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Abstract

A simple fiber-optic reflection displacement micrometer with a sensitivity of 200 mV xm ™" and a resolution as low as 0.01 wm is reported
with a theoretical explanation of the experimental results. The sensor consists of a pulsed LED light source and a pair (A and B) of identical
receiving fibers and photodetectors that detects the light reflected from the surface being measured. The differential signal (A—B) of the
detectors is proportional to the displacement of the surface relative to a null position. The light intensity variation of the source and the
reflectance change of the surface are compensated when the (A —B) signal is divided by the sum (A +B). The resolution is limited by noise
and interference (vibration of the base). A resolution of 0.01 um can be achieved at narrow signal bands (d.c. to 3 Hz) excluding the low-
frequency noise and vibration. The range, sensitivity and non-linearity can be adjusted according to the theory. The micrometer offers the
advantages of non-contact, no electrical interference, simplicity, low cost and portability. It can be used in medical experiments and laboratory

instruments.
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1. Introduction

Reflective fiber-optic sensors for displacement and pres-
sure measurements exist in the literature for millimeter ranges
[1-3]. Compensation methods using the ratio of the light in
two fibers to reduce the effects of light-intensity variation
have also been reported [4-7], where the fibers are arranged
in a special pattern and are perpendicular to the reflecting
surface. This article reports a simple arrangement of the fibers
to achieve sub-micrometer resolution and different compen-
sation methods. Low-cost fibers and optical components are
used with common electronic circuits. A pulsed LED is used
as the light source to reduce the power requirement and heat
dissipation for portable applications.

This micrometer design offers the advantages of being non-
contact, electrically safe, and immune from electromagnetic
interferences, as well as having simplicity, low cost and port-
ability with battery power. It can be used in medical experi-
ments where electrical safety and portability are important,
and in laboratory instruments to measure displacements and
vibrations such as a step profile, deformation of a diaphragm
or minute vibrations. It can also be used in industrial auto-
mation to measure displacement or vibration with aresolution
down to 0.01 um when the mounting of the sensor and the
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measured surface are rigidly connected to be free from rela-
tive motion interferences and the signal is either in a narrow
band or outside the 1/fnoise and vibration interference region
[8,9].

2. Theory

Fig. 1 shows the fiber arrangement. Both receiving fibers
are flat and perpendicular to the light path without recess
from the shield. If the reflecting surface is a perfect mirror,
the reflected light is equivalent to the transmitted light with
the source, L, at the mirrored position L' a distance z away.
According to Yuan et al. [7], the intensity distribution func-
tion of the source at a position Q(r, z) on a plane z away
from the source and r away from the center of the light beam
is
I(r, 2) =L{ Ko/ R*(2) } exp[ —*/R*(2) ] (1)

where I, is the intensity of the light source, K, the loss in the
input fiber, and R(z) the effective radius of the output optical
field. R(z) is defined as

R(z) = [ag+ k2 *tgh.] (2)

where aq is the radius of the fiber core, 6, the maximum
incident angle for the fiber. and k a constant of the light
source. The value of k was found experimentally to be 0.204
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Fig. 1. (a) Arrangement of fibers of the micrometer. (b) Detailed positions
of fibers and reflective surface.

for white light and 0.159 for He-Ne laser light [7]. If the
reflecting surface is not perfect but with a reflection coeffi-
cient K, then the reflected light will be reduced by the factor
K.

The transmitted light intensity at the end of the receiving
fiber is [7]

I(r,z) = ff{ [KoKIy exp(- Zniri)
§

Xexp(—r*/R(z2)?]/(mR(z)?) dS (3)

where K is the loss in the receiving fiber, exp( ~Snr,) the
loss in the medium [5,6], and S the receiving fiber core area.
If the intensity at the receiving fiber center is used to represent
the average intensity received and the reflectance coefficient
is included, then the intensity received by the A and B fibers
can be simplified to be [5,7]

A=I=8 KKKl exp, (nr;)
Xexp[ — (x+a)2/R*(2) 1/R*(2) (4a)

B =1L =S8,KK.K,I, exp,( —n;r;)
Xexpl — (x—a)?/R*(2)1/R*(z) (4b)

If the two receiving fibers are identical, then K =K,, §;=38,,
and exp;(—nr;) =exp,(—nr;). The output V=C(z)-
(A—B)/(A+B) is reduced to

V=C(2){exp[ — (x+a)*/R*] —exp[ ~ (x—a)?/R*]}/
{exp[ — (x+a)*/R*] +exp[ — (x—a)2/R?]) (5)

where C(z) is a constant and a function of z and R.
Referring to Fig. 1(b) the displacement of the reflecting
surface y is related to x and z by

x=2ysin § and z=z,+2y/cos (6)

where z, is the initial reference value of z or the z value that
gives equal I; and I,. zo="5/sin 6, and it is determined by the
spacing of the transmitting and receiving fibers, &, and the
angle, 26, between them.

For very small y/z, a/z, and 6 less than 45°, (x+a) <R
and the exponential function can be approximated by the first
term in the series expression. Then

V=C(2) [2ax/R*]/[1+ (x/R)*+ (a/R)?]
=C(z)[2ay tan 6/R*]/[1+ (2y tan 8/R)*+ (a/R)?]

=[C(z)2a tan 6/ (ay+tg 6.23%)%]y (7)

Therefore, the output V'is proportional to the displacement y.
Furthermore, the output V is not a function of I, K, Ky, X;,
K and S. This means that the effects of variations in light-
source intensity and reflectivity are compensated. However,
as y changes, not only the light received by the detector
changes due to changes of x, but because the distance z also
changes, which changes R(z) according to Eq. (2). As z
increases (even y/z<<R), the scattering in the air path
increases. Because R also increases with z*'2, the light field
of the LED fiber will spread over a wider area, thus the
intensity is reduced. Therefore, dV/dy would decrease as y
increases. This predicts that the output V varies nearly linearly
with displacement y, but when the surface is moved toward
the light source, the sensitivity (dV/dy) is larger, and when
the surface is moved away from the source the sensitivity is
smaller. This z-effect introduces non-linearity in the Vy char-
acteristics of the device, if the range of y is large and both
positive and negative displacements are to be measured. The
non-linearity, defined as the maximum deviation from the
linear line of V divided by the range of V, is larger for larger
y-displacement and can be estimated from Egs. (6) and (7).

3. Experimental setup

The experimental setup is shown schematically in Fig. 2.
The LED is pulsed-on for 10-20 us every millisecond to
conserve power and reduce heat dissipation. the light is cou-
pled to a fiber directed toward the reflecting surface. The
reflected light is received by two identical fibers and photo-
detectors (A and B). The photocurrent is amplified and con-
verted into a voltage, then it is fed to a sample-and-hold circuit

pulsed LED _\

A-B
AtB

Fig. 2. Block diagram of the experimental setup.
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in synchronation with the LED pulses. The signals A and B
are processed to be (A—B) and (A+B); they are then fed
to a divider circuit to give a V output proportional to the y
displacement.

The probe of the micrometer contains all three fibers
threaded through metal capillary tubes bent to the desired
angle 6. 0 values from 20 to 45° were tested with different
separation b between the LED fibers and the receiving fibers
as shown in Fig. 1. Results are similar except that the sensi-
tivity changes. The fibers used are 0.5 mm and 1 mm plastic
multimode fibers with a light shield but no special cladding.
Their position relationship is fixed by molding compounds
to determine a, b, and z,. The surfaces of the fibers are flat to
the surfaces of the metal tubes and are polished with fine
emery papers. In the experiments, TEYT5500 phototransis-
tors and Motorola MRD500 photodiodes were tested.

The position and the relative angle of the reflecting mirror
are adjusted to give the desired z, and sensitivity. The probe
and the reflecting mirror are mounted on a heavy substrate
placed on a base, with a layer of foam rubber between the
base and the laboratory table. A mechanical micrometer is
used to control the displacement y.

4. Experimental results
4.1. Light-field distributions

Using the experimental setup as shown in Fig. 1, the values
of a, b, zo, and f are 0.5, 4, 8 mm, and 20° respectively. Fig.
3(a) shows the LED light-intensity distribution (/, versus x)
seen by a receiving fiber at z=8 mm. There is no change in
z and the curve is symmetric on both sides of the reference
position x,. This curve has the shape of Eq. (4). The intensity
of reflected light picked up by fibers A and B when y is
changed is shown in Fig. 3(b); the intensity is normalized to
the maximum value. Because z changes with y, the curve is
not symmetrical with respect to the xo (y = 0) point anymore.
On the side where z is smaller than z, the curve is steeper
(dI/dy larger), while on the other side where z is larger the
curve is broader. This is the effect of z and R described in
Section 2 and Eq. (7). Both Fig. 3(a) and (b) were recorded
with 1 mm fibers. The relative shape would be the same for
0.5 mm fibers.

4.2. Linearity and sensitivity

In Fig. 3(b), the light intensity versus y curve of fiber B is
also shown. Fiber B is displaced a distance 2a from the posi-
tion of fiber A along the x direction. The crossover point, P,
of the A and B curves corresponds to the reference pointy =0
(x=x, and z=z), and the (A — B) output is represented by
the vertical lines at each y position. It is seen that because of
the non-symmetric shape of curves A and B, the lengths of
these lines are not exactly proportional to the y value. This is
the cause of the non-linearity in the V—y characteristics shown
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Fig. 3. (a) LED light intensity distribution curves. (b) Receiving fibers’
intensity distribution curves.

in Fig. 4. Two typical V versus y characteristics are shown.
These curves are obtained with different zo, 6, and fiber diam-
eters. Curve I is for 0.5 mm fibers with zo=4 mm, 6=15°
and MR-500 photodiodes. Curve II is for 1 mm fibers with
7o=8 mm, 6=25°, and TEYT-5500 phototransistors. It is
seen that the non-linearity, defined in Section 2, is less than
1% for Yo =40 wm with a sensitivity of 192 mV um™",
The non-linearity becomes 5% as Y reaches 170 pm at a
sensitivity of 53 mV um~'. Furthermore, most of the non-
linearity occurs when ( —y) is greater than 100 um.
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Fig. 4. Sensitivity and linearity of the micrometer: curve I for 0.5 mm fibers;
curve II for 1 mm fibers.
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4.3. Compensation effect

In order to evaluate the effectiveness of the compensation
scheme using (A-+B) as the normalization factor for the
output V, a fixed voltage of 3.0 V is used to replace the
(A+B) circuit output as the LED current is varied. The
reflecting surface was kept at a constant position near the null
point. The output of one I/V amplifier of a detector (A) is
used as an indication of the light intensity from the LED. The
results with and without the (A + B) compensation are plotted
in Fig. 5. When the LED light is decreased to 50%, the
uncompensated sensitivity dropped to 60%, and the compen-
sated sensitivity maintained above 92% of the original ref-
erence value.

4.4. Noise and resolution

The total gain of (A —B) and the (A —B) /(A + B) blocks
is 100. The noise at the output across a 500 () resistor load
with a 100 Hz low-pass filter is observed to have about a 20
mV peak on the laboratory table when the sensitivity is 50
mV um~". A low-noise amplifier with variable low-pass
filter is used to estimate the noise and the source. The result
is shown in Table 1. On the laboratory table, the noise voltage
from d.c. to 3 Hz is about 2.4 mV peak, therefore the reso-
lution is about 0.1 um when the signal voltage is twice the
peak noise voltage. When the system is mounted on the opti-
cal bench with no room light, the sensitivity is about 200 mV
pm~ ! and the total noise voltage below 3 Hz is 1.0 mV. Then
the resolution should be 0.01 um for the signal voltage equal
to twice the noise voltage or for 6 db S/N power ratio. How-
ever, the experiment to verify the estimation would require
delicate operation and special equipment and has not been
carried out at this time. Besides the low-frequency applica-
tions, if the signal is narrow banded and the frequency is
higher than the 1/fnoise range (say 100 Hz), then the noise
again would be small and a resolution of 0.01 um or better
can be realized [8].
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Fig. 5. Effects of compensation scheme. ®, A+B=3V; W, A+ B=actual
values. Solid curve is uncompensated. Dashed curve is compensated.

Table 1
The noise of the device under different test conditions

Low-pass filter
cut-off frequencies

Total noise voltage (mV peak)

(Hz) Laboratory table Optical bench
0.03 0.05 0.01
0.10 0.12 0.05
0.30 0.40 0.10
1.0 1.0 0.40
3.0 24 1.0
10 8.0 24
30 12 5
100 20 10
05
0.4
S 0.3
EQ [ » . L] L]
=
S 02
[
0 . X .
T2 824 936 1048 1200 1312 1424 1636 1648 18:00  19:12
Time

Fig. 6. Stability of the micrometer.

4.5. Time stability

The time stability over eight hours from 9:00 am to 5:00
pm on the laboratory table with room light on and one person
assuming regular activities in the room was recorded as an
indication of the time stability in the field. The data are shown
in Fig. 6; the maximum variation of the baseline is +25 mV
or equivalent to 0.5 um over 8 h.

5. Discussion and conclusions

A prototype optical micrometer has been designed and
tested. The device has the advantages of being non-contact,
electrically safe, and immune from electromagnetic interfer-
ences, as well as having simplicity, low cost and portability
with battery power. The operating range can be adjusted from
50to 500 pm full scale; however, the larger range would give
larger non-linearity. The resolution depends on the signal
frequency and its bandwidth. For the d.c. to 3 Hz band or a.c.
signals above 100 Hz, a resolution of 0.01 um is estimated.
For fine resolution the vibration interferences have to be elim-
inated either by a special optical bench or by mounting the
probe and the surface under test on the same rigid base so
that any vibration from outside will affect the surface and the
probe in exactly the same way. With proper mounting and
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low-noise circuit elements, the device potentially can have a
displacement resolution down to the 0.001 pm range.

The principle of operation and a theoretical explanation of
the V-y characteristics are provided. The design considera-
tions and trade-off are outlined for more refined sensors. The
device is intended to be a portable probe for measuring defor-
mations or vibrations of small amplitude. Possible applica-
tions may include: diaphragm deformation measurements for
pressure and other sensors; minute vibration of instruments
or machines; step height and surface roughness measure-
ments; and medical measurements of sub-micrometer dis-
placements and vibrations such as that of the human ossicular
chain for hearing [8]. The device with a proper package may
be used as a tool for dimensional control of manufactured
parts with dimension accuracy down to the nanometer range.

A closed-loop light-intensity control scheme is being eval-
uated to eliminate the need for the divider block, which is the
most expensive component in the system.
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