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A novel increment high-resolution optical displacement encoder was proposed in this paper. The encoder is
composed of a double-concave lens and a special designed optical grating with photo-diode in every slit. A light
source set on the observable object is going through lens and the optical grating and received by the photo-diode.
The relationship equation of lens is developed to design an optical mechanism which can enlarge the displacement
of the observable object. From simulation results, a special designed optical grating is designed to compensate the
deviations on the detecting surface and get the increment movement of the light source. The simulation results
indicated that the optical mechanism with 5 mm stroke, which the lens radii of curvature of the incident and the
exit surface on the lens were -0.625 cm and 1.25 cm, respectively, and the magnification was 50 times in imaging
distance of 38 cm, could make the 10 nm movement intervals of light source to be about 500 nm movement
intervals in the detecting surface. It should form an increment optical displacement encoder with a special
designed optical grating. Last, an experiment is established to verify the possibility of the proposed structure.
Manuscript received: January XX, 2011 / Accepted: January XX, 2011

NOMENCLATURE
f = focal length of the lens
n = refracting power of the lens
nm = refractive index of the surrounding environment
R1 = radii of curvature of the incident surface of the lens
R2 = radii of curvature of the exit surface of the lens
d = thickness of the lens
s = initial position
s1 = new position
Δs = distance between s and s1
d = width of the lens

1. Introduction
Since the miniaturization of industrial products, there are some
micro/nano-scale machines being proposed to manufacture these
products by non-MEMs technology. Thus, the precision of
measurement systems is more rigorous, and to develop a sub-microeven a nano-level measurement system is becoming more necessary
and importantly. Optical encoders are indispensable devices for
precise displacement measurements in tool machines [1]. At present,

the optical encoders can be separated into two major types: the
diffractive optical encoders and the geometrical optical encoders [2,
3]. The measurements of the diffractive optical encoder are used
widely for displacement metrology. Using a light emitting diode
(LED) as the coherent light source and moving the grating of the
object to modulate the phase of the light which is produced by the
diffraction effect. The photodetector transfers the light signal into
electrical signal after optical interference. As a result of the slit width
of the grating is direct proportion with the resolution of the system,
we can decrease the pitch of the gratings under the premise of there
are light diffractions.
The geometrical optical encoders are wildly used in the tool
machines for linear displacement detecting. They are using Moiré
encoders in displacement measurements [4]. Such geometrical optical
encoders normally consist of a LED, grating, index grating,
phototransistor, and so on. The optical principle of the geometrical
optical encoders can be explained theoretically by the grating imaging
[5]. However, the restriction on the resolution of the geometrical
optical encoder is about 100nm [6-8]. This is because the effect of the
diffraction with the grating induces the signal to noise ratio being
decreased. So there are restrictions on the distance between the
gratings of the geometrical optical encoders.
An increment optical displacement encoder with 10 nm
resolution by a double-concave lens was proposed in this paper. The

2 /

XXXX 200X

INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING

increment optical displacement encoder was composed of a laser light
source, an optical mechanism, and a special designed optical grating
with photo-diode in every slit. We designed the optical mechanism by
geometrical optics to change the paths of light, and then to get a more
visible position in the position of the detect surface to improve the
measurement accuracy. Firstly, we used the equations of thick lens
to develop the relationship between the rays of light and the radii of
curvature of the lens. Because the light will be refracted twice after
entering the lens, the same primitive displacement of the light in the
different input positions will not have the same output displacement
and the differences will be enlarging as the position of the light
entering the lens is far away from the center of lens. Thus, we
designed special designed optical grating to compensating the
deviations on the detecting surface and getting the increment
movement of the laser light source to form the system. A prototype of
the optical mechanism is established to verify the possibility of the
optical encoder.
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Where f is the focal length of the lens, n is the refracting power
of the lens, nm is the refractive index of the surrounding environment,
the R1 and R2 are the radii of curvature of the incident and the exit
surface of the lens, respectively, d is the thickness of the lens.
Then, the relationship between the light source and the imaging
position can be expressed as the function of f. The geometrical
relation is shown in Fig. 2. Thus, if a light source horizontally moved
from initial position s to the new position s1, the distance between s
and s1 is Δs, then the distance s of the light source passed through the
concave lens and refracted projecting on the imaging position can be
calculated as:
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2. Principle
Fig. 1 shows the schematic diagram of the increment optical
displacement encoder which is designed in this paper. The proposed
increment optical displacement encoder can be divided into two parts:
movable part and fixed part. The movable part is composed of an
observable object, a light source and two lenses. The green coherent
light source which is placed on the observable object is a laser diode.
Lens A and B are using to adjust the laser light to be more tiny and
parallel. Laser light from the movable part is going to be more thick
by going through the lens C. An optical grating D is designed to
compensate the deviations on the detecting surface and the
phototransistors E will get the increment movement of the light
source.

If we set ɛ =Δs’∕Δs, then the relation of the displacement of
light in the initial position and imaging position can be calculated as:
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According the formula (5) the magnification is approximately
inverse proportional to the radii of curvature of the lens, shown as
equation (6), so we can design the radius of double-concave lens to
modify the paths of light to magnifying the deviations on the
detecting surface and getting higher measuring accuracy.
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Fig. 2 Relationship between the light source and imaging position
through a lens
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3. Simulation
D
E

Fixed Part
Fig. 1 Schematic illustration for the proposed increment optical
displacement encoder
From the equation of thick lens, the relationship of the focal
length of the lens and the radii of curvature of the incident and the
exit surface of the lens can be expressed as:

The simulation is Fig. 3 is the simulation result of the imaging
refraction process a light source drift. When the light source is
moving far away from the origin, the magnification of the light source
radius is becoming larger.

THE 10th INTERNATIONAL SYMPOSIUM OF MEASUREMENT TECHNOLOGY AND INTELLIGENT INSTRUMENTS

DoubleConcave lens

JUNE 29 – JULY 2 2011 / 3

Laser Light
Source

Light Source
Grating

Photodiode
Fig. 5 The laser light source through the optical grating mechanism
and received by the phototransistors.
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Fig. 3 Simulation result of the light source through the doubleconcave lens
The different radii of the curvature of the lens to obtain the
relationship between the magnification and the position are shown in
Fig. 4. Radii of curvature of the lens are R1=-6.25mm and
R2=12.5mm for curve 1, R1=-6.25mm and R2=6.25mm for curve 2
and R1=-6.25mm and R2=-12.5mm for curve 3, respectively. The
imaging distances are 380mm, 160mm and 1260mm, respectively.
When the imaging distance becoming more far from the lens, the
radii of the light source will become more larger.

Fig. 4 Position relations of the light source and the imaging for
three lenses with different radii of curvatures
The light source radii will become larger because the distance of
the imaging position and the distance of the light source from the
center. By simulation results, an optical grating is designed in order to
make the laser light source become the staggered signal. The light
source will go through the optical grating and received by the
phototransistors, as shown in fig. 5. The ellipses with dark green and
light green mean the light source is moving with 10nm displacement.
Optical grating is designed according to the radii of the light source.
The light source through the grating will divide into one path signal
and two paths signal. Different signal received by the phototransistor
will go through the logic gate and generate a square wave signal, as
shown in fig. 6. Thus, we can get the increment movement of the
laser light source from the square wave signal.

Fig. 6 Different light sources received by the phototransistors will
generate a square wave signal.

4. Experiments
An experiment device is constructed in order to verify the
possibility of the proposed increment high-resolution optical
displacement encoder, as shown in fig. 7. The radius of the laser light
source is 1mm and the radius of the light going through the lens is
10mm. The optical grating is set between the phototransistors and
the fixed lens. When the laser light source moves from left to right,
the illustration of the phototransistors voltage is show in fig. 8. The
light after amplified through the optical grating which is show at
the upper right corner of the fig. 8 is move from point A to point B.
We can see the voltage of the phototransistors is shown as a sine
wave signal.
The magnification factor of the lens which is used in this
experiment is about 3 times. The displacement of the laser light
source is about 6mm, and the displacement of the amplified light is
about 20mm. The optical grating is designed by the amplified light.
From the experiment result, we can make the light source to be a sine
wave signal with the optical grating. With a logical gate, the sine
wave signal can transfer to a square wave signal. Therefore, we can
separate the displacement of the laser light source to numbers of the
square wave signal, ex. separate 1mm displacement to a 1000 number
of square signals.
Fixable part

Movable Part

Fig. 7 Experimental setup, the movable part contains a laser light
source and two lenses and the fixable part contains a lens and a
phototransistors.
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Fig. 8 Experimental result, the relationship with the light and the
grating is shown at the upper right corner of the figure.

5. Conclusions
A novel optical mechanism structure of linear increment optical
displacement encoder with high resolution was proposed in the paper.
By the equations of thick lens, an optical mechanism was designed to
change and modify the paths of light to get a more visible position
change in the optical detector consisted by a well-designed nonequidistant optical grating and phototransistor to improve the
measurement accuracy. The equations of thick lens are used to
develop the relationship between the rays of light and the radii of
curvature of the lens to form the optical mechanism system.
Theoretically, the 10 nm displacement signal could be magnified by
the measurement system to be a measurable signal on the
phototransistors. The experiment shows the possibility of the
proposed theorem. In precision machining, we can build an increment
high-resolution optical displacement encoder with 10nm

ACKNOWLEDGEMENT
This research was supported in part by the project of the National
Science Council, Taiwan, under grant 98-2221-E-033-046 and by the
project of the specific research fields in the Chung Yuan Christian
University, Taiwan, under grant CYCU-98-CR-ME.

REFERENCES
1. J. Guild: Diffraction Gratings as Measuring Scales (Oxford
University Press, England 1960).
2. M. Hercher and G. Wyntjes: Fine Measurement with Coarse Scale
(1989).
3. T. Nishimura and K. Ishizuka: Laser Rotary Encoder (1986)
4. A.J. Durelli and V.J. Parks: Moire Analysis of Strain (1970)
5. K. Hane, T. Endo, Y. Ito and M. Sasaki: A Compact Optical
Encoder with Micromachined Photodetector (2001).
6. W.F. Stephens and E.P. Mark, U.S. Patent 4,949,289. (1990)
7. N. Hagiwara, Y. Suzuki and H. Murase: A Method of Improving
The Resolution and Accuracy of Rotary Encoder Using Code
Compensation Technique (1992)

Vol. X, No.X

