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To Red, for helping us see that our work with technology is ultimately about people.



Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  xi

1. Circuits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1
Circuit Basics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Ohm’s Law . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
Understanding Resistors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
Series and Parallel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
Determining Polarity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
Using a Multimeter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
More About Circuits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

Constructing Circuits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
Alligator Clip Circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
Wire Circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
Breadboard Circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
Protoboard Circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
Conductive Thread Circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
Conductive Fabric Circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
Advantages and Disadvantages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2. Conductive Materials . . . . . . . . . . . . . . . . . . . . . . . . . .  35
Conventional Conductors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

Alligator Clips . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
Wire . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
Breadboards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
Protoboard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

v

Table of Contents



Conductive Thread . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
Properties of Conductive Thread . . . . . . . . . . . . . . . . . . . . . . . . 39
Working with Conductive Thread . . . . . . . . . . . . . . . . . . . . . . . 40
Types of Conductive Thread . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

Conductive Fabric . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
Properties of Conductive Fabric . . . . . . . . . . . . . . . . . . . . . . . . . 41
Working with Conductive Fabric . . . . . . . . . . . . . . . . . . . . . . . . 42
Types of Conductive Fabrics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

Other Conductive Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
Conductive Yarn . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
Conductive Fiber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
Conductive Felt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
Conductive Ribbon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
Conductive Fabric Tape . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
Conductive Hook and Loop . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
Conductive Paint . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
Everyday Stuff . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

Choosing Conductive Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
Experiment: Wearable Circuits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
What’s Next . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3. Switches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  51
Understanding Switches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

Poles and Throws . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
Types of Switches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

Off-the-Shelf Switches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
Tactile Buttons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
Latching Buttons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
Toggle Switches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
Slide Switches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
Microswitches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
Tilt Switches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

DIY Switches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
Sandwich Switch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
Contact Switch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
Bridge Switch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
Pinch Switch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
Other DIY Switches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

Experiment: Social Switches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4. E-Textile Toolkits . . . . . . . . . . . . . . . . . . . . . . . . .  65
LilyPad . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

Modules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
Experiment: Let’s Get Twinkly . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

vi Make: Wearable Electronics



Experiment: Let’s Get Tiny . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
Flora . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

Modules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
Aniomagic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

Modules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
Experiment: Let’s Get Sparkly . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

Thinking Beyond . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5. Making Electronics Wearable . . . . . . . . . . . .  77
Why Wear It . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
What Makes Something Wearable . . . . . . . . . . . . . . . . . . . . . . . . . 77

Comfort . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
Durability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
Usability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
Aesthetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

Designing a Wearable . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
Choosing a Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
Choosing Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
Choosing Components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
Creating a Layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
Iterative Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

Experiment: Eight-Hour Wearable . . . . . . . . . . . . . . . . . . . . . . . . . 89

6. Microcontrollers . . . . . . . . . . . . . . . . . . . . . . . . .  91
Hardware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
Hello World . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

Experiment: Gettin’ Blinky . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
Digital Output . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

The Circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
The Code . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
Power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
Experiment: Morse Code Messages . . . . . . . . . . . . . . . . . . . . 103

Digital Input . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
The Circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
The Code . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
Experiment: Button as Controller . . . . . . . . . . . . . . . . . . . . . . . 107

Analog Input . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
The Circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
The Code . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
Experiment: Sensor as a Switch . . . . . . . . . . . . . . . . . . . . . . . . 110

Analog Output . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
The Circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
The Code . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
Experiment: Sensitive System . . . . . . . . . . . . . . . . . . . . . . . . . . 111

viiTable of Contents



What’s Next . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

7. Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  113
Working with Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

Getting to Know Your Sensor . . . . . . . . . . . . . . . . . . . . . . . . . . 113
Voltage Divider Circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
Communicating with I2C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

Working with Sensor Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
Thresholds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
Mapping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
Constraining . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
Smoothing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
Experiment: Wooo! Shirt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

What to Sense . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
Flex . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
Force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
Stretch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
Movement, Orientation, and Location . . . . . . . . . . . . . . . . . . 128
Heart Rate and Beyond . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
Proximity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
Light . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
Color . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
Sound . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
DIY Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
Experiment: Body Listening . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

Other Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

8. Actuators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  145
Light . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

Basic LEDs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
Addressable LEDs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
Fiber Optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
Electroluminescent Materials . . . . . . . . . . . . . . . . . . . . . . . . . . 158
Experiment: Be Safe, Be Seen . . . . . . . . . . . . . . . . . . . . . . . . . . 162

Sound . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
Buzzers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
Tones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
Audio Files . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
Experiment: Wearable Instrument . . . . . . . . . . . . . . . . . . . . . . 171

Motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
Vibrating Motors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
Servo Motors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
Gearhead Motors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

viii Make: Wearable Electronics



Experiment: Shake, Spin, or Shimmy . . . . . . . . . . . . . . . . . . . 187
Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

Fans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
Heat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
Experiment: It’s Gettin’ Hot in Here . . . . . . . . . . . . . . . . . . . . . 191

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191

9. Wireless . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  193
Bluetooth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193

Experiment: Communicating with Bluetooth . . . . . . . . . . . 194
Hello XBees . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200

Configuring XBees . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200
Experiment: XBee and Arduino . . . . . . . . . . . . . . . . . . . . . . . . . 206
Experiment: XBee Direct Mode . . . . . . . . . . . . . . . . . . . . . . . . . 210

Other Wireless Options . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
Thinking Beyond . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212

Appendix A. Tools . . . . . . . . . . . . . . . . . . . . . . . . . . . .  213

Appendix B. Batteries . . . . . . . . . . . . . . . . . . . . . . . .  221

Appendix C. Resources . . . . . . . . . . . . . . . . . . . . . . .  229

Appendix D. Other Neat Things . . . . . . . . . . . . . .  233

Appendix E. Microcontroller Options . . . . . . . .  241

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  247

ixTable of Contents



About The Book

Figure P-1. “Monarch,” a muscle-triggered kinetic
textile created by the Social Body Lab

Our bodies are our primary interface for the
world. Interactive systems that live on the
body can be intimate, upfront, and some-
times quite literally in your face. They sit
close to your skin, inhabit your clothing, and
sometimes even start to feel like part of you.
This makes wearable electronics an exciting,
challenging, and inspiring area to work in.

On one level this book is about how to make
wearable electronics. It will introduce you to
the tools, materials, and techniques neces-

sary to create interactive electronic circuits
and embed them in clothing and other
things that can be worn.

On another level, this book is asking you:
“What’s next?”

We’re living in a moment where wearable
technologies are just starting to become a
part of our everyday lives. They live on our
wrists and in our glasses. They track our ac-
tivities and transport us into virtual worlds.
But this is just the beginning. There is still a
lot that has yet to be revealed.

This book is inviting you to join the conver-
sation about the future of wearable and
body-centric technologies. What do we
need? What do we want? And what should
be avoided?

In the last 10–15 years, the technology that
lives in our pockets has dramatically trans-
formed. In the next decade, we can expect
to see great strides in the development of
the technology that lives on our bodies and
in our clothes. It’s a good time to ask ques-
tions and express opinions. This book will
hopefully help you get started with that.
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Who This Book Is For

This book is for people who want to roll up
their sleeves and make some wearable elec-
tronics. This includes students, researchers,
hackers, makers, fashion designers, engi-
neers, industrial designers, developers, cos-
tume enthusiasts, artists, and textile mavens.

There are two perspectives from which you
might be approaching this book.

The first: you know some stuff. There’s a
broad range to this. Maybe you’re someone
who has used an Arduino to blink an LED at
a workshop once upon a time. Or maybe you
run a design firm that produces massively
robust interactive installations in museums
and now you’ve got a client who wants you
to generate a prototype that’s wearable. Ei-
ther way, you know enough to have a sense
of what universe you’re in. This book will help
you build upon what you already know and
might even lead you into some areas you
didn’t expect!

The second: when it comes to electronics
and programming, you’re a bit of a n00b.
Maybe you’re a fashion designer that realizes
that interactivity in clothing is something
you should wrap your head around. Or per-
haps you’re a sociologist who is developing
a data-collection system that includes sen-
sors that live on the body. Or maybe you’re
an artist with a newfound interest in self
tracking. In any case, there are likely many
things in this book that you may not have
heard of before. If you’re in this category, take
this advice: be brave. It’s OK if things are new
to you or if you don’t understand it on the
first go. This book might be your gateway to
a whole new list of things you didn’t realize
you wanted to learn. Stick with it—it’s inter-
esting stuff!

What You Need to Know

This book covers most of the basics, but it
does assume that you understand soldering
and basic hand sewing. If either of these
things are new to you, check out Appen-
dix C for resources where you can learn more.
It is possible to complete most of the exam-
ples in the book with one or the other, but I
do encourage you to learn both.

How This Book Is
Organized

This book will take you on a journey that
starts with circuit basics and ends with how
to make interactive wireless wearables. In
between, you’ll learn about materials, mi-
crocontrollers, sensors, and actuators, and
how these things fit into the world of wear-
able electronics. Here is what lies ahead:

Chapter 1, Circuits
This chapter introduces you to circuit
basics and then will show you six differ-
ent ways to build the same circuit using
different conductive materials.

Chapter 2, Conductive Materials
Here you will take a deep dive into the
range of conductive materials that we
can use to construct circuits.

Chapter 3, Switches
On, off, and beyond! This chapter pro-
vides an overview of switch basics and
explains how to create your own.

Chapter 4, E-Textile Toolkits
This chapter reviews the different elec-
tronic textile toolkits that are available
for use in your wearable electronics
projects.
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Chapter 5, Making Electronics Wearable
Making a circuit is one thing, but wear-
ing it is another. This chapter goes
through factors to consider when de-
signing wearable electronics.

Chapter 6, Microcontrollers
This is where the brains come in. This
chapter provides an introduction to
both the hardware and software aspects
of getting up and running with micro-
controllers.

Chapter 7, Sensors
Sensors are what microcontrollers use to
listen to the physical world. This chapter
provides an introduction to the basics of
working with sensor data and presents
a variety of sensors that are useful in the
wearable context.

Chapter 8, Actuators
Actuators make things happen! From
light to sound to motion, this chapter
introduces you to actuators that can be
employed in your wearable electronic
designs.

Chapter 9, Wireless
Time to bust out! This chapter introduces
three approaches for wireless commu-
nication, meaning your project can send
and receive data without being tied
down.

Appendix A, Tools
This provides an overview of the elec-
tronics and sewing tools that you might
need for your studio, workshop, or lab.

Appendix B, Batteries
Power it up! Here you’ll find details of
battery options for your wearable elec-
tronics projects.

Appendix C, Resources
Want to learn more? Here’s a list of re-
sources that will take you above and be-
yond what’s covered in this book.

Appendix D, Other Neat Things
This is a selection of materials and pro-
cesses that might help you make your
wearables happen.

Appendix E, Microcontroller Options
Here you’ll find a more comprehensive
list of microcontroller options to use in
your wearable electronics projects.

About the Title

Make: Wearable Electronics does indeed cov-
er how to make electronics that are weara-
ble. More broadly, it provides a non-
traditional approach to constructing elec-
tronic projects. The tools and techniques
that are covered can also be applied to tex-
tiles, tapestries, toys, and more!

About Experiments and
Projects

Throughout the book, we’ll walk through ex-
periments that will get you going and take a
look at real-world projects that will serve as
inspiration. A deliberate gap has been left
between the two.

Some wearable electronics and e-textile
books show you exactly how to build a par-
ticular project. This is not one of them. In-
stead, this book provides the building blocks
that will help bring your own ideas to life.

About the Examples

Here are some technical notes about the ex-
amples presented in this book:
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Connections
Most of the example circuits presented
in this book can be created using alliga-
tor clips. Alligator clips can always be re-
placed by conductive thread, soldered
wires, or other conductive materials as
desired.

Power
All of the analog circuits can be powered
using CR2032 batteries. Except where
noted, the microcontroller circuits can
be powered either by 1,000 mAh re-
chargeable lithium polymer batteries or
via the microcontroller’s USB connec-
tion. For alternative power options, see
Appendix B.

Code
All code can be found here: https://
github.com/katehartman/Make-
Wearable-Electronics

About Part Numbers

Throughout the book, you will see part num-
bers that are preceded by a supplier code.
These are the codes that will be used:

• AF: Adafruit Industries

• DK: Digi-Key

• IV: Inventables

• LE: Less EMF

• MS: Maker Shed

• RO: RobotShop

• RS: RadioShack

• SF: SparkFun Electronics

You can learn about these suppliers and
more in Appendix C.

What Was Left Out

This book does not attempt to replicate ex-
isting resources. Take note of the references
and project examples that are woven into
each chapter, as well as the materials pro-
vided in Appendixes C and D. These bread-
crumbs will lead you to a world of smart and
talented thinkers, makers, and visionaries
working in this and intersecting fields.

Experiment: Imagined
Wearable

An experiment in the preface? That’s right!
The best time for you to start prototyping
wearable electronics is right now. Some-
times it’s easier to work through ideas before
you even know what technologies you
might use to create them.

Imagine something intended to be worn on
your body (a garment or accessory) that
would help you better relate to the world
around you. It could be something practical,
possible, or desirable. Or it could be some-
thing ridiculous, outlandish, annoying, or in-
vasive. The technology that your garment
utilizes does not have to actually exist and
can be one of your own invention.

Once you’ve imagined your wearable, create
a physical, wearable prototype or mock up
that demonstrates what it might look like
and how it would work. To make it, you can
modify something that already exists (t-shirt,
sneakers, top hat, etc.) or create something
new from raw materials. It doesn’t have to be
fancy. Sometimes paper, duct tape, and
Sharpies will do just fine.

This is a conceptual prototype—you do not
need to implement any technology. Instead,
focus on the design of the piece as well as
the story behind it. Feel free to be creative,
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Shape-Shifting Glasses

While I hate that I need to wear glasses, I love the
glasses that I own. I interchange two pairs of pre-
scription glasses, and my choice of glasses before
I leave the house is influenced by what I happen
to be wearing, where I am going, who I will be
seeing, and how I am feeling. These factors ac-
tually create a wide variety of potential glasses,
but sadly, I only have two pairs.

The Shape-Shifting Glasses would be the product
of an advanced form of nanotechnology (I
think?) and would be moldable to any shape,
while maintaining accurate prescription. A but-
ton in one of the arms (think of the size of a inset
reset button on a small electronic, the kind you
have to press with a pin) would activate the
moldability/solidification of the glasses. When
activated, you would simply squish and stretch
the lenses to the preferred size and shape, set the
button again, and they would then remain in the
desired fashion.

-Elijah Montgomery

Figure P-2. Elijah Montgomery’s Shape-
Shifting Glasses, an imagined wearable

playful, and inventive. Try creating support-
ing materials such as instructions for use or
user scenarios to help develop the story of
your wearable. If you need some inspiration,
check out the sidebar on this page.

Conventions Used in This
Book

The following typographical conventions
are used in this book:

Italic
Indicates new terms, URLs, email ad-
dresses, filenames, and file extensions.

Constant width

Used for program listings, as well as
within paragraphs to refer to program
elements such as variable or function
names, databases, data types, environ-
ment variables, statements, and key-
words.

Constant width bold

Shows commands or other text that
should be typed literally by the user.

Constant width italic

Shows text that should be replaced with
user-supplied values or by values deter-
mined by context.

This icon signifies a tip, sugges-
tion, or general note.

This icon indicates a warning
or caution.
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Using Code Examples

This book is here to help you get your job
done. In general, you may use the code in
this book in your programs and documen-
tation. You do not need to contact us for per-
mission unless you’re reproducing a signifi-
cant portion of the code. For example, writ-
ing a program that uses several chunks of
code from this book does not require per-
mission. Selling or distributing a CD-ROM of
examples from Make: books does require
permission. Answering a question by citing
this book and quoting example code does
not require permission. Incorporating a sig-
nificant amount of example code from this
book into your product’s documentation
does require permission.

We appreciate, but do not require, attribu-
tion. An attribution usually includes the title,
author, publisher, and ISBN. For example:
“Make: Wearable Electronics by Kate Hartman
(Make). Copyright 2014 Kate Hartman,
978-1-4493-3651-6.”

If you feel your use of code examples falls
outside fair use or the permission given here,
feel free to contact us at bookpermis
sions@makermedia.com.

Safari® Books Online

Safari Books Online is an
on-demand digital li-
brary that delivers expert

content in both book and video form from
the world’s leading authors in technology
and business.

Technology professionals, software devel-
opers, web designers, and business and cre-
ative professionals use Safari Books Online
as their primary resource for research,

problem solving, learning, and certification
training.

Safari Books Online offers a range of product
mixes and pricing programs for organiza-
tions, government agencies, and individuals.
Subscribers have access to thousands of
books, training videos, and prepublication
manuscripts in one fully searchable data-
base from publishers like Maker Media,
O’Reilly Media, Prentice Hall Professional,
Addison-Wesley Professional, Microsoft
Press, Sams, Que, Peachpit Press, Focal Press,
Cisco Press, John Wiley & Sons, Syngress,
Morgan Kaufmann, IBM Redbooks, Packt,
Adobe Press, FT Press, Apress, Manning, New
Riders, McGraw-Hill, Jones & Bartlett, Course
Technology, and dozens more. For more in-
formation about Safari Books Online, please
visit us online.

How to Contact Us

Please address comments and questions
concerning this book to the publisher:

Make:
1005 Gravenstein Highway North
Sebastopol, CA 95472
800-998-9938 (in the United States or
Canada)
707-829-0515 (international or local)
707-829-0104 (fax)

Make: unites, inspires, informs, and enter-
tains a growing community of resourceful
people who undertake amazing projects in
their backyards, basements, and garages.
Make: celebrates your right to tweak, hack,
and bend any technology to your will. The
Make: audience continues to be a growing
culture and community that believes in bet-
tering ourselves, our environment, our edu-
cational system—our entire world. This is
much more than an audience, it’s a
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worldwide movement that Make is leading
—we call it the Maker Movement.

For more information about Make:, visit us
online:

Make: magazine: http://makezine.com/
magazine/
Maker Faire: http://makerfaire.com
Makezine.com: http://makezine.com
Maker Shed: http://makershed.com/

We have a web page for this book, where we
list errata, examples, and any additional in-
formation. You can access this page at:

http://bit.ly/wearable-electronics

To comment or ask technical questions
about this book, send email to:

bookquestions@oreilly.com
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Welcome to the world of wearable electronics! Be-
fore diving into designing complex, body-based,
interactive projects, it is important that you have
an understanding of basic circuits. In this chapter,

you will learn about both how circuits work as well
as how to construct them using a variety of tools
and materials.

Figure 1-1. “Connection and Motion” by Izzie Colpitts-Campbell; this wearable circuit uses stainless-steel-coated brass chain
to connect LEDs to a battery pack
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Circuit Basics

There are some essential concepts that everyone
should know when constructing circuits. These
concepts will help guide circuit design and choice
of components.

A circuit is a closed loop of electricity that contains
a power source and a load. Conductors provide
pathways for the electricity to travel between com-
ponents in the loop.

A power source provides electricity. You will use a
battery or battery pack as the power source for all
of the circuits you create in this book. Batteries are
a sensible power source for wearable electronics
because they are relatively portable and compact.

A load is something that makes use of the electricity
in the circuit. For the examples in this chapter, you
will use light-emitting diodes (LEDs) as the load in
your circuits.

A conductor is a material that permits the flow of
electricity. In this chapter, you will use a variety of
conductors to create electrical connections in your
circuits.

A circuit diagram is a clear, concise representation
of the components and connections in a circuit. It
helps you understand the electrical connections
being made within a circuit. It is not an image of an
actual circuit.

In a circuit diagram, each component is represent-
ed as a symbol. Figure 1-2 shows an example of a
few.

Figure 1-2. Circuit symbols (left to right) for a battery, resis-
tor, and LED

Using these symbols, you can draw a diagram of a
simple circuit, as shown in Figure 1-3.

Figure 1-3. Basic circuit with battery and LED

Electricity is thought of as traveling from the point
of highest electrical potential (power or “+”) to the
lowest (ground or “–”). So in this circuit, it flows from
the positive terminal of the battery (marked with
“+”) to the positive terminal of the LED, through the
LED, out the negative terminal of the LED to the
negative terminal of the battery (marked with “–”),
thus completing the loop (see Figure 1-4). Along
the way, it will travel through the LED and (assum-
ing it provides the correct power requirements)
cause the LED to light.

Figure 1-4. The current (indicated by the red arrows) travels
from power (+) to ground (-)

Electricity likes to follow the path of least resist-
ance. You can think of it as being a bit lazy. If
electricity has the option of working to light up an
LED or to take a path through a nonresistive mate-
rial back to the battery, it’s going to take the easy
road. You can see this in Figure 1-5.
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Figure 1-5. When presented with the opportunity, electricity
will always follow the path of least resistance; in this circuit,
the electricity does not reach the LED, so the LED will not
light up

The problem with this alternative path is that it
creates a short circuit. A short circuit is a closed loop
of electricity that has a power source but no load.

If electricity is fed from the positive end of the bat-
tery directly into the negative, depending on the
duration of the short, it will likely drain the battery.
In some situations, the results can be more severe,
including smoke, melted wires, and damaged com-
ponents. At minimum, your project won’t function
properly. No matter what the circumstance, shorts
are not good, so it’s best to make sure they don’t
happen in your circuit.

Insulators are materials that do not conduct elec-
tricity. They can be used to prevent short circuits.

To see how this circuit might look in real life, you
can use components like a 3V battery (CR2032) and
a 5mm through-hole LED (see Figure 1-6).

Figure 1-6. CR2032 3V battery and 5mm LED

In order to implement the circuit depicted in the
circuit diagram, all you need to do is press the pos-

itive end of the LED to the positive end of the bat-
tery and the same with the negative end of each
component, as shown in Figure 1-7.

Figure 1-7. A simple circuit

And bam! You have a circuit. This configuration al-
lows electricity to flow from the battery, through
the LED, and back to the battery giving the LED the
power it needs to light up. This technique was used
by James Powderly and Evan Roth (Graffiti Research
Lab) to create magnetic modules (see Figure 1-8)
that could act as light graffiti on buildings and oth-
er urban structures.

Figure 1-8. LED “throwies” (image courtesy of James Powd-
erly and Evan Roth)

Ohm’s Law
The circuit you just created is a quick-and-dirty way
to light up an LED, but there are a few more things
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to learn before you can construct a technically cor-
rect and long-lasting circuit.

There are three key pieces of information to pay
attention to when designing a circuit:

Voltage
The difference in electrical energy between
two points. It is measured in volts (V).

Current
The quantity or amount of electrical energy
passing a particular point. It is measured in
amps (A) or milliamps (mA).

Resistance
The measure of a material’s ability to prevent
the flow of electricity. Resistance is measured
in ohms, which is represented by the ohm sym-
bol (Ω).

Ohm’s law states that voltage (V) is equal to current
(I) times resistance (R). As with any equation, if you
know two of the three variables, you are able to
determine the third. All three variations of this
equation can be helpful to you as you’re learning
to construct circuits:

• V = I × R

• I = V ÷ R

• R = V ÷ I

As it turns out, in the circuit you just created with
the LED and battery, the LED is actually receiving a
bit more than the desirable amount of current. Ex-
cessive current can shorten the LED’s life or even
burn it out. Because this battery supplies a rela-
tively low amount of current, and an LED is not a
particularly sensitive or expensive component, you
can get away with more of a hacky approach. But
ideally you should create a circuit that respects the
needs of its components. To do this, you can use
Ohm’s law to determine how much resistance is
needed.

To determine the voltage that needs to be used up,
you will need to find the difference between the
source voltage (Vs) and the forward voltage (Vf ),
which is the voltage used up by the LED. So the
equation is actually as follows:

• R = (Vs – Vf ) ÷ I

The source voltage (Vs) is that which is supplied by
the battery. In this case, the CR2032 battery sup-
plies 3V.

You can find the forward voltage (Vf ) and the cur-
rent required by the LED on the LED’s datasheet
(Figure 1-9). A datasheet is a document supplied by
a component’s manufacturer. This document pro-
vides information about the component, including
the component’s electrical needs and tolerances,
mechanical diagrams of its physical packaging, di-
agrams of any pins or connections, and details on
intended use and expected performance.

Figure 1-9. A detail from the LED’s datasheet

According to the datasheet, the forward voltage of
this LED is rated as 1.8 to 2.2V. So let’s say 2V. The
LED requires 16–18mA of current, with a maximum
of 20mA. Let’s use 17mA or 0.017A for the
calculations.

Now that you have all of the necessary information,
the equation will play out as follows:
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Finding Datasheets

If you order a component online, there will usually be
a link to the datasheet on the web catalog page that
you ordered the component from. In rare cases, data-
sheets will be included in the packaging when you
purchase a component. If not, the easiest place to start
is the Internet. Open your favorite search engine and
type in the part number and the word “datasheet” to
find it. You will likely find a PDF of the datasheet on
the manufacturer’s website, the distributor’s website,
or in a datasheet database, of which there are many
on the Web. If you don’t know the part number, you
can even try a description such as “5mm yellow LED.”

The added bonus is that these days many distributors
provide an abundance of additional resources on their
parts pages. Not only do they include links to data-
sheets, but also to tutorials, circuit diagrams, circuit
board design files, sample code, and sometimes even
example projects.

• R = (Vs – Vf ) ÷ I

• R = (3V-2V) ÷ 0.017A

• R = 58.82Ω

These calculations tell you that you should ideally
add 58.82 ohms of resistance to the circuit.

Understanding Resistors
Now you know how much resistance you need. But
how do you add resistance to the circuit?

A resistor is a component that resists the flow of
electricity. It can be implemented in a circuit to use
up extra electricity that is not needed by the load.

You know from the Ohm’s law equations that you
need approximately 58.82Ω resistance for the cir-
cuit. However, resistors come in set values, so there
may not always be the exact resistor that meets
your needs.

If you don’t have the exact resistor you’re looking
for on hand (or if it doesn’t exist), you do one of two
things:

• Use the next largest value. In your circuit, this
will be a 62Ω resistor.

• Combine two resistors in a row that add up to
the correct value (e.g., 56Ω + 3Ω = 59Ω).

For your purposes, go with a 62Ω resistor to reduce
the amount of wiring. After adding the correct re-
sistor to your circuit, the circuit diagram will look
like Figure 1-10.

If you don’t have a 62Ω resistor handy,
you can use the more common 68Ω
value, or even 100Ω.

Figure 1-10. Circuit diagram with 3V battery, LED, and 62Ω
resistor

When looking at the actual component, the value
of a through-hole resistor can be determined by
the color bands displayed on it. Each color indicates
a value. A 62Ω resistor is marked with the colors
blue(6), red(2), black(1), and gold(±5%), as shown
in Figure 1-11.
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Figure 1-11. A 62Ω resistor

You can decode these bands by consulting a resis-
tor color chart, going to a resistor calculator web-
site, or downloading a resistor application for your
smartphone. Table 1-1 shows a table you can use
to decode a resistor’s color codes. Figure 1-12
shows the ResistorCode iPhone app.

When reading the color bands on the resistor, ori-
ent it so that the silver or gold band is on the right.
Then read the colors from left to right. The first two
bands will indicate the first two digits of the num-
ber. The third band indicates the multiplier for that
digit. The fourth band indicates the tolerance.

Table 1-1. Resistor chart

Color Value Multiplier Tolerance

Black 0 1 -

Brown 1 10 ±1%

Red 2 100 ±2%

Orange 3 1K -

Yellow 4 10K -

Green 5 100K ±0.5%

Blue 6 1M ±0.25%

Purple 7 10M ±0.1%

Gray 8 100M ±0.05%

White 9 1000M -

Gold - 1/10 ±5%

Silver - 1/100 ±10%

None - - ±20%

Figure 1-12. Using a resistor app to decode the colors of a
resistor

Series and Parallel
OK, so you know how to create a circuit with one
LED, but how about three? When adding addition-
al components to the circuit, you need to under-
stand the difference between series and parallel.

Series
In a series, components, like LEDs, are connec-
ted in a row. Electricity flows through one, into
the next, and then into the next.
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Parallel
In a parallel configuration, components are
connected side by side, each with an inde-
pendent connection to power and ground.

LEDs can be connected in series (Figure 1-13). But
the power source must supply adequate voltage.
The factor that needs to be considered is called
voltage drop. When electricity passes through and
gets used up by a component, the voltage drops
before it moves on to the next component.

Figure 1-13. Three LEDs in series

The LEDs you have been working with in this chap-
ter are rated for a forward voltage drop of 1.8–2.2
volts. This means that if you used a 3V battery as
your power source that the first LED would get 2V,
the second 1V, and the last no voltage. This obvi-
ously won’t work. The way to fix this is to use a
power source whose voltage could accommodate
this voltage drop. Because each of the three LEDs
has a voltage drop of around 2V, you would want a
battery pack that provided at least 6V.

But there is also another way to connect multiple
LEDs to a power source. Figure 1-14 shows three
LEDs in parallel.

Figure 1-14. Three LEDs in parallel

In this situation, each LED receives the same
amount of voltage, but the current is divided be-
tween them. The only thing missing from this cir-
cuit is the resistors. With resistors, the circuit will
look like Figure 1-15.

Figure 1-15. Three LEDs in parallel with resistors

If all the LEDs are the same, then they will each use
the same resistors. However, if you add an LED that
requires a different amount of voltage or current,
you can use Ohm’s law (see “Ohm’s Law” on page
3) to calculate which resistor it needs.

Batteries can also be placed in series or in parallel.
When batteries are connected in series, the voltage
of the two batteries is added together. When they
are connected in parallel, the voltage stays the
same but their available current is added together.

For instance, AAA batteries usually supply around
1.5V. If two AAA batteries were placed in series
(Figure 1-16), their voltage would be added to-
gether and the resulting battery pack would pro-
vide 3V and the same amount of current as a single
AAA battery. If two AAA batteries were placed in
parallel (Figure 1-17), the battery pack would sup-
ply 1.5V but twice as much current.

Figure 1-16. AAA batteries in series
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Figure 1-17. AAA batteries in parallel

Determining Polarity
Certain electronic components have a predeter-
mined polarity. This means that it matters which
way the component is connected in the context of
a circuit. An LED is a good example.

LED stands for light-emitting diode. A diode is a
component that only allows electricity to pass
through it in one direction. If you connect an LED
backward, electricity will not be able to pass
through it, which means it will not light up.

Depending on the LED, there are four possible ways
in which you might determine its polarity
(Figure 1-18):

1. With through-hole LEDs, the leg of the anode
(positive) side of the LED is usually longer than
the cathode (negative).

2. Some manufacturers put a flat spot on the base
of the lens of the LED by the cathode leg.

3. If you take a look inside the lens of the LED, you
can see that there are two pieces that extend
up from the legs. The piece that attaches to the
cathode leg is the one with the wider top that
slants over the shorter portion of the anode.

4. If all else fails, you can always give it a try on a
breadboard or with alligator clips. If it is other-
wise properly connected to a power source
and doesn’t light up, it probably means you
have it in the wrong way. Flip it and give it an-
other try.

Figure 1-18. Three places to look when determining the po-
larity of an LED

Determining polarity of other components tends
to vary, but be on the lookout for a + or – sign, which
will indicate the positive or negative side of the
component. Red (positive) and black (negative)
wires can also be a clue.

Using a Multimeter
Because you cannot see, smell, or hear electricity,
you’ll need a special tool to detect it. A multimeter,
shown in Figure 1-19, can be used to check con-
tinuity (whether current flows unimpeded through
two points) as well as to measure voltage, resist-
ance, and current.
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Figure 1-19. A multimeter

They usually have a dial (or buttons), shown in
Figure 1-20, that are used to select a particular
function, and probes (see Figure 1-21) that are used
to make connections with whatever it is you are
measuring.

Figure 1-20. The dial of a multimeter is used to select the
function

Figure 1-21. The connection for the probes; on this meter,
you will need to move the red probe to the left if you are
measuring current higher than 200mA

There are a variety of multimeter tutorials available
in basic electronics books as well as on the Internet.
Check out Appendix C for some references. Here
we will just cover the basic concept of what a mul-
timeter does and when you might use it when cre-
ating circuits.

Continuity
The simplest but perhaps most useful function of
a multimeter is the continuity or conductivity
test. This is most often marked on the dial with a
speaker or audio symbol (see Figure 1-22) because
meters will beep when the test is positive. Once the
dial is in position, simply place the probes at two
locations across which you’d like to test the con-
tinuity or conductivity.

Figure 1-22. The knob set for a continuity test

This can be used to check the continuity of a ques-
tionable connection. Place the probes on either
side of the questionable connection and if the me-
ter beeps, you’re good to go.

It can also be used to check for short circuits by
placing the probes in two places that are not sup-
posed to be connected. If the meter beeps, then
you know you’ve got a short circuit somewhere.

Finally, it can be used to check the conductivity of
a material. Place the probes at two points on a ma-
terial and see if you’re able to establish a connec-
tion across it (see Figure 1-23). This can be espe-
cially useful if you’re shopping for conductive ma-
terials in unusual places like a fabric store. I
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recommend investing in a pocket multimeter for
just these occasions.

If you are testing a material that you think is con-
ductive but the meter doesn’t beep, the next step
is to measure resistance in ohms, just in case it con-
ducts “well enough” for your needs.

Figure 1-23. Using a multimeter to test the conductivity of
conductive fabric

Resistance
To measure resistance, turn the knob to the portion
of the dial marked with the ohm sign (Ω) and place
the probes on either side of the component or ma-
terial you would like to measure. You can use alli-
gator clips to securely hold the component as
shown in Figure 1-24.

Figure 1-24. Measuring the resistance of a fixed resistor

With this setting, you can check the value of a fixed
resistor, monitor the changing resistance of a vari-
able resistor, or determine the resistance of a ma-
terial like conductive thread. If your multimeter is

not autoranging, you will have to select a resistance
setting that’s in the range of what you expect the
component to be.

Voltage
Multimeters can also measure voltage. This is help-
ful for checking the state of a battery or determin-
ing if components of a circuit are receiving the volt-
age that they need. Turn the dial on the multimeter
to the “V-” setting, set it to the range of voltage you
expect to read, and place the probes on either end
of whatever you want to measure (Figure 1-25).

Figure 1-25. The knob set to measure voltage

Figure 1-26 shows a battery that is at full strength,
and Figure 1-27 shows one that’s fading in power.

Figure 1-26. Reading voltage of a fresh CR2032 battery
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Figure 1-27. Reading voltage of a CR2032 battery that is
fading

Current
The process for measuring current with a multime-
ter is a bit different. The meter actually needs to be
in series with the circuit in order to determine how
much current is being pulled. Turn the dial to the
“A” or “mA” section and select the appropriate
range. With some meters, you may need to move
the probe to another terminal at the bottom of the
meter. Check your multimeter manual for details.
Once you’re set up, find a location where you can
insert the meter into the circuit and take a reading.
Knowing how much current a circuit draws at its
peak usage and over time can be extremely helpful
in terms of determining which battery to select for
your project. More on this in Appendix B.

More About Circuits
The world of circuits is wide and wonderful. This
chapter only covers the details that you needed to
know in order to build the examples that follow in
this book. To learn more, be sure to check out books
like Make: Electronics by Charles Platt (O’Reilly),
Practical Electronics for Inventors by Paul Scherz and
Simon Monk (McGraw-Hill/TAB Electronics), and
Getting Started in Electronics by Forrest Mims
(Master). Details about these resources and others
can be found in Appendix C.

Constructing Circuits

As you learned earlier, conductors or conductive
materials are materials through which electricity
can pass. When constructing a circuit, conductive
materials provide the pathway for electricity to
flow from one component to another.

Now that you have some understanding of how
circuits work and how to measure different aspects
of them, you can start to think about how to phys-
ically construct them. This section will illustrate a
variety of ways to bring this basic LED circuit to life.

As you move through different iterations of this
circuit, you’ll see that through the use of different
conductive materials it can take on many shapes
and sizes. The core electronic components that you
work with will be the same in each circuit. What will
differ is the materials and tools you use to create
the connections between the components.

Figure 1-28 shows the circuit you will create.

Figure 1-28. A circuit with a 3V battery, LED, and resistor
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