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Chapter 7. Actuators and Drive Systems

R epeat Problem 7.3, but suppose the maximum torque this motor can pruv_idv: ls 0.9 Nm. Thereszre,

a new motor must be picked. Two other motors are available, one with the inertia of 0.009 Kgm and

torque of 0.85 Nm, one with inertia of 0.012 Kgm? and torque of 1 Nm. Which one would you use?

Estimate how much the torque/inertia ratio of a disk motor might be if it can go from zero to 2000

rpm in one millisecond, and compare it to the motor of Problem 7.1.

Using a timer circuit, design a pulse generating circuit that will deliver a range of 5-500 pulses per
second to a stepper motor driver.

Calculate the gear ratio for a Harmonic drive if Ny =100, Np = 95, Ny = 90, N3 = 95.

Write a program to generate a variable pulse stream to drive a motor with pulse-width-modulated
voltages of 1, 2, 3, 4, and 5 volts for a 5-volt input.

Werite a program to generate a sinusoidal pulse-width-modulated output for a constant input voltage.
If you have access to a microprocessor and electronic components such as transist(.)rs, mak_e an H-
bridge and write a control program to drive a motor in either direction or to b.rake it. Bf.: mm.dful of
the problems associated with an H-bridge’s transistors turning on and off at inappropriate times.

Sensors

8.1 Introduction

In robotics, sensors are used for both internal feedback control and external interaction
with the outside environment. Animals and humans have similar distinct sensors. For
example, when you wake up, even before you open your eyes, you know where your
extremities are; you do not have to look to know that your arm is beside you, or that your
leg is bent. This is because neurons in the muscles send signals to the brain, and as they are
stretched or relaxed with the contracting, stretching, or relaxing muscles, the signal
changes and the brain determines the state of each muscle. Similarly, in a robot, as the
links and joints move, sensors such as potentiometers, encoders, and resolvers send signals
to the controller, allowing it to determine joint values. Additionally, as humans and
animals possess senses of smell, touch, taste, hearing, vision, and speech to communicate
with the outside world, robots may possess similar sensors that allow them to commu-
nicate with the environment. In certain cases, the sensors may be similar in function to
that of humans such as vision, touch, and smell. In other cases, the sensors may be
something humans lack such as a radioactive sensor.

There is a huge array of sensors available for measuring almost any phenomenon.
However, in this chapter, we will only discuss sensors used in conjunction with robotics
and automatic manufacturing.

8.2 Sensor Characteristics

To choose an appropriate sensor for a particular need, we have to consider a number of
different characteristics. These characteristics determine the performance, economy, ease
of application, and applicability of the sensor. In certain situations, different types of sensors
may be available for the same purpose. Therefore, the following may be considered before a
sensor is chosen:
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Cost: The cost of a sensor is an important consideration, especially when many sensors
are needed for one machine. However, the cost must be balanced with ot.her
requirements of the design such as reliability, importance of the data they provide,
accuracy, life, and so on. . .
;ui;e: ]Z);cpendiug on the application of the sensor, the size may be o(f1 anaﬁy
importance. For example, the joint drspklceme’nt sensors have to be adapt.elz b1nto the
design of the joints and move with the robot’s body elements.. The available space
around the joint may be limited. Additionally, a large sensor may limit t‘h§J01lr1t s r;%‘nge.
Therefore, it is important to ensure that enough room exists for t!wjom_t SEnsots. %
Weight: Since robots are dynamic machines, the welght.of a sensor is very unPol?:zmiL ’
heavy sensor adds to the inertia of the arm and rcdgces its ove‘ral! Paylogd %l[lﬂlz_li" Y’,. f1
heavy camera mounted on a robotic insect airplane will fevcrely limitits Hyi.ng c,]np-;{ In 1t}t>.r
Type of output (digital or analog): The output of a sensor may be dlglltil ola.ma (l;g:,
and, depending on the application, this output may bc.used directly or have to be
converted. For example, the output of a potentiometer 1s a‘nalog, \‘vhcreas that of an‘
encoder is digital. If an encoder is used in conjunction with a MiCrOprocessor, tl;a,
output may be directly routed to the input port ofthf.* processor, Whill’.‘»t]'?t‘? m‘ztpu't\(.) ‘.:'
potentiometer has to be converted to digital S;gnal with an analog-to-digital conv ultu
(ADC). The appropriateness of the type of output must be balanced with other
requirements. . ’ . e
Interfacing: Sensors must be interfaced with other devices such a5 MICrOProcessors
and controllers. The interfacing between the sensor and the device can b::c:m.nc an
important issue if they do not match or if other. add-on components and <:1rc1}111ti~
become necessary (including resistors, transistor switches, power source, and length o
wires involved).

Resolution: Resolution is the minimum step size within the range oﬁn‘cusurcment of
the sensor. In a wire-wound potentiometer, it will be equal to th§ resistance of one
turn of the wire. In a digital device with n bits, the resolution will be:

Full Range (8.1)

Resolution = >0

As an example, an absolute encoder with 4 bits can report positions up to 2* =16
different levels. Therefore, its resolution is 360/16 = 22..5". .
Sensitivity: Sensitivity is the ratio of a change in output 1n response to a changle 1r1f
input. Highly sensitive sensors will show larger fluctuations in output as a result o

fluctuations in input, including noise. _ . -

Linearity: Linearity represents the relationship between input variations a.nd. output
variations. This means that in a sensor with linear output, the same change in input at
any level within the range will produce a similar change in output. }}lmost g]l devices
in nature are somewhat nonlinear, with varying degrees ofn_onlme‘anry. Some devices
may be assumed to be linear within a certain range Olftl‘l.t.‘ll‘ operation. Others may be
linearized through assumptions. A known nonlinearity in a system may be overco.me
by proper modeling, equations, or ;1dditigua] electronics. For example, suEposel a
displacement sensor has an output that varies as a secqnd—nrdcr equation. Uil‘ng the
square root of the signal, either through programming or by a simple clf,ctrorﬁc
circuit, will yield a linear output proportional to the displacement. Therefore, the
output will be as if the sensor were linear.
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® Range: Range is the difference between the smallest and the largest outputs the sensor
can produce, or the difference between the smallest and largest inputs with which it
can operate propetly. .
Response time: Response time is the time that a sensor’s output requires to reach a
certain percentage of the total change. It is usually expressed in percentage of total
change, such as 95%. It is also defined as the time required to observe the change in
output as a result of a change in input. For example, the response time of a simple
mercury thermometer is long, whereas a digital thermometer’s response time, which
measures temperature based on radiated heat, is short. A special response time of 63.2%
is called time constant T. Similarly, rise time is the time required between 10% and 90%
of the final value and settling time is the time between 0% and 98% rise.
Frequency response: Suppose you attach a very high-quality radio tuner to a small,
cheap speaker. Although the speaker will reproduce the sound, its quality will be very
low, whereas a high-quality speaker system with a woofer and tweeter can reproduce
the same signal with much better quality. This is because the frequency response of the
two-speaker system is very different from the single, cheap speaker. The natural
frequency of a small speaker is high, and therefore, it can only reproduce high
frequency sounds. On the other hand, the speaker system with at least two speakers
will run the signal into both the tweeter and woofer speakers, one with high natural
frequency and one with low natural frequency.

The summation of the two frequency responses allows the speaker system to

reproduce the sound signal with much better quality (in reality, the signals are
filtered for each speaker). All systems can resonate at around their natural frequency
with little effort. As the input frequency deviates from the natural value, the
response falls off. The frequency response is the range in which the system’s ability
to resonate (respond) to the input remains relatively high. The larger the range of
the frequency response, the better the ability of the system to respond to varying
input. Otherwise, the phenomenon measured may vary quickly, before the sensor
has a chance to respond and send a signal. Therefore, it is important to consider the
frequency response of a sensor and determine whether or not the sensor’s response
is fast enough under all operating conditions (we will discuss this in more detail in
Chapter 9).
Reliability: Reliability is the ratio of how many times a system operates properly,
divided by how many times it is used. For continuous, satisfactory operation it is
necessary to choose reliable sensors that last a long time while considering the cost and
other requirements.

® Accuracy: Accuracy is defined as how close the output of the sensor is to the

expected value. If for a given input, the output is expected to be a certain value,
accuracy is related to how close the sensor’s output is to this value. For example, a
thermometer should read 100°C when placed in pure boiling water at sea level.

® Repeatability: If the sensor’s output is measured a number of times in response to the

same input, the output may be different each time. Repeatability is a measure of how
varied the different outputs are relative to each other. Generally, if'a sufficient number
of tries are made, a range can be defined that includes all results around the nominal
value (the radius of a circle that encompasses all results). This range is defined as
repeatability. In general, repeatability is more important than accuracy, since in most
cases, Inaccuracies are systematic and can be corrected or compensated because they
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Accurate and Inaccurate and Inaccurate but
repeatable not repeatable repeatable

Figure 8.1 Accuracy versus repeatability.

can be predicted and measured. Repeatability is generally random and cannot be easily
compensated (see Figure 8.1).

The following is a review of some sensors used in robotics, mechatronics, and

automation.

8.3 Sensor Utilization

Figure 8.2(a) shows a basic sensor circuit with a voltage source. As the sensor turns on and
off, due to the back-emf principle, the wires act as inductors and, consequ.en.tly, a Vqltage
spike is generated in the wires that can create false readouts. To prevent this, it is advisable
to add a monolithic-type capacitor to the circuit, as §hown in Figure 8.2(b). The
capacitor should be placed as close to the sensor as possible.

Output

S signal

signal

Figure 8.2 Application of a capacitor, added to prevent voltage spikes in reading sensors.

Similarly, if long wires (longer than a few inches) are used to connect a sensor to a
voltage source or to where the signal is read, the wires can act as antennae gnd 1nterfere
with the signal. The solution is to use shielded or coaxial wires or to twist the wires

together.

By the way, the above is true in other cases too. For example, long \'Nires that connecta
motor to a voltage source can also act as antennae, and therefore, 1.t 18 better to tw1.st th;
wires together. Similarly, voltage spikes can create problems with mte.grated circuit
chips. Therefore, it is advisable to place a capacitor between the voltage-in :_m.d ground
pins of an IC chip as close to it as possible (for example, next to, or under, the chip).
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ol

Figure 8.3 A potentiometer as a position sensor.

8.4 Position Sensors

Position sensors are used to measure displacements, both angular and linear, as well as
movements. In many cases, such as in encoders, the position information may also be
used to calculate velocities. The following are common position sensors used in robotics:

8.4.1 Potentiometers

A potentiometer converts position information into a variable voltage through a resistor.
As the sliding contact (wiper) slides on the resistor due to a change in position, the
proportion of the resistance before or after the point of contact with the wiper compared
to the total resistance varies (Figure 8.3). The resistive external load R; is in parallel with
R, and both are in series with Ry. Since in this capacity, the potentiometer acts as a
voltage divider, the output will be proportional to the resistance as:

RQRL
R1RL + RzRL + R1R2

Assuming that R; is large, the quantity R;R; can be ignored, and the equation simplifies
to:

Voue = V. (82)

R;

Vaut = Vcc—
Ri+Ry

(8.3)

Example 8.1

Assume that Ry = Ry = 1 k). Calculate the difference between the values of V,,,
based on Equations (8.2) and (8.3) if (a) Ry = 10 k) and (b) R; = 100 k).

Solution:

a. v e 0] ol v 10V 0.476 1V d v L V,=05V

. ont = * o« — A Ve = VY. cc n otit — 2" Ve = U o«
‘T10+10+1 21 ) tT3

b. v . /- 1% —@V = 0.498V d vV _1 V.=05V

UM TI00+ 10041 €T 201« T DO e G Vo =50 Ve = U0 Ve

Clearly, it is crucial that the resistive load be large enough for acceptable
accuracy. [

Potentiometers can be rotary or linear, and therefore, can measure linear or angular
motions. Rotary potentiometers can also be multiple-turn, enabling the user to measure
many revolutions of motion.
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Phototransistor

Light source

@ ®) ©

Figure 8.4 (a) A simple rotary incremental encoder disk mounted on a motor shaft. This
encoder measures angular rotations. (b) Schematic of a rotary encoder arrangement. () A
reflective-type linear absolute encoder that can measure linear movements and a rotary
incremental encoder disk with 1024 slots.

Potentiometers are either wire-wound or use a conductive polymer resistor paste—a
deposit of a thin film of resistive carbon particles in a polymer or ceramic and metal mix
called cermet on a phenolic substrate. The major benefit of conductive polymers is that
their output is continuous, and therefore, less noisy. As a result, it is possible to
electronically differentiate the output of this type of resistor to find velocity. However,
since the output of a wire-wound potentiometer is stepwise, it cannot be differentiated.

Potentiometers are generally used as internal feedback sensors in order to report the
position of joints and links. Potentiometers are used both alone as well as together with
other sensors such as encoders. In this case, the encoder reports the current position of
joints and links, whereas the potentiometer reports the startup positions. As a result, the
combination of the sensors allows minimal input requirement with maximum accuracy.
This will be discussed in more detail later.

8.4.2 Encoderé

An encoder is a simple device that can outputa digital signal for each small portion of a
movement. To do this, the encoder disk or strip is divided into small sections, as in
Figure 8.4. Each section is either opaque or transparent (it can also be either reflective or
nonreflective). A light source, such as an LED on one side, provides a beam of light to
the other side of the encoder disk or strip, where it is seen by a light-sensitive sensor,
such as a phototransistor. If the disk’s angular position (or in the case of a strip, the linear
position) is such that the light is revealed, the sensor on the opposite side will be turned
on and will have a high signal. If the angular position of the disk is such that the light is
occluded, the sensor will be off and its output will be low (therefore, a digital output).
As the disk rotates, it can continuously send signals. If the signals are counted, the
approximate total displacement of the disk can be measured at any time.

Incremental Encoders There are two basic types of encoders: incremental and
absolute. Figures 8.4(a) and 8.4(b) are incremental encoders. In this type of encoder, the
areas (arcs) of opaque and transparent sections are all equal and repeating. Since all arcs are
the same size, each represents an equal angle of rotation. If the disk is divided into only
two portions, each portion is 180 degrees, its resolution will also be 180 degrees, and
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Wlthlp this arc, the system is incapable of reporting any more accurate information ab
the displacement or position. If the number of divisions increases, the accuracy inc s
as well. Therefore, the resolution of an optical encoder is related t,o the ﬁumbe}rl of arease;
transp:flrent/ opaque areas. Typical incremental encoders can have 512 to 1024rcS O
reporting aggular displacements with a resolution of 0.7 to 0.35 degrees. High resol tion
encode'rs with thousands of pulses per revolution (PPR) are also avaiiableg oo
Op;f:al encoders are either opaque disks with the material removed f01.‘ transparent
izeas ( 1gur§ 8.4.(a) and 8.4(c)) or are clear material.like glass with printed opaque areas.
Y zrlliy }flz?clo e}f disks are als_o etched, such that they either reflect the light or do not reflect
i dik: n that case, the light source and the pick-up sensor are both on the same side of
An 1nc.remental encoder is like an integrator. It only reports changes to angul
position (it reports the change in location, which is the displacement)g Howe Sy
cannot report or indicate directly the actual value of the position. In ot.her Wor\:ier’ .
1ncremenFal encoder can only tell how much movement is made. But unless the is,'té'ni
1ocat10n is known, the actual position cannot be discerned from the senso m;‘
incremental <?ncoder acts as an integrator, because the controller actuall counI; thrl
number of 51g.na.lls the encoder sends, determining the total positional }Z:han e S a :1
conseq.u.ently, it is integrating the position signal. Unless the controller knows thge ,stalr‘lt
up position, it can never determine where the robot is. In all systems that track positi s
with 1pcremental encoders, it is necessary to reset the system at the be h];)nisrll lon;
operations (or at wake-up). The controller will subsequently know the disglacemg (;
at all times, so long as the reset position is known. (In some Adept robotI; a 166111'S
encoder is used together with a Hall-effect sensor to provide 204 accurac’) o
Most photodetectors are analog devices. This means that as the magnitude (/)};t.he light
varies, their output varies too. Therefore, as one section on the encoder disk a roaé%
the detect_or and the projected light intensity increases to a maximum, the outpit of t}fs
detec-tc?r rises before falling again as it departs. Consequently, a squarin’g circuitpis used te
condition the signal. Figure 8.5 shows the output of an incremental encoder. If onlye onz

High—
Low—— | i Channel A

Channel B

Output of leading edges for one channel only

.] 1 1 Qutput of leading and trailing edges for one channel only

_LLL]_]_ ]_L OQutput of leading and trailing edges for two channels

Figure 8.5 Output signals of an incremental encoder.
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set of slots is used, it will be impossible to determine yvhether the .{'I‘l.‘i.k f1~slrota;rvlg
clockwise or counterclockwise. To remedy this, em‘.pdcr disks have two se t:ls 0 }slots (t u(;
channels), 1/2 step out of phase with each other (Figure 8.4(a)). As. e;lrfilsu-}:, tt}fei.)u%)he
signals of the two sets of slots are also a 1/2 step out of phase wﬁ (,(I‘L‘. : ) h.. o
controller can compare the two signals and determine Whlch one changes from b ;ﬁ ©
low or vice versa before the other signal. (;Fl;(rough this comparison, it 1s possible
i e direction of rotation of the disk. .

detl;rnzl(:fntt}ilng both the leading edges as well as t.he trail.ing edges of the. outpEJt }flgnais of
the encoders on both channels, it is actually possible to increase resolution of the outpu
of incremental encoders without increasing the number of slots. ) b

Note that it is crucial to set up your system to look fpr changes in t_he sll‘gn}e;, }?Ot
whether the signal is high or low. If your circuit ke.eps counting when .thfe Slgn;"flih ;gih,a 1ft
may register a significantly high false count, especially if your systemlm ast (}311 1h) ¢ shalt
rotates slowly. Only counting when there is a change (high to low or low to hig
that a correct number of signals are registered and counted.

Absolute Encoders An alternative to incremental optigal encoders ﬁ an absqlute
encoder. Each portion of the encoder disk’s :fmgular. d1spls.1cement a; a u}rlnctl;ll.e
combination of clear/opaque sections that give it a unique mgnature:l;f roug g ;s
unique signature, it is possible to determine the exact position of the dis . }ilt any -lrlrllel’.
without the need for a starting position. In other w'-:n'ds, even at sta.rt time, t ? i(}f]til'ok t
can determine the position of the disk by considering thc? unique signature of the th]S a
that location. As shown in Figure 8.6, there is a multiple row of sections, e:?t(.:“(.)ne
different from the others. The first row may have only one clear ;13nd one opaqi.; sclc tion
(one on, one off). The next row has 4 (or 27), followed by 8 (or 2°), and so on. b‘;c 1 rozv
must have its own light source and light detector _assembly. Each sensor asszergl_ y st;n s
out one signal. Therefore, two rows require two inputs to the controller (2 bits), three
i bits, and so on. — .
ro";; rsilci)lizlvr; i3n Figure 8.6, an encoder with 4 rows can have 24=1§ dlStll}’ll(.Zt con'lbmect)-f
tions, each settion covering an angle of 22.5°. This means that w1th1n£ is seftltc_m 5
22.5°, the controller cannot determine where the encoder is. Thereforej the ‘resc? 11{ SOZ s
only 22.5°. To increase the resolution, there would have f(()) b§ more sections, OII] ?1 s. )
encoder with 1024 divisions on one row has 10 (1024 = 2°) bits of information that mus

ay Cod
Binary Code Gray Code

Figure 8.6 Each portion of the angular position of an absolute encoder has a umquic
signature. Through this signature, the angular position of the encoder can be determined.
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Table 8.1 Binary and Gray Codes.
# Gray Code Binary Code # Gray Code | Binary Code
0 0000 0000 6 0101 0110
1 0001 0001 7 0100 0111
2 0011 0010 8 1100 1000
3 0010 0011 9 1101 1001
4 0110 0100 10 1111 1010
5 0111 0101 11 1110 1011

be communicated to the controller. With 10-bit resolution, a robot with 6 Jjoints would
require 60 input lines to the controller. Consequently, it is necessary to consider the
advantages and disadvantages of incremental and absolute encoders. Commercial encoders
with as high as 15-16 bits are available.

Another method to increase the resolution of encoders is to add a supplemental light
sensing device to it. In one rendition,1 a faceted mirror was attached to the encoder shaft,
which reflected a laser light onto a low-line-density diffraction grating. The diffracted
light was projected onto an array of 200-8000 photodiodes. Depending on the angle of
the shaft, the light reflected by the mirror onto the grating would change, therefore
changing the output signals from the array. A combination of signals from the encoder
and the photodiode array increases the resolution significantly, but at a great cost.

Figure 8.6 also shows the difference between a binary code and a gray code. In the
binary code system, there are many instances where more than one set of bits change sign
simultaneously, whereas in gray code, at any particular location, there is always only one
bit-change to go back or forth. The importance of this difference is that in digital
measurements, unlike popular perception, the values of signals are not constantly read,
but the signal is measured (sampled) and held until the next sample reading. In binary
code, where multiple bits change simultaneously, if all changes do not happen exactly at
the same time, they may not all register. In gray code, since there is only one change, the
system will always find it. Table 8.1 lists the gray code for numbers 0—11.

8.4.3 Linear Variable Differential Transformer (LVDT)

Alinear variable differential transformer (or transducer) is actually a transformer whose core
moves with the distance measured and that outputs a variable analog voltage as a result of
this displacement. In general, a transformer is an electric-to-electric energy converter that
changes the voltage/current ratio. Except for losses, the total input energy to the device is
the same as the total output energy. As a transformer increases or decreases a voltage in
proportion to the number of turns in its coils, the corresponding current changes inversely
with it. This occurs because there are two coils with different numbers of turns. The
electrical energy into one coil creates a flux, which induces a voltage in the second coil
proportional to the ratio of the number of turns in the windings. As the number of turns in
the secondary coil increases, the voltage increases proportionally, and consequently, the
current decreases proportionally. However, the induction of voltage in the secondary is
very much a function of the strength of the flux. If no iron core is present, the flux lines can
disperse, reducing the strength of the magnetic field. Asa result, the induction of voltage in
the secondary will be minimal. In the presence of an iron core, the flux lines are gathered
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Figure 8.7 Linear Variable Differential Transformer.
inward, increasing the density of the field, and consequently, the induced voltage. This is
used to create the variable output voltage in the LVDT, as in Figure 8.7. The output of an
LVDT is very linear and proportional to the input position of the core.
8.4.4 Resolvers

Resolvers are very similar to LVDTs in principle, but are used to measure an angular
motion. A resolver is also a transformer, where the primary coil is connected to the
rotating shaft and carries an alternating current, either through slip rings or from a
brushless transformer within it (Figure 8.8). There are two secondary coils, placed 90°
apart from each other. As the rotor rotates, the flux it develops rotates with it. When the
primary coil in the rotor is parallel to either of the two secondary coils, the voltage
induced in that coil is maximum, while the other secondary coil perpendicular to it does
not develop any voltage. As the rotor rotates, eventually the voltage in the first secondary
coil goes to zero, while the second coil develops its maximum voltage. For all other
angles in between, the two secondary coils develop a voltage proportional to the sine and
cosine of the angle between the primary and the two secondary coils. Although the
output of a résolver is analog, it is equal to the sine and cosine of the angle, eliminating the
necessity to calculate these values later. Resolvers are reliable, robust, and accurate.

8.4.5 (Linear) Magnetostrictive Displacement
Transducers (LMDT or MDT)

In this sensor, a pulse is sent through a conductor, which bounces back as it reaches a
magnet. The time of travel to the magnet and back is converted to a distance if the speed
of travel is known. By attaching the moving part to either the magnet or the conductor,

b

V= K sin(wr) sin(6)

TN TN

L)
6 \-—_—-/ <
|14 % @ ~. N V,= K sin(o¥) cos(6)
V}ll

Voltage Out

~— >0
= Vsin(®1)

Figure 8.8 Schematic of a resolver.
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Figure 8.9 Schematic drawing of a magnetostrictive displacement sensor.

Figure 8.10 The IBM 7565 magnetostrictive displacement transducers. A pulse generated
at one end of'a long tube travels within the tube until it reaches a magnet and bounces back. The
time of travel of the signal is converted to position information.

the displacement can be measured. A simple schematic of the sensor is shown in

Figure 8.9. The. IBM 7565 hydraulic gantry robot displacement sensors were of this
type, as shown in Figure 8.10.

8.4.6 Hall-effect Sensors

A Hall-effect sensor works on the Hall-effect principle, where the output voltage of a
conductor that carries a current changes when in the presence of a magnetic field
Therefore, the output voltage of the sensor changes when a permanent magnet or a coii
that produces a magnetic flux is close to the sensor. A Hall-effect transducer’s output is
analog and must be converted for digital applications. It is used in many applications,

including the sensing of the position of the permanent magnet rotors of brushless DC
motors.

8.4.7 Other Devices

Many other devices can be used as position sensors, some novel and hi-tech, some simple
anc'l old. For example, in order to measure the angles of finger joints in a glo,ve (such asp in
a virtual-reality glove), conductive elastomer strips were attached to the glove above the
fingers. Conductive elastomer is a urethane-based synthetic rubber filled with conductive
carbon particles. Its electrical resistance decreases as the tension on it increases. Therefore
as the finger bends within the glove, it stretches the strip, changing its resistz'mce whic};
can be measured and converted to a position signal.? ’
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Figure 8.11 Shaft-angle measuring device based on a tunnel-diode oscillator and
capacitance between a shaft and stationary electrodes.”

Velocity signal

In another device, one-half side of a nonconductive shaft is coated with a conducting 4, Position signal

material, Two Ys-cylinder conductive electrodes with radii slightly larger than the shaft’s
are mounted concentrically over the shaft, creating a capacitor between the shaft and the
stationary electrodes (Figure 8.11). As the shaft rotates, the capacitance changes, too. Figure 8.12 Schematics of differentiating and integrating R-C circuits wi

Used as a capacitor within a tunnel-diode oscillator circuit, the output frequency varies as g grating R-C circuits with an op-amp.
the capacitance varies relative to the shaft position. Therefore, by measuring the
frequency of the oscillation, the position of the shaft can be measured.” 8.5.3 Differentiation of Position Signal

If the position signal is clean, it is actually possible, and simple, to differentiate the position
51gna.l and convert it to velocity signal. To do this, it is necessary that the signal be as
continuous as possible to prevent the creation of large impulses in the velocity signal.
The.r.efore, it is recommended that a resistor with conductive polymer film be used for
position measurement, as a wire-wound potentiometer’s output is piecewise and unfit for
differentiation. However, differentiation of a signal is always noisy and should be done very
carefully. Figure 8.12 shows a simple R-C circuit with an op-amp that can be tised for
differentiation, where the velocity signal is:

8.5 Velocity Sensors

The following are the more common velocity sensors used in robotics. Their application
is very much related to the type of position sensor used. Depending on the type of
position sensor used, there may not even be a need to use a velocity sensor.

8.5.1 Encoders yoo —RCdV"
| dt

Simil:flrly, the velocity (or acceleration) signal can be integrated to yield position (or
velocity) signals as:

8.4
Ifan encoder is used for displacement measurement, there is in fact no need to use a velocity (84
sensor. Since encoders send a known number of signals for any given angular displacement,
by counting the number of signals received in a given length of time df velocity can be
calculated. A typical number for df may be 10 ms. However, if the encoder shaft rotates Voo 1
slowly, the number of signals received may be too small for an accurate calculation of . _RJ Viudt (8.5)
velocity. On the other hand, if the time s increased in order to increase the total number of i
signals per cycle, the rate at which velocity is updated and sent to the controller will 8.6 Acceleration Sensors
decrease. This will diminish the accuracy and effectiveness of the controller. In some

systems, the cycle time dfis varied depending on the angular velocity of the encoder shaft. A Accelerometers are very common sensors for measuring accelerations. However, in
smaller number is used if it rotates fast, increasing the effectiveness of the controller, and a general, accelerometers are not used with industrial robots. Recently, acceleration
Jarger number is used otherwise to gather enough data. measurements have been used for high precision control of linear actuators’ and for

joint feedback control of robots.”

8.5.2 Tachometers 8.7 Force and Pressure Sensors

A tachometer is in fact a generator that converts mechanical energy into electrical energy.
Its output is an analog voltage proportional to the input angular speed. It may be used
along with potentiometers to estimate velocity. Tachometers are generally inaccurate at Piezoelectric material compresses if exposed to a volta d prod 1 if
e and produces a voltage 1
very low speeds. : - : & 8
ry p compressed. This was used in devices such as the phonograph to create a voltage from the

8.7.1 Piezoelectric
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i i ' s
Figure 8.13 A typical force sensing resistor (FSR). The resistance of this sensor decrease
as the force acting on it increases.

5 . . . N o .
Vaﬂable pl‘essure ('J.l.l'&ﬁd by t}le grO()VeS m the reCOId. SlIIlllaﬂy‘, a plCCC Of pleZOeleCtIIC

an t £ds I essures Y f rces, 1t tics. I}l an.al utput v ]ta € must
& be used O measure pre €s, O Orces, ObO S (S Og O p [¢) g

be conditioned and amplified for use.

8.7.2 Force Sensing Resistor

The Force Sensing Resistor (FSR) is a polymer thick-film device that exhibits a dea:elzzllllu:cl,r
resistance with increasing force applied perpendicular to its :s;.:rz‘;;e.f infone p.\;_ 2 ;0
I . ; 1 5 1 3 Ces O
esistance changes from about 500 k€ to about or forces ¢
model, the resistance changes from a { ; forees of °
10,000 gr (refer to Reeferences 6, 7, and 8 for more information about UniForce ™ sensors
and others). Figure 8.13 shows a typical force sensing resistor.

8.7.3 Strain Gauge

{ in g is a
A strain gauge can also be used to measure force. The outi}]t of Ehe strain g;ug;liEd
riable s i ' ich itself is -tion of ap
i -esi >, pr 5 the strain, which itself is a tunc
variable resistance, proportional to th — ‘ .
forces. Therefore, measuring the resistance, we can determine tl‘n_d;ql)phed‘tt e
. ' 1 o =3 e - o ™ S 2
Strain gauges are used to determine the forces at the end effector and the \;ﬂ;nks i
robot. Strain gauges can also be used for measuring the loads on the joints d‘l‘ltdl- 5
the robot, but this is not very common. Figure 8.14(a) is a sxmpli slccllumatlt] 1:1\7:1 ig
’ ‘ i ithi 3 idge, as show
i 2 : used within a Wheatstone bridge, ]
of a strain gauge. Strain gauges are : on: :
Figure 8 14g(b) A balanced Wheatstone bridge would have similar potgntlals at pomtst
A and B. If the resistance in any of the four resistors changes, there will be a curren

Figure 8.14 (a) A strain gauge and (b) a Wheatstone bridge.
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flow between these two junctions. Consequently, it is necessary to first calibrate the
bridge for zero flow in the galvanometer. Assuming that R; is the strain gauge, when
under stress, its value will change, causing an imbalance in the Wheatstone bridge and
a current flow between A and B. By carefully adjusting the resistance of one of the
other resistors until the current flow becomes zero, the change in the resistance of the
strain gauge can be determined from:

Ri R,
Ry Rj
Strain gauges are sensitive to changes in temperature. To remedy this problem, a dummy

strain gauge can be used as one of the four resistors in the bridge to compensate for
temperature changes.

(8.6)

8.7.4 Antistatic Foam

The antistatic foam used for transporting IC chips is conductive and its resistance changes
due to an applied force. It can function as a crude and simple, yet inexpensive, force and
touch sensor. To use a piece of antistatic foam, insert a pair of wires into two sides of it
and measure the voltage or resistance across it.

8.8 Torque Sensors

Torque can be measured by a pair of strategically placed force sensors. Suppose that two
force sensors are placed on a shaft, opposite of each other, on opposite sides. If a torque is
applied to the shaft, it generates two opposing forces on the shaft’s body, causing strains
in opposite directions. The two force sensors can measure the forces, which can be
converted to a torque. To measure torques about different axes, three pairs of mutually
perpendicular sensors must be used. However, since forces can also be measured with the
same sensors, a total of six force sensors can generally report forces and torques about
three axes, independent of each other, as depicted in Figure 8.15. Pure forces generate

gl

—
4
=

> v,

U\EDH‘
=\

Figure 8.15 Arangement of three pairs of strain gauges along the three major axes for
force and torque measurements.
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Figure 8.16 Typical industrial force/torque sensors. (IP65 Gamma and Mini 85, printed with

permission from ATI Industrial Automation.)

Housing

e

Shaft

Flexural
springs

Figure 8.17 The torque can be measured by measuring the changes in the frequency
of oscillation of a tunnel-diode oscillator when the capacitance of the flexural springs changes

due to the applied torque.

similar signals in a pair, while torques generate pairs of signals with opposite signs.

i shows typical ir -torque $ensors.
Figure 8.16 shows typical industrial force : . .

gA miniature load sensor, designed to be used as fingertips for anthr(')pomorphmhroé)m
hands, uses a spring instrumented with at least six strain gauges. The wires are attac ; /‘S

% - . .
a small interface board at the base of the spring. The sensor is attached to anu b
converter as close to the sensor as possible. Th:.; data is transmitted to the controller by
wires, routed at the neutral axis of the fingers. _ ' Y
Figure 8.17 shows a schematic depiction of a system in which Hexu..ual spnflgs,.attzchid

to a shaft, form a pair of capacitors used as part of a tunnel—du.:de oscillator circuit. hs the
shaft rotates slightly under the load, the capacitance of each pair changes, caus%ﬁg ac alggle
in the oscillation frequency of the circuit. By measuring the frequency of oscillations, the

. 110
torque can be determined.

8.9 Microswitches

1 i otic
Microswitches, though extremely simple, are very useful and common }n all rf)b e
systems. They cut off the electrical current, and therefore, can be used for safety plm poses,
for determining contact, for sending signals based on displacements, and many other uses.

Microswitches are robust, simple, and inexpensive.

These sensors react to the intensity of light projected onto them by changing their

electrical resistance. If the intensity of light is zero, the resistance is at maximum. As the
light intensity increases, the resistance decreases, and consequently, the current increases.
These sensors are inexpensive and very useful. They can be used for making optical
encoders and other devices as well. They are also used in tactile sensors, as will be
discussed later.

A phototransistor can also be used as a light sensor, where in the presence of a certain
intensity of light, it will turn on; otherwise, it will be off. Phototransistors are usually used
in conjunction with an LED light source.

A light sensor array can be used with a moving light source to measure displacements as
well. This has been used to measure deflections and small movements in robots and other
machinery. ! Light sensors are sensitive to the visible light range. Infrared sensors are
sensitive to infrared range. Since infrared is invisible to human eyes, it will not disturb
humans. For example, if a device needs light to measure a large distance for navigation
purposes, infrared can be used without attracting attention or disturbing anyone. Simple
infrared remote control devices are also available that can be used to establish remote
control communication links between devices and robots. Refer to Reference 8 for
specifications.

8.11 Touch and Tactile Sensors

Touch sensors are devices that send a signal when physical contact has been made. The
simplest form of a touch sensor is a microswitch, which either turns on or off as contact is
made. The microswitch can be set up for different sensitivities and ranges of motion. As
an example, a strategically placed microswitch can send a signal to the controller if a
mobile robot reaches an obstacle during navigation. More sophisticated touch sensors
may send additional information. For example, a force sensor used as a touch sensor may
not only send touch information, but also report the magnitude of the contact force.

A tactile sensor is a collection of touch sensors which, in addition to determining
contact, can also provide additional information about the object. This additional
information may be about the shape, size, or type of material. In most cases, a number
of touch sensors are arranged in an array or matrix form, as shown in Figure 8.18. In this
design, an array of six touch sensors is arranged on each side of a tactile sensor. Each touch

Plunger

_/[I\‘

OO
) \
\_ LED Light sensor

Figure 8.18 Tactile sensors are generally a collection of simple touch sensors arranged in
an array form with a specific order to relay contact and shape information to the controller.
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T g

Figure 8.19 A tactile sensor can provide information about the object.

Figure 8.20 Skin-like tactile sensor.

sensor is made up of a plunger, an LED, and a light sensor. As the tactile sensor closes and
the plunger moves in or out, it blocks the light from the LED projecting onto the light
detector. The output of the light sensor is proportional to the displacement of the
plunger. As you can see, these touch sensors are in fact displacement sensors. Similarly,
other types of displacement sensors may be used for this purpose, from microswitches to
LVDTs, pressure sensors, magnetic sensors, and so on.

As the tactile sensor comes in contact with an object, depending on the shape and size
of the object, different touch sensors react differently at a different order. This
information is then used by the controller to determine the size and the shape of the
object. Figure 8.19 shows three simple set-ups, one touching a cube, one touching
a cylinder, and one touching an arbitrary object. As can be seen, each object creates a
different unique signature that can be used for detection.

Attempts have also been made to create somewhat of a continuous skin-like tactile
sensor that could function similarly to human skin. In most cases, the design revolves
around a’matrix of sensors embedded between two polymer-type layers, separated by a
mesh, as shown schematically in Figure 8.20. As a force is applied to the polymer, it is
distributed between a few surrounding sensors, where each one sends a signal propor-
tional to the force applied to it. For low resolution, these tactile sensors work
satisfactorily.’” Other designs include a similar polymer-type substrate populated with
capacitive sensors. A microprocessor reads the sensors sequentially in order to determine
the shape of the object and the contact force at each location, In another design, a flexible
circuit board, populated with proximity sensors (see Section 8.12) provides a skin-like
covering to help robots avoid collisions."”

8.12 Proximity Sensors

A proximity sensor is used to determine that an object is close to another object
before contact is made. This noncontact sensing can be useful in many situations,
from measuring the speed of a rotor to navigating a robot. There are many different
types of proximity sensors, such as magnetic, eddy current and Hall-effect, optical,
ultrasonic, inductive, and capacitive. The following is a short discussion of some of
these sensors.

8.12 Proximity Sensors
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8.12.1 Magnetic Proximity Sensors

These senso i
el ri are acgvatedd when they are close to a magnet They can be used fo
rotor speeds (and the rotati . : ;
o p]‘OXiijt) gcm(0 5 1]1T.m1ber of rotations) and turning a circuit on or off.®
g Lo & SPRon may also be used to count the number of rotations of whe
an “ Cu e ) . c1H1 h :
sl 1 m,u t;u{c. }(]m, l;e used as position sensors. Imagine a mobile robot, where
al displacement of the robot is calculated b i :

§ calculated by counting the number of ti

tosal lsplace ot th ‘ y { nber of times
eel rotates, multiplied by the circumference of the wheel. A magne

um.bc used to track wheel rotations by mounting a m
having the n

els
the
a particular
tic proximity sensor

_ agnet on the wheel (or its sh:
o i . Y mounting : rits shaft) and
ensor stationary on the chassis. Similarly, the sensor can be used for 4

applications, including safety. For example, many devices have
that sends a signal when the door is open to stop the rotatin

other
amagnetic proximity sensor
g or moving parts.

8.12.2 Optical Proximity Sensors

Optical proximi i i
B Egor 0;1)_ y [1??1? sensors consist gf a light source called emitter (either internal to the
SOr, xternal to it), and a receiver, which senses the presence or the absence of light

Ihe recewver is Siid]l o I} totra istor a l(] the em 1tter 1s s Ll.}” / an I;El). []It
1S )r 4] I‘!O ns

. o h

LOIIIbI!]:ll’lO]I ()f th‘. two creates X }

: a light sensor, and i i icati i i
e e g ; s used in many applications, including

A% 4 DESGRIE Sensar 16 e e
o {JI()X][}‘III[’}-’ sensor, 1t 1s set up such that the light, emitted by the emitter, is not
d“wmt rf-? the receiver unless an object is within range. Figure 8.21 is a sch,em t(')
: of 2 o TS B . atic
g of an optical proximity sensor. Unless a reflective object is within the range of

the swi > light i T
e switch, the light is not seen by the receiver; therefore, there
- *

iy - will be no signal.

2 shows another iati i
ows another variation of an optical proximity sensor. In this simple

system that can d i imi
y etermine both proximity as well as short-range distance (and therefore

Emitter i
Emitter Emit
mitter

Receiver @
: Receiver

In range Out of range, too far

Receiver

Out of range, too close

Figure 8.21 Optical proximity sensor.

Emitter

Op

Photodetector

Figure 8.22 An alternative optical proximity sensor.
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finder for short distances), a beam of light is passed through a prism that
refracts the light into its constituent primary colors. Depending on the distance of the
object from the sensor, one particular color of light is reflected back to the sensor’s
photodetector. By measuring the energy of the reflected light, the distance can be

determined and reported.

act as a range

8.12.3 Ultrasonic Proximity Sensors

an ultrasonic emitter emits frequent bursts of high fre-
quency sound waves (usually in the 200 kHz range). There are two modes of operation
for ultrasonic sensors, namely, opposed mode and echo (diffused) mode. In opposed
mode, a receiver is placed in front of the emitter; in echo mode, the receiver is either next
to, or integrated into, the emitter and receives the reflected sound wave. If the receiver 18
within range, or if the sound is reflected by a surface close to the sensor, it is sensed and a
signal is procluced. Otherwise, the receiver will not sense the wave and there is no signal.
All ultrasonic sensors have a blind zone near the surface of the emitter in which the
distance and presence of an object cannot be detected. Ultrasonic sensors cannot be used
with surfaces such as rubber and foam that do not reflect the soundwaves in echo mode.
For more information about ultrasonic sensors, refer to section 8.13.1. Figure 8.23 is a

schematic drawing of this type of sensor.

In ultrasonic proximity sensors,

‘8.12.4 Inductive Proximity Sensors

1sors are used to detect metal surfaces. The sensor is a coil with a
and a solid state switch. In the presence of a metal
plitude of the oscillation diminishes. The
h off, When the part leaves the

Inductive proximity set
ferrite core, an oscillator/detector,
object in the close vicinity of the sensor, the am
detector senses the change and turns the solid state SWitC

range of the sensor, it turns on again.

8.12.5 Capacitive Proximity Sensors

The capacitive sensor reacts to the presence of any object that has a dielectric constant
more than 1.2. In that case, when within range, the material’s capacitance raises the total

))))

i NN i i Receiver
Receiver ~ =T Emitter

Echo Mode Opposed Mode

Figure 8.23 Ultrasonic proximity sensors.
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Table 8.2 Dielectric Constants for Select Materials.
Air 1.000
- P i
Aqueous solutions 50-80 C(;i(cii)l;r;d —
Epoxy resin 2.5-6 Rubber 5_55 3
Flour 1.5-1.7 Water 86 .
1?Ilalss 3.7-10 Wood, dry 2-7
on . 5
y. 4-5 Wood, wet 10-30

8.12.6

o - — : .
W}[l)icchtizlcle of C;he circuit. This triggers an internal oscillator to turn on the output unit
send out an output signal. Consequentl
) en . y, the sensor can detect th
an object within a range. Capaciti ity
: . Capacitive sensors can detect nonmetal i
o . : . metal materials such as wood
quids, and chemicals. Table 8.2 shows dielectric constants for select materials ’

Eddy Current Proximity Sensors
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of conductive materials as well 1
as the nondestructive testing of voi 1
: o
E e g of voids and cracks, thickness

8.13 Range Finders

Unls -
Obstlakjesprmzrsuty senlslors, 1}Fmge finders are used to find larger distances, to detect
» and to map the surfaces of objects. Ran Y
‘ ; . ge finders are meant to provide ad
information to the system. Ran e visible Tight,
i ) ge finders are generally based on ligh is i
infrared light, or laser—and ul i i S —
, trasonics. Two common method
: . : . s of me
triangulation and time-of-flight or lapsed time warement ae
T - - . . . - .-
ot leltlhgul?:lo? %ZOIVCS illuminating the object by a single ray of light that forms a
e object. The spot is seen by a receiver such
; as a camera or photodetector. Th
range or depth is calculated from the tri g e light
e triangle formed between the recei 1
. ceiver, the
soicg, anfi the spot on the object, as shown in Figure 8.24. e
s 1s evident from Figure 8.24(a), the particular arrangement between the object, the

hgllt source aIld t]l y
s € receiver ()nl occurs at one 1nsta 1 tlle d 1nce d
tant. At th S p()lnt, 1stanc can

d d
tanff=—, tana=— and L=1] +1
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340 ‘ the frequency of the wave (at above 2 MHz level) and the density and temperature of the
Receiver Ry medium. To increase the accuracy of the measurement, a calibration bar is usually placed
about an inch in front of the transducer, which is supposed to calibrate the system for
varying temperatures. This is only good if the temperature is uniform throughout the
traveled distance, which may or may not be true.
Rotating I;i::t‘:rg Time measurement accuracy is .also very importan_t for accurately mcnsgring distancq :
Py Usually, the worst case error in time measurement is +1/2 wavelength if the clock is
@ ®) stopped as soon as the receiver receives the returned signal at a minimum threshold.
sasurement. The receiver will only detect Therefore, higher frequency ultrasound devices yield better accuracy. For example, for
Figure 8.24 Triangulation method for range _“.1(\'"'1%,”?'{,:,]1“12 “which is used to calculate the 20 kHz and 200 kHz systems, the wavelengths will respectively be about 0.67 and 0.067
the spot on the object when the emitter is at a particular angle, inches (17 and 1.7 mm) yielding a minimum worst case accuracy of 0.34 and 0.034 inches
range. (8.5 and 0.85 mm). Cross correlation, phase comparison, frequency modulation, and
— signal integration methods have been used to increase the resolution and accuracy of
Substituting and manipulating the equation will yield: ultrasonic device‘s. However, :]]t]‘l(illg?l higher ﬁ'%‘.qucncics ‘yield a bcttmj l'c.solutilon, they
L tan e tan 8 (8.7) attenuate much faster than the Iov\:cr frequency signals, which se\rcrely limits their range.
T On the orht‘r_ hand, the lower frequency transducers have wide bem:n‘angles and a
be calculated. You can see from severely detr;t;mr;:tcd l.ﬂ‘.temi rcso]uugn. Conscq}mntly, there is a tradeoff between the
Since L and B are known, if & is measure}(ll » 4 Czir\lzere\;iglll not see the reflected light. lat%ral litfs-(}lutl:i)n m?fl‘y.gnal atifnu;mm;)lln reIuFlEn vlv1th the beam freq;\l/e[:ncy. e
Figure &24([}) that except at that ““L".]lt’,t eiI;:eCr Py the reflected light is " atc .giwl.uzi. l]()lbi..f lst apot er \I.D,r:-) em \gltt ;Jt}‘aso.mc .s_e?sors. arily 1 er;:nt
Consequently, it is necessary to rotate 11:. efn;l emitte’r and use it to calculate range. In industria 1an manu e}llc flnglggtii:onshgnh eC.‘ll‘ll(‘]l;_f:.‘j pl-('"i ncl;e S()lunf \Vili\‘?e; t.1‘:|
observed by the receiver, record the :111%{](..‘0. t tf;d e E—— - rotating mirror and contalp u tlr:son-lt:s Iv. llg as 5,(;&7}11(: fcan mrt.r ueb Wit ll(t)oekll:ltr;;.onlgl. e;l%ﬂ
practice, the emitter’s light (}umh as laser) ln' 1'0;3 licht is observed, the angle of the mirror pp(jfzratlp?. $ aresult, 1t 1s recommended that frequencies above z be utilized in
the receiver is checked for signal. As soon as the lig , " Sima CPVIFODH;)CMS- d for di i d flaw detection. A
< recorded. . . +ts of sending a signal from a transmitter G thrasc.)mc:‘_can ‘ \e u?e _<-)r 1stganIIr1}Ta?urenge1;§, :11a}3p?n‘g, and flaw ete’c’t{on.f
Time of flight or lapsed time ranging C'Oflélli vesetvar, The distaticl ecorees fhie single-point distance measurement is ca LF $pot checking, versus range array acquisition for
that bounces back from an ub_}ccl_‘ and is 1-(:('01\.'?,?“‘1}- -?11.:?;[“1 .Which can be ealeulared by 111uIt1p‘l? d::t'q ‘poxiﬁf‘ncqu?ﬁl‘tl?n .tlec}‘m!qm!:a used f(;r' :'i‘-]_l)ﬂnm.pj}'n‘ug.‘ }n.Tt‘hl‘s ca]sle,,‘a' larger
obiect and the sensor is ]1-.|Eftht‘ndl$fém}-'t‘ travelec ){L ¢ .._g r‘it“i need oFimel, Thiskime n_u.mbil of d[&l’_ﬂl](:t.b {0 d1l}emnl ()i,?ttlufls‘t:)ﬂ an object are mcjmuu. he co {.LUO.III 0
easuring the time of flight of the signal and by nowing ¥ s EE ('}Iht:IIILt?‘('I:ltﬂ provides a 3~J_J map of the surface of the object. It should be noted that since
mesamEnE = it be very fast to be accurate, For small distance measurements, only halfthe surface area ofa 3-D object can be ranged, these measurements are also referred
11':;‘::&:1161;‘-1;1;;11;;;}‘;2 signal r?mst‘ be very small. to as 2.5-D. The backside of the object or areas obscured by other parts cannot be ranged.
W
8.13.1 Ultrasonic Range Finders b o i 8.13.2 Light-Based Range Finders
Ultrasonic systems are rugged,.simple, inexp ens;ve, anfiiiv‘ag ;Zil'and?r’l robots for Lighr (including i.u{rnrcd and I:zser)—lfased range finders measure the. di_stance from an
used in cameras for focusing, in alarm St (oir mto e is in their limited resolution object by three dlﬂcrcnt mctlmds: d.n'cct time delay measurement, indirect amplitude
navigation and range measurement. Their disa dvantail variations of temperature and rpodulatm_n, and triangulation. The dlrcgt'nme delay measurement method measures the
which is due to the wavelength Of the SQHHd . hich is ] by the absorption time requlred.for a co]hmat(_ad beam of light (u._\'u;l]ly lnscr? since it does not d]\a:crt). to
velocity in the medium, and in their maximum range which ices have a frequency travel to an object and back, similar to an ultrasonic sensor. Since the speed oflight in air is
i dium. Typical ultrasonic devices ha 186,000 miles/sec (300,000 km/sec), it travels about 1 ft (30 cm) in 1 ns. Therefore
of the ultrasound energy in the me ! : (300, : ) ' ) ( : ) ‘ ,
range of 20 kHz to above 2 MHz. _ ine the time-of-flight technique, in extrcnwly. hlgh speed ciectrum?s and h:gl.l resolutions are requ:rf-:d to use this mt:tl?od‘
Most ultrasonic devices measure the.dlstance using ltrasound that is reflected back In one indirect method, the time delay is measured by modulating a long burst of light
which, a transducer emits a PUI.Se (})1f hlgh{_'frs?;lsgzyyi-criier that receives the reflected with a low—frequency sinusoidal wave (Time-to-Amplitude Converter, TAC) and
when it encounters a scparation in the mediu g =

ce traveled, measuring the phase difference between the modulations between the emitted light

ional. The distance between the transducer and the object is .h:nlf‘ the c.‘hstian‘ e
which i  to the time-of-flight times the speed of sound. Of course, the acc h. y
AR tOt depends on the wavelength of the signal and the accuracy of tde time
e rsllllerisr‘rllzerlr:tl:rrlld thIe) speed of sound. The speed of sound in a medium is dependent on
mea

and the backscattered light. This, in effect. is slowing down the wave speed to measurable
scales by substituting the speed of light with low-speed modulations, but still taking
advantage of the long travel range of laser lights.
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acti 1 i
a;:l éorlllsvci)rartlilotlozsl. }z:s 3-D ro'll—p1tch—ya\fv compass may also be used for global direction
gation. Although this compass is not a GPS system, it can provide directional

Triangulation is the common technique used in range finding using light beams. For
shorter distances encountered in navigation, triangulation yields the most accurate and

8.13.3

best resolution among the three different techniques.

Another technique for measuring range with light sources is stereo imaging, which we
will discuss in Chapter 9. A variation to this technique involves the use of a small laser
pointer along with 2 single camera.' In this technique, the location of the laser light
within the camera image is measured relative to the center of the image. Since the laser
light and the axis of the camera are not parallel, the location of the laser dot within the
image is a function of the distance between the object and the camera.

LIDAR (Light Detection and Ranging) is similar to radar, but uses light instead of
radio waves. A beam of light (laser or infrared) is fired toward the target, and the
propetties of scattered light are measured to find the range and/or other information
about a distant target. To gather information ona continuous basis, thousands of pulses of
light are reflected by a rotating mirror. In a system developed by Velodyne Lidar, Inc., a
set of 64 laser emitters fire thousands of pulses per second while the unit rotates between
5 15 Hz. It can collect data about the environment at 360 degrees azimuth and
27 degrees elevation, with a range of 120 meters.'®> Another time-of-flight laser-based
sensor that measures distances up to 30 meters ata resolution of 0.25 degrees costs several
thousands of dollars.

Global Positioning System (GPS)

This positioning system 1s based on a radio-navigation system for civilian use, freely
available to anyone. With a GPS receiver, we can determine a global position and time
that can be used for navigation and mapping. The system includes 29 satellites orbiting
the Earth, a control and monitoring station on Earth, and the GPS receivers. The recetver
uses the transmitted data from the satellites to calculate its position. This information can
be sent directly to the control system of 2 mobile robot for positioning purposes and
navigation.

Each satellite sends signals at precise intervals with information about the time the
signal was sent and location of the satellite. The GPS unit reads the signals sent by four
satellites and, using the difference between the current time and the time at which
each signal was sent (which is contained in the message received), calculates the distance
to the satellite. Each distance forms a sphere centered at the satellite, on which the GPS
unit resides. The intersection between these spheres is the location of the GPS unit.

In theory, signals from only three satellites should suffice; the GPS unit should be able
to determine its location relative to three satellites (two spheres intersect at a circle, and
the circle generally intersects the third sphere at two points; the one closer to the Earth’s
surface is the desired location). However, because the signals move at the speed of light,
the accuracy of the system is greatly dependent on the accuracy of the GPS unit’s clock.
The commercially mass-produced GPS clocks are not accurate enough to yield precise
positioning. Therefore, the signal from a fourth satellite is also used to increase the
accuracy of the system from about 100 meters to about 20 meters. Military devices use a
more accurate clock and high performance signals for improved positional accuracy.

A GPS unit can be integrated into a robotic system for navigation and positioning. The
position information is fed into the microprocessor which uses it to decide the succeeding
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8.15 Taste Sensors
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8.16 Vision Systems

Vision isti
Vision ;Ksctems Cinre perhaps the most sophisticated sensors used in robotics. Due to their
p ¢ and complexity, they will be discussed separately in Chapter 9. However

note that vision systems are, i
, in fact, sensors, and that the i
1 : r
its environment as do all other sensors. ’ e

8.17 Voice Recognition Devices

h ;Lceei ;sgoilrg)t;(;r; ;iréZIOI‘{?Z _determlnlgg what is said and taking an action based on the
content of spoken Woras Alsc}efolfilcl)ag; ?é?rirsr?l:[fl?s gen‘-‘}“‘lly et .
“ . . : cmber from other courses, any signal m:
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il .. 'lLl signals. In voice recognition systems, it is assumed that ever
er or sentence), when decomposed into its constituent frequencies, will hav?.:
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8.18 Voice Synthesizers

a unique signature composed of its major frequencies, which allow the system to
recognize the word.

To do this, the user must train the system by speaking the words a priori to allow the
system to create a look-up table of the major frequencies that represent the spoken words.
Later, when a word is spoken and its frequencies are determined, the result is compared to
the look-up table. Ifa close match is found, the word is recognized. For better accuracy, it
is necessary to train the system with more repetitions. On the other hand, a more accurate
list of frequencies will reduce allowable variations. This means that if the system tries to
match many frequencies for better accuracy, in the presence of any noise or any variations
in the spoken words, the system will not be able to recognize the word. On the other
hand, if a limited number of frequencies is matched in order to allow for variations, the
system may recognize a similar. but incorrect, word. A universal system that recognizes
all accents and variations in speaking may not be cither possible or useful. Many robots
have been equipped with voice recognition systems in order to communicate with the
users. In most cases, the robot is trained by the user and can recognize words that trigger a
certain action in response. For example, a particular word may be programmed to relate
to a certain position and orientation. When the voice recognition system recognizes
the word, it will send a signal to the controller which, in turn, will run the robot to the
desired location and orientation. This has been particularly useful with robots that aid
the disabled as well as for medical robots.

Voice synthesis is accomplished in two different ways. One way is to re-create the words
by combining phonemes and vowels. In this case, each word is recreated when the
phonemes and vowels are combined. This can be accomplished with commercially
available phoneme chips and a corresponding program. Although this type of system can
reproduce any word, it sounds unnatural and machine-like. As an example of the
difficulty encountered by this kind of system, consider the two words “power” and
“mower.” Although both words are written very similarly, they are pronounced
differently. This kind of a system will not be able to recognize this (unless every
conceivable exception is programmed into the chip).

The alternative is to record the words that the system may need to synthesize and to
access them from memory as needed. Telephone announcements, video games, and
many other machine voices are pre-recorded and accessed as needed. Although this
system sounds very natural, itis limited. As long as all the words the machine needs to say
are known a priori, this system can be u sed. With advances in computer technology, voice
recognition and synthesis will be advanced significantly in the future.

8.19 Remote Center Compliance (RCC) Device

Although this device is not an actual sensor, it is discussed here because it acts as a sensing
device for misalignments and provides a means of correction for robots. However,
remote center compliance (RCC) devices, also called compensators, are completely passive
and there are no input or output signals.
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Figure 8.25 Misalignment of assembling elements.
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Figure 8.26 Instantaneous centers of zero velocity for a 4-bar mechanis
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Figure 8.28 Schematic depiction of how an RCC device operates.

velocity for the coupler will be at infinity, indicating that the coupler is not rotating but is
in pure translation. This means that the coupler will always translate to the left or right
without any rotation (although its motion is curvilinear). Figure 8.27(b) shows a 4-bar
mechanism with two links of equal lengths and the instantaneous center of zero velocity
for its coupler which allows an instantaneous rotation of the coupler link about the IC.
These two mechanisms can provide simple translation or rotation about a remote center
when needed. An RCC device is a combination of these two mechanisms such that
when needed, it can provide slight translation or rotation of the object about a distant
point (therefore remote-center compliance). The distant point is the point of contact
between the two parts, such as the peg and the hole, which is remote from the robot.
However, you realize that this compliance is only lateral (or angular), where'it is needed.
The robot is still axially stiff, since the mechanism does not provide any motion in the
direction normal to the coupler. As a result, it provides a selective compliance in the
direction needed, without reducing the robot’s stiffness, and consequently, its accuracy.
Figure 8.28 is a schematic drawing of how an RCC device works. In reality, each

device provides a certain stiffness (or compliance) in lateral and axial directions, or in

bending and cocking directions, and must be picked based on need. Each device also has a

given center-to-center distance, which determines its remote center location relative to

the center of the device. Therefore, there may be a need for multiple RCC devices if

more than one part or operation is performed, and it must be picked accordingly.*
Figure 8.29 shows a commercial RCC device.

Figure 8.29 A commercial RCC device. (Printed with permission from ATI Industrial Automation
Corporation.)
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8.20 Design Project

At this point, you may want to incorporate into your robots as many sensors as you want
or have available to you. Some of the sensors will be necessary for feedback, which are
essential if you are to control the robots. Others are added based on need and availability.
This is a very interesting part of any robotic project. You may experiment with different
sensors for different applications—and even come up with your own. You may
experiment with other sensors that have not been mentioned here but are available
from electronic warehouses.

Similarly, you may integrate sensors to the rolling-cylinder or sphere robot rovers for
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and robotic applications. Some of these sensors are used for internal feedback. Others are
used for communication between the robot and the environment. Some sensors are easy
to use and inexpensive while others are expensive, difficult to use, and require a lot of
support circuitry. Each sensor has its own advantages and disadvantages. As an example,
an incremental encoder can provide simple, digital, position, and velocity information
with minimum input requirements. However, the absolute position cannot be measurec
with it. An absolute encoder provides absolute position information in digital form but
requires many lines of input that may not be available. A potentiometer can also provide
absolute position information, is very simple to use, and is very inexpensive, but its
output is in analog form and must be digitized before a microprocessor can use it.
However, in some applications, an encoder and a potentiometer are used together, one
to report the absolute position at wake-up and one to accurately report the changes in the
position. Together, they provide all the information needed to run the system. It is the
role of the design engineer to decide what type of sensor is needed or is best suited for a

particular application.

pp. 281-286.
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