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Low-Cost IR Reflective Sensors for Submicrolevel
Position Measurement and Control

Yingfeng Shan, John E. Speich, and Kam K. Leang, Member, IEEE

Abstract This paper investigates the feasibility of using com-
mercially available, low-cost IR re ective sensors for micro- to sub-
microscale position measurement and control. These sensors are
typically used as optical switches; however, their application for de-
tecting ne motion, such as the movement of a piezoactuator, has
not been investigated. Five IR sensors were evaluated to determine
their range, resolution, linear distortion, noise characteristics, and
bandwidth. Experimental results show that the performance of the
IR sensors compares well with a commercial inductive sensor that
costs signi  cantly more. For example, the measured resolution was
within several hundred nanometers over a —200 m range and
the linear distortion was signi cantly lower than the inductive sen-
sor. A selected IR sensor was used in the design of a state-feedback
control system to compensate for hysteresis and creep in an ex-
perimental piezopositioner. Compared to the open-loop system, by
using the IR sensor in feedback, the output hysteresis was reduced
by over 95%. These results show the potential of such sensors in the
design of low-cost microprecision mechatronic positioning systems.

Index Terms Feedback control, micropositioning, piezoactua-
tor, proximity sensing.

. INTRODUCTION

HE MEASUREMENT and control of mechatronic sys-

tems, especially those involving active material-based
actuators, such as piezoelectric actuators (piezoactuators or
piezopositioners), over small displacements are extremely im-
portant in emerging micro/nanotechnology [1]. Piezoactuators
displace over the micro- and nanolength scales with extremely
high resolution [2], and their ability for fine movements has
been exploited in scanning probe microscopy (SPM)-based sys-
tems, such as the atomic force microscope, to position a sample
relative to a probe tip for imaging [3] and in fabricating mi-
cro/nanosized objects and features [4]. Precision positioning is
achieved by measuring the displacement of the piezoactuator
and applying control algorithms [1]. Therefore, the ability to
measure the fine motion of these actuators is extremely impor-
tant for ensuring high-performance operation of SPMs, as well
as other piezo-based positioning systems. With the continued
growth of emerging micro/nanotechnology, low-cost methods
to sense the movement of these actuators are important from
an economic and commercial standpoint. The contribution of
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Fig. 1. IR reflective sensors. (a) Nonfocused. (b) Focused. (c) Configured to
detect target distance, i.e., gap distance d. (d) A custom-made calibration rig
using a stepper motor and micrometer. Sensor drawing (a) and (b) from OPTEK
Technology.

this paper is a simple method to measure displacements down
to the submicro level using readily available and inexpensive
(<10 USD) IR reflective sensors (see Fig. 1). These sensors are
not specifically designed for this purpose, but rather they are
commonly used as optical switches in printers and encoders [5].
Their use as submicrolevel proximity sensors for detecting the
motion of piezopositioners or other fine-positioning actuators
has not been explored. By carefully calibrating and quantifying
their performance, it is shown that the sensors can be used to
measure and control the displacement of a piezopositioner.
One unique advantage of the subject sensors is that they are
less expensive compared to commercially available inductive
and capacitive sensors as well as interferometers. The latter class
of sensors is typically priced over hundreds of dollars compared
to the proposed low-cost alternative at less than 10 USD. The fol-
lowing study quantifies the sensors’ operating range, resolution,
linear distortion, noise characteristics, and bandwidth. Then per-
formance is compared with a commercially available inductive
sensor, and the results show comparable performance over the
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same operating conditions. To illustrate their application, an ex-
ample sensor is used in the design of a state-feedback controller
to control the movement of an experimental piezopositioner.
Such sensors are also attractive for educational experiments in
mechatronics and controls courses [6].

The micro/nanoscale movements of a piezopositioner or
other fine-positioning devices can be measured using a wide
variety of sensors, including contacting and noncontact types.
For instance, contact-type sensors include (inductive) linear
variable differential transducers (LVDTSs) [7] and (resistive)
strain gauges [8], [9]. To sense displacement, these sensors
either make physical contact with or are attached to the object
of interest. In some cases, however, physical contact may not
be practical, for example, in hard-to-reach places or when the
object is fragile and prone to damage through physical contact.
Likewise, physical contact may impede—or alter—the natural
behavior of the device.

Noncontact sensors are useful in situations where physi-
cal contact between the sensor and the device is not possible
and/or beneficial. These sensors work on capacitive [10], induc-
tive [11], magnetic [12], or optical principles [13]. For exam-
ple, capacitive sensors have been used in SPMs [14], [15] and
with microactuators [16] to detect translational and rotational
motion. In principle, capacitive sensors have very high resolu-
tion (<0.01 nm); however, they tend to be sensitive to surface
irregularities, changes in temperature, and humidity [10]. For
the highest resolution, capacitive sensors require the target’s
surface to be smooth and ultraflat. Furthermore, the range of
detectable motion of capacitive sensors is relatively short. The
inductive sensor is frequently used to measure displacements of
piezopositioners [17] as well as other actuators, such as stepper
motors [18]. These sensors work under the electrical principle
of inductance, i.e., when a ferrous or nonferrous metallic ob-
ject passes through the electromagnetic field of a coil wound
around a ferrous material, the displacement induces current
which is related to the relative position between the object and
the coil [11], [19]. These sensors have relatively high-resolution
(nanometer) and good bandwidth (tens of kilohertz), with the
added advantage of being immune to dirt, water, and lubricating
oil. A laser interferometer is another commonly used displace-
ment sensor for nanoscale applications [13]. This type of sensor
provides high-resolution measurement over large range, but like
capacitive and inductive sensors, they are generally expensive
(over hundreds of dollars) and require special signal-processing
circuitry for operation.

Reflective optical proximity sensors offer comparable perfor-
mance to inductive and capacitive sensors in terms of resolution
and bandwidth. In an optical sensor, a source emits light that
subsequently reflects off a target’s surface and the reflected
light is sensed by a detector. The intensity of the reflection is
related to an object’s distance from the detector [20]. Optical
sensors can be relatively inexpensive (tens of dollars) compared
to their capacitive and inductive counterparts (over hundreds of
dollars). Additionally, these sensors can be used for other appli-
cations, such as to detect the blood temperature during coronary
bypass implantation [21], as well as for transmitting/receiving
data [22].

The remainder of this paper is organized as follows. Section 11
describes the principle of operation for the reflective optosensor,
and Section 11 presents the experimental results that highlight
the performance of several sensors. Then, Section IV describes
the application of an example sensor in the design of a feedback
control system for a bimorph piezoelectric actuator. Finally,
concluding remarks follow in Section V.

Il. IR REFLECTIVE SENSORS

The IR reflective sensors considered in this paper consist of a
coupled IR optical pair—transmitter or emitter (e.g., IRLED)
and detector (e.g., phototransistor)—mounted in a reflective
configuration. The transmitter and detector are designed to rec-
ognize the presence or absence of an IR reflective surface, as
shown in Fig. 1(c).

To sense proximity, the emitting/detecting plane of the IR sen-
sor is oriented (usually parallel) to a target’s surface, as depicted
in Fig. 1(c). The emitter radiates IR light that subsequently re-
flects off a target’s surface and the reflected light falls on the
nearby detector. When the gap (distance between the front of
the sensor and target’s surface, known as target distance and de-
noted by d) is zero, no light can escape from the emitter, thus the
detector senses no light. As the gap increases, the surface of the
target is illuminated and the reflected light strikes the detector.
The detector output is related (nonlinearly) to the gap distance
d. The range of detectable motion for these types of sensors can
be over 20 cm [23]. However, this investigation focuses on us-
ing sensors that operate within 2.0 cm range. The smaller-range
sensors are preferred because they are more sensitive to motion
in the preferred range of operation for piezoactuators.

The IR sensors are conveniently packaged in a plastic housing
and readily available in two types as shown in Fig. 1: (a) non-
focused and (b) focused. The nonfocused package is configured
such that the optical transmitter radiates in a pattern parallel to
the optical detector. This type of sensor can recognize objects in
a wider variety of distances. In contrast, the focused package is
designed with convex lenses, with the transmitter and detector
pointing at the same point at a specified distance in front of the
device package. This design enhances the ability of an IR surface
at or about the specified distance to reflect a sufficient signal [5].

The optical emitter can be an IRLED or a vertical-cavity
surface-emitting laser (VCSEL). A VCSEL has a tight area of
light emission thus making the focused distance more critical
than with an LED. The VCSEL also has a higher light inten-
sity that makes it easier for the optical detector to recognize the
presence of a reflecting surface. Additionally, VCSELSs gener-
ate more optical light than the LED, requiring a much lower
drive current. The optical detector can either be a photodiode, a
phototransistor, a photodarlington, or a photologic device. The
rise times of the detectors are ordered as follows: photodiode <
photodarlington < phototransistor. Although photodiodes offer
very fast rise time (as fast as 10 ps), they require more circuitry
for operation.

I1l. IR SENSOR PERFORMANCE

Five commercially available sensors as single-unit purchases
were examined and listed in Table I. There are essentially two
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TABLE |
Low-CoST OPTOELECTRONIC SENSORS CONSIDERED IN THIS STUDY
Sensor Part No. ” Type Detector I I} I max{t,,t}} | RS ‘
1. Optek OPB703 Focused Phototransistor; 18 mA | 200 us (R. =15kQ) | 15 kQ
no lens
2. Optek OPB704 Focused Phototransistor; 18 mA | 200 us (R. =15kQ) | 15 kQ
blue polysulfone lens
(dust protection)
3. Optek OPB706 Non-focused Phototransistor 18 mA | 30 ps (R, =1.2kQ) | 1.2 kQ
4. Fairchild QRB1113 Focused Phototransistor 18 mA | 8 us (R, =100Q) | 4.7kQ
5. Fairchild QRB1134 Focused Phototransistor 18mA | 8 us (R, =1009Q) | 3.9kQ

fEmitter forward dc current.

it, and t; denote rise and fall time, respectively, provided by manufacturer.
8Detector load resistance value used in circuit diagram shown in Fig. 2(a).

methods to estimate the distance of an object in front of a sen-
sor: model-based approach or calibration curve. The former
approach involves modeling the sensor’s behavior, for exam-
ple, the inverse square law [20] or the Phong model [24]. The
model-based approach requires the identification of parameters,
and uncertainty in any of the values will result in uncertainty in
the estimated distance. The second option is to obtain and use
a calibration curve—this is the method used in this investiga-
tion. This method determines an empirical relationship between
the gap distance d and the detector output voltage to estimate
proximity. A commercially available inductive sensor (Kaman
SMUO0-9000-15N001) was used for comparison. According to
the manufacturer’s specifications, the inductive sensor has a
range of 500 m with a resolution of 5nm at 100Hz and a
bandwidth of approximately 10 kHz.

A. Sensor Calibration, Operating Range, and Sensitivity

Each IR sensor listed in Table | was first calibrated to de-
termine its behavior (output voltage, V) as a function of target
distance d. Of the sensors listed in Table I, one was a nonfocused
type and four were the focused type (see Fig. 1). These sensors
cost less than 10 USD each, and they require basic circuitry for
operation.

A test system was constructed to calibrate each IR sensor,
as well as the reference inductive sensor. A photograph of the
experimental calibration system is shown in Fig. 1(d), where
the inset photograph shows additional details of the target car-
riage assembly. The setup consists of a veneer-scale micrometer
[25.4 mm (1 in) range] for positioning a target in front of a
subject sensor fixed at location P. The target was a thin and
rigid rectangular plate covered with white 90% reflective paper
(Kodak paper #K0D1527795). The target was also attached to
a carriage that travelled on a linear bearing; the carriage made
contact with the micrometer shaft via magnetic contact. The
magnetic contact enabled the micrometer shaft to rotate rela-
tive to the carriage. It is noted that when the target rotated as
it translated toward/away from the sensor, the slightest wobble
in the target was detected by the sensor as a change in distance
d, which appeared as oscillations in the sensor’s output sig-
nal. By using the magnetic contact with the carriage assembly
that travelled on the linear guide, the target translated without
rotating relative to the front of the sensor—clockwise and coun-
terclockwise rotation decreased and increased, respectively, the

gap distance d. One full revolution of the micrometer translated
the target 625 m (0.025 in) relative to the sensor. The transla-
tional resolution was determined by a stepper motor attached to
the micrometer shaft via a flexible coupler. Using a 400 steps
per revolution (0.9 per step) stepper motor, with each step the
target translated 1.56 m relative to the sensor.

In the circuit diagram shown in Fig. 2(a), the current supplied
to the IRLED emitter is limited by resistor Re. The detector is
configured as a voltage divider, and without light the output of
the detector Vs is approximately the supply voltage (+5 V dc).
When light is detected, the sensor’s output Vg varies between the
supply voltage and ground. When mentioned, the sensor output
Vs was low-pass filtered through Gg (s)

Vs(s) _ a |
Vs(s)  s+b’

wherea = R2/(R1R3C),b = 1/(CR4), and “s” is the Laplace
variable. The filter reduced the effects of high-frequency noise
and it produced the filtered signal Vs (in volts).

Each sensor was calibrated ten times over a range of
12,000 m (0.5 in) in increments of 1.58 m. The average re-
sults are reported, where the maximum standard deviation for
the output signals of the nonfocused and focused sensors were
8.1 mV and 64.0 mV, respectively (noise floor of the electric
signal was 10 mV). The output voltage Vs versus the target
distance d for each IR sensor is shown in Fig. 2, where plots
(b) and (c) show the normalized sensitivity (derivative of Vg
with respect to d) versus target distance d. The normalized scale
in plot (b) only identifies the useable range of the sensor, and
is not to compare sensitivity magnitudes between sensors. The
sensitivity plot (c) shows the range in which the sensor’s out-
put is most responsive to changes in the gap separation d. Also,
this information can be used to determine the optimum operating
range, for example, in terms of sensitivity, sensor No. 4 (Table I)
is most effective in the neighborhood of d = 1.5 mm. It is noted
that each sensor has a point of maximum output response, for
example, for sensor No. 4 the distance is d = 3.81 mm. It is not
advisable to use the sensor in this region because the phase of
the output signal may change sign beyond this point. The results
also indicate that the nonfocused package (No. 3, OPB706) at
the point of maximum sensitivity is approximately six times
more sensitive than the focused version (e.g., 9.9 mV/ m for
nonfocused compared to 1.6 mV/ m for the focused version).

volts

units ——
volts

Gr(s) = @
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Fig. 2.
of Vs with respect to d) versus target distance d.

Additionally, the effective sensing range of the nonfocused ver-
sion was approximately five times less compared to the focused
package [cf. results in Figs. 2(b) and (c)]. Furthermore, as shown
in Fig. 2(b), as the gap distance increases beyond the point where
the minimum value of the detector output occurs, the detector
output exhibits the typical 1/d behavior.

It is noted that the phototransistor detectors exhibit a broad
spectral response, with a peak in the IR range (900-1000 nm).
The IRLED’s peak emission occurs in a narrow band of the
IR range to complement the phototransistor’s peak response
to minimize the effect of ambient light. However, the effects
of ambient light should be carefully considered for a given
application.

B. Linear Distortion

The linear distortion (quantified as a percentage, where the
smaller the value the more linear the response) was calcu-
lated over a range centered about the maximum sensitivity
of each sensor (see Fig. 2, plot (c) that shows the value of
d where the maximum occurs). The range of interest rel-
ative to the point of maximum, denoted by do, was do —
200 m. This range is of interest because piezoelectric actu-
ators are typically operated over this range; therefore, studying
the behavior of each sensor over this range gives valuable infor-
mation. Each sensor’s output voltage Vg versus target distance
relative to do was fit to a linear equation of the form

Vs(d) = md +b @)

where m and b are constants. The constants m and b were
determined by least-squares fit for each IR sensor. Afterward,
the percent of linear distortion was determined by comparing
the measured sensor output Vs with its linear fit (2), i.e.,

max |Vs(d)
| max(Vs)

(md + b)|

% linearity = -
o linearity min(vo)|

100.  (3)

Displacement d (mm)

(a) Reflective displacement sensor circuit; sensor calibration. (b) Sensor output voltage Vs versus target distance d. (c) Normalized sensitivity (derivative

The results are summarized as follows: 1. OPB703, 0.35%;
2. OPB704, 0.73%; 3. OPB706, 1.64% ; 4. QRB1113, 0.44%j;
5. QRB1134, 0.18%; Inductive sensor, 4.51% (2.35%) . It is
noted that for sensor No. 3 and the inductive sensor, the “*” de-
notes that the percentage was calculated over dy + [0,100] m
range.

The percent of linear distortion is less than 1% of full scale
(—200 m), with the exception of sensor No. 3 (nonfocused
package). The results show that the IR sensor has lower linear
distortion than the inductive sensor. For improved measurement
precision, calibration can be done by curve fitting the sensor’s
output response using high-order polynomials and creating a
look-up table to relate the output voltage with the distance d.
Also, the linear distortion can be reduced by modifying the
sensor’s output using nonlinear amplifiers, for example, as de-
scribed in [25].

C. Effect of Target Size

The sensors’ responses to different target sizes were com-
pared to the responses from a sufficiently-large reference target.
The nonfocused sensor has a lens area 6 mm 4.3 mm and the
focused sensor has an area 9.5 mm 5.3 mm. The reference
size is referred to as the nominal target size with dimensions
of 25.4  25.4 mm? (645.2 mm?). Furthermore, the sensor was
centered relative to the target for all experiments. The results
are shown in Fig. 3, where plots (al) and (a2) show the response
of the nonfocused IR sensor (No. 3) for different target surface
areas; likewise, plots (b1) and (b2) are for the focused IR sensor
(No. 4) under similar conditions. Plot (c) compares the maxi-
mum difference in the sensor output from one size to the next
and it is reported as the percent of the total range. The nonfo-
cused sensor requires the target to be relatively large compared
to the sensor’s area, over six times larger. On the other hand, the
focused sensor can be used with a smaller target surface area,
and the target’s surface area should be at least double the lens
surface area of the focused sensor.
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Fig. 3. Effect of target area on the IR sensor’s output. (al) With inset. (nonfo-
cused sensor). (a2) Shows the response of the nonfocused IR sensor for different
target surface areas; likewise. (b1) With inset (focused sensor). (b2) Shows the
response of the focused IR sensors under similar conditions. (c) Shows the
maximum variation in the output response of the nonfocused and focused IR
sensors relative to the response for the nominal-sized target.

D. Sensor Resolution

The resolution was investigated for one IR sensor, No. 4
(Table 1), as an illustrative example. The approximate resolution
was determined by exploiting the nanoresolution positioning
capabilities of a bimorph piezoactuator. Piezoelectric actuators
can displace with subnanometer resolution, and by measuring
the fine displacements of the actuator using the inductive sensor,
while simultaneously measuring the same displacement using
the low-cost IR sensor, a comparison can be made to infer the
approximate IR sensor’s resolution. The experimental setup is
shown in Fig. 4(a), where a bimorph piezoactuator is mounted in
arigid fixture. An input voltage u from a desktop computer was
applied to a high-voltage amplifier (Trek, model PZD700) and
the output of the amplifier was used to drive the piezoactuator.
As a result, the piezoactuator displaced along the x-direction,
where the displacement was measured with the inductive sensor

(b1) Inductive Sensor (c1) Low-Cost IR Sensor
g & 736 nm—} g} 4
a2 42
R @8
oo oo
0 10 ) 20 30 0 10 . 20 30
(b2) Time (s) ) Time (s)
.3 .3
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a2 v a?
a1 o 1
k] 0
0o [SN0]
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b3) Time (s) (©3) Time (s)
€ 06f 105 nm € 06
3 04 3 04
a 0.2 a 0.2
g o 1 g 0
-0.2 -0.2
0 10 20 30 0 10 20 30
Time (s) Time (s)

Fig.4. (a) Experimental bimorph piezoactuator, where an input voltage causes
the actuator to bend along the x-axis. On one side of the actuator is an inductive
sensor to measure the displacement. On the opposite side is a low-cost IR
optoelectronic sensor (e.g., No. 4, QRB1113) that faces a white target (Kodak
paper #KOD1527795) attached to the piezoactuator. The measured output versus
time: (b1)—(b3) unfiltered inductive sensor and (c1)—(c3) unfiltered IR sensor.

and IR sensor (No. 4). On the side with the IR sensor, white
90% reflective paper with area 9.5 mm  5.56 mm was secured
to the piezoactuator, as shown in Fig. 4(a). The calibration curve
in Fig. 2(b) was used to determine the displacement of the
positioner along the x-axis.

The resolution of the IR sensor was determined by applying a
series of staircase inputs to actuate the piezo bimorph, and with
each run, the step size was decreased until the IR sensor was
unable to detect the piezopositioner’s movement. The output of
the IR sensor, Vs, was amplified to maximize the data acquisi-
tion’s resolution. The responses of the inductive and IR sensor
are shown in Fig. 4; the plots (b1)—(b3) on the left column show
the response measured by the inductive sensor (resolution 5 nm)
and the plots (c1)—(c3) on the right column show the same re-
sponse measured by the IR sensor. Comparing plots (b3) and
(c3), a discernible change in response can be observed, which
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Fig. 5. (a) and (b) Measured frequency response (magnitude and phase ver-
sus frequency) of the experimental piezopositioner. Solid line is the response
measured by the IR sensor; dashed line denotes the response measured by the
inductive sensor. (c) Power spectral densities of the output signals for the IR
sensor (solid line) and the commercial inductive sensor (dash line).

suggests that the resolution of the IR sensor (No. 4) falls within
the submicrolevel range. With filtering, the resolution can be
further improved.

E. Dynamic Response

The dynamic response of the IR sensor was examined indi-
rectly to assess its ability to measure the frequency response of
the piezoactuator. To do this, a dynamic signal analyzer (DSA,
Hewlett Packard model 35670A) applied a sinusoidal input volt-
age denoted by u (fixed amplitude, but varying frequency) to
drive the piezoactuator. The magnitude of the input was kept
small [ 100 mV, (i.e., <10% of the maximum displacement
range)] to minimize hysteresis. The piezoactuator’s movement
was measured by the IR and inductive sensor. Each output was
then fed back to the DSA to compute the frequency response
(magnitude and phase versus frequency). The results of the tests
are shown in Fig. 5(a) and (b) for both the IR and inductive
sensor. It is noted that the inductive sensor has a bandwidth of
10 kHz. The bandwidth of the IR sensors is limited by the
rise time of the phototransistors, which can be as low as a
few microseconds. Therefore, the bandwidth of the IR sensors
compares well with the bandwidth of the inductive sensor. In
Fig. 5(a) and (b), the frequency response of the piezoactuator
at low frequency is identical as measured by both the sensors.
However, at higher frequency, there is a slight discrepancy.

Fig.6. Controller block diagrams. (a) Observer-based full-state feedback con-
troller. (b) State-feedback inner loop with integral output controller (outer loop)
and feedforward input. Open-loop responses. (c) Transient response and creep
behavior. The settling time is approximately 200 ms. (d) Hysteresis behavior.

To further evaluate and compare the sensors, the power spec-
tral densities (PSD) of their output signals were measured and
they are shown in Fig. 5(c). For the IR sensor, the measurement
was taken at the point labelled Vg, as shown in the diagram
depicted in Fig. 2(a). To minimize the effects of interference
caused by the main-line power supply, dry-cell batteries were
used to power the sensors [26]. Additionally, the PSD curves
shown in Fig. 5(c) were averaged 100 times. The overall results
indicate that the inductive sensor has lower frequency content.
In particular, below 1 kHz, the IR sensor has at least 14 dB more
noise compared to the inductive sensor per Hz. Depending upon
the application, filters may be required to reduce the effects of
the noise.

IV. EXAMPLE APPLICATION: OBSERVER-BASED FEEDBACK
CONTROL OF PIEZOPOSITIONER

The objective is to demonstrate the application of the IR sen-
sor to control the movement of the example bimorph piezopo-
sitioner, as shown in Fig. 4(a). In particular, the two controllers
shown in Fig. 6(a) and (b) were studied. It is noted that the
controller designs were not optimized for best performance,
but focused on demonstrating the application of the IR sensor.
First, an observer was designed that used the IR sensor’s out-
put to estimate the states of the system. The observer’s output
allows assessment of the quality of the IR sensor measurement.
Then, the estimated states were used in a state-feedback con-
troller [Fig. 6(a)] to improve the transient performance, such
as percent overshoot and settling time. Next, the state-feedback
controller was integrated with an integral controller to reduce
the steady-state error in the presence of creep and hysteresis
effect inherent in piezoactuators [27].

A. Open-Loop Response of Piezopositioner

Piezoactuators exhibit creep and hysteresis behaviors that
make precise control of piezo-based systems a challenge [27].
For example, when a constant input is applied to a piezoactu-
ator, its displacement (output) consists of high-frequency dy-
namics and creep. Fig. 6(c) shows a measured open-loop step
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