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Abstract

The need for high precision robotic systems has
increased in recent years. Examples include auto-
mated assembly of complex electro-mechanical prod-
ucts such as disk drives, cameras, and medical de-
vices. In this paper we present an optical sensor
which can sense motion with better than 0.15 �m
resolution while also o�ering the advantages of in-
susceptibility to ambient lights, high bandwidth, and
a large dynamic range. The sensor is used for
calibration and coordination tasks in a novel agile
robotic system (minifactory) which employs cooper-
ative 2-DOF robots. The sensor can also be used for
testing, calibrating, and position sensing in many
other high precision robotic applications.

1 Introduction
Our group, in the Microdynamic Systems

Laboratoryy is developing a rapidly recon�gurable,
precise, table-top automated factory. This minifac-
tory, part of a larger framework called \Agile As-
sembly Architecture," is intended to improve the as-
sembly of complex electro-mechanical products [1].
Minifactory uses cooperative 2-DOF robots (Fig. 1).
Overhead z; � manipulator robots work in conjunc-
tion with planar x; y courier robots to perform 4-
DOF assembly tasks. The courier robots oat on a
tabletop surface (platen ensemble) and are respon-
sible for transporting sub-assemblies through the
factory. Manipulators, mounted on bridges which
are connected to base units of the minifactory, pick
parts from local feeders and place them into the
sub-assemblies. Replacing the traditional 4-DOF
SCARA robots with cooperative 2-DOF robots yield
advantages in compactness, precision, and modular-
ity [2].

Courier robots and the platen surface form a sys-
tem of planar motors. The platen serves as the sta-
tor and the courier as the rotor. The platen surface
has an array of �ne square teeth. A precision mag-
netic platen sensor [3] built in to each courier mea-
sures its position on the platen surface with a res-
olution of 200 nm (1�), enabling closed-loop servo
control [4].

Since there is no linkage between the pair of inde-
pendent 2-DOF robots (courier and manipulator), a

�Currently at GE Medical Systems, 3000 N. Grandview
Blvd, Waukesha, WI 53188.

yhttp://www.cs.cmu.edu/�msl.

Figure 1: Elements in a minifactory and the optical
coordination sensor carried by couriers.

sensor was needed which could measure the robots'
relative positions with micron level precision. The
subject of this paper is the development of an op-
tical coordination sensor to perform this task. The
optical sensor system, as shown in Fig. 1, uses a
light emitting diode (LED) to de�ne the location of
the overhead manipulator. A sensor module which
is �xed on the courier can then determine the po-
sition of the LED. The following section describes
the theory and design of the sensor module. The
optical sensor is based on a position-sensitive pho-
todiode (see, e.g., [5]). Whereas these devices have
been used in many similar applications, this paper
presents a complete design and unique application
to modular robotics. Section 3 concentrates on the
signal processing and electronics aspect of the sys-
tem. Section 4 gives experimental measurements
and calibration results. Section 5 is the summary
and conclusion.

2 Physical Design
The physical design of the optical coordination

sensor is shown in Fig. 2. The assembled sensor has
dimensions of 31�36�35 mm (W�L�H). It com-
prises an infra-red LED, absorption �lter, lens, posi-
tion sensitive detector (PSD), machined parts, and
circuit boards. Infra-red light emitted from the LED
passes �rst through the absorption �lter, strongly
attenuating extraneous visible or ultra-violet light
coming from the environment. The lens collects the
ir light and projects the image of the LED onto
the surface of the PSD. The PSD detects the cen-



Figure 2: (a) Exploded view of the optical coordi-
nation sensor, (b) general view of the assembly, (c)
optical ray diagram.

troid position of the light spot shining on its surface.
The circuit boards and wires redirect current signals
from the PSD to pins connected to preampli�er cir-
cuits.

The heart of the optical sensor is a duolateral
super linear position sensitive detector, model DL10
fromUDT Sensors, Inc. Its operation is based on the
semiconductor lateral photoe�ect as shown in Fig.
3. The PSD is composed of a continuous precision
sensing surface. The top side of this surface is an
ion implanted p-type layer, and the bottom is an
ion implanted n-type layer. When light is absorbed
by the photodiode, electron-hole pairs are induced
at the incident position. Electrons migrate to the
n-type region and holes to the p-type region. The
electrons and holes are collected by pairs of parallel
electrodes on the corresponding layer. Both the n-
type and p-type layers are resistive surfaces which
are highly uniform. The photocurrent collected by
each of the two electrodes on a layer is inversely
proportional to the distance between the incident
light position and the electrode. This relationship is
governed by

IO = IX1 + IX2; (1)

IX1 = IO � (
L

2
+ x

L
); (2)

(IX1 � IX2) = IO � (
2x

L
): (3)

In addition, x, which is the displacement measured
from the center of the two parallel electrode plates
to the light incident position (in the direction of X1),
can be calculated using

x = (
IX1 � IX2

IX1 + IX2
) �

L

2
: (4)

Figure 3: (a) Topology of a Duolateral PSD, (b)
theory of operation.

One attractive feature of Eq. (4) is that the resulting
position information is independent of both the in-
tensity of the light spot and the quantum e�ciency
of the PSD. Stated another way, Eq. (4) is inde-
pendent of IO and depends only on the \centroid of
power density" of the light spot. This greatly sim-
pli�es the design of the optical system, which can
simply be treated (to �rst order) as a pin-hole cam-
era.

O�-the-shelf components were carefully selected
for the optical sensor system. For the LED, a high-
reliability, high-power infra-red emitter was used.
This LED, an OD-50J from Opto Diode Corp., has a
peak emission wavelength which matches the wave-
length where the PSD has its highest responsivity.
Another important requirement is a uniform light
intensity distribution over a wide solid angle. This
allows the light spot imaged onto the PSD to have a
uniform and constant light energy distribution, and
keeps IO in Eq. (1) relatively constant as the LED
moves across the optical sensor. This constancy
improves the precision and resolution of the spot's
position information. The lens used in the sensor
module is a symmetric convex, synthetic fused sil-
ica lens with a multi-layer anti-reection coating.
Synthetic fused silica has a thermal expansion coef-
�cient which is 15 times smaller than glass, higher
ir transmission, and increased hardness. The lens
coating minimizes \ghost images" which can appear
on the PSD surface from internal reections in the
sensor housing. Finally, the diameter of the lens is
relatively large to maximize the amount of collected
light.

Machined parts and circuit boards were designed
using CAD software. Two lens holder pieces were
made to hold and keep the lens aligned with the cen-
ter of the PSD. The top piece was made of DelrinTM

to provide some compliance in holding the fragile
lens. The bottom piece was made of aluminum, and
was black anodized to minimize spurious reections
in the sensor housing. Next to the lens holder is
the spacer piece which sets the distance between
the lens and the PSD. Thread-like cuts were made
on its inner surface and the spacer was black an-
odized. These black trenches trap and absorb light
which reaches its surface. The sensor housing itself
has three pieces: the main housing piece, the cover
piece, and the bottom piece. Finally, there are two



Figure 4: Transimpedance ampli�er with (a) +2.5V
(b) -2.5V for the reverse bias of the PSD.

circuit boards inside the housing, connected by �ve
wires. The large circuit board aligns the axes of
the PSD and transfers the output currents from the
PSD to the wires, and the small circuit board hosts
the external connector pins and redirects the PSD
output currents to the preampli�ers.

3 Electronic Design
It is important to note that the position infor-

mation from the optical sensor is calculated after a
chain of electronic circuits which process the sen-
sor signals. There are circuits to 1) amplify the
PSD currents and convert these currents to volt-
ages (preampli�ers), 2) perform signal conditioning,
3) do the analog di�erence and sum, and �nally 4)
to digitize the resulting signals. To maximize the
signal-to-noise ratio, the electronics were carefully
designed and built to be highly stable and accurate.

The preampli�er circuitry is located adjacent to
the optical sensor. Low o�set, low noise operational
ampli�ers were used. They are connected in the
transimpedance con�guration as shown in Fig. 4.
The �rst function of the circuit is to reverse-bias
the duolateral PSD, which reduces its junction ca-
pacitance, improving frequency response. The sec-
ond function of the circuit is to convert the low-level
output currents from the PSD to high-level voltages.
Very precise and stable resistors are required for this
task. Vishay S102C series 0.01% low noise resis-
tors were chosen. Finally, the small capacitor across
the feedback path of the transimpedance ampli�er is
used to prevent gain peaking due to the stray para-
sitic capacitance presented in the inverting input of
the operational ampli�ers.

Some interfering light (e.g., sunlight, ceiling 120
Hz uorescent tubes) inevitably gets past the opti-
cal �lter and is imaged onto di�erent locations on
the PSD. These spurious images fool the PSD into
giving false information about the true position of
the LED light spot. This is avoided by ac mod-
ulating the LED signals, so that erroneous signals
which are not modulated can be electronically elim-
inated. To accomplish this, the LED is switched
on and o� with equal durations at a selected fre-
quency (5 kHz was used in our system). The de-
modulation technique used to condition the output

signals from the preampli�ers is illustrated in the
Matlab Simulink model shown in Fig. 5. This de-
tection scheme provides both noise immunity and
speed. Basically, the input signal is multiplied by a
square wave with the same phase as the input sig-
nal and having a magnitude varying from -1 to 1 V.
The resulting signal is low-pass �ltered to obtain a
dc output which conveys the information from the
PSD. This demodulation scheme is good at �ltering
low-frequency signals such as uorescent and incan-
descent lamps, sunlight, dark current from the PSD,
and ripple on the bias voltage for the PSD. It is im-
portant to notice that the 8th-order low-pass �lter is
formed by cascading four 2nd-order Butterworth �l-
ters. This design was chosen for its \maximally at"
characteristic, and the cascade approach was chosen
over a single 8th-order Butterworth design for its
faster settling time. A simple zero-crossing detec-
tion scheme is used to recover the clock signal. This
is preceded by a high-pass �lter is to remove the dc
o�set and some slow-varying noise in its input. The
zero-crossing detection is done with a comparator.

The \balanced" demodulator is the crucial ele-
ment in the synchronous detection scheme. It must
be fast, and be able to provide a well-matched and
stable gain of �1. This was made possible by us-
ing the AD630BD from Analog Devices. The chip
has two front-end precision operational ampli�ers,
and a comparator which is responsible for selecting
the active ampli�er. Furthermore, it has internal
laser-trimmed thin �lm resistors which are very ac-
curate and temperature stable. For the low pass
responses in the demodulation scheme, a unity gain
Sallen-Key low-pass realization [6] was chosen for
simplicity, and the fact that its dc gain is always
equal to one, independent of variations in the values
of the passive components. This is important since
resistor and capacitor values vary with environmen-
tal conditions. If the dc �lter gain is sensitive to
the environment, the precision and stability of the
position information from the PSD would be lost.

Implementation of the clock recovering circuit is
shown in Fig. 6. The �rst part of the circuit is
an inverted summing ampli�er. The high pass �l-
ter is implemented with a simple capacitor and re-
sistor network connected to the comparator's high-
impedance inverting terminal. The output tran-
sistor of the comparator operates in the saturated
mode. Its emitter is connected to ground, and its
collector is pulled up to 5 V through a resistor, mak-
ing the output CMOS compatible. The comparator
is con�gured to have a zero threshold with a small
hysteresis.

In reality, the sensor output signals have �nite
asymmetric rise and fall times. These imperfec-
tions result in a regenerated clock signal which is
time delayed from the actual clock signal, and has



PSD voltage bias

PSD voltage bias

Y2 signal 
from pre−amp

 
switch with

threshold set
at mag = 0

switch with
threshold set

at 1.22 V

0

ground

Y1 signal
from pre−amp

56848921

s  +10663s+568489212

Inverting
Summing
Amplifier−2.5

−2.5

5000 Hz 
square wave
mag = {0,−8}

5000 Hz 
square wave
mag = {0,−1}

5

5 V

56848921

s  +10663s+568489212

2nd order Butterworth
Low Pass cornered at 1200 Hz

s

s+11310

1st order
High Pass cornered

at 1800 Hz

−1

−1 Gain

+1

+1 Gain
56848921

s  +10663s+568489212

 

56848921

s  +10663s+568489212

  

yout

Figure 5: Matlab Simulink block diagram of the synchronous detection scheme.

Figure 6: High pass �lter and voltage comparator.

an asymmetric duty cycle. The e�ect of the time
delay is cancelled out by the normalization step in
Eq. (4). On the other hand, the asymmetry in the
duty cycle of the regenerated clock is a problem since
a recovered clock signal with a perfect 50% duty cy-
cle is required for the signal conditioning scheme
to provide complete immunity to slowly varying in-
put noises. To correct this problem, a phase locked
loop (PLL) circuit is placed after the comparator.
The MM74HC4046N PLL from National Semicon-
ductor is used. It has a phase comparator which
uses only the positive rising edges of the input sig-
nal and is insensitive to the duty cycle of the input
signal. A detailed description of the PLL's operation
is shown in Fig. 7. The comparator has a tri-state
output which is fed to an external �lter network.
The output of the �lter is connected to the high-
impedance input of the voltage controlled oscillator
(VCO) input. Therefore, the �lter network simply
stores charge to hold voltage. When in lock, the ris-
ing edges of the VCO and the signal input have a
phase di�erence of zero. The VCO output signal,
which has a 50% duty cycle and the same frequency
and phase as the input signal, is then used to control
the demodulator circuit.

Another important part of the signal condi-
tioning circuit is the di�erencing operation re-
quired by Eq. (4). The PGA205BP precision pin-
programmable gain instrumentation ampli�er from
Burr Brown was used. It has tightly matched, sta-
ble, internal resistors to achieve a high common-

Figure 7: Phase detector II in HC4046

mode rejection ratio. The other advantage of this
device is its programmable gain, permitting selec-
tion of the desired resolution of the sensor by chang-
ing gains of 1, 2, 4, and 8 V/V.

There was a great deal of attention to detail in
the electronics construction to prevent noise from
coupling into the system. Noise reduction tech-
niques used included careful layout of the printed
circuit board, design of a stable and low-noise power
supply circuit, decoupling of IC ampli�ers, careful
selection of passive components, and shielding of the
cables and housing. These techniques can minimize
the noise sources, eliminate the noise coupling chan-
nels, and/or make the receivers less sensitive to noise
pick up [7].

4 Experimental Results
Many experiments were run to measure the per-

formance of the optical coordination sensor. The
sensor module and its preampli�er circuit board
were translated under a �xed LED by a two-axis
precision linear stage having a minimum step size
of 1 �m. The vertical distance between the LED
and the top of the sensor housing was held at 25
mm. Therefore, the magni�cation factor, or the ra-
tio between the object distance and the image dis-
tance, was about 2.5. An IP-16ADC analog to dig-
ital converter (A/D) from GreenSpring Computer
was used to read the sensor. The IP-16ADC has
an internal 16-bit A/D chip which calibrates itself
with a highly stable and precise voltage reference
during each power up cycle with a typical accuracy
of �1 Least Signi�cant Bit (LSB). Finally, there was
plenty of room light in the environment. A bright
uorescent lamp was less than two feet away, to test
the sensor's immunity to ambient lights.
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Figure 8: Time series and histogram plots for a 2
�m move (Gain of 8).

4.1 Resolution measurements

To test the resolution of the optical coordina-
tion sensor near the center region of the PSD, the
gain of the instrumentation ampli�ers was set to 8
and the stage was moved to a position where the
sensor read zero on both axes. The stage was then
commanded to move 2 �m in one of its axes, be-
tween sensor readings. The axis of the PSD and
the axis of the stage were well aligned. Figure 8
shows both the time series and histogram plots of
the sensor readings. The sensor position readings
were converted to the actual movement of the stage
in �m, and the standard deviations (1�) for both
data sets before and after the move were 0.15 �m.
With the magni�cation ratio of 2.5, the standard
deviation of the position measurement of the light
spot on the 10 mm � 10 mm PSD surface was 60
nm. This resolution can still be improved. For ex-
ample, if the averaging is done in software, the zero
mean Gaussian noise presented in the data can be
reduced (at the expense of bandwidth). Also, if the
intensity of the LED is increased, IO in Eq. (1) and
the resolution increases (at the expense of range).
The intensity of the LED, however, can only be in-
creased to a level that does not saturate the PSD.
This same experiment was repeated with the instru-
mentation ampli�er gain set at 2. In this case, the
standard deviation (1�) for the data was 0.35 �m.
It is important to note that the standard deviation
was only slightly higher than the 0.15 �m result ob-
tained with a gain of 8 in the di�erence ampli�er.
One reason is that noise which was less than 1 LSB
of the A/D at a gain of 2 became detectable when
the gain was increased to 8.

The follow-up experiment was to test the e�ect
of ambient light on the sensor system. Both the uo-
rescent desk lamp and the overhead room light were
turned on and o�. Sensor data were taken to record
the relative change in the position measurements.
Figure 9 shows histograms for the two data sets.
The standard deviation of both data remained at
0.15 �m. There were no changes due to the ambient
lighting condition, verifying the sensor's immunity
to ambient light.

In practice, there are non-ideal characteristics
in the system. These include things like the tilt-
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Figure 9: Histograms of signal (gain of 8) when the
ambient 120 Hz uorescent light was either o� (left)
or on (right).

ing of the PSD, tilting of the sensor housing, image
distortion caused by the lens, non-linearity of the
PSD, misalignment of the PSD axes with the stage's
axes, and gains introduced by the analog electronics.
These a�ect the precision in measuring the planar
position of the LED. The next set of experiments
was performed to test the linearity of the sensor
system. The sensor was moved in discrete steps of
equal distance, and the corresponding sensor out-
puts were recorded at each location after the stage
had settled. The left plot in Fig. 10 shows the sen-
sor position reading in both X and Y axes when the
instrumentation ampli�er gain was set at 2 and the
stage was moving in steps of 1000 �m. Each point
in the plot is an average of 1000 data points. The
maximum range has not been reached by the stage,
but as shown in the �gure, the sensor system had
a range of better than 21 mm � 21 mm. The right
plot shows the result of another experiment, with
identical settings, except that the instrumentation
ampli�er gain was set to 8 and the stage was pro-
grammed to move in incremental steps of 140 �m.
This plot is the \zoom in" version of the previous
plot, with the scale on both axes multiplied by a
factor of four.

Detailed bandwidth measurements on the sensor
system have not yet been performed, but appear to
be in the range of several hundred Hz, wide enough
to be viable in the minifactory application, and po-
tentially e�ective in many other areas.

4.2 Calibration

The sensor must be calibrated to measure the
planar position of a point in space to micron-level
accuracy due to inherent non-linearities. Part of
the data in the graph shown in the left plot of
Fig. 10 was used as the initial data for an interpo-
lation scheme. The rest of the data in the graph
served to test the scheme. The Matlab function
ZI=GRIDDATA(X,Y,Z,XI,YI,`cubic') was used to
perform 2D surface �tting of the form Z=F(X,Y)

to the data in the non-uniformly spaced vectors
(X,Y,Z). X and Y were the position readings of the
sensor for the initial data, and Z was the correspond-
ing motor's x axis (or y axis) location. GRIDDATA

then interpolated this surface at the points speci-
�ed by (XI,YI) to produce ZI. The term \cubic"
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Figure 10: Linearity plot for (left) gain of 2, (right)
gain of 8.

denotes a cubic interpolation based on Dalaunay
triangulation to the non-uniform input data set.
However, the algorithm to do the GRIDDATA routine
on-line requires a considerable amount of computa-
tional time. Therefore, the values of the surface, as
calculated by GRIDDATA, were stored in a look-up
table. Values in between the index points are eval-
uated using a bilinear interpolation scheme. The
two-dimensional input space was divided into a grid
of 100� 100 equally spaced points. The plot in the
left of Fig. 11 shows the data used for the testing
of the calibration scheme and the plot on the right
shows the error between the actual location of the
sensor and its location calculated on-line from the
look-up table. After calibration, the sensor is ac-
curate to the �m level in a range of about 20 mm
with the initial data points 1000 �m apart from each
other. Finally, we note that the interpolated surface
can also be scaled (and optionally o�set) to com-
pensate for an LED moving to a di�erent height.
The scaling factor required can be obtained from a
height measurement calibration of the sensor, and
heights can be measured accurately by the sensor
module (with the help from the courier robot) using
triangulation.

5 Conclusions
The design, building, and testing of a precision

optical coordination sensor system for our minifac-
tory is presented. Experimental results show that
the sensor has sub-micron resolution, and micron
level accuracy, while having a wide dynamic range
(tens of millimeters), high bandwidth (several hun-
dred Hz), and insusceptibility to ambient lights. We
are continuing work to more accurately characterize
the sensor's bandwidth.

Applications of the sensor in the minifactory en-
vironment includes kinematic identi�cation and cal-
ibration of the overhead manipulator, requiring co-
operation between the manipulator and the courier.
The derived kinematic information is important in
order to realize the inherent precision of the pair of
2-DOF robots in doing cooperative assembly tasks.
In dozens of experiments, a minifactory courier
and manipulator have successfully performed vision-
guided cooperative assembly of small medical de-
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Figure 11: (Left) data set used for testing, (right)
error between the actual movement of the courier
robot and the interpolated movement for the testing
set.

vices, after automatic factory calibration using this
coordination sensor [8]. Typical calibrations are in
the sub-micron range. We are working to further
characterize system-level performance.

Additionally, we have built in provisions for over-
laying data modulation on the 5000 Hz LED carrier
frequency, allowing courier robots to \read" iden-
ti�cation serial numbers of manipulators and other
types of minifactory manufacturing equipment.
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