectral Application Range| Flooded 520 nm
t; Rise Time 10 Lux @ 2856 °K 55 ms
T Fall Time After 10 Lux @ 2856 °K 20 ms

"R100, R10: cell resistances at 100 Lux and 10 Lux at 2856 “K respectively .
“**E100, E10: luminances at 100 Lux and 10 Lux 2856 “K respectively.

Clear coating over
entire top surface

Photoconductive

material over
top surface
T Wire terminals

Kit version:
10 k2 when dark
« 1 kQ when light
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Photodiodes leak current based on light levels

« When voltage is applied in reverse
to an ideal diode, no current flows

» But some small amount of current
leaks for real-world diodes

 Proportional to light levels!

 LEDs can be used as (crappy)
photodiodes as well!
 Apply reverse voltage

» Read in leak current as voltage
across a resistor using ADC

https://wiki.analog.com/university/courses/electr
onics/electronics-lab-led-sensor

0 Lux

300 Lux

900 Lux

1500 Lux

. Anode (A)
A K P
- -+ *

-6 -5

Reverse Voltage
-4 -3

Light

-
Ve

-2

Lens

E Cathode (K)

Dark Current

Fully lluminated

50
100
150
200
250

300
la (uA)
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Light color sensing

« Respond to specific light colors separately

PHOTODIODE SPECTRAL RESPONSIVITY

RGBC

1

Clear\_‘

0.9

I I
Normalized to
Clear

@ 755 nm
l

0.8

|
Ta = 25°C

0.7

Red

0.6

I
Green

0.5

04

l- Blue

v

Relative Responsivity

0.3

0.2

AL

0.1

300

|

\~

500

700

900 1100

A — Wavelength - nm

« Intelligent sensor: photodiodes combined with
ADCs and a wired interface (12C)
 Allows interrupting based on comparator too

Voo

GND r

Wait Control | Interrupt I_
IR-Blocking
Filter o
- RGBC Control [_Upper "'"}" -
o
Clear ADC | Clear Data 3 " 8
:‘:: Clear | L Limit [
Red ADC | Red Data o E
Red " o
= Green ADC | Green Data =
Green -—]
Blue ADC Blue Data

<2

el

Blue

—®  INT

—— SCL

—»  SDA
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Passive Infrared (PIR) sensor

« Detect movement in the
environment
By detecting change in IR levels
« “"Motion” sensor

« Often come with plastic lens cover
to improve field of view and range




PIR sensors come in digital and analog forms

TS metal package

TOS metal package

(8.8mim = Smm 380 dia.) ., (9.8mm =« Smm 38 chodial) .
Infrared U T Ii Infrared 1 = :
radiation ! i Single-chip il radiation ; i Bingle-chip |
i VI ghilizad| ff e tabilzed| |
: t@—-ﬂ—ﬂ Vidd i -t@ 0 Vadd
i supply H A sUpD !
: Amplifier E%Fﬂ Cutput | 1 Amplifiar : ) Oubpast
Muti lens i circuit circuit ;E,E_O Gind Multi lens E cincust )J_,: Gnd
FRe G EX :
l=m [ ~——=====mem——— ] 1 f ————mmmmmm———-
Optical filter semen | Optical filter “dgcemmonoor. —
4. Timing chart
1) Digital output 2) Analog output
ON . Wdd
Powar supply : Powear supply
: GMD
OFF ;
Detect Vo Detect
Detection siate : \ . Detection state
detect : (Comparator & et
slec decision output) =e  Body t
on ; : Ve T Threshold voltage @
5 : ' ! Output wavefarm (comparatar)
Ensor DIJlFI'IJ : : W out o
OFF —— : GMND

Circuit stability timea)

Digital includes a preconfigured comparator

Circuit stability time

2.5V |

:Th

reshold voltage (2
{comparator)
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« Temperature
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 Inertial
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» Capacitive Touch Sensing

e Actuators




Inertial Measurement Unit (IMU)

« IMUs (a.k.a 9 degree-of-freedom, 9DOF) are used for tracking motion of
a device
 Acceleration (X, Y, Z axes)
 Rotation (X, Y, Z axes)
« Magnetism (X, Y, Z axes)

 Sometimes 6DOF with Acceleration + one of the others

» Intelligent sensing: combines multiple sensors, ADCs, and computation
with a wired interface

9 analog inputs would otherwise be too many

« Can be used to track motion, determine transportation method
« Smartphones, Robotics, etc.
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Sensing acceleration

» Goal: create a voltage that changes based on force

wwaw. explainthatstull com . .
Capacitive accelerometer Piezoelectric accelerometer

2. Mass squeezes crystal

wiww. explainthatstufl.com

1. Mass 3. Squeezed

1. Mass presses 2. Mass closes plates, presses crystal
capacitor plate changing capacitance against generates
P crystal voltage
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Microelectromechanical Systems (MEMS)

« Same concept, but within an IC and 1 to 100 micrometers in size

MEMS Accelerometer

Nl ' 4
R

\ A

IR LIRS _'
i SFCUATT s

wuu.HouToRechatronics.con
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Using accelerometers

 Accelerometers usually measure in g§
 Where 1 g equals acceleration due to Earth gravity

« Determining distance from acceleration is possible
« But messy. Error is squared when integrating
 Needs careful filtering and is only accurate over short periods
 Often fills in gaps between GPS samples (or other localization systems)

» Accelerometers also work as tilt sensors g
 Constantly sensing pull of gravity 1
« A[x] = 1 g * sin(0) 119
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Gyroscopes

» Measures angular velocity
 Usually lower limit than you might hope
« <10 rotations per second

 Usually, we want angle instead of rotation speed
 Integrate signal to determine current angle

« Combine noise and DC bias with integration and you get a
continuously accumulating error: drift

40



Magnetometer

« Measures the magnetic field

 Usually used in devices as a compass
 Detect Earth’s magnetic field orientation

 Problem: Earth’s magnetic field often overwhelmed by local
magnetism when indoors
 Large chunks of metal in walls, for example
 Or other metal parts nearby on the circuit board!!

« Satellites can use magnetometers for localization

41
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Intelligent sensors

« Many embedded sensors are more intelligent than simple analog

« Combine it with a built-in ADC (analog-to-digital converter)
« Can be more finely tuned and calibrated for accuracy
* Now gives digital output over some wired communication mechanism

« Combine it with additional circuitry / computation
« Automatically filter data
 Detect specific signal patterns and interrupt

« I point most groups at intelligent sensors for projects
« More expensive but easier to use
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Example of Intelligent Sensor: QWIIC sensors

« https://www.sparkfun.com/qwiic

 Adafruit has compatible parts it calls "STEMMA”
https://www.adafruit.com/category/620

« Sensors have a standard, wired interface
» Power, Ground, I2C (wired communication protocol)

« Removes electrical/wiring issues

* Transforms into a software issue of what the correct commands to send to
the device are

« OQur usual plan: use an existing driver to guide creation of our own
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Other sensors (may or may not be intelligent)

» Environment: Pressure, Humidity, Air Velocity, Air Quality

 Distance: Ultrasonic, Lidar, or Radar

« Biometric: Pulse Oximeter, Heart Rate

» Agricultural: Soil moisture

* Let’'s do a quick tour of some more!
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Distance measurement with ultrasonic

 Sound travels much slower than light
« About one foot per millisecond

» Ultrasonic transmitters use high-
frequency sound that humans can't
hear

 And measure the time for it to bounce off
an object and return

e Gives centimeter accurate distance
 But works best for solid objects

46



Gesture sensor

» Actually senses light colors

(RGB channels)

 Four sensors aligned in a pattern

 Comes with an LED that shines
» Uses reflections to determine direction a

hand is moving over it

Downwa
motion

b

Ideal response

/.

w—|p OxFC  =—DownOxFD ———LeftOxFE -—Right OxFF
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Pulse sensor

* Photo sensor that provides an analog
output

« When pressed tightly against a finger, the
blood flow is detectable and corresponds
with your pulse .

o Counting peaks gives of Atria of Ventricles
heartrate A

Depolarization <=+ °

of Atria o —
Depolarization Repolarization

of Ventricles of Ventricles
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RFID Cards and Readers

» Not a sensor at all, just a radio

 Provides energy to the tag and gets a
wireless data packet in response

 Useful for projects as it can

distinguish between different RFID
tags

 Usually cards

» Also capsules that can
be embedded in various
objects

49



Break + Open Question

How are new sensors discovered/created?
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Water Quality Sensor

https://hackaday.com/2021/02/18/internet-of-clams/
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Capacitive Touch Sensor

» Pull-up resistors connected to metal pads
 Also connected to GPIO pin

» Acts as a capacitor connected to ground

Ve

MCU '[ System’s
base
Electrode 3 / capacitance

7 S !

MCU

AAA {:
——AN—e
]
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The touch pad recharges on its own

« If you drive the GPIO pin attached to it low, touchpad clears low

« If you make the GPIO pin an input (high impedance)
« The touchpad gets pulled high, which takes some amount of time

Low Capacitance High Capacitance

3.3v

3.3v

The more
capacitance the
longer this takes!

—
Ovl ovl

And fingers are
GIANT capacitors

usS 0 usS 0 4 8 12 16 20 24 28
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Capacitive touch sensing method

1. Drive GPIO pin low
« Connects the pad to ground

2. Set GPIO pin as input and enable low-to-high interrupt
 Gets an interrupt when the pad finally becomes high on its own
» Use a timer to determine time until interrupt
« ~70 ys with no finger, <= milliseconds with flnger

» Needs to timeout after a few milliseconds to declare “touched” as there might be
enough capacitance to never go fully high

3. Repeat periodically (a few times a second is probably good enough)

Sudden large increase in rise time = someone is touching!
 Finger acts as a large capacitor
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Capacitive touch works on any metal surface

« Idea: Microbit door handle sensor

« Connect a wire and a pull-up resistor to a metal door handle to
sense when someone is touching it!

« Timing will be very different from capacitive pad, but should be repeatable
and capable of distinguishing human touch
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What if you want to make an output?

* More varied in their nature
« Typically: send an electrical signal in some form
 Actuator transforms electrical signal into some other mechanism
« Movement, heat, light, sound, etc.

 Can also be intelligent actuators

« Communicate bits/bytes over some protocol about which actions to take
« Example: displays

* Let's do an overview of some outputs too
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Audio outputs

» Microbit can do this natively! It has a speaker
« We'll use itinlab 5
» Not a very good speaker...
« Great for beeps
 Bad at being loud or higher-quality audio

* Alternative:
« External speaker driver hardware
 You provide it an audio signal (future lecture)
« It amplifies it and sends it to speakers
« Often supports multiple channels
» Left and Right channel audio
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Light outputs
* Microbit has the 5x5 LED Matrix

» But we can use additional LEDs
 High-power, super-bright LEDs
« RGB LED rings and strips

 Challenge: need additional power
 Usually an external 5v supply

* LED strips use a custom control
protocol too (future lecture)
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Screens

» Various sizes and capabilities
» Biggest are a couple inches and color
« Expect a LOW refresh rate

« Intelligent systems with complicated
protocols for initializing and
transferring data

 Probably the most complicated
devices teams use

 But also, many teams use them
successfully each quarter
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Motors

« Simplest form are little buzzers that vibrate
 “Vibratory motors” for haptic feedback

 Controlling more complicated motors usually gets
in the real of electrical engineering
 H-bridge to drive the motors

_ H-Bridge Motor Driver
 Pretty well-documented online at least

» Motors often need external power s

« It takes a lot of energy to move a motor
and a load G SIREYTTS DIY
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Servos

» Simpler motors that come with built-in
control

« Some can spin like motors

 Others move to fixed angles on
command

« We'll control a simple servo in Lab4
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Thermal printer

« Common use case: printing receipts
» Just an arbitrary printer though

» Operation
 Special paper darkens if heated

 Print head has a row of dots that can
be individually heated as paper moves
over them

« Communication
« Usually a UART (serial) protocol

« With a library of commands for
positioning and selecting characters

https://www.dfrobot.com/product-1799.html
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Outline

» Sensing Overview

 Types of Sensors
« Temperature
« Light
o Inertial
 Others

» Capacitive Touch Sensing

e Actuators




- Research case study




PowerBlade current sensing

« Example of creating a custom sensor

* PowerBlade goals

 Sense current and voltage in real-time
« Be small enough to be deployable

* Problem

« To measure current, you usually have to break
the circuit

4

« But PowerBlade attaches in parallel

PoverBlad
, S.0eBruin




Measuring current

» Coil of wire in a changing
electric/magnetic field produces a

voltage

« One way to make inductors is as a
coil of wire wrapped horizontally
around a magnetic core

* Re-purpose horizontally wire-
wound inductor as current sensor!
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Sensor placement

 Is in the middle or close to a
prong the best choice?

 Turns out it's closer to a prong
« Decreases with distance squared

« Angled like the magnetic field is
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Measuring sensor values

 Sensor output is very small

« Amplify to make output large enough
to accurately measure with ADC Current Sense

Sense
Inductor

* Need to pick sampling rate
» AC: 60 cycles per second in US
* Need N * 60 measurements per second
« N=42 (as fast as we can measure)
« 2520 measurements per second

70



At first, our output signal was this green line

Blender - 115W, PF=0.50

Actual Current
Measured Current

lsensE
Absolute Error
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Measurement into current

e Search coil measures the
derivative of current!!

* Need to integrate to get signal
and apply sensitivity and bias

Current == f (”T( + ¥ d—j) dt =al +

Voltage

Current Waveforms

N N > T 7 ]

Hot Air Gun - 247W, PF=0.75

—
“
\
f‘.-.! Y ’f*\ //\- ~
4 N - o= — / SRz d / Lt
< N T e e = S = S f w W S f"' “
e \ 5 o ’
SN et (G e S
L T —

Drill {Low) - 49W, PF=0.28

Actual Current ------- lsEnSE
Measured Current Absolute Error
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