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Abstract

A Proximity Sensor Network (PSN) consisting of four Infra-Red (IR) sensors was
developed in order to track, grasp or manipulate objects with robots. The work is
motivated by the need for local high bandwidth sensors at the robot’s end effector
to provide feedback during the pre-contact stage. Two types of amplitude based IR
sensors were designed, an “Electricallvy Biased Sensor” (EBS) and a “Photon Biased
Sensor” (PBS). The PBS sensor has a diameter of 5.55 mm and a range of approxi-
mately 9.0cm. The EBS sensor has a diameter of 7.15mm and a range of approxi-
mately 11.2cm. Both sensors are robust and inexpensive since they were constructed
using low-cost. off the shelf components. The design of the sensor heads. the signal

processing electronics and the sensor characteristics will be discussed.




Résumé

Un réseau de capteurs de proximité (PSN) composé de quatre capteurs a l'infrarouge
a été developé pour exécuter des taches de pursuite, de préhension ou de manipulation
avec un robot. Ce travail a été motivé par le besoin d’utiliser des capteurs locaux qui
peuvent traiter des données rapidement et peuvent étre placés au poignet du robot
pour fournir une rétroaction pendant la phase de pré-contact. Deux tvpes des cap-
teurs d’intensité infrarouge ont été developés, des capteurs polarisés par la lumiére in-
frarouge (PBS) et des capteurs polarisés électriquement (EBS). Les capteurs PBS ont
un diametre de 5.55 mm et une portée approximative de 9.0cm. Les capteurs EBS ont
un diametre de 7.15 mm et une portée approximative de 11.2cm. Les deux capteurs
developpés sont de construction robuste et peu dispendieux puisqu’ils sont fabriqués a
partir de composants commerciaux. La conception des capteurs, ['électronique requise

pour le traitement du signal et les caractéristiques des capteurs vont étre discutés.
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Chapter 1

Introduction

1.1 Proximity Sensing

From the very start of robotics, the layman has envisioned robots to be fully au-
tonomous and intelligent machines capable of mimicking himself. The engineer. how-
ever, struggled to perform even a simple task such as a pick and place operation.
Today, this dream is closer to being realized, and the key to achieving a robot capable
of interacting in an unknown environment is the development of satisfactory sensory
information. Unfortunately, we are still at the point where a simple task such as
juggling a ball still poses a challenge for the robot and the engineer.

Sensory information is critical for robots interacting with unknown environments.
such as in space and deep-sea exploration where a priori knowledge of the environment
is difficult to obtain. Operating a robot in space using teleoperation from a ground
station to perform a delicate task such as turning a screw is rendered extremely diffi-
cult due to inherent time delays. Sensory feedback is also required for performing such
tasks as precision robot assembly, surface following, collision avoidance and obstacle
avoidance.

Local sensing, that is sensing the proximity between the robot gripper and an

object in the 0 — 10cm range, can be accomplished using infra-red (IR) proximity
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sensors. Local sensing provides a means to reduce the signal bandwidth and increase
the robot’s accuracy and dextrous capabilities. The use of IR proximity sensors for
collision avoidance and motion planning in unstructured environments is implemented
and thoroughly discussed in [6].

Possible industrial applications of proximity sensors include manufacturing tasks
such as lifting objects off a conveyer or from another robot, live-wire maintenance
and satellite retrieval. Teleoperated robots are currently equipped with only global
sensors such as cameras and haptic sensors such as force feedback sensors. Many
operators have trouble during the pre-contact phase. Proximity sensors could be used
to automate the grasping task once the operator positions the end-effector within
a few centimetres of the object. This would reduce the time required to perform
operations and reduce the skill level required by the operator.

Robots are able to function efficiently in a stationary environment but their per-
formance in unstructured dynamic environments is still poor. The main problem
encountered in dvnamic environments is acquiring information about the changing
surroundings fast enough to react to these changes. Dynamic grasping is a simple
task which is a subset of many more complicated manoeuvres in 2 dynamic environ-
ment.

A smooth grasp of a moving object is a basic task that requires a dextrous robot
equipped with accurate, high bandwidth sensors. Using low bandwidth sensors,
such as cameras, significantly hinders the robot’s tracking capabilities. A signifi-
cant amount of research is being done on dynamic grasping using global sensors such
as CCD cameras and laser range finders [14, 24, 19, 27, 26, 25, 1]. Cameras and laser
range finders are quite large and also suffer from occlusion of the object. In order to
tackle this problem, engineers attach the camera near the robot end-effector. Unfor-
tunately, occlusion of the object is still a problem at certain robot poses. This occurs
more frequently as the object approaches the robot end-effector. The pre-grasp stage

is crucial to the success of the task. Not having access to sensory information at this
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time poses a problem. Placing small IR sensors inside the robot’s end effector will
provide continuous information during this pre-contact stage.

The advantages of using active, amplitude based IR proximity sensors are that they
are small, rugged, fast and inexpensive. The sensor is small since it is made of only
two components, an LED and a receiver such as phototransistor or PIN diode. Both
components are manufactured in packages as small as 1.57 mm in diameter. The
components can be placed side by side, thus making it possible to build a sensor with
an overall diameter of 5.35 mm. The sensors are rugged since there are no moving
parts and no external mirrors or lenses. The sensor components are also very fast,
operating in the 200kHz to 5 M Hz range. Finally, each component costs under
$5US.

The sensor signal is a function of three parameters: sensor-object distance, angle
between sensor beam and object surface and object surface properties such as colour
and surface finish. The sensor signal is also sensitive to ambient light conditions. As
a result, the use of such sensors in industry has been limited to binary outputs. The
goal is to develop a method to estimate the object position and surface properties in
real-time. This will be done by developing a network of four sensors and fusing the
data using an extended Kalman filter. The former task is described in this thesis.
while the latter is the topic of a companion thesis [23].

Equipping a robot with several types of sensors is also being investigated. In this
way, a robot could use a camera to acquire object information when the object is
far away, proximity sensors for local feedback and tactile sensors to provide sensory
information once the object is grasped. Incorporating all these sensors on a robot will
provide continuous sensory feedback of the environment. thus making autonomous

operation a possibility.
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1.2 Historical Background

Some of the first work using optical proximity sensors in robotic applications was
done in 1961 by Heinrich A. Ernst at M.I.T.. [7]. Ernst used a computer controlled
mechanical hand, equipped with both electro-optical proximity sensors and binary
tactile sensors. The motor of the parallel jaw gripper was also equipped with a low
resolution potentiometer for position feedback. The hand was programmed to perform
particular tasks such as pick and place operations. The proximity sensors were used
in a binary fashion; they simply indicated the presence or absence of an object.

After Ernst’s work, Johnston [11] and Bejezy (3] at the Jet Propulsion Laboratory
in Pasadena California also used electro-optical proximity sensors for robotic appli-
cations. Johnston described three types of sensors; an amplitude modulated (AM)
sensor, a triangulation based sensor or multipoint sensing and a cooperative multiaxis
sensor. Two types of AM sensors were described, one that simply generates a present-
not-present (binary) output and one that generates an (analog) output as a function
of object distance. The binary sensor’s emitted beam forms an ellipsoid-shaped sen-
sitive volume permanently focused at a few centimetres in front of the sensor. The
other, does not focus the beam, but defocusses and widens the beam. The amplitude
of the received signal is then a function of the object distance. orientation and sur-
face properties. The accuracy of the sensor was determined to be a few tenths of a
millimetre.

The multipoint sensor replaces the receiver or transmitter with a semiconductor
array. For a detector array, the position of the reflected beam on the array is mapped
to object distance. Finally, a cooperative sensor is used only in environments where
the object is known in advance. The sensor head consists of three LEDs. a light
collecting telescope lens and a detector with four electrically independent quadrants.
A reflector must also be placed on the object. The sensor indicates the position and
orientation with respect to the reflector in terms of six independent analog signals.

Calibration results of the above sensors that would accurately map sensor signal to
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object distance were not presented. The effect of orientation was not discussed. either.

Bejczy [3] incorporated the proximity sensors with a vision system to provide acous-
tical feedback in telerobotic operations. The author used the AM sensor developed
by Johnston to generate a variable pitch tone to indicate the changing output voltage
and hence the distance between the proximity sensor and the object. Calibration of
the sensors was not performed.

In [5], Catros et al. also incorporated IR sensors with a teleoperated manipulator
to perform automatic grasping when the manipulator is within the region of the
object. The authors used fibre optic proximity sensors supplied by a company called
SAGEM. Orientation and surface properties effects were acknowledged but not taken
into account in the sensor model. A simple 1 — d, non-linear model where the sensor
output varied as a function of object distance was used to characterize the sensors.
No sensor characterization data was presented.

Balek and Kelley [2] used gripper mounted proximity sensors for robot feedback
control. A hierarchical control scheme was implemented to perform four general tasks:
approaching and departing objects, collision avoidance, orientation of the end-effector
to the object normal and orientation in the remaining two degrees. AM sensors are
used and the authors described the effects of orientation and surface properties on
the sensor’s output but no characterization data or model of the sensor output was
presented. The surface properties of the object used were estimated a priori in order
to estimate the object’s distance and orientation.

In {17], Marszalec gave an overall description of optical fibre proximity sensor char-
acteristics and their incorporation on a robot gripper. He showed that the magnitude
of the received signal is a function of the object’s distance, orientation and surface
properties. The sensor parameters were found to be the diameter of the optical fibre.
fibre separation and the angle of the optical fibres in the sensor head.

A fibre optic proximity sensor that measures object-sensor distance using the magni-

tude of the received signal was discussed by Li in [16]. The sensor head had a diameter
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of only 3.5 mm and weighed only 20 g, including the weight of the cable. The sensor’s
range was determined to be approximately 8.5 cm. The sensor was modelled by the

following nonlinear function

where
d is the sensor-target distance
b represents the offset effect in the sensor output
a = T (1 — cos® 3;)
vs depends on the photometric effect of the sensor and object

35 depends on the aperture of the sensor head

The sensors were tested to determine the effects of object colour, object orientation
and ambient light. It was found that only the surface properties of the object affected
the sensor’s output significantly. In fact, the surface properties only affected the value
of parameter a in the sensor model. Thus, the value of parameter a can be used to
determine the surface properties of the object. The object orientation had little effect
on the sensor’s signal. A target orientation of 30° increased parameter a by only 11 %.
Therefore, the sensors were calibrated in a (1 — d) fashion as a function of object
distance using a milling machine that had a position accuracy of £0.02mm. The
data was then curve fitted using the least squares method. Determining the object’s
distance was achieved using a priori knowledge of the shape and surface properties of
the object and by processing the sensor’s nonlinear output using a Kalman filter.

Cheung and Lumelsky [6] developed a control scheme for obstacle avoidance by
incorporating a sensitive skin consisting of IR proximity sensors on a robotic ma-
nipulator. The sensor system was discussed. Amplitude modulated IR sensors are
used to provide an analog indication of obstacle proximity. The authors presented a

detailed description of the electrical hardware required: such as the signal processing
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technique employed to filter ambient light noise and demodulate the received signal.
The authors did not characterize the sensors, but simply used the analog output of
the sensor as an indication of the object distance. The authors acknowledged that
the sensor output will be affected by the size, shape and colour of the object.

Masuda [18] presented a proximity sensor that used the phase shift of the received
signal to measure distance, angle or orientation depending on the mode of operation.
The sensor was made up of six LED’s in a cross shaped pattern with the phototransis-
tor in the centre. In any mode of operation, the output is a function of the amplitude
of the input signals and the spacing of the LED’s with respect to the phototransistor
only. The surface reflectivity is not a factor, assuming the surface is diffuse. Gold-
enberg et al. [21] performed several experiments on sensors similar to Masuda’'s and
showed that the design parameters do in fact affect the performance of the sensor.
An optimal sensor was developed based on two objectives weighted 3:1 respectively:
sensor sensitivity and sensor range. This is done by maximizing a weighted objective
function where the criteria are normalized. Finally, experiments were carried out us-
ing the optimal sensor configuration in order to perform calibration and resolution
analysis. Accuracy analysis was performed by repeating the experiments five times
and comparing the actual object distances to the calculated ones.

A basic description of phase modulated (PM) and amplitude modulated (AM)
optical proximity sensors is presented by Benhabib et al. in [4]. A proximity sensor can
be constructed using a combination of LED’s and phototransistors which is capable
of operating in PM and AM mode. Only an AM mode sensor was constructed and
tested. A method is then proposed that makes the sensors more robust to variations in
surface-reflection characteristics. The method proposed is comprised of a combination
of three different methodologies: integration of distance and orientation sensors, a
novel polarization-based optical-filtering approach and active sensing.

Okada and Rembold [20] developed a proximity sensor based on the time of flight

of the emitted IR beam using the triangulation method. A proximity sensor was
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constructed using a spiral-shaped light emitting mechanism. The IR bearmn lights up
a point on an object through a slit cut in a rotating disk. The distance is determined
as a function of the slit’s shape and the time required for the photodiode to receive a
signal. The advantage of this method is that distance is not affected by the object’s
surface properties or by the angle of inclination since the measurement is based on
the existence of a received signal and not its magnitude.

Kanade and Sommer [13] developed a sensor similar to that developed by Okada and
Rembold but without any moving parts. The operating range is from 4 ¢ to 5 cm.
The sensor is based on illumination and triangulation and uses multiple LED’s and
a PIN-diode area sensor chip for detecting spot positions in a plane. The directions
of the beams were aligned to form a cone converging at 4.5c¢cm. A plane can be
fitted through the six different 3 — d points obtained from the six LED’s and the
sensor-object distance and orientation of a small region on the object surface can be
calculated.

In [9], Hirzinger described a multisensory gripper used for space robotics equipped
with 15 sensory components. The author used triangulation based laser range finders
with a range of 3 — 30cm. The size of the sensor head was approximately half the
size of a match box. The nonlinear control system adapts the transmitter’s intensity
as a function of the object’s reflective properties. This was done within 10 s and
with a range of intensities between 1 and 4000. The laser light emitted is collimated
by a lens and has a diameter of approximately 1 mm. The resolution of this sensor is
between 0.1 % to 3%, for near and far objects respectively.

Elgazzar et al. [15] presented the results of an extensive search for a cost-effective
light-based range sensor. The sensor was used in mobile robotics to perform object
detection. The main goal was to find a sensor that was off-the-shelf or that may
be assembled with little modification. Two types of sensors were tested: industrial
light based sensors and auto-focus modules used in cameras. The sensors were tested

for sensitivity to target colour, axial response in bright sunlight, effect of object ori-
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entation, effect of bright sunlight on sensor output and the sensitive volume was
determined. These type of sensors were not suitable for our application since they are
quite large and could not be placed inside a robotic finger and also have a range in the
order of several metres with a deadband in the order of several cm. This deadband is

much too large for our application.

1.3 Progress at McGill

Research in autonomous manipulation began at McGill University in 1992 at the
Autonomous Manipulation Laboratory (AML). One of the projects is to package a
Proximity Sensor Network (PSN) using small, inexpensive and rugged infrared sensors
to perform local sensing for robotic manipulation. The development of a Kalman
filter to fuse the sensor information is crucial to its success. A detailed description
of the sensory fusion for object manipulation can be found in the master’s thesis of
Gregory Petryk, [23] and in [22]. Sensor fusion is used to estimate the object’s albedo
parameter on-line as well as the pose of the object, that is the object’s position
and local surface angle. The surface properties of the object used is also limited to
materials that do not exhibit specular reflection, such as a mirror or a metallic object.
as well as to those that do not absorb infrared radiation, such as a black coloured
surface or fur. The goal is to place our sensor in the fingers of a robotic hand along
with a tactile sensor and to use these in conjunction with a global sensor such as a
camera or a laser rangefinder. Such a system has the potential to accomplish many

dextrous robaotic tasks.

1.4 Author’s contributions

The author joined AML, which is headed by Professor Martin Buehler, in March
1994. At that time only some preliminary work in sensor characterization had been

performed. The AML lab did not have a platform to perform experiments or sensors
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with appropriate signal processing electronics. My contributions included developing
two types of IR, amplitude based sensor heads and the accompanying signal processing
electronics capable of gain scheduling and filtering of ambient light. This Proximity
Sensor Network is the first amplitude modulated multi-sensor network that permits
accurate object localization. The author also developed a planar test bed consisting
of a planar-planar-revolute robot with the dual capabilities of sensor characteriza-
tion and planar dynamic manipulation. When performing manipulation experiments,
the electrically actuated PPR robot is equipped with a parallel jaw gripper that was
developed by I. Abdul-Baki. The objects used for manipulation are placed on a
revolute-revolute-revolute robot that is not actuated but equipped with high resolu-
tion encoders to provide accurate position feedback. The RRR robot was designed

and constructed by Imad Kaderi, a summer student.

1.5 Organization of the thesis

The organization of the thesis is as follows. The following chapter (Chapter 2) contains
a detailed description of the various measurement principles for electro-optical prox-
imity sensors. Chapter 3 discusses the IR proximity sensors and the signal processing
electronics developed. The results obtained from experimentation are presented in

Chapter 4. Finally, Chapter 3 contains conclusions as well as proposed future work.




Chapter 2

Proximity Sensor Technology

There are various types of proximity sensors developed today that use different phys-
ical principles, such as magnetic, electric-field, acoustic or sonar and electro-optical.
The advantages of using amplitude-based electro-optical proximity sensors is that
they are small enough to fit in the fingers of a robotic gripper and the sensor out-
put is independent of the material of the object. Also, electro-optical sensors have
a range that is large enough to provide a smooth transition between global sensors.
like cameras, and tactile sensors. The disadvantages of electro-optical sensors is their
dependence on the object’s surface properties such as surface finish and colour, their
dependence on the object’s orientation and their sensitivity to ambient light. Also,
the output of an electro-optical sensor is a nonlinear function of distance. Currently.
electro-optical sensors are being used in industry to provide information as to the
presence or absence of an object. Our interest is to develop electro-optical sensors to
provide continuous 3-D proximity information.

Electro-optical sensors fall under one of three categories, namely. triangulation.
phase modulation (PM) or amplitude modulation (AM). These three methods are

the topic of discussion in this chapter in Sec. 2.1, Sec. 2.2, Sec. 2.3, respectively.

11
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2.1 Triangulation Principle
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Figure 2.1: The geometry of triangulation-based sensors. The distance of the object

is a function of the distance travelled by the IR beam.

Proximity sensors that are based on the triangulation principle are made up of one
LED. one focusing lens and a Position Sensitive Device (PSD). The distance of the
object is determined by the position of the light beam on the PSD (see Fig. 2.1).
Knowledge of the distance between the LED and the PSD (Axz), the focal length of
the lens (f) and the trajectory of the light beam can be used to perform triangulation
to determine the distance of the object from the sensor. The distance of object A in

Fig. 2.1 is expressed as

where f is the focal length of the lens, Az is the horizontal distance between the
LED and PSD centre and z, is the position of the reflected light beamn measured from
the PSD centre. The factors that must be considered when designing a triangulation
based sensor are the the size of the PSD, the distance between the LED and the PSD

as well as the intensity of the LED. There is a trade-off when designing a triangulation
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based sensor. The distance between the LED and PSD device as well as the size of
the PSD determine the effectiveness of the sensor. A large separation increases the
sensor’s range but also increases the deadband at close range. A large PSD or a lens
with a small focal length is necessary for operation of the sensor at close distances.
The ideal model for such a sensor makes certain assumptions. The light beam is
a line and therefore the projected spot a point. The optics do not distort or defocus
the light beam. The PSD determines the position of the spot in a linear fashion. In
reality, the light beam is not a line but a cone and the projected spot not a point but
a circle with a certain area. The intensity of this circle is greatest in the centre and
therefore the PSD must be accurate in determining the centre of this circle as the
point of interest. PSDs also do not contain a continuous sensitive surface. Therefore.

the number of sensing elements of the PSD determine the resolution of the sensor.

2.2 Phase Modulation

Proximity sensors developed on the principle of phase modulation are presented in
(4. 21. 18]. This type of sensor consists of two LEDs and one photodiode and is shown
in Fig. 2.2. The mechanical design parameters are the distances a and b and angle 6.
The electrical design parameters are the intensities 4 and B of LED-a and LED-b.
respectively. Both LEDs are modulated at a particular frequency that is selected
above the electrical line frequency of 60Hz but at 90 degrees with respect to each
other. The phase difference between the signal received by the photodiode and the
modulated signal at LED-a is a function of the sensor geometry, the intensity of light
generated by the LEDs and the distance between the object and the sensor. This
relationship is derived in [18] and presented in (2.1). This relationship shows that
the distance between the object and robot is directly proportional to the phase shift
between the generated signal at LED-a and the received signal and is not affected by

the albedo parameter which is a function of the object’s surface properties.
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Figure 2.2: The geometry of a phase-based sensor. The distance of the object is
a function of the phase difference between LED-a and the signal received by the

photodiode.

o =tan~!

B [a®+ 22\**
A (b2 + 32) (2.1)

where A, B are the intensities of LED-a and LED-b. respectively, ¢ is the phase

difference between LED-a and the received signal at the photodiode and : is the
distance between the sensor and the object.

The effect of the object orientation on the signal is not discussed for this sensor.
Instead, to eliminate the effect of orientation on the received signal, the authors in
[21, 18] add four more LEDs on the same plane as LED-a and LED-b, two along the
same axis and two along a perpendicular axis (Fig. 2.2). Using these four extra LED’s,
it is possible to measure the orientation of the object with respect to the sensor. The
relationship between these two additional pairs of LED’s and the angle between the

axis along which these new sensors are placed and the object is

B' [z - btand
I — W\ 2.1
¢ = tan |:‘~1’ (z + btand)] (2:2)

where A’, B’ are the intensities of LED-a’ and LED-¥', respectively, ¢’ is the phase

difference between LED-a’ and the received signal at the photodiode, z is the distance




CHAPTER 2. PROXIMITY SENSOR TECHNOLOGY 15

between the sensor and the object and J is the angle between the object and the axis
along which the two LED’s were placed

In [21], the authors attempted to determine the design parameter required to max-
imize the performance of the sensor. One can easily observe that the values of the
distances a and b must not be equal in order not to simplify (2.1). The design
parameters were determined experimentally by maximizing the value of a weighted
combination of two objectives: large range and sensitivity of the sensor. It was de-
termined experimentally that the optimum values were, 4 = 40mA. B = 83.5 mA.
a=4mm, b= 9mm and § = 70°. The authors calibrated the sensors with respect to
distance but they did not take any measurements at constant distances while varying
the orientation of the object to verify that the sensor distance estimation is unaffected
by the object’s orientation. Finally, the following assumptions were made about the
sensor and object: The LED’s have a wide emission angle, the photodiode has a
narrow receiving angle and the object is perfectly diffuse and does exhibit specular

reflections.

2.3 Amplitude Modulation

Sensors based on the principle of Amplitude Modulation (AM) rely on the surface
of the object to exhibit diffuse reflection. A diffuse surface is usually rough in tex-
ture and an ideal diffuse surface reflects an incoming beam equally in all directions.
Although light is reflected in all directions, the intensity of the light is not uniform
in all directions. The intensity of light is greatest at 90° to the object surface or
along the normal at the point where the light spot is projected. The intensity of light
then diminishes as the angle increases according to the findings of Heinrich Johann

Lambert [12], who determined this function to be

I = Ijcosfy (2.3)
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Therefore, the orientation of the object with respect to the sensor has a signifi-
cant affect and diminishes the signal according to the above specified function. The
effective sensing area of an AM sensor is determined by the effective areas of its
components, the LED and phototransistor, and their placement with respect to each
other. A typical configuration of an AM sensor along with the relevant design param-
eters is shown in Fig. 2.3. The LED emits an IR beam at a particular angle and the
phototransistor detects IR light within a predefined area. The overlap of these two

regions determines the effective range of the sensor.

SENSOR'S EFFECTIVE REGION

LED'S SENSITIVE CONE

' \
3 ) |
04

Figure 2.3: The geometry of an amplitude-based sensor. The LED’s emission cone

and the phototransistor’s receiving cone define the sensors usable region.

In Fig. 2.3, it is also evident that the sensing area of the sensor can be modified by
changing the mechanical parameters, 6,, 6>, and r. In order to maximize the range
for such a sensor, 8, and 8; = 0 or placed parallel to each other and r is minimized.

The amplitude of an AM sensor is a function of the distance of the object, the
angle of the object’s surface normal with respect to the sensor beam and the surface

properties of the object. The following function is used to model an AM sensor

v=f(d,a,\) (2.4)

where v is the output voltage of the sensor, d is the distance between the sensor and

the object, « is angle between the sensor beam and object surface and A is the albedo
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parameter which depends on the surface properties of the object.

A typical output curve of an AM sensor with varying distance but constant orien-
tation is shown in Fig. 2.4. Since the output curve of such a sensor is not monotonic.
only the portion of the curve with £ > z.,, is used. This results in deadband region.
Fortunately, this problem is easily solved by simply recessing the sensor head by 5,
which is usually in the order of several millimetres. The useful region is also limited
to T < ez, which is a function of the curve’s gradient and noise level.

Sensor Output Voltage vs. Distance

3
. Usable Region
REAE /\

-
3 /
> /I‘ \
] { \
< /
3 !
et /
2|/

X .

min Distance - cm X max

Figure 2.4: The bell shaped output curve of an AM sensor.

If this curve was to be obtained at a different orientation. the shape would remain
the same but it would simply be scaled down as angle a increases. Finally, the same
holds true for the albedo parameter. The effect of the albedo parameter on the output
curve is that it simply scales this curve up for very diffuse, IR reflective surfaces such as
white paper and it scales the curve down for less optimum surfaces, such as coloured
objects. Therefore, the albedo parameter can be thought of as a constant scaling

factor or gain, capturing the IR reflectivity of a surface.




Chapter 3

Proximity Sensor Network

This chapter contains a detailed description of the sensor head design, as well as the
PSN hardware. Sec. 3.1 describes the requirements the sensors developed needed to
satisfv, as well as the reasoning behind the selection of using AM sensors. The design
of the EBS and PBS sensor heads is discussed in Sec. 3.2. The electronic circuit used
to drive the LEDs and the signal processing electronics used to condition the raw
sensor signal is the topic of discussion in Sec. 3.3 and Sec. 3.4. respectively. The final
topic of the chapter is presented in Sec. 3.5 and describes the use of a microcontroller
in the PSN to perform multiplexing, gain scheduling and communication to a host

computer.

3.1 Sensor Requirements

Our goal was to build proximity sensors that were inexpensive, small, rugged and
provided data at a high bandwidth. By placing several of these sensors in the fingers
of a robotic hand or gripper, manipulation and dynamic grasping experiments can be
performed. A Proximity Sensor Network (PSN)} which consists of four sensors was
built. The sensors work on the principle of Amplitude Modulation {AM). The effect of

the object’s surface properties is eliminated by using knowledge of the object geometry

18
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and then using an Extended Kalman F'ilter to estimate the albedo parameter on-line.

The sensors that were to be developed needed to satisfy the following requirements
e small size, less than 8 mm in diameter
e range of approximately 10 cm
e PSN bandwith of at least 300 H z

e inexpensive, total cost under $1000

rugged
e insensitive to ambient light conditions

The reason an AM sensor was selected to be developed is simply because it was
reasonable to assume that all the above requirements could be achieved. It would be
possible to build an AM sensor head with a diameter as small as 5.55 mm. Such a size
would be virtually impossible using phase modulation or triangulation. The smallest
size PSD presently available is built by Hamamatsu and has a length of 6 mm. As
a result. the smallest possible sensor that could be built would be 11 mm. assuming
a 1 mm spacing between the LED and PSD. the LED is 2 mm in diameter and the
protective tube has thickness of 1 mm. A second problem that would be encountered
is in the lens required for such a sensor. The deadband of the sensor is equal to the
focal length of the lens. Therefore, since only a small deadband is desired. a very small
lens would be needed. Using a very small lens would make it difficult to physically
place in position. Also, a small lens may not focus the incoming beam sufficiently.
As for Phase Modulation (PM), as described in Chapter 2.2, it was found in [21]
that the sensor’s performance is optimized if a = 4 mm and b = 9mm. see Fig. 2.2.
Thus, it would be impossible to obtain the required size of 8 mm since the overall
size of the sensor would be at least 20 mm. Finally, two assumptions were made as to

the operating conditions. First, the sensors will be operated at approximately room
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temperature. Second, the receiver will not be used in a manner in which it would

saturate, such as pointing it directly into the sun or other light sources.

3.2 Sensor Head Design

Once the mode of operation of the sensor head is selected. the individual component
types must then be determined. There is no wide selection of emitters available,
therefore, a light emitting diode (LED) was a logical choice. Due to its small size. the
OP224 LED from OPTEK was used for all the sensors developed. Its characteristics
are, an outside diameter of 1.57 mm, a rise time of 300 ns and a fall time of 250 ns.
Furthermore, the data sheets for the OP224 LED can be found in Sec. A.5. The
selection of the type of receiver is not so simple. There are three types of receivers

from which to choose: photodarlingtons, phototransistors and PIN diodes.

Darlington | Transistor | Transistor | PIN Diode
Part Number OP305SL | OP644SL | OP804SL | OP900SL
Diameter 1.597 mm 1.57 mm 4.75 mm 1.57 mm
Rise Time 1.3ms 2.5pus 2.0 us 100 ns
Fall Time 0.6 ms 2.5 us 2.0 us 100 ns
Load Resistance (R ) 1k 1k 1k 1k
On-State Collector Cur. 14mA 7mA 7TmA N/A

Table 3.1: Data from OPTEK Technology Data book [10]

The characteristics of each of these receivers are displayed in Table 3.1 and their
data sheets can be found in Sec. A.1, Sec. A.2, Sec. A.3 and Sec. A.4, respectively.
It is evident looking at the Current vs. Irradiance curves found in Chapter A that
a photodarlington is four orders of magnitude more sensitive than the phototransis-
tor and the PIN diode. For example, at 4 m¥/cm? of irradiance, the outputs of a

OP3055L photodarlington, a OP644SL phototransistor and a OP900SL PIN diode
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are 50mA, 1.1mA, 2.5 uA, respectively.

The speed of these devices differs as well. The total rise time and fall time of the
OP3055 L photodarlington, O P644SL phototransistor and OP900SL PIN diode can
be compared by looking at the Rise Time and Fall Time vs. Load Resistance curves
found in Chapter A. It was found that at 14Q of load resistance, the total rise and
fall time for the OP305SL, OP6445L and OP900SL were 1.9 ms, 5 us and 200 ns.
respectively.

Therefore, the following can be concluded. The photodarlington is the most sen-
sitive device but also the slowest. The PIN diode is the fastest device but also the
least sensitive. The phototransistor performs in between the photodarlington and
PIN diode, it is more sensitive than the PIN diode but less sensitive than the photo-
darlington. It exhibits similar features with respect to speed.
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Figure 3.1: Response of the OPTEK OP644SL phototransistor taken from the
OPTEK Technologies Data Book [10]

The disadvantage of using a phototransistor or photodarlington is that the first

part of their response curve is non-linear as shown in Fig. 3.1. The data sheets given
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by the manufacturer and presented in Chapter A do not clearly indicate this. The
initial non-linear response of the receiver is undesirable since operation in that region
would distort the sensor’s AC signal. A PIN diode however, exhibits a linear response
throughout its entire range.

It was determined through preliminary testing that a phototransistor would yield
a larger range than a PIN diode. A photodarlington was not used since it would
be bandwidth limited if modulated at 25 kHz. Therefore, the initial non-linearity
of the phototransistor must be avoided. Two methods were used to eliminate this
problem: ‘photon’ biasing or ‘electrical’ biasing. ‘Electrical’ biasing is possible only
if the package of the phototransistor permits access to the base connection. The
OP644SL has a diameter of 1.57mm and is the smallest package available from
OPTEK. This particular package does not allow for access to the base pin. Similar
small package sizes from other manufacturers also do not allow for access to the base
pin of the phototransistor. The OP804SL is a larger package with an outside diameter
of 4.75mm. In this case, the package allowed for easy access to the base pin of the

phototransistor.

3.2.1 Photon Biased Sensor Head

The first sensor head that was built relied on ‘photon’ biasing to eliminate the non-
linear effect of the phototransistor. This was implemented by exposing the phototran-
sistor to a constant amount of IR light. The Photon Biased Sensor (PBS) was built
by strategically placing a second LED (the “DC LED”") to supply enough constant
IR light to surpass the non-linear region but not an excess amount so as not to satu-
rate the phototransistor or limit the available range. There are two figures that show
the make-up of such a sensor, Fig. 3.2 and Fig. 3.3. As can be seen in Fig. 3.3. the
biasing LED was actually filed in order to fit the required dimensions. It would have
been possible to move the AC LED and phototransistor radially outwards in order to

create more space for the DC LED. Such a design was tested and it was determined
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DC LED
ACLED Phototransistor
I
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Figure 3.2: A PBS Sensor head and its three components. a modulated AC LED. a

DC biasing LED and a phototransistor

that placing the AC components near the wall of the outside tube generated a great
deal of cross talk. This cross talk. which originated from AC IR rays bouncing off the
inner wall of the tube, was sensed by the phototransistor. Cross talk is undesirable
and must be minimized since it limits the sensor range by reducing the voltage range
of the sensor.

The PBS sensor was designed so that there was at least 0.6 mA of collector cur-
rent when the DC biasing LED was placed approximately at an angle of 55° to the
sensor housing surface. The DC LED was placed away from the area above the pho-
totransistor in order not to physically block the incoming signal from reaching the
phototransistor. The DC biasing LED was fixed to the housing and held in position
using standard one step epoxy.

One problem encountered while constructing the PBS sensor head was that the
LEDs emitted outwards from the top and also all around its circumference. This
radial IR beam generated cross talk between the AC LED and the phototransistor.

Double sided copper board used in the electronics industry was used as the housing
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.....

Figure 3.3: A top view and side view of a PBS head.
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material. Although copper is a good IR blocker, the material separating the copper
layers is not. Therefore, the housing did not eliminate the cross talk generated by the
radial signal. Other sensor housing materials, such as black delrin which is a hard
plastic, were investigated in an attempt to eliminate this effect. The problem with
such a housing was that making the electrical connections to the components proved
to be too difficult. Wires were connected directly on the components only after the
components were glued in place. The heat generated during soldering melted the small
plastic housing. There was no way to solder first and then to place the components
since soldering the wires in place affected the geometry of the components. Therefore.
having a double sided board and soldering the components to the copper surface, then
connecting the wires was the ‘easiest’ and most reliable method to place the sensor
in a housing structure with connecting wires exiting the bottom of the housing.

Although using the copper board solves the problem of the placement of compo-
nents, it still does not solve the cross talk problem. This was done by placing the AC
LED slightly higher than the phototransistor and wrapping it with black shrink wrap
on the area below the connecting pins and soldering on a small copper tube around
the area above this pin. The shrink wrap and the copper tube blocked all radial IR
beams.

Finally, this housing. with the components fixed in position. was placed inside an
aluminium tube with an outside diameter of 5.55 mm. The tube was added in order
to make the sensor more rugged and also to allow for easy insertion of the sensor
head in an appropriately sized hole. This configuration proved to be quite rugged,
withstanding several mishaps. A photo of several PBS sensor heads with and without
the outside tube is shown in Fig. 3.4.

Although the PBS worked quite well, building the sensor proved to be quite difficult
and cumbersome. The main difficulty was related to the placement of the “DC LED".

Therefore, a new method to bias the phototransistor had to be found.
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Figure 3.4: A photo of three PBS sensor heads. The two outer ones have no outer

aluminium tube.

3.2.2 Electron Biased Sensor Head

4 %\m

N

Smm Photo-Transisior

Figure 3.5: An EBS Sensor which has four LEDs {(AC) placed above a larger photo-

transistor.

The second type of sensor built was an “Electron” Biased Sensor (EBS) which uses
electric current to achieve the required biasing. Since the OP644SL phototransistor
package does not give access to the base pin of the transistor, using another package
type was investigated. It was found that the smallest package offering access to the

base pin of the transistor was the O P804S L whose outside diameter of 4.75 mm was
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Figure 3.6: A top view and side view of an EBS head.
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much larger compared to the original size of 1.57 mm. Since the overall size of the
sensor was required to be less than 8 mm, a new design for such a sensor would be
needed. That is. placing the phototransistor and LED side-by-side was not feasible
due to the size limitation.

An EBS sensor was designed using 4 LEDs and one OP804SL phototransistor as
shown in Fig. 3.3. The LEDs had an outside diameter of 1.57 mm. The LEDs were
symmetrically placed in a plastic housing disc. The phototransistor was inserted from
below the disc, see Fig. 3.6. As a result of using such a geometry. the overall sensor size
was kept within specifications. The AC coupling was eliminated by simply painting
the outer and inner surfaces of the LED housing disc. The same material was used for
the disc as was used for the PBS housing. Thus, the top and bottom copper surfaces
were free from IR penetration but the surface in contact with the outer tube and the
inner surface of the disc did not block IR radiation. Therefore. these two surfaces
were painted with a thin laver of black paint in order to block any radial IR radiation.

Finally. this whole package was then placed in a brass tube with an outer diameter
of 7.135mm. Brass was used here instead of aluminium only because the brass was
more readily available at this size. Although. the LED housing disc partially covered
the receiver. there was a sufficient opening in the disc centre that a significant signal
was measured with an object placed at 10 ¢cm from the sensor head. Building the EBS
sensor was much easier compared to the PBS sensor and also less time-consuming.
The calibration curves showing the respective ranges for both the PBS and EBS

sensors are presented in the following chapter.

3.3 Driving Electronics

In order to filter out ambient light, the LEDs must be modulated at a frequency
above 60 Hz. We selected to modulate the LEDs at 25 kH z. The reason 25kH z was
selected will be discussed in Chapter 4. If the sensors are physically placed in such a

way that there is an overlap of their respective sensing regions, then there exists the
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possibility of cross talk between sensors. One solution is to modulate the sensors at
different frequencies. Fortunately, cross-talk between sensors does not exist for the
PSN since only one sensor is active at any given moment. Multiplexing the sensors is
an easy way to eliminate cross-talk. Unfortunately, multiplexing is not possible for a

larger network consisting of many sensors since the system bandwidth would decrease

drastically.
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Figure 3.7: Version 1 of the LED driving electronics implemented on the PSN board
dedicated to the PBS heads.

A sine wave tuned to the desired modulating frequency is generated using the
X R2206 chip, a function generator chip made by the XAR Corporation. This wave-
form is then offset in order to compensate for the voltage drop across the transistor
that was used to regulate the current through the LED. The supply voltage to the

transistor’s collector is low-pass filtered in order to remove any noise that would affect
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Figure 3.8: Version 2 of the LED driving electronics implemented on the PSN board

dedicated to the EBS heads.
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the amount of current through the LED. A multiplexer is used to select between the
appropriate sensor and it is controlled by the HC11 microcontroller. The driving cir-
cuit presented in Fig. 3.7 was the original circuit developed and is used only with the
PBS sensor heads. The circuitry implemented with the EBS sensor is slightly different
and is presented in Fig. 3.8. The difference between these circuits is that the LED
is placed in the collector of the transistor rather than with the load resistor. This
change improves transient response and maintains a more constant current through
the LEDs, since the collector current (and thus the IR emitted intensity) is only a
function of the base voltage and the emitter resistor Rz, and not the varying LED
voltage. Fig. 3.9 shows the driving signal at the LED’s anode, point A in Fig. 3.8.
There is a transient associated with turning on the LEDs, but the total *On” time
is sufficient for the signal to reach steady state. The signal at the emitter of the
phototransistor, point B in Fig. 3.8, is shown in Fig. 3.10. In order for the collector

to supply the required current. the following rule of thumb is used
e +1.0< V..

Looking at the signal at the emitter, the maximum voltage is 0.8 V" while the mini-
mum voltage drop at the collector is 3.6 1. Therefore. in our case there is no problem

as far as supplyv current is concerned.

3.4 Signal Processing Electronics

The phototransistor detects the intensity of the IR signal returned by a diffuse object
which reflects the LEDs’ outgoing beam. The phototransistor converts this light
energy into a current that flows through from the collector to the emitter. This current
should be converted to a DC signal that varies between 0 — 35 V". The electronic circuit
that accomplishes this is made up of five discrete stages and is shown in Fig. 3.11.
The first stage converts the current generated by the incoming IR beam into a voltage

using resistor R;. A sample signal at the emitter of the phototransistor, or point 1 in
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Figure 3.9: The driving signal at the LED’s anode for an EBS head using its signal

processing electronics. This corresponds to point A in Fig. 3.8.
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Figure 3.10: The driving signal at the LED’s emitter for an EBS head using its signal

processing electronics. This corresponds to point B in Fig. 3.8.
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Figure 3.11: Signal processing electronics for phototransistor receiver.
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Fig. 3.11, with an object at approximately 4 cm from the sensor is shown in Fig. 3.12.
The signal is very weak and the SNR is approximately 1.5. Conditioning this raw
signal is crucial to the success of accurately estimating the distance and orientation

of the object.
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Figure 3.12: The raw signal present at the emitter of the phototransistor. This

corresponds to point 1 in Fig. 3.11.

C, in Fig. 3.11 is used to block any DC offset the signal might have incurred.
Note that this capacitor is not sufficient to remove the 60 H z signal introduced from
interior lighting. The last part of the first stage consists of a constant gain amplifier,
E'1. whose gain is determined by R,. A sample signal after £1, or point 2 in Fig. 3.11,
is shown in Fig. 3.13. The environmental conditions, that is position and orientation
of the object, were kept constant for all sampled signals throughout this chapter. The
object was placed at 90° to the sensor, at approximately 4cm from the sensor. In
Fig. 3.13, it is evident that the signal has no DC component and has been amplified
slightly. The SNR remains roughly the same as in the previous stage, approximately

1.5.




CHAPTER 3. PROXIMITY SENSOR NETWORK 35

<3 =)
'8 o L ©
- o0 N
T T -1
4
1 i A

Output Voltage after Op-Amp 1 (Valts)
o

-0.05r
-0.1+ B
-0.15+ E
_0.2 — A 1 L L B — . 1 1
-1 -0.8 -0.6 -04 -02 0 0.2 0.4 0.6 0.8 1
Time (seconds) x 107

Figure 3.13: The signal after E'1 or point 2 in Fig. 3.11.

3.4.1 Stage 2: Gain Scheduling

The second stage of the signal processing electronics consists of a variable gain stage.
in order to increase the effective resolution of the A/D conversion. This will discussed
further in Sec. 3.5. A variable gain is needed since applying a constant large gain
in order to maximize the sensor’s range would saturate the sensor at close distances.
Using a lower gain would not maximize the sensor’s range. The variable gain stage is
adjusted according to the current object position.

The output curve of an AM sensor is shown in Fig. 3.14. This bell shaped curve
was divided into three regions, the low-gain region, the medium-gain region, and the
high-gain region. At first, it is assumed the object is out of range and the gain is
set to high. Then the gain remains high until the output signal increases to a value
greater than 3.48 V. At this point, the gain is decreased to the medium gain. The
gain is set to the low gain if the sensor signal increases past 3.48 V' again or is set
back to high if the signal decreases below 0.3 V'. The state machine showing this logic
is shown in Fig. 3.15.

Selecting the switching points for this variable gain stage is very difficult. The
procedure used to do this is the following. First, the sensor was run with the PSN

set to the low gain. All components are then adjusted to set the PSN output to the
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Sensor Qutput Voltage vs. Distance
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Figure 3.14: Sectioning the response curve of the sensor and assigning specific gains

to each portion.

MO<0.3V LO<0.2V

HO>3.48V MO0>3.48V
LEGEND:
H=High Gain State MO=Medium Gain State’s Output
HO=High Gain State’s Qutput  L=Low Gain State
M=Medium Gain State LO=Low Gain State’s Output

Figure 3.15: The state machine which determines the gain for each sensor.
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maximum possible once a paper is placed in a position which maximizes the raw sensor
signal. That is, at this object position, the PSN outputs 3.5 V", the raw sensor signal
is the maximum possible and the gain is kept at low. This defines all components in
Fig. 3.11 except Ry and Rs. Once this is done, the medium gain is selected such that
at the switching point the sensor output for the medium gain is approximately twice
the noise level below the maximum PSN output of 3.5V. That is, a sensor output
of 0.2 V" for the low gain corresponds to 3.3 V" at the medium gain for a noise level of
0.1 V. Therefore, the overlapping region is set to twice the noise level, which in this
case is 0.2 V. This is done because if the hysterises region is too small. a ringing effect
will occur with the gain switching back and forth at the switching point simply due
to noise effects and not to object motion. Selecting a large hysterises region limits the
maximum high gain possible and thus the range of the sensor. Finally, this procedure
is repeated to set the high gain.

The variable gain stage is implemented using an op-amp and a multiplexer. shown

in Fig. 3.11. The gain for this stage is

R
L RlRR)

The above equation is interpreted as follows. If the low gain is selected the denom-

Variable Gain = (3.1)

inator of the second term is simply R3. This term is then R3||R4 for the medium gain
and R3||Rs for the high gain. The appropriate gain is selected by the HC11 micro-
controller by monitoring the sensor’s output. How this is done will be discussed in
more detail in section 3.5. A sample signal taken after £2, or point 3 in Fig. 3.11, is
shown in Fig. 3.16. The signal has been considerably amplified and the SNR remains

approximately 1.5.

3.4.2 Stages Three to Five

The last three stages consist of a band-pass filter, half-wave rectifier and a low-pass

filter, as shown in Fig. 3.11. The band-pass filter is a single op-amp, multiple-feedback
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Figure 3.16: The signal after £2 or point 3 in Fig. 3.11.

design, tuned to the frequency of approximately f, = 25kHz in order to allow only
the modulated signal to pass through, [8]. The following design steps were used to

select the components of the filter. The first step is to let Cy = C3 and then select a

()

where. f, = 52 is the filter frequency. Then,

standard value near

Q

RT - Hawo C.'!

Q

b= G T Hyw G

2
Ra= 22

Rearranging the above equations, it is possible to relate the filter bandwidth (Q),

filter frequency (wq) and filter gain (Hp) to the components as follows

- B2
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Tk
Wy = L 8 3.3
C. TR (3.3)

Ry
Hy = — 3.4
2Ry (34)

For our filter, it was desired to have a gain as close to one as possible. The value
of @ determines the width of the band-pass region. A higher @ value generates a
narrower filter band which is preferable since no other frequencies are of interest.
Unfortunately, selecting a higher Q value also increases the time required for the filter
to converge. If the filter does not converge within the “on-time” of the sensor, the

filter would distort the signal.

R, Rs Ry C, Cs H, Q fo
75k 12400 [ 16kQ | 3.6nF | 3.6nF | 1.067 | 1.15 | 22.9kHz

Table 3.2: Band-pass filter specifications

The band-pass filter was designed with Q = 5 and H, = 1. The final specifications
of the filter are summarized in table 3.2. The differences arise from the fact that
discrete analog components were used to implement the filter. A sample signal taken
after E3. or point 4 in Fig. 3.11, is shown in Fig. 3.17. The noise level has been
significantly reduced with the signal having a SNR of approximately 12. It is also
evident from this figure that the filter requires roughly four cycles before convergence.

Before the sensor’s signal can be fed to the HC11's A/D converter, the signal must
be converted from AC to DC. This is the task of the last two stages. The first stage
is a half-wave rectifier and is implemented using a simple diode (Fig. 3.11). There
are two reasons why a full-wave rectifier was not implemented. The first is due to
physical constraints. The PSN board is required to be as small as possible since it
will reside on the robot’s wrist, near the fingers. In order to implement a full-wave
rectifier, extra circuitry would have been required, thus, increasing the size of the

board. Another reason why a full-wave rectifier is not necessary is that the last stage



CHAPTER 3. PROXIMITY SENSOR NETWORK 40

]
]
1
1

-
—
1

o
wn
T
-

&
o
T

1

)
-
T

1

Output Voliage after Op-Amp 3 (Volls)
o

-0.8 -0.6 -0.4 -0.2 o] 0.2 0.4 0.6 0.8 1
Time (seconds} x 10~

L
Iy
L

Figure 3.17: The signal after £3 or point 4 in Fig. 3.11.

is a low-pass filter whose output generated a signal with an acceptable noise level.
Therefore. in this case, a simpler circuit was sufficient to provide the performance
required. A sample signal taken after the half-wave rectifier, or point 5 in Fig. 3.11.

is shown in Fig. 3.18.
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Figure 3.18: The signal after the half-wave rectifier, point 3 in Fig. 3.11.

The last stage of the signal processing circuitry consists of a first order, single op-
amp, inverting low-pass filter, see Fig. 3.11. The corner frequency of the low-pass
filter must be set so that the filter’s rise time is much less than the on-time of each

sensor. The on-time of each sensor was 480 us and the corner frequency of this filter
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was set at 3.5 kHz. A lower corner frequency would result in a smaller ripple but the
filter would not converge on time.

There is one last detail to this filter that merits mentioning. The positive terminal
is set to 0.6 V" instead of ground. This is done because the half-wave rectification
diode will not conduct until the signal at 4 in Fig. 3.11 reaches 0.6 V". Therefore. part
of the initial signal is lost and as a result the range of the sensor is reduced. Since
our objective is to maximize the sensor’s range, this problem is solved by setting the
positive pin of E4 to 0.6 V. Therefore, since the range of the signal at 4 is (0, -=3.5] 1",
the diode will conduct throughout this range. A sample signal taken after E4, or
point 6 in Fig. 3.11, is shown in Fig. 3.19. The noise level on the output signal is
less than 100 mV". This signal is sampled by the HC11 microcontroller at —0.1 ms in

Fig. 3.19.
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Figure 3.19: The signal after £4 or point 6 in Fig. 3.11.

3.5 HC11 Microcontroller

The drastic reduction in size and cost of single-chip microcontrollers has made it possi-
ble to develop our PSN board using the 8 bit Motorola MC68HC11E2 microcontroller

chip. The job of the microcontroller is to continuously read the analog signals from
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the sensors and transmit this data to an external host for further processing upon

request.
Host [nterface
Analog [nputs SPI (I/0O Board)
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~
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Figure 3.20: HC11 input/output structure.

In Fig. 3.20. a block diagram shows all the external connections to the HC11. The
HC11 receives as input the four analog signals from the signal processing electronics
as well as an interrupt signal from the host once data is requested. The HC11 outputs
the gain settings and turns on the appropriate sensor using six control lines or six
bits. The HC11 also outputs the sensor data to the host once it receives an interrupt
signal.

The block diagram showing the structure of the main program stored in the HC11's
2 kilobytes of EEPROM memory is shown in Fig. 3.21. Once the user presses the reset
button located on the PSN board, the program begins to execute. The program first
initializes its registers, variables and communications. Then. the gain for each of the
sensors is set to high. That is, it is assumed that the object is initially out of range
of all four sensors. The program then enters an infinite loop where the data from
the sensors is continuously monitored and the gains are continuously updated until
the host requests this data. Once this request is made, the HC11 enters an interrupt
subroutine which provides the host with the latest sensory information. Two sets of
data are written to memory to two different arrays. This is done so that if data is

requested by the host when the HC11 is writing sensory data to memory, a complete
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Figure 3.21: Main program flow structure.
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set of data is still available to the host. Once this information is transmitted. the
program returns to the main program, at the point where it left off.

The interrupt service subroutine used for communicating with a host using SPI
communication is shown in Fig. 3.22. The same signal is used to trigger the interrupt
subroutine and to synchronize the transmission of the data. A total of 5 bytes are
transmitted, 4 bytes are used for the sensor signals and one byte encodes the gain for
each channel.

Since the output of the PSN saturates at 3.5V, the range of the 8 bit A/D’s of the
HC11 were set between [0.6. 3.5] Volts. Therefore, if there was no gain scheduling
implemented, the resolution of the data obtained would be 11 mV". That is, 1 count
of the A/D would correspond to 11 mV". By adding gain scheduling, the resolution is
improved by approximately 3 times since there are three regions that vary between
roughly [0.6, 3.5] Volts.

A photo of the PSN board is shown in Fig. 3.23. All the components used were
in a surface mount package in order to reduce the physical size of the board. The
development cost for the PSN and sensors was approximately $350, well below the

limit of $1000 specified in Sec. 3.1.

Figure 3.23: A photo of the PSN board (actual size).




Chapter 4

Experimental Results

In this chapter, a description of the experimental procedures and experimental results
obtained is presented. In Sec. 4.1, the experimental set-up is described. Both the EBS
and PBS sensors are characterized and a sensor model is presented in Sec. 4.2. Testing
the sensor’s performance under varying ambient light condition is the topic of Sec. 1.3.
In Sec. 4.4, the effect of changing the modulating frequency on the sensor signal is
investigated. Sec. 4.5 and Sec. 4.6 analyze the effect of emitting a divergent IR beam.

Signal drift is the last topic and is discussed in Sec. 4.7

4.1 Experimental Set-Up

The planar experimental set-up shown in Fig. 4.1 was constructed to provide a plat-
form where manipulation and dvnamic grasping experiments could be performed. The
same test-bed was used to calibrate the sensors as well as gather the experimental
data that is presented in this chapter. The set-up consists of two robots, an unactu-
ated RRR robot with high resolution encoders, referred to as “Hobbes™ in the figure,
and a PPR actuated robot, referred to as “Calvin”. “Hobbes” is used to calibrate
“Calvin” in a closed loop fashion. “Calvin” is used for manipulation experiments by

placing an object on the R-stage and moving the object with respect to the sensors

46
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Figure 4.1: Current experimental platform, a PPR actuated robot (“Calvin™) and a

unactuated RRR robot (“Hobbes™). Courtesy: G. Petryk.
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placed in a fixture attached to the base plate. Grasping experiments are performed by
placing a parallel jaw gripper on the R-stage equipped sensors and the desired object
to track on “Hobbes”. Dynamic grasping experiments are the only instance where

“Hobbes” is used.

Travel Drive train Peak Motor Torg.
X-Stage 600mm Belt (1 rev = 90 mm) 4.1Nm
Y-Stage 300mm Ball Screw (20mm lead) 1.8Nm
6-Stage | 360°, 127mm o Worm Gear (36:1) 35Nm

Table 4.1: Specifications of the PPR robot, “Calvin”

“Hobbes”’ link lengths are 400mm and 200mm for links “one” and “two” respec-
tively. All three encoders have a resolution of 50800 counts/revolution. The last
link of “Hobbes” has zero length since it is only used to orient the attached object.
Table 4.1 contains a summary of the characteristics of “Calvin’s” three components.
All three of “Calvin’s” motors are equipped with 4096 counts/rev optical encoders.
Servo-amplifiers were used to supply the motor currents. The servo-amplifiers were
equipped with custom A/D and D/A physically placed inside the servo-amplifiers
in order to avoid transmitting analog signals through long cables to and from the
transputer network.

Both robots are connected to a transputer network which is made up of one T800
INMOS(© processor and one T222 INMOS(© processor. An Ethernet connection was
established between the transputers and a workstation. Programs were downloaded
onto the transputers in order to execute the experiments. Data was uploaded from

the transputers in order to post-process the experimentai results.
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4.2 Characterization Curves

4.2.1 Sensor Calibration

To use the sensors, the output voltage must be related to the variable to be sensed.
in this case distance. Unfortunately, the output is also a function of the object’s
orientation as well as surface properties. Thus, these also must be included in the
relation. This relation is the sensor model and was derived, in a parametrized form.
and then fitted to a set of calibration data. The fit was then validated by error

analysis.

Figure 4.2: Relationship between global and local sensor variables.

The calibration data was obtained by sweeping a circular object with a radius of
32.73mm, covered with white paper, at various positions in front of the sensor. The
area swept by the object’s centre occupied a 60mm wide, 250mm long rectangle in
front of the sensor. Fig. 4.2 shows the relationship between the global coordinates
(X,Y) of the centre of the circle and the local sensor coordinates (d, ). The analytical
relationship between the global coordinates and the local sensor coordinates can be

expressed as
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#; = arcsin (-\—') d; = Y; — rcos(6;) (4.1)

r

where d; is the object-sensor distance, 6; is the angle between the sensor beam and
object surface and i denotes the i** sensor since several sensors were calibrated. The
arcsin function is undefined for ||.X;|| > r. therefore the data which did not satisfy
this inequality was ignored. The result is a data set of sensor output vs. distance
and angle. The albedo parameter or reflectance gain was assumed to be unity for the
calibrated object.

To perform this procedure, each sensor was mounted, in turn, on a stationary fixture
whose orientation with respect to the planar robot’s workspace was known. The object
was mounted on the robot. Thus, its position could be measured with an accuracy
of 0.02mm, using the robot’s actuator encoders. The robot was then commanded to
sweep horizontally across the fixed sensor head at a constant sensor-object distance.
The object is then positioned at a new sensor-object distance and a new horizontal
sweep, in the opposite direction, is performed. The previously described rectangle is

the area through which the object is moved.

4.2.2 Data Fitting

Once the data had been collected and transformed into a usable form. it was fit to a
parametrized function using a recursive, least squares algorithm. The model used to

characterize the sensors’ output is

A8y,
(7+5:—)g cos(B3,: 0;) (4.2)

where X is the albedo parameter and 3,_,; are the calibration parameters. This model

hi(dia Biv /\) =

was first developed by Petryk in [23]. The surface was assumed to be Lambertian and
as stated in (2.3) and in [15] and [16], the sensor output was assumed to vary with
the cosine of the angle between the sensor beam and object surface. The three

dimensional plot of the raw data collected for the four PBS sensors can be found
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in Figs. 4.3 to 4.6 and the same plots are shown in Figs. 4.7 to 4.10 for the EBS
sensors. These figures also show the orthogonal projections of the surface fit plot of

the function and the error in curve fitting the data.

Sensor 3 3o 3 04
PBS#1 | 1327 | 2.050 | 0.9682 | 15.36
PBS#2 | 980.8 | 2.034 | 0.9019 | 14.62
PBS#3 | 1025 | 2.116 | 0.9260 | 13.38
PBS#4 | 780.2 | 1.912 | 0.9438 | 15.52
EBS#1 | 2115 | 2.066 | 0.9637 | 19.45
EBS#2 | 5761 | 2.220 | 0.9702 | 25.15
EBS#3 | 24184 | 2.521 | 0.98538 | 30.70

EBS#4 | 11341 | 2.365 | 0.9764 | 27.38

Table 4.2: Value of parameters for all 4 PBS and all 4 EBS sensors

To determine the “goodness of fit” of the calibration procedure, the error surface
between the raw data points and the calibrated surface was examined. Plots of the
orthogonal projections of the error surface are also presented in Figs.4.3 to 4.10.

As can be seen in the previously mentioned error in curve fitting data. the fit has
systematic errors. The regions of high error occur between § = £60° because of the
gain descheduling of the raw signal. One can clearly see a ridge in the sensor output
surface at d = 20mm corresponding to the change from low gain to high gain. The
errors in the regions of high target-object angle are due to the unmodelled conical
shape of the sensor’s emitted infra-red light. Thus, at large distances a detectable
signal is registered even though the object is out of the sensor’s visual axis.

The range of each sensor was determined by examining its characterization curve
and determining the distance at which the signal reached a level that was 97.5%
of the difference between the maximum signal and the value to which the output

converges as the object is moved away. The results are tabulated and shown in Table
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4.3. The average range of the PBS sensors was 9.0 cm and the average range of the
EBS sensors was 11.2em. The average range of the PBS sensors did not satisfy the
specified requirement of 10 ¢cm, although PBS sensor #4 was within the requirements.
Therefore, this shows that it would be possible to manufacture a PBS sensor whose
range is greater than 10 cm.

All EBS sensors met the range specification. Since the shape of the characterization
curves for all sensors is dictated by physics, they all have the same shape. The
maximum sensor output is 3.5 V", which was set by the PSN gains. Therefore, any
difference in the range of the sensors is attributed to the amount of noise in the signal.
The EBS sensors emit a more intense IR beam which decreases the signal noise since

a lower gain is required to amplify the raw signal to 3.5V".

PBS#1 | PBS#2 | PBS#3 | PBS#4 | EBS#1 | EBS#2 | EBS#3 | EBS#4

Range| 9.1cm | 8.8cm 76cm | 10.5cm | 10.6cm | 11.8cm | 1l.1em | 11.dcm

Table 4.3: The effective range of all eight sensors developed

4.3 Ambient Light and Biasing Effects

Both ambient light and constant biasing current affect the sensors in the same way;
there is an increase in the base line or DC voltage at R, in Fig. 3.11. Therefore.
the ability of the PSN to filter ambient light was investigated by simply varying the
base current of the phototransistor. For the PBS sensor, this could not be done since
there was no access to the base pin. Instead, ambient light was used to increase the
DC component of the collector current. For the EBS sensor, a constant current was
applied at the base pin of the phototransistor.

In Fig. 4.11, the distance between the object and the sensor was kept constant while
the DC component of the collector current was varied for one PBS and one EBS sensor.

It can be seen that the output signal initially increases as the DC component of the
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Sensor Ouput vs. Distance and Angle
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Figure 4.3: Raw data obtained from PBS sensor #1 (top). Fitted sensor output as a
function of distance (middle left). Fitted sensor output as a function of orientation
(middle right). Error in curve fitting raw data as a function of distance (bottom left).

Error in curve fitting raw data as a function of orientation (bottom right).
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Sensor Ouput vs. Distance and Angle
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Figure 4.4: Raw data obtained from PBS sensor #2 (top). Fitted sensor output as a
function of distance (middle left). Fitted sensor output as a function of orientation
(middle right). Error in curve fitting raw data as a function of distance (bottom left).

Error in curve fitting raw data as a function of orientation (bottom right).
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Figure 4.3: Raw data obtained from PBS sensor #3 (top). Fitted sensor output as a
function of distance (middle left). Fitted sensor output as a function of orientation
(middle right). Error in curve fitting raw data as a function of distance (bottom left).

Error in curve fitting raw data as a function of orientation (bottom right).
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Sensor Quput vs. Distance and Angle
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Figure 4.6: Raw data obtained from PBS sensor #4 (top). Fitted sensor output as a
function of distance (middle left). Fitted sensor output as a function of orientation
(middle right). Error in curve fitting raw data as a function of distance (bottom left).

Error in curve fitting raw data as a function of orientation (bottom right).
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Figure 4.7: Raw data obtained from EBS sensor #1 (top). Fitted sensor output as a
function of distance (middle left). Fitted sensor output as a function of orientation
(middle right). Error in curve fitting raw data as a function of distance (bottom left).

Error in curve fitting raw data as a function of orientation (bottom right).
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Figure 4.8: Raw data obtained from EBS sensor #2 (top). Fitted sensor output as a

function

of distance (middle left). Fitted sensor output as a function of orientation

(middle right). Error in curve fitting raw data as a function of distance (bottom left).

Error in curve fitting raw data as a function of orientation (bottom right).
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Sensor Ouput vs. Distance and Angle
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Figure 4.9: Raw data obtained from EBS sensor #3 (top). Fitted sensor output as a
function of distance (middle left). Fitted sensor output as a function of orientation
(middle right). Error in curve fitting raw data as a function of distance (bottom left).

Error in curve fitting raw data as a function of orientation (bottom right).




CHAPTER 4. EXPERIMENTAL RESULTS 60

Sensor Ouput vs. Distance and Angle
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Figure 4.10: Raw data obtained from EBS sensor #4 (top). Fitted sensor output as
a function of distance (middle left). Fitted sensor output as a function of orientation
(middle right). Error in curve fitting raw data as a function of distance (bottom left).

Error in curve fitting raw data as a function of orientation (bottom right).
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Sensor Signal vs. DC Component of Collector Current
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Figure 4.11: The effect of increasing the DC component of the collector current of the

phototransistor on the sensor signal with an object maintained at a constant distance.

collector current increases. This is due to the non-linear effect of the phototransistor,
an increase in gain of the phototransistor caused by the increase in collector current.
Once the minimum DC current in the collector is supplied, referred to as minimum
“biasing” current, the linear region is attained and the sensor’s signal remains constant
as the DC component of the collector current or ambient light intensity increases.
Finally, if the collector current is increased by a large amount, the phototransistor is
saturated and the output signal of the sensor starts to drop off.

The EBS sensor output shown in Fig. 4.11 remains constant over a larger range of
collector DC current levels compared to the PBS sensor. The PBS sensor signal begins
to drop off at a significantly lower current level. This difference can be attributed to
the two different phototransistors used. That is, the OP644SL used in the PBS sensor
does not respond as well as the OP804SL, used in the EBS sensor. The ambient
light data presented in Fig. 4.11 is in milliamps of current through the collector of
the phototransistor. This data can be converted to irradiance using the data sheets
provided in Appendix A. For the OP644SL, the solar constant, 135.3 mW/cm?, which
is the solar energy incident on a surface oriented normal to the sun’s rays when the

earth is at its mean distance from the sun, would correspond to 42.3 mA. Therefore,
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the sensors can operate without any problem under indoor lighting conditions but
would be inoperative if pointed directly into the sun.

These curves show that a minimum “biasing” current is required in order to suc-
cessfully filter ambient light effects. The PBS sensors require a “biasing” current of
approximately 1 mA4 while the EBS sensors only require as little as 0.3 mA. Finally,
an excessive amount of ambient light renders the sensors inoperable. The PBS sensor
signal begins to attenuate at 5 m.A of collector current where as the EBS sensor signal
drops off sharply at 9.2m.A. The EBS sensor performance in terms of ambient light
rejection is much better than the PBS sensor since its signal remains constant over a

larger range of current levels.

4.4 Modulating Frequency Effects

4.4.1 Effect on PSN Output

The LEDs are modulated at a fixed frequency of 25 kHz. The bandwidth of the
EBS phototransistor is approximately the same as the modulated frequency. The
PBS phototransistor’s speed is approximately 200 kHz. The effect of changing the
frequency for a given constant output signal of the sensor was tested. The frequency
selected to modulate the LED must be large enough to allow the band-pass filter to
successfully filter the 60 Hz ambient light signal. Modulating the signal at very high
speeds would surpass the bandwidth of the given phototransistor. If this is done,
the sensor output is attenuated and as a result the range of the sensor is diminished.
Modulating at a low frequency is undesirable since the overall speed is reduced due to
that ten to twelve cycles of the modulated signal are required for the filters to settle
and thus obtain a constant DC signal.

The following experiment was carried out to investigate the effect of the modulating
frequency on the sensor output. An object was placed at a constant distance from

the sensor and the output of the PSN was recorded as the modulating frequency was



CHAPTER 4. EXPERIMENTAL RESULTS 63

Sensor Signal vs. Modulating Frequency

[nd
tn

~T

-
wn ~n
¥ T

—
T

o
in
T

0
Modulating Frequency (kHz)

Raw AC Sensor Signal at Emitter ot Phototransistor (Volts
-0
o

Fiigure 4.12: The effect of increasing the modulating frequency on the sensor with an

object maintained at a constant distance.

varied. The results for one PBS sensor and one EBS sensor are shown in Fig. 4.12.
The output signal is maximum at the lowest frequency and varies approximately
linearly with respect to the logarithm of frequency. Therefore, selecting the optimum
modulating frequency is a trade-off. A higher modulating frequency is desirable since
this would increase the PSN’s bandwidth. A lower modulating frequency reduces
the PSN’s bandwidth but also increases the sensor’s signal and, thus. range. Since
the initial specifications of the PSN stated that the PSN bandwidth should be no
less than 500 Hz, this bandwidth was used to calculate the minimum modulating
frequency possible. Therefore, since the filters required thirteen cycles per “on-time”
to converge, the lowest possible modulating frequency is 25 kH z. In order to maximize

the sensor response, 25 £H z was used as the modulating frequency.

4.4.2 Effect on DC Output of Phototransistor

Determining the effect of modulating at 25 kH z on the DC signal generated by the
phototransistor is investigated here. The transformation the original signal emitted
by the LED goes through before it is processed by the analog electronics is shown in

Fig. 4.13. The original signal is modulated at 25 kH z and has a certain DC offset since
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Figure 4.13: The sensor at three different stages (a) at the LED (b) the theoretical

signal returned by a diffuse surface (c) the signal measured by the phototransisitor.

it is impossible to modulate light around zero. The signal is reduced in amplitude as
it undergoes diffuse reflection from the object’s surface. Finally, the signal is detected
byv the phototransistor which acts as a low-pass filter. That is, the frequencies at
which the sensor detects a signal are limited by the devices’ bandwidth. Therefore,
the final signal measured is attenuated slightly depending on the bandwidth of the
phototransistor and also experiences a phase shift, Fig. 4.13(c). The signal measured
by the phototransistor contains a DC offset, X. This offset is a function of the
object distance. That is, as the sensor signal increases, the DC shift also increases.
Characterizing this DC shift is the focus of this section.

The DC component of the sensor’s raw signal was measured as the sensor-object
distance was varied. This experiment was performed using one PBS and one EBS
sensor. The results from this experiment are presented in Fig. 4.14.

From this data, it can be seen that the PBS sensor has a much smaller DC compo-
nent than the EBS sensor. This can be attributed to the larger signal being transmit-
ted by the four LEDs in the EBS sensor compared to the one in the PBS sensor. Also,

the EBS phototransistor has a larger surface area, so it detects a larger portion of
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Figure 4.14: The DC offset of the raw signal for one PBS and one EBS sensor.

the incoming signal. A larger sensor output infers a larger DC component. This DC
component is filtered from the .AC signal along with the ambient light disturbances.
This signal may affect the range of the sensor since the signal is shifted closer to the
upper limit of 3.5V. The only way to avoid saturating the signal is to use a larger
voltage range on the phototransistor. This did not pose a problem for the EBS sensor

since the range used was [—35, 3.5] Volts.

4.5 Object Size Effects

The LEDs used emit an IR beam at a narrow angle: 80% of the LED intensity is
within a 15° cone. As a result, the size of the object the sensor can detect varies as
the distance of the object from the sensor changes. The effect of varying the object
size on the sensor’s output is shown in Fig. 4.15. The object used was a square plane
with each edge measuring either 1 cm, 2cm, 4cm or 6 cm. The test was performed
using one PBS sensor and one EBS sensor.

The data shows that as the object size increases from 4 c¢m to 6 cm, the change
in sensor signal is small. But, as the object size decreases below 4 cm, the sensor

signal is increasingly reduced. For the PBS sensor, the signal remains constant up
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Figure 4.15: The effect of increasing the size of the object on the sensor output using

one PBS sensor (left) and one EBS sensor (right).

to 15mm and then begins to drop off for smaller objects. The signals then begin
to converge again at approximately 80 mm. The signals are initially the same for all
objects since the beam is quite narrow at close distances. As the distance increases,
a larger object is required to reflect the larger sensor beam. At very large distances,
the sensor signal converges to a zero reading. Similar characteristics can be seen for
the EBS sensor. The results of this test are tabulated in Table 4.4 which can be used
as guide in selecting an appropriately sized object at various sensor-object distance
operating ranges.

In order to obtain a consistent signal throughout the range of the sensor. a large
object should be used. Using a smaller object also reduces the range of the sensor.
This problem can be resolved if the emitted beam is collimated. In this case, the min-
imum object size required for detection throughout the sensor’s range would remain

constant.
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Minimum Object Size | Minimum QOject Size

Distance (PBS Sensor) (EBS Sensor)

10 mm 2cm lem

20 mm 2cm 2cm

32mm iem 2cm

44 mm iem 4cm

57 mm 6 cm 4cm

110 mm 6cm 6cm

Table 4.4: A tabulated guide to the minimum object size required at different sensor-

object distances in order to maintain the sensor signal
4.6 Lobe Size Determination

Using a non-collimated beam also results in a beam whose effective area varies as a
function of sensor-object distance. The following experiment was performed in order
to investigate the effect of using a diverging beam. The sensor signal was recorded as
the object was moved from left to right while maintaining the perpendicular sensor-
object distance constant. This was done at several sensor-object distances using both
one PBS sensor and one EBS sensor. The resulting experimental data is presented
in Fig. 4.16. The curves at each sensor-object distance are normalized since their
relative amplitudes would make it impossible to compare them.

The plots show that at the closest distance of 1 mm, the signal drops off sharply
as the object moves out of the sensor’s view. As the sensor-object distance increases.
the drop-off in the signal becomes more gradual due to the increase in the area of
the emitted signal. The data also shows that that the width of the sensed region also
increases. This sensor characteristic may pose a problem when performing manip-
ulation in a 2 — d or 3 — d environment at large sensor-object distances. Since the
horizontal distance of the object was not incorporated in the sensor model, this signal

drop at a constant sensor-object distance may be misinterpreted by the Kalman filter
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Figure 4.16: The effect of sweeping across at a constant sensor-object distance for a

PBS sensor (left) and an EBS sensor (right).

as a change in sensor-object distance or a change in the orientation of the object.
Such a misinterpretation may lead to a filter which does not converge. On the other
hand, this effect also serves as means to incorporate noise in the Kalman filter in order
to determine its robustness. This problem can be avoided by collimating the emitted

beam.

4.7 Signal Drift

The effect of signal drift over a long period of time was investigated. Since the LEDs
are being driven hard, the heat generated by the LEDs increases the temperature of
the sensor heads. This increase in temperature affects the performance of the photo-
transistor and as a result the sensors require a certain period of time for their signals
to reach a steady state. The sensor output as a function of time while maintaining
constant object conditions for four different sensors are presented in Fig. 4.17 and
Fig. 4.18. The sensor data was filtered using a second order butterworth low-pass
filter with a cut-off frequency of 160 Hz. This was done to clearly show the signal
drifting from its initial value.

The following is observed when examining the data taken from the four sensors:
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Figure 4.17: The effect of drift on the sensor signal for PBS sensor #2 (left) and PBS
sensor #3 (right).
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Figure 4.18: The effect of drift on the sensor signal for EBS sensor #3 (left) and EBS
sensor #4 (right).




CHAPTER 4. EXPERIMENTAL RESULTS 70

PBS sensor #2 has the largest percent decrease in signal of 18.9%; EBS sensor #3 has
the lowest percent decrease in signal of only 8.0%. The PBS sensors drift by a larger
amount compared to the EBS sensors. All sensor signals settle within 350 seconds.
This experiment was actually run for over 15 minutes , but since no change was found
after 350 seconds, the data was cut at 500 seconds for presentation purposes. The
results from this experiment pointed out the need for the sensors to be turned on 10

minutes prior to data gathering.




Chapter 5

Conclusions

The main goal of this work was to develop local proximity sensors that could be
inserted in the fingers of robotic hand. The sensors would be used in performing
manipulation and dynamic grasping experiments. A set of criteria for the sensors
was specified. In order to satisfv theses requirements, a Proximity Sensor Network
was built made up of four infra-red, intensity based proximity sensors. Two types of
sensor heads were built, a ‘Photon’ biased and an ‘Electrically’ biased sensor. The
average range of the PBS sensors was 9.0cm. The average range of the EBS sensors
was 11.2em. The use of four LEDs in the EBS sensor compared to one in the EBS
sensor did not drastically increase the range of the sensor. This is expected since the
shape of the characterization curve remains the same. That is, the slope at which the
signal drops-off remains unchanged and increasing the intensity of the emitted signal
will not affect the sensor’s range significantly. Therefore, reducing the sensor’s noise
level is crucial to maximizing its range. Finally, the EBS sensors developed satisfied
the specified requirements, whereas the PBS sensors did not attain the specified range.

The accuracy of an individual sensor was not investigated since they are not in-
tended to be used in this way. They are intended to be used as a network and therefore
the accuracy of the network is more indicative of the sensor’s performance. In [23].

the PSN along with an Extended Kalman Filter were used to perform object localiza-
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tion. The object geometry is known and its reflective properties or albedo parameter
is estimated on-line. The accuracy of the network depends on the object position,
object velocity, sensor arrangement and filter parameters. An accuracy of 1 mm in
object position was easily obtained using the PSN hardware.

Although the PSN developed performed very well, certain changes should be made
to further improve its performance. First, a new layout of the PSN board is required
since the original circuit that was constructed does not resemble the final circuit, so
certain changes were patched together. The board also operates using a power source
with a voltage between £7.5V and £30V. Implementing a unipolar power source
would allow the use of a simpler power source such as a battery.

The sensor heads themselves also have room for improvement. The main criteria for
making sensor heads are size, ruggedness, consistency and ease of manufacturing. The
current heads were quite small, 5.55 mm for the PBS sensor heads and 7.2 mm for the
EBS sensor heads. But, even smaller heads are still desirable. Since the manufacturing
process was quite tedious and performed manually, the consistency between sensor
heads was not very good. Improvement is needed. Finally, the manufacturing process
was very difficult and simplifving it is necessary, especially for the PBS sensor heads.

Using gain scheduling is a good way to increase the SNR, and in turn increases the
range of the sensor. Unfortunately, the characteristics of each sensor must be almost
identical in order to minimize the time to select and tune each gain and switching
point. Implementing potentiometers instead of resistors for the components used to
tune the gain scheduling is necessary for the next generation PSN board. This would
allow the user to fine tune the gains whenever necessary without changing anything on
the board. The author also suggests that a simpler way to increase the resolution of
the sensor is to use a 12 bit analog-to-digital converter and eliminate gain scheduling

and its complexities altogether.




Appendix A

Optek Data Sheets

Al

Product Builetin OP300SL
Juty 1989 Repiaces January 1985

&P opTEk
NPN Silicon Photodarlingtons
Types OP300SL, OP301SL, OP302SL, OP303SL, OP304SL, OPSOSSLV

| L ]
o i '
T | \‘, atn
P ! !"nlln ‘
i - :uan"_ ‘ \\ I__r
NN e o i v 1])\ i ‘
b E I E_L2. X {
i z ELC s aa I
r : ? i
< p S
i } - ; Y v ! !
t H i uerm 4 men L e .
‘ mrecy oL 3 . M '
J ;e e |
E ]
I IS 4% ® G043 LAY TIRE. ‘
Features Absoluts Maximum Ratings (Ta = 25°C unless otheswse noted)
ange Collector-Emeiar Vortage . sov
Vanety of sonsianty Emittar-Coliecior Vortage 5.0v
temperature ranQe Storage Temoerture . 65°C to +150°C
Hhgh current Qoersbng Temoerature Range o 65°C to «+125°C
ideal for cirect Mounting wn PC boards g T 15 sec. with g ron) s0°CD
ang Powar DeSSIOROOM . .. e somw
0 he OP123 ana OP223 senes Conthuous Collector CurremM .. . .. ... ... S0mA
Nowes:
(1} Agter 10 Aopecnon Susietn 11! winch ASCLEINE DroDer ICTYEQUES 10/ 30NN Pl
Description TyDe devices ©© PC bosras.

-2) AMA flux & recommenced. Curanon Can De sxtenoed 1 10 36C. Max. when Aow SoKMenny
The OP300SL through OP305SSL 38N8S  3; Deraee inearty 0 SMW/C atove 25°C
GeVIcRs COnSist of NPN $HCON DNOITET- 14 Juncoon WMCHEIUNe Mawtanes &t 25°C

hnglons Mountsd M harmetcally ssaled +5i Lignt source @ an outy g 81 CT = 2870°K or equwvasent inerarea
PHl” tyDe DACkages. The NaTow receon- T,
0 anQie Oravices excalent on-axs cou-  Typigel Perfermenss Curves
phng. are cormalty

Spautrad Aospenns of 0P393-0P108 Conglisg Chararturisties
i i epicamons wnars Wi sanal va. GaAlfe and Gals ot 0P123 sad OPI00

leveis are Iow anG MOre current gain .

needsd than 1 possibie with photorran- o ; R T -
= I e
Fariace JTFE i in
LA N L e ——
= RN R
i, J N S . o
v i ]
’Nl ’ﬂ/n L] \“ 1"eq ‘l l; ‘ 2 ' [¥] m "
LAY - A DETACE HTUCE LIS TVE - et

Qotek Technolagy, tnc.. 1215 West Crasby Road.  Carrotton, Texas 75006  (214)323-200 TLX 215843  Fax(214)323-23%

73



APPENDIX A. OPTEK DATA SHEETS 74

Types OP300SL Thru OP305SL

Electrical Characteristics (Ta = 25°C unless otherwise noted)

SYMBOL. PARAMETER MIN TYP MAX UNITS TEST CONDITIONS
Iciom'*! On-State Coliector Curent  OP300SL 0.80 mA Vce=5.0V. E.-1.00mw1cm2':'
OP301SL 0.80 240 mA VCE=5.0V. Eg=1.00mW/erm's)
0P302SL 1.80 540 mA VeE=5.0V. Eqm1.00mWien?S)
OP303SL 3.60 120 mA VCE=S .0V, Eqa1.00mW/em?'
OP304SL 7.00 210 mA VCE=S.0V. Eq=1.00mW/ ‘:’
OP305SL 14.0 mA VCE=S.0V. Eon1.00mWicm?®
Iceo Collectar Dark Currant 1.00 uA Vce = 10.0V.Ee = 0
VIBRICEQ Collector-Emittar Breakdown Voitage 15.0 v Ic = T0CuUA
ViariEco Emtter-Collector Breakdown Voitage 5.0 v Ig « 100uA
Vegisan'®!  Collector-Emiter  OP300SL.301SL 110 v lc.o.wm.e..l.mw;cmz‘g
Saturanon Voltage  OP302SL.304SL.3055L 1.10 v Icn1.00mA Eq=1.00mW/
Typical Performancs Curves
Callectar Dark Current Collectsr Curreat Callectar Curreat
vs, Ambieat Temperaturs vs. Ambient Temperature vs. krradiencs
' Ry P : 1 Tow 12
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Riss snd Fall Time Normalired Callector Current Switching Time
vs. Losd Rasistanca vs. Angular Dispiscement Tast Circuit
"oy - } ' (TEsT comnons. , —
ety ' iel0m ! | ot
e (e e |
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A2

Product Builetin OP641SL
July 1989 Replaces January 1985

S oprEk

NPN Silicon Phototransistors
Types OP641SL, OP642SL, OP643SL, OP644SL

3

s NS wo Y
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T aiaw T
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wensw A 2406
' \ 1
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1' 820050 | :
i ' N
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! |
ugcron / e gy )
SONTACT ‘ FLE ) \
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i COMTACT
L, _wsam .
‘ 310283

CIMERTIORS ARE W WCHES (MILLIME TERSL

Features

+ Narrow receving angle

* Vanety of sensilivity ranges

« Enhanced temoerarure range

« ideal for girect mounung n PC boards

« Maechanicaily ang specirally matcheg
to the OP123 ang OP223 senes
devies

Description

The QP641SL senes gevices consist of
NPN silicon phototrans:stors mounted in
hermetcally sealed pacxages. The nar-
row recesving angle provides excelient
on-axis coupling.

Repiaces
OP600, OP640 senes

Absolute Maximum Ratings (Ta = 25°C unless otherwise noted)

Callector-Emitter Voltage . . . . .. ... 25v
Emitnter-Callector Voltage .. . ... .. A ... 50V
Storage Temperature Range .. ... ......... ... ..... " .65°C 10 +150°C
Operanng Temperature Range -65°C to +125°C
Soidenng Temperature (5 sec. with soidenng ran) - . ... ...... 2s0°¢! 12
PowerDissioation . .. .. .............. . 50mwY
Continuous Couecwr Currenl ........ .50mA
Notes:

1) Refer to Appiicanon 8uiletin 3 11 wnicn aiscussas praper tecnnigues for scidenng Pil

type devices 10 PC boaras.

2) RMA ilux 1s recommenaeg. Duration Can oe extended (0 10 sec. max. when tiow soidenng

3) Derate ineany 0.SmW/°C above 25°C

31 Junchon temperature maintained at 25°C.

5) Luight source 1S an unhitared tungsten ould operanng at CT = 2870°K or equrvalen intrared
source.

Typical Parformance Curves

Photessnsor Spectral Resparss
ve. GaAlAs and GeAs

Caupling Characteristics
of 0P123 and QPG00

\ .

NN
a //\

800 300 1860 1100 a 92 Q4 a8 (1] i
.-lu(u.ll:l'n Wrangtany. ISTANCE BETWEEEN LENS TPY - lacws

Toet Consvmmg U2 Tg =7, -3C. w =100 ma
X -01% PR=100 a2

Pt Sovmag - Ap 4y 2STR -
Gedlg - 000 ¢ JO am Q) LED Gads ~

]
RELATIVE DUTPU? CUNAENT

AOOATVE BESPONSE DR {MISSION %
&

450« 30 nm (B L0
130413 am
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Types OP641SL, OP642SL, OP643SL, OP644SL

Electrical Characteristics (Ta = 25°C unless otherwise noted)

SYMBOL PARAMETER MIN TYP MAX UNITS. TEST CONDITIONS
Iciom'!  On-State Collector Current  OP641SL 0.5 30 mA VcE =5.0V. Eq -zmnwzcmfs’
OP642SL 20 5.0 ma VcE =5.0V. Eo =20mWicm 2‘5’
OP8435L ry 80 mA JCE =5.0V. Eq -2umw1cm2‘:’
CP644SL T 22 mA VGE =5.0V. Eq x20mWiem?9
Iceo Collector Dark Current 100 nA Ve = 10.0V. Ee =0
Viemceo  Collector-Eminer Breakdown Volitage 25 v ic = 100uA
Viemieco Emitter-Collector Breakaown Voltage 50 v g » 100uA
Vegisan®!  Collector-Emiter Saturation Vaitage 040 Vv ic =0.40mA. Eq=20mWiem®™
t Rise Time 25 us Ve = 5.0V. Ic = 0.80mA.
" Fall Time 25 us AL = 1.00KQ. See Test Crcun

Typical Performance Curves

Callactor Dark Curreat Narmalized Cailector Current Collsctor Current
vs. Ambient Temperaturs ve. Ambient Tempersturs va. lrradiance
‘a0 2 .
Ve 5 v B
- V.. . . . f cg =50V |
b é:fa o £ f}n .'u:;g‘q'cp T § |- LGHT SOURCE S UNFRTERED
s o5 H e fPW-100asge-uin q TUNGSTEN AT 2078 )
H] > I MEASUAED 25 .1 W10 PLSE 1
H ] WORMALZED 47 1y - IST s / a
E ! = E . -
3 / 5 e 3 / . ,.;"“
a -1 (W N
é 21 z / -;3: ] N
= 3 3
g / 5 3s / =2 /
L — / .,
-V > 7 ; /o
' !
F A 3
3 1 & & 30 30 120 4w 50 <25 3 S € S ‘00 12§ 3 . s 12 8 moon
a - AMBINT TEMPERATURE - °C ?a ~ AMBIENT TEMPERATURE - fo = ANADUAMCE ~ wtcm
Rise and Fall Time Normatized Collectar Currant Switching Time
ve. Load Resistance vs. Aagular Displacement Test Circuit
LN vy —— ' [TisT conaimons. |
ooty - A = 800 e
2700 pret00Ke ‘ . - 10 js=r00m .
* LA z Yeg-5 Y
i LED - OPZI0C # A +49C am ! H LENS TO LEXS ! .
3 150 }va s vouTacE across & gul QUSTANCE - § —. g5y
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3 " " ' S :
g0 S 2 2 e ¥
: ] ¥ T\ i
= I, ) Sas i
g o —— PRYS § 24 / [\ 1 !
s @ﬁ‘ F / : \ L —0 Yoyt
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A3

Product Bulletin OPB0OOSL
July 1989 Repiaces January 1985

&b oprek

NPN Silicon Phototransistors
Types OPB00SL, OP801SL, OP802SL, OP803SL, OP804SL, OP805SL

|
i NIXLRE ) 821810
| R It SuscToe
} H PALE R . 318 gum s
l ] wax "'Hr— ‘/- o ‘00 256
) T—T_ ' sg 1A NOM
‘ RN ::5 ; saum
" i 1131455 o + B JJ am
> Josse | j
i 2380 ‘ \O /
: o ‘ |
] 411N
‘; ~ \(' 6@ '
l —y san aLn |__
(Hm R .
l QINENTIONS AAE N HRCHES MK LIMETERS) e
Features Absolute Maximum Ratings (Ta = 25°C unless otherwise noted)
+ Narrow recaving angle Collector-Base voltage . .. . ... ... ... ov
« Vanety ot sensitivity ranges Collector-EmmterVoltage .....  .......... ... .. ... ...c.i.iiiiiiio.. v
« Enhancea temperature range Emdter-Base VoItage ... . ... .. ... ... ... e 5.0v
» TO-18 hermetcally seaied oackage Smitter-Collector VOItAge ... .. ... S.ov
+ Mechamically and spectraily maicnea Continuous Collector CUment . . . ..... ...... ... 50mA
to the OP 130 ang OP231 senes at Storage Temperature Range .. .......................... -65°C 1o +150°C
infrarad emrming giodes. Operaung Temperature Range .. . ....................... -65°C to +125°C
Lead Scidenng Temperature {1:16 mch (1.6mm) trom case 1or 5 sec. with soidenng
ription HOM] . e 260°c"
Descrip Power DISSIDANON .. .. ... 250mw?
Nates:

The OPBOOSL senes devicas consist ot
an NPN silicon phototransistor mountea
n hgrmencally sealed packages. The
namow receving angle provides excel-
lent on-axis coupung. TO-18 packages
offer high power dissspation and
supenar hostile environmeant operanon.
The basa lead 1s bonded to enabie con-

ventonal transistor biasing. - T —
- | { housomA L.
Replaces . 0 : ; _ous “ ::t..;\:: '%"“
OP800 and K5251 senes a ‘ ]1 [ | ‘ i ’ ———
F das — ‘ : ‘
i, L ~ 10\ foc
Z J \\ E | | 0
g P X gu S | ||
= Pt | !
* . l /{/ &4 e [t | | }
100

1) AMA fiux 1s recommenaed. Ouration can de extended to 10 Sec. max. when fiow soidenng.
+2) Derate nneany 2.5mwW/°C abave 25°C.
-3) Juncoon temoerature marirtaneo at 25°C
4} Light SCurce 1S an unhiterea fuNgsten ould oberatng at CT = 2870°K or equivaient
infrareq source.

Typical Performance Curves

Spestral Respense of 0PR00-0P305
vs. SaAlAs and GaAs

Cowpling Characteristics
of OP130 and 0PS00
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x-llm l-—l

Tase Contingee @£ Vg = 7; - 25T 4~ 100 mA.
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Types OP800SL thru OP805SL

Electrical Charactenstics (Ta = 25°C uniess otherwise noted)

SYMBOL PARAMETER MIN TYP MAX UNITS TEST CONDITIONS
lcion) On-State Coilactor Current OoP8OOSL  0.50 mA VCES.0V. E..gS.Oleanz(gy:‘
OPBOISL  0.50 30 mA VCE=S.0V. Ee=5.0mwW/em?3i4)
OPsO2SL 2.0 5.0 mA VCE=5.0V. EqaS.OrmWier3H4
OP803SL 30 8.0 mA VEE=S5.0V. EeaS.0mW/em?3H4
OoPBO4SL "0 2 mA VcEsS5.0V. Eg=S5.0mWice (4!
OPBOSSL  °S.0 mA VCE=S.0V, Eea5.0mW/en? i3I
Iceo Collector Dark Current 100 nA VCE=100V.Eq =0
Viemicee Collector-Ermutter Breakdown Valtage 35 v ic = 100uA
Viaaao  Collector-Base Breakdown Voltage 30.0 v Ic = 100pA
Visrieco Emitter-Coilector Breakgown Voitage 5.0 v le = 100uA
Vigriego Emmier-S8ase Breakaown Voltage 5.0 v g = 100uA
VCEISAT) Collector-Ermtter Saturation Vaitage 04 v Ic=Q.40mA.
Eox 5.0mWicm<4!
le Rise Time 20 us Veo = 5.0V. Ic = 0.80mA,
tt Fall Time 20 us RL = 100Q. See Test Circurt

Typical Performance Curves

Collsetar Dark Current Normalized Callectar Current Collectar Current
vs. Ambiant Temperaturs vs. Ambisnt Temperature vs. [rradiance
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Risa and Fall Time Normalized Collector Current Switching Time
vs. load Resistancs vs. Anguisr Displacement Test Circuit
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A4

Product Builetin OPS00SL
July 1989 Repiaces January 1985

P oPTEK

PN Junction Silicon Photodiode

Type OP900SL
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TMERSIONS AAE N ACHES MILLASE TERS

Features

Narrow receiving angle

Enhanced temperature range

ideal for direct mounting n PC boaras
Fast switching speed

Mechanically ana spectrally matcheo
to the OP 123 senes devices

= Linear response vs ragiance

Description

The OPS00SL cansists of a PN junction
silicon phatodiode mounted it a
miriature, glass lensea hermeticatly
sealed "Pill" package. The lensing effect
allows an acceptance haif angle ot 18°
measured from the optrcal axis to the
hatt power paint.

Repiaces
OP900 senes

Absolute Maximum Ratings (Ta = 25°C unless otherwise noted)

Reverse Voltage . R

Storage Temperaiure Range

Qoperaung Temperature Range

Soldenng Temperature 15 sec. with solgenng 'ron)

Powser Dissipanon . e .

Notes:

1) RMA fiux 1s recommanaed. Duration can be extended 10 10 sec. max wnen fow soidenng

i2) Derate unearty 0.5mwW/°C above 25°C

13} Juncton 1emoerature maintaineg at 25°C

(4) Lyght scurce 1S an yntitered tungsten duib operating at C7 = 2B870°K ar equivaient ntrarea
source.

Typical Performancs Curves

Spectrs! Respease and Emission

. ... 10v
-85°C 10 +150°C
-65°C 10 +125°C

260°C'”
.. 50mw<

Coupling Charactsristics

vs. Wavelength of 0P123 and GP900

100 r ‘g - 7
: 0 ] _ o VasSV
H Vb e e
2ol i AV s © A
g EYEAE ..
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Type OP900SL

Electrical Characteristics (Ta 25°C unigss otherwise noted)

SYMBOL PARAMETER MIN TYP MAX UNITS TESTCONDITIONS
I Light Current 8.0 14.0 uA VA=10.0V, E¢«20mWrem 34
o Dark Currant 100 nA VA =10.0V. Eq =0
V8RR Reverse Voitage Breakaocwn 100 10 v In = 100uA
tr Rise Time 100 ns Va = 5QV. I = 8.0uA
t Fall Time 100 ns RL = 1.00k(. (See Test Curcust)
Typical Performance Curves
Dark Current Normalired Light Current Total Cagacitance
vs. Ambisnt Temperature vs. Ambient Temperature vs. Reverse Voitage
1000 1 9
- ' [
wesay: / Ty - 25T
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< .20 / z L 3T
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Light Currant Switching Time Light Current vs.
vs. Irradisnce Test Circuit Angulars Displacement
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A.5

Product Bulletin OP223
July 1989 Repisces January 1985

&b .opTEK

GaAlAs Hermetic Infrared Emitting Diodes
Types OP223, OP224
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Features

« Narrow irragiance panern

« Enhanced temperature range

« Small package size permits nigh
davice density mounung

+ Mechancaily ang spectrally matcned
to the OP640SL anag OP300SL senes
devices

« Significantty ligher power output than
GaAs at equivaient grive currents

« Wavelength matcned to siicon s peax
response

Description

OP223 and OP224 devices are
90nm gallum atuminum arsence
initarad emitting diodes mounted tn
hermevcaily sealed "Pill” type packages.

Absolute Maximum Ratings (Ta = 25°C unless otherwise noted)

Reverse Voltage . .. . ............. ... e 20v
Conunuous Forwara Current ... ... ............... 100mA
Peak Forwara Current (2 us pulsg wiath. 0.1% duty cycle) .. .......... 1.0A
Storage Temperature Range .. ... . ... . ... 65°C to +150°C
Coeratng Temperature Range ... ... o 55°C to +125°C
Soidenng Temoerature (5 sec. with scidenng iron) . 260°C'®
Power Dissipation . R 150mw3
Notes:

-1} Aeter 10 Appicanon Bulletin 111 which tisCusses droper lecnmaues for scicenng
=il type dewices mto PC boards.

12) RMA flux s recommendea. Durabon can bé extgnoed to 10 se¢. max. wnan How Soidenng

3) Derate sneany 1 SOMW/°C apove 25°C.

‘4) Eeapm 1s Measureg using 3 0.031° /0 7B7mm) ciameier apertyred sensor piaced 0.5C°
(12.7mm) from the mounting plane. Eearm $ NG NECESSanty undorm winin the Measyred
area.

Typicsl Perfsrmascs Curves

Percont Changes in Radiant intessity Cowpling Charvcteristics

The narrow rracgiance pattemn provides vs Time of 0P223 snd OPS00
hugh on-axis intensity for excetient cou- * ] ( T ' T T ’ i ;
pling etfictency. v yaston ss-'cif . ’ . ;t;::ﬁ:'—‘
-..M.ﬁ” N st
> -~ 3 .l H :
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Eep— e =1 8. \‘i
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I | ! f L ’! T 1 \ : t |
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i | f ] TR Pl R ;
- 1 3 1
e 113 . o 2 ez as (1} (1] Y]
t - TIME - Newry. DISTANCE 0€TWEER LENS TWPS - ches
Optek Technology, Inc.. 1215 West Crosby Road.  Carrotfton, Texas 75006 (214) 323-2200 TLX 215843 Fax {214) 323-2396
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Types OP223, OP224

Electrical Characteristics (Ta = 25°C unless otnerwise noted)

SYMBOL PARAMETER MIN TYP MAX UNITS TEST CONDITIONS
EeaPT) Apenurea Radiant Incidence aP223 - 00 mwiem?  te = 50mA'®
OP224 3150 mWiem® I = 50mA"

Ve Forwara Voitage + 80 v e = SOMA

IR Reverse Current 100 uA Va = 2.0V

~p Wavelengrth at Peak Emission 830 nm I = 10MA

8 Spectral Bangwiatn Between Halt Power Peints a0 am Ir = 10MA
AapaT Spectral Shift with Temperature -0.18 nm C Ir = Constant

9Hp Emission Angie at Halt Power Paints 24 Deg. e = S0mA

t Qutput Aise Time 500 ns Isipiy = 100mMA. PW = 10.0us

i Qutout Fall Time 250 s D.C. = 100%

Typical Perfarmance Curves

Farward Voitags vs Ferward Vaitage and Radiant incidence Forward Vaoitags vs
forward Currsnt vs Farward Current Ambignt Temperaturs
'. T T ' =1 7 13 v - .
Tt Contrioms z < | et Connoms: ‘ i
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3
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59 £ g 3
2 g 2
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g H Pl t Canatant 3 g
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= > . 30 M3 derwsew ouisen. .y =, S
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ae e &4 #1 puize * ; A
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”n -a '3 Y ? 22 a4 38 ae e « e 3 w0 o e
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Farward Currant Ambient Temparature Angular Displacement
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