Analog
Sensors




6.3 Analog Sensors

> A number of sensors have analog output signal rather
than digital signals

>A/D converter is required to connect to CPU

> Examples:

e Microphone

e analog infrared distance sensor
e analog compass

e barometer sensor



Ohm's Law

& Ohm's law; explains the relationship between voltage

(V), current (I), and resistance (R):
V=IR

F# Simply put: the voltage between two points in an
electronic circuit is equal to the product of the amount
of current flowing through them and the amount of

resistance between them.

>Voltage is measured in Volts (V), current in Amperes

(A), and resistance in Ohms (Omega).



Combining resistances

& It's not hard to figure out how much resistance one resistor gives (since they are
labeled!).

But what happens if you put one resistor R1 after another R2, i.e., connected them /n
series?

¢ The current I flowing through any number of resistors has to be equal, since it has
only one route to flow on, as it goes from one resistor to the next.

What happens to the voltage V?
¥ Recall Ohm's law: V = IR Practical use of your

= I (R1 + R2) undergraduate electronics

=IR1+1R2

¢ Suppose we measure the voltage across R1, i.e., the voltage between the input point
V and the connection between R1 and R2, would would it be?

It would be I R1 Volts. Similarly, if we measure the voltage across R2, i.e., the voltage
between the connection between R1 and R2 and ground, what will it be? It will be T R2.

¢ The total voltage in an electronic circuit has to add up; therefore, the input voltage V
has to equal the output voltage, after the drop across the two resistors, R1 and R2.

& Therefore, since voltages in a series add, so do resistances in a series.



Dividing voltage

# Suppose we take the voltage out at the point between R1 and R2, what will
the amount of that voltage Vout be?

# Use Ohm'slaw again: V=IR=>1=V /R
=V / (Rl + R2)

& Then the voltage drop across R2, is the product of the above current I and
R2:

~Vout = V R2 / (R1 + R2)
% What if R1 = R2?

=VR2/2R2

=V /2

# This is a voltage divider. To summarize: voltage can be divided by using two
equal-value resistors in series.

# You will learn in the lab how to bridge the gap between this type of laws of
electronics to physical sensors all the way to robot behavior.
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Analog Sensors

The analog ports all have a pull up resistor
which is a 47K resistor between. 45 volts
and the signal input.

The analog readings are ggﬁérated by
measuring the amount of‘current flow
through the pull up resistor.

If no current flows through the resistor, the
voltage at the signal input will be +5 volts
and the analog ¥alue will be 255.

Ve 7 Vee

7/
7
/7
47K Resistor 47k Resistor
(already installed on board) R1 (already installed on board)

Signal = Vcc -i x R1

R1

—
-

Signal = VCC X me——m—
R1+R2

Current i varies directly
with sensory stimuli
Resistive Anaoclg Sensor Stensory

—-
—-
Stimuli I Transistive Analog Sensor

* The voltage at the signal pin can be
simply calculated by:

Vsig=5
» check if one sensor fell out: write a
piece of code that checks the values
of the analog ports that you have
sensors plugged into.
« If that value is above 250 or so,
have it tell you to check the sensor.




Figure 5.4: Analog Sensors
Schematics

Vee Vece
47k Resistor 47k Resistor
R1 (already installed on board) R1 (already installed on board)
i
Signal = Vee x l ¢ Signal = Vecc - i x R1
R1+R2

Current i varies directly
with sensory stimuli

R2 Resistive Anaclg Sensor Sensory

vy

Stimuli Transistive Analog Sensor




47k Resistor
(already installed on board)

47k Resistor
(already installed on board)

Resistive Sensors -

3£ The resistance of resistive

R2 i
Signal = Vee X me—

Signal = Vcc -i x R1
R1+R2

Current i varies directly

. with sensory stimuli

Resistive Anaolg Sensor Sensory :
Stimuli- 5= Transistive Analog Sensor

analog sensors, like the bend = =
sensors or potentiometers,
change with changes in the
environment:

an increase in light,

or a physical deformation. i B sen sor

| SEQ T e
¥ The change in resistance 478 + Rsensor

causes a change in the
voltage at the signal input by /
the voltage divider relation.

* }]'




Transitive Analog Sensor

&t Transitive analog sensors, like the photo transistors and
, work like a water faucet.

&8 Providing more of what the sensor is looking for opens the
setting of the valve, allowing more current to flow.

& This makes the voltage at the signal decrease.

& A photo transistor reads around 10 in bright light and 240 in
the dark.

&8 One problem that may occur with transitive sensors is that the
voltage drop across the resistor may not be large enough when
the transistor is open.

[~1Some transitive devices only allow a small amount of current to flow
through the transistor.



Transitive Analog Sensor (cont)

& A larger range for the sensor can be accomplished by
putting a larger pull-up resistor.

[~1By having a larger resistor, the voltage drop across the pull-up
resistor will be proportional to the resistance.

& Martin’s book gives examples of use and mountings for
each type of sensor.

& Keep in mind that these are only simple examples and are
not the only possible uses for them.

&t It's up to you to make creative use of the sensors you
have.



Sensor Interfacing to Analog
Inputs

8V +5Y
== photocell

*Vne VOItage at the center tap of the two resistors
element

Is proportional to the ratio of the two resistances. \
47K
Rpnoto = 47KQ, Vens = 2.5 v (exactly)

Fiens IT‘ t

I
I
l

. =1 ,;,z
—_ [t digital or analgg

Rphoto << 47KQ, Vsens ~— gnd mni‘.-rn:‘lrcuhr )L i@ Rphoto
I
I

Rphoto >>47KQ, Vggps ~=+5V !

L — |

. |

— |

. . . . - |
Two resistors form voltage divider circuit Handy | External
Board ' Sensor

Also possible to connect circuits that generate a voltage




Sensor Interfacing to Analog
Inputs

0 to 5 volts are converted into
8—bit numbers 0 to 255 (decimal)
(A/D conversion)

—When the photocell resistance is small
(brightly illuminated), the V., ~= Ov

— When the/photocell resistance is large

(dark); Vogns ~—= 5V

|
|
|
+5V 45V |
I
|
|
47K g |
|
|
Frens - i E I
[t digital or analog :
SENE0C chrouitry) |
o}
g
I
—1 |
- |
. |
Handy ,
|
Board

External
Sensor




Resistive
Position
Sensors




= Pressure Pad

mylar
L o
e® Often used in outputs ?Eﬁmwe
grippers to detect | £ e
the amount of 7“/
pressure applied in | |
picking up objects +6v
e Relatively simple to
build a "home-brew” 483

él

2
' 3.3KQ <. 5§ |[LM339 Out
version = 10K = 12%

You can purchase such J j
pad for Nintendo games — —




~ Pressure Pad

a Pressure Pad

mylar

/ foil

e Often used in outputs
grippers to detect
the amount of
pressure applied in

foam

foil
u/ mylar

picking up objects +6v
e Relatively simple to —
build a "home-brew” 2 | SN
version 33K0 2 mé,_si@%w
AHK  Autonomous Mobile Robotics - = 19

/ conductive

# LM339 is a quad
comparator
circuit:
(~10utput will be
+6V

# Another approach
IS to use ohm
meter to detect
the resistance
change which
would be
proportional to
amount of
pressure applied.



Potentiometer: the main ideas

3 Potentiometers are very common for manual tuning; you know them
from some controls (such as volume and tone on stereos).

& Typically called pots, they allow the user to manually adjust the resistance.

¢ The general idea is that the device consists of a movable tap along two fixed
ends.

£ As the tap is moved, the resistance changes.

& As you can imagine, the resistance between the two ends is fixed, but the
resistance between the movable part and either end varies as the part is
moved.

# In robotics, pots are commonly used to sense and tune position for
sliding and rotating mechanisms.




Potentiometers versus resistance sensors

 Fixed Rotation Sensors

« Easy to find, easy to mount \ —

Light Sensor

» Good for detecting direction/presence of light
» Non-linear resistance
* Slow response

Potentiometer

< Cadmium Sulfide Cell

Look to catalogs:

HANDYBOARD: Gleason Research. http://www.gleasonresearch.com/
http://handyboard.com

DISTRIBUTOR OF AGE BEND SENSOR: Images Company:
http://www.imagesco.com

PITSCO LEGO DACTA, JAMECO, ETC - see the book and my webpage.



Potentiometers

» Manually-controlled variable resistor, commonly used as

volume/tone controls of stereos \b

 Mechanical varieties:

— Linear and rotational styles - make position sensors for
both sliding mechanisms and rotating shafts

— Resistance between the end taps is fixed, but the Center Tap

resistance between either end tap and the center swipe

varies based on the position of the swipe oft End Right End
* Electrical varieties:

— Linear taper - linear relationship between position and ’
resistance. Turn the pot 1/4 way, the resistance between the
nearer end and the center is 1/4 of end-to-end resistance

— Audio taper - logarithmic relationship between position ..|
and resistance. At one end, 1/4 turn would swipe over a M
small bit of total resistance range, while at the other end,

1/4 turn would be most of the range
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Fodentinmmeter

"

—

-
Top { _,:___-:*_:_a-:

Bottom {

Connect signal to
eithear inside pin

ll"—l___

B L L L1 T

c:_‘; 47k Rosistor
~_ {already instal

Signal = Voec x

-lf_::-

E Potentiometer

around
Yoo

sigmnal

Connector Plug

@ronmd

Voo

gignal

Connecior Plug

Figure 5.5:
Potentiometer
Assemblies

¥ Kits contain several sizes
of potentiometers, also
known as variable
resistors.

¥ Potentiometers should be
wired with Vcc and ground
on the two outside pins,
and the signal wire on the
center tap.

This will, in effect, place
the resistance of the

led on board) potentiometer in parallel
with the 47K pull-up on
the expansion board and is

Bottom

Bottom +

Top x 47Tk Ohme

Top + 47k Ohms

more stable than just
using one side and the
center tab to make a plain
variable resistor



Two ways of using Potentiometers

as Resistive Position Sensors

SR
works best when the |
potentiometer resistance is —_— A7k ;
small enough such that a 47K |
resistance in parallel with the o - —@—: 4‘?
pot’s resistance has only a e (=}
small effect =
Handy 1 3.terminal
Board .
potentiometer
+5V 45V
4TH

2—terminal potentiometer
’% — works best when the

Fiaens
(o digital or analog

SENE0T I:iI'E'IJ]EI.'}'I

pot’s value is large

[w]=] [x]

2-terminal
potentiometer



Various uses of Potentiometers

&t Potentiometers have a variety of uses:

In the past, they have been used for menuing programs
For angle measurement for various rotating limbs
For scanning beacons.

E:They can be used with a motor to mimic servos, but
that's a difficult task.

(A1t is important to notice that the pots are not designed to
turn more than about 2/0 degrees.

~IForcing them farther is likely to break them.

Tell about our previous project of animation inverse kinematics
robot with many pots and A/D board. (the one that was stolen)




Various uses of Potentiometers

¢t A potentiometer can be attached to a LEGO beam

[~lsuch that it can be used in place of a bend sensor.

~IThe rotation of the beam will produce a rotation in the
potentiometer

#£ See if you can come up with an assembly that can be

used in place of a bend sensor.

~IThe advantage to such a sensor is that it is much sturdier
than the bend sensor

~IThe disadvantage is that it is bulkier.



Linear Potentiometers and
their use in HandyBoard

# A linear potentiometer can be used to measure precise linear motion,
such as a gate closing,
or a cocking mechanism for ring balls or blocks.

£ Frob-knob

'IIB'he f;lrob knob is the small white dial on the lower left corner of the Expansion
oard.

& It returns values between 0 and 255 and provides a handy user input for
adjusting parameters on the y or for menuing routines to select different
programs.

¢ You may find it useful to glue a small LEGO piece to the frob knob to make
turning it easier.



Homework Assignment

#Try to find in your storage any kind of
sensors that you do not use and bring them
to the robotics labs.

#The ECE 271 and the high school students
will possibly use it for projects if you will
not.

#Look around the lab and try to identify

sensors and devices that we talked about.



Resistive
(Analog)
Position
Sensors




Resistive Position Sensors: bending

& We said earlier that a photocell is a resistive device, i.e., it
senses resistance in response to the light.

3 We can also sense resistance in response to other physical
properties, such as bending.

'Il;he resistance of the device increases with the amount it is
ent.

& These Ibend sensors were originally developed for video game
contro

¢ They are generally quite useful:

Nintendo Powerglove

Video game accessories are in general useful for robotics and virtual reality and very
cheap.



Resistive Bend Sensors

& - 1 T T T T—T T "F T '— 7T T T -7 F ! " =~
-1 FENNENESSENENDSEENEENENEEER |

* Resistance = 10k to 35k
» Force to produce 90deg = 5 grams
« WWW.jameco.com = 10%



Bend Sensors

You can remove it
from Nintendo gloves

e ——

 Useful for contact sensing and wall-tracking

 The bend sensor Is a simple resistance

— As the plastic strip is bent (with the silver rectangles facing
outward), the resistance increases



Resistive Position Sensors

& Mechanically, the bend sensor is not terribly robust, and
requires strong protection at its base, near the electrical
contacts.

[~lUnless the sensor is well-protected from direct forces, it will
fail over time.

& Notice that even in a good arrangement, repeated bending will
wear out the sensor.

¢ Remember: a bend sensor is much /ess robust than light
Sensors,

(~lalthough they use the same underlying resistive principle.




Applications of Resistive Analog Sensors

Sensor
¢£Measure bend of a joint A

/////

«— Sensors
#£Wall Following/Collision /
Detection
Sensor
£ Weight Sensor

Nar




Inputs for Resistive Sensors

V1
\oltage divider: R1
You have two resisters, one Vv
is fixed and the other varies, Analog to Digital
as well as a constant voltage ~ R2 (pull down)
V2 _ | = |= | =

V1-V2* (R2/R1+R2) = \V

MICro
Known unknown measure

i‘ Single Pin g > Binary

micro| _|_ Resistance Threshold
T Measurement §

Comparator: if
voltage at + is greater
= than at -, high value out

I
|_+




Sensor Assembly

#£You should have read the section on the

chapter of Martin’s book on the types of
connectors used with the 6.270 board.

\

[his is an important concept to understand

before building your sensors.

F#£When building your sensors, do not make

your wires too long.

\

Excess wiring has a tendency to get caught

in gears and other mechanisms.



Sensor Assembly Homework

&t Start out with sensor wires no longer than 1 foot long and when your finally
decide on your robot configuration, you can modify to length.

Just build a few of each type so you can play with them.
& Start out with building simple sensors like one or two switches.
# The more complicated ones will be the analog sensors that use IR.

&b (io to lab and familiarize yourself with Lego kit sensors and how to use
them.

# I purchased many good sensors from Wacky Willy, Tek Country Store and
Radio Shack. In Goodwill you can buy old toys like Nintendo gloves or
jumping pads that can be used. They are in the lab and you can use them.
You have to notify me or lab assistant.



6.4 A/D Converter

e Signal has to be provided at correct level, e.g.
between 0 .. 5V

o If multiple channels are read: low internal
resistance of signal line is important

e A/D converter translates analog voltage level into
digital value

e Digital output from A/D converter can be
— parallel
(e.g. 8 bit, direct connection to data bus)
— serially digital

(provide programmed clock signal to converter to read
data bit by bit)



A/D Converter

Version 1

data bus

CPU

microphone

-}

CS / enable

GND

Rridnnl 20NA

17



A/D Converter

CPU

Version 2

1 bit data to dig. input

serial clock

CS / enable

data bis

microphone

=0

GND




A/D Converter

CPU

Multiple inputs

data bus

1bit data in + 1 bit data out

several input lines

serial clock

CS /enable

compdss

=0

microphone

GND




A/D converter from MAXIM

Te0247; K. 0 354

- General Description

The MAX192 is a low-cost, 10-bit data-acquisition system
that combines an 8-channel multiplexer, high-bandwidth
track/hold, and serial interface with high conversion
speed and ultra-low power consumption. The device
operates with a single +5Y supply. The analog inputs
are software configurable for single-ended and differen
tial (unipolar/bipolar) operation.

The 4-wire serial interface connects directly to SPI™,
QsPI™, and Microwire™ devices, without using external
logic. A serial strobe output allows direct connection to
TMS5320 family digital signal processors. The MAXT152
uses either the intermnal clock or an external serial-inter-
face clock to perform successive approximation A/D
conversions. The serial interfface can operate beyond
4MHz when the internal clock is used. The MAX192 has
an internal 4.096Y reference with a drift of < 30ppm typi-
cal. A reference-buffer amplifier simplifies gain trim and
two sub-L5Bs reduce quantization errors.

The MAX192 provides a hardwired SHDN pin and two
software-selectable power-down modes. Accessing
the serial interface automatically powers up the device,
and the quick turn-on time allows the MAXT92 to be
shut down between conversions. By powering down
between conversions, supply current can be cut to
under 10pA at reduced sampling rates.

MAXIMV

Low-Power, 8-Channel,
Serial 10-Bit ADC

Features

¢+ 8-Channel Single-Ended or 4-Channel Differential
Inputs
+ Single +5V Operation
+ Low Power: 1.5mA (operating)
2A (power-down)
+ Internal Track/Hold, 133kHz Sampling Rate
+ Internal 4.096V Reference

+ 4-Wire Serial Interface is Compatible
with SP1, QSPI, Microwire, and TMS320

+ 20-Pin DIP, 50, SSOP Packages
*+ Pin-Compatible 12-Bit Upgrade (MAX186/MAX188)

Ordering Information

PART TEMP. RANGE PIN-PACKAGE INLILSBEs)
MAX192ZACPP 0"C o +70°C 20Plastic DIP +£1/2
MAXTS2BCPP 0"Clo +70°C 20 Plastic DIP - +1
MAXT92Z ACWP 0°Cto +70°C 20 Wide 50 +1/2
MAXTIZBCWP 0°Clo +70°C 20 Wide 50 +1
MAXT9ZACAP 0'Clo +70°C 20 S50P +1/2
MAXTSZBCARP 0"Co +70°C 20 550P +1
MAXTSZAEPP  -40°C o +B5°C 20 Plastic DIF - +1/2
MAXTSZBEFP  -40°C to +B5°C Z0Plastic DIF 1
MAXTSZAEWP -40°Cto +B5°C 20 Wida SO +742
EAAYIOSEEAT A« b . QRS ria BT Py i1

L [ ] [ ] L] [ ]

C6LXVYIN




A/D converter

Applications Pin Configuration
Automotive TOP VIEW
Pen-Entry Systems ~s
A cun [1] © 20] Voo
Consumer Electronics B o
Portable Data Logging 12 19) SELE
Robotics o) mamam 96
Battery-Powered Instruments, Battery CHs L 1] om
Management CHA |5 E SSTRB
Medical Instruments chs [6_ 15] pout
CHE [7 14] DGND
cHr [8 13] acND
12
See last page for Typical Operating Circuit. AGHD E j REFAD]
SHON [0 1] VREF
™ SPland OSPI are trademarks of Motorola Corp.
Microwire is a trademark of National Semiconductor Corp. DIP/ISOISSOP
ABSOLUTE MAXIMUM RATINGS
VoD to AGND... 0.3V to +6V SSOP (derate 8.00mW/~C above +70°C) ................... 640mW
AGMD to DGND .................................................... D.B*.I' to +0.3V CERDIP (derate 11.1TmW/*C above + 70°C).............. Ba9ImW
CHO-CHT to AGND, DGND ... 0.3V to (Vpp + 0.3V) Operating Temperature Ranges
VREF to AGND L. 0.3V B0 (VDD + 0.3V) MAXTEZ_C P e, O°C 10 4 70°C
REFADJ to AGND..........cooooii i <03V B0 (VDD + 0.3V) MAXTEZ_E P, A0°C o +B5°C
Digital Inputs to DGND. ..o -0.3V to (Vpp + 0.3V) MAXTSZ NUP L -55°Cto +125°C
Digital Outputs to DGND ... 03V 10 (VDD + 0.3V) Storage Temperature Range ... ocvceevcvee e, -60°C o +7150°C
Continuous Power Dissipation (Ta = +70°C) Lead Temperature (soldering, 10sec) ... +300°C
Plastic DIF {derate 11.1 TmW/*C above + 70°C) ......... 3B2mW
50 (derate 10.00mWSC abowve +70°C) L A00mwW

Stresses beyond thoss listed under "Absolute Maxrmum Ratings ™ may cause permnanent damage fo the device. These are siress ratimgs oy, and functionsa |
operation of e device at these or any offer condtions beyond fhose indicated i e operational sections of the specifications is mot implisd. Exposure to
absoiute maxmum rating conditions for exended periods may affect device refiabiity.



A/D Converter

5 plt
SCLE wd '
=T 1 CAPACITIVE DAC
7| | INPUT INT VREF— -—-
My LN
CONTROL
SO 10 NTRE lEITJL}J{T P . COMPARATOR
L
CHO ! -._| L-= 15 o | !
oHl 2 l]é.lljﬁ:l.ilr = [OUT CHT —G 16pF
CH? - REGIS TERH s 5STRE CHe —0 :{Jk
CH3 gt ARALDG ™ CH3I—0 | Comnrou : -
Chs =E] hux CLOCK oo WAk O
- — — N o CHs —o ATTHE SAMPLING INSTANT,
CHE ADe CHE —Y THE MU INPUT SWITCHES
CHT L auT B , FROM THE SELECTED IN+
AGND w2 REF 20 Vi CHT —O SWITCH CHANNEL T0 THE SELECTED
. AGHD » IN- CHAN NEL.
AGND -2 I8V | g 1B -1 e GHD
REFERENCE | SINGLE-ENDED MODE: [N+ = CHO-CHT, IN- = AGND.
2 A0 DIFFERENTIAL MODE (BIPOLAR): N+ AND IN- SELECTED FROM PAIRS OF
REFAD) MAX 192 CHO/CH, CH2/CH3, CHA/CHS, CHEICHT,
VREF 1 +. A6y

Cc6LXVYVIN




A/D Converter

OSCILLOSCOPE

Voo - .5V
_T_D.lpf
DGND
AGNDF—W _l_
MAXLAA —
MAX192  AGND B
ov 10
ACAEY CHT ] o
i 2 T
== SCLK s — LI
X MHz
DIN p———+5V OSCILLATOR
5V
DOUT
D1
1NA148
- REFAD) SSTRB
|
I VREF SHONF—n.c.
| €2 *e
T A
I : T +
. . X
REFERENCE

* FULL-SCALE ANALOG INPUT, CONVERSION RESULT = SFFF (HEX)
““OPTIONAL. A POTENTIOMETER MAY BE USED IN PLACE OF THE REFERENCE FOR TEST PURPOSES.

SCLK

SS5TRB

pouT*

Cc6LXVYIN



A/D Converter

Serial clock and serial data stream

=] 1 "
1
SCLK 2] |3l [#] [=] 8] 7] |® M EI L R E 2 || |m| 21| e Jes
p
DIN TarT| seL2 | se1|seo| W | g5 | pot | oo (« "y
) )
-: i
SSTRR | |” H
f— toony —e|
FILLED' WITH
! ] - G
ACOUISITION  CONVERSION
AID STATE IDLE ——eeb) 1oy 7R T 1y e 10LE
1.5us (CLK = 2MHz)




A/D

Converter

Signal conversion

...
...

m..

Briunl 2004

8888

OUTPUT CODE
FULL-SCALE
TRANSITION
m
110
Am :
|
l |
| : |
| S |
| |
| o | FS = +4.006Y
| b | SB=_FS
| - | 1024
| . |
i |
¢ |
Lo+ j |
o+ |
o1+ :
000 ——t-------- —+
0o 1 2z 3 T Fs
INPUT VOLTAGE (LSBs)  FS- W2LSB 20



A/D converter

Power consumption Power-up delay
FULL POWER-DOWN
1000 30
-,i - 2.5 1
= B CHANNELS =1 A
™ I T CHANNEL z Y
&= — : — ——— |
= i =
> > s = s
0o III-..nl" =
= o
i = 10
[ (]
" [ul
é -'f s FASTRD WAIT =
A00KHz EXTERNAL CLOCK = 0.5
INTERNAL COMPENSATION
: [ 0
0 100 A0 300 400 500 O0O001 0001 0o O | 10
COMVERSIONS PER CHANMEL PER SECOND TIME IN SHUTDOWN (sac)
Briunl 2004 21




Questions for students

. Use of Ohm’s Law and Voltage division in
designing and adaptation of sensors.

. Applications of pressure pads and
potentiometers in robots. Discuss stationary
and mobile robots.

. Bend sensors and their uses.

. A/D converters in robotics applications.
. List applications of D/A converters.



Sources

¢ T Braunl

# A. Ferworn

¢ Saul J. Vega
# Daisy A. Ortiz

3 Raul E. Torres

¢ Maja Mataric

¢ Ali Emre Turgut
¢ Dr. Linda Bushnell
# Web Site: http://www.ee.washington.edu/class/462/aut00/

3 Robotic Explorations: A Hands-on Introduction to
Engineering, Fred Martin, Prentice Hall, 2001.




