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ABSTRACT
This study presents a proposed technique for displacement measurement in linear
horizontal motion. The measurement system consists of a lines can sensor with built
in illumination system, grating scale and an ultrasonic sensor. Once, the linescan
transducer scans the grating scale optically, the displacement of the transducer is
measured based on pixel shifting method. Additionally, the role of the ultrasonic
sensor is to add the reference position for the linescan transducer and the current
position in case of missing the position. The linescan transducer design includes;
the illumination source and the division of the grating scale. The accuracy of the
measurements is compared to white and infrared lights. After that, the comparison
is built based on three scale divisions which are 0.5, 1 and 2 mm. Finally, the
accuracy also is compared to different travelling ranges of motion. The
displacement measurements of the proposed transducer is evaluated comparatively
to Optiv Light Measurement (OLM) device.
Key words: Displacement, linescan, illumination, ultrasonic sensor

INTRODUCTION
The optical sensor has photo detector, which is sensitive
to the light. The light interruption on the photo detector
generates a pulse (Haus, 2010; Nagai et al., 2013). In optical
sensor, the pulse is the core of displacement sensing which
represents as a function of the incident light, as in:
Output voltage = K×Light intensity×Integration time

(1)

where, K is a constant and the integration time is the period of
photodiode’s charging time (Cano-Garcia et al., 2007). One
pulse is defined as two successive events of rising and falling
edges (Feng, 1996; Alsayed and Mahadi, 2014). In linear
grating scale, there is a number of transparent and
non-transparent slots, which is called monochrome stripe. If
the grating scale has N number of transparent slots, also
the non-transparent and transparent slots have the same width,
the full distance of the grating is 2 N. The inverse of the
distance represents the resolution of the sensor, which is 1/2 N.
Additionally, the error of measurements is ±1/2 N (Kajima and
Minoshima, 2014).
The single point optical sensor gives two different phases
while scanning (Viollet and Franceschini, 2010). It can be
www.ansinet.com

replaced with a linescan sensor. The linescan sensor has a
single row array of photo detectors. These photo detectors
have greater capacity that increase the capability of scanning.
The feature of using linescan sensor is to track the
displacement within the width of photo detector or within
width of several photo detectors in a cut view scope
(Corradi et al., 2008). This study presents a proposed
technique for displacement measurement in linear horizontal
motion.
MATERIALS AND METHODS
Linescan module design: The design concept of the
transducer would resemble a camera, with a linescan chip
(TSL1401 CL) as the sensing component (Fig. 1b). The chip
was TSL1401CL, consisted of a single row array of
128 photodiodes. The dimension of each photodiode is
63.5 µm in height by 55.5 µm in width. The overall length of
the array is 8.128 mm. Each photodiode constitutes a pixel;
hence, there are 128 pixels within this chip. The linescan chip
was sensitive to light, thus it was completely enclosed in order
to prevent leakage of external illumination or otherwise it will
jeopardize the accuracy of the measurement. The image of the
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(a)

(b)
Electronic wires
Focal adjuster

Linesc an chip

Fig. 1(a-b): (a) Outer components of the module and (b) Inner components of the module
0

measured object must be focused into the linescan array.
Therefore, 8 mm CCTV camera lens was installed to the
aperture of the transducer. On the array, the two dimensional
image has two dimensions; the length and the height.
However, the significant one was the length of the image
because, it was in the same direction of the motion. Hence,
the width was ignored.
Six infrared LEDs were added to be part of the transducer
with the aim of providing enough brightness to light up the
focus zone (Fig. 1a). Two sets of three LEDs are put around
the aperture. Having arranged the LEDs this way allows the
brightness on the focused area to be spread rather than having
a concentrated intensity converging at the center. The ring
arrangement gives the optimum brightness for zone area. For
a single LED, the irradiance distribution (W mG2) is given by:
E (r, θ) = Eo(r)cosm θ

z m I LED
[(x - x o ) + (y - y o ) 2 + z 2 ](m+2)/2

D
Le

Fig. 2: Schematic diagram of optic system
Where:
r = The radius of the ring
N = The number of the LEDs in the ring (Lambert et al.,
2011; Shi et al., 2014)

However, in term of Cartesian coordinates (x, y, z), if the LED
is positioned at point (xo, yo), the irradiance over point (x, y) at
distance z can be given by:

2

Li

(2)

Where:
Eo(r) = The irradiance at distance r from the LED
θ
= The view angle of the LED
m
= A number

E(x, y,z) =

Linescan module

(3)

Based on Depth From Focus (DFF) method (Miwa et al.,
2000), a relationship is established to measure the distance
between the linescan module and the grating scale. The
distance Li between the pitch of array of linescan chip and the
lens relies strongly on the focal length Lf and the distance Le
between the grating scale and the lens (Fig. 2). The relation
between Li, Lf and Le us given by:
1
1
1
 
Lf Li Le

where, ILED is the LED intensity (W/sr). Now, for six LEDs are
arranged as, a ring around the aperture of the linescan module,
the irradiance E(x, y, z) is given by:
6
2π
E(x, y,z) = z m  Ij [(x - rcos( )) 2 +
N=1
N
2π 2
2 -(m+2)/2
(y - rsin( )) + z ]
N
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(4)

(5)

However, this equation can be used
without
determination the depth of field, which let us know the
maximum distance between the front aperture of the module
and the grating scale. In order to determine the depth of field,
the pitch of the array of linescan chip and the diameter of the
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lens are taken into the consideration. In Eq. 6, œ is the depth of
field, is the pitch of array and D is the diameter of the lens:


 Le Lf D( Le  Lf )
L2f D 2  2 (Le  Lf )2

(6)

Relationship between image resolution, illumination and
grating scale division: The displacement measurement based
on linescan transducer has limitation with pixel resolution. If
the linescan sensor has N of pixels and the width of the stripes
in the view scope is W mm, the resolution of the sensor is
given by:
Res =

W
(mm/pixel)
N

(7)

A smaller stripes width, a finer resolution can be
achieved. But, there is a limitation, especially if the speed of
movement is high. The image resolution relies on the design
of the illumination and the division of grating scale. Once, the
light is generated, the energy in the light of the LED travels in
a straight line toward the grating scale. However, the grating
scale is made of paper material, therefore around 65% of light
will be reflected, if the color of the stripe is white and 30% of
the light will be reflected if the color of the stripe is black
(Gou et al., 2011). Since, the photodiode output is related to
the amount of light intensity, two levels of high voltage and
low voltage are the output based on the stripes color. In LED
propagation, a single LED is not enough to cover the entire
area of the view scope. Hence, the stripes image is not seen on
the entire span of the sensor array. As in Zhu et al. (2011), a
uniform illumination design was achieved using ring array of
LEDs. A ring of 16 LEDs could light a surface, which had
radius of 100 mm. In our case, a ring of six LEDs can
illuminate the scale surface with radius of 30 mm
(Protzman and Houser, 2006; Richard, 2007; Lee and
Liu, 2012).
Not just the illumination is enough to generate sharp and
clear stripes image; the significance of the image premises on
form the square pulses without overlapping between rise and
fall edges. To avoid overlapping, the distance between stripes
edges have to be taken into consideration. The time between
stripes and velocity of movement can determine the gap
between the edges. In that, Eq. 8 illustrates this relation:
gp = V×T

Hardware and Initialization: The core component of the
transducer is a linescan chip, which was initialized by an
Atmega Arduino board. The original chip was a surface mount
type, which required an intermediary board for ease of
manipulation. There are six essential pins that include Serial
Inputs (SI), clock (CLK), Analog Output (AO), voltage source
(Vdd) and two pins for ground (GND) (Fig. 3). The linescan
chip was initialized by Arduino microcontroller and merely
two bits from Arduino were needed to control it. The function
of SI input is to begin a scan, while CLK input is to latch the
SI and clock the pixels out. The time integration (T) was a
delay time after every scan process in order to get the desired
output voltage and the minimum delay time can be calculated
using Eq. 9:
T(min) = (128-18)×clock+20 µsec

In case of light, if the photodiodes sense the external light,
the sensor output is low if and only if the SI input is low.
However, if the photodiodes sense the light and SI input is
high, the internal amplifiers start charging the capacitors
depending on the intensity of light. Then, in order to discharge
the capacitors to the output, CLK input has to be high. The
output of the linescan sensor is the image of the grating scale
in the view scope.
Displacement measurements based on pixel shifting
method: In displacement sensing, a set of white and black
stripes is considered the basis of traditional incremental
encoders (Giniotis and Grattan, 2002). Assuming an object
originally positioned on a black stripe and after that shifted
several stripes forward, if the number of stripes traversed and
their sizes are known, the displacement for that object can be
tracked. Pixel shifting method enhances the resolution of
displacement measurement by moving the object typically a
pixel between old image and new image being captured.
Consider an image taking at to using linescan array sensor
in the view scope (Fig. 4). There are four stripes of white and

Vdd

AO

CLK
SI

(8)
128 pixels

Where:
gp = The stripe width
V = The velocity of motion
T = The sample time of pulse

GND

The purpose of this equation is to avoid anti-aliasing condition
(Mahadi, 2011).
www.ansinet.com

(9)

Fig. 3: Linescan sensor circuit
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black. If the entire span of the sensor captures the view scope,
128 pixels provide the image voltages. The voltages of pixels
ranged from 0 volt to Vdd volt based on intensity of light.
Thresholding process provides two levels of binary bits, which
are high and low. Using analog to digital port in a
microcontroller device, the pixels voltage converted to 1
or 0 based on threshold value. As a result of thresholding
process, 128 bits of 1 and 0 sec are assembled in a single row
array. A binary bit 1 represents the white portion in the image,
whereas 0 bit represents the black portion in the image. So,
128 bits are assembled in single array to be analyzed. Because
of uniformity of stripes width, 128 pixels can be distributed
over the entire width of view scope. In other words, one stripe
has been captured by 32 pixels if we have 4 stripes in the view
scope (Fig. 5).
Because, the designed grating scale is uniformed and the
width of stripes is constant through the length of grating scale,
Black stripe

two successive stripes of black and white are enough to be
tracked. After thresholding process for two black and white
stripes, Fig. 6 shows their image being captured. If the
number of bits for black is 32 bits and it are captured by
32 pixels, every pixel has the value of one bit. Taking the first
bit in black stripes as a reference position, the address of the
first bit in black stripe image is array[1]. If the linescan
module start moving and the next image as seen in Fig. 7, the
new address of first bit in black stripe image is array[2]. In
that, the module has moved one bit width in forward and the
displacement is defined as the number of shifts (one shift)
multiplied by the width of pixel (X = 63.5 µm). In general, if
the module has moved one stripe, the pattern of bit shifting is
shown in Fig. 8.
In Forward movement, the address of first bit is the
reference for shifts counting. But, in backward movement, the
address of last bit in white stripe is the reference for shifts
White stripe

View scope
Strip width

Fig. 4: View scope of linescan sensor
Black stripes

00000000000000000000000000000000111111111111111111111111111111110000000000000000000000000000000011111111111111111111111111111111

White stripes

Fig. 5: Stripes image after thresholding process
Black stripe

White stripe

0000 000000000000000 000 0000 00000 011 1111 1111111111111 111 1111111111

View scope

Fig. 6: Reference position
www.ansinet.com
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First bit in black strip

1 00000000 0000 000000 000000 0000 0000 1111 111 111 111 111111 111 111 1111 1

Black stripe

Fig. 7: One bit shifting as a result of 63.5 µm displacement by the module
Bit (0)

Displacement

000000000000000000000000000000001111111111111111111111111111111 D = 0
100000000000000000000000000000000111111111111111111111111111111 D = X
1100000000000000000000000000000000 11111111111111111111111111111 D = 2HX
1110000000000000000000000000000000 01111111111111111111111111111 D = 3HX
Bit (0)
111111111100000000000000000000000000000000111111111111111111111 D = 10H X
111111111110000000000000000000000000000000011111111111111111111 D = 11H X

111111111111111111111111111111100000000000000000000000000000000 D = 32H X
Bit (0)

Fig. 8: Pattern of bit shifting after displacement of one stripe width
Displacement
Bit (0)
0 0000 00 00 00 00 00 000000 00 00 00 00 00 01111111111111111111111111111111 D = 0
0 0000 00 00 00 00 00 000000 00 00 00 00 00 11111111111111111111111111111110 D = X
0 0000 00 00 00 00 00 000000 00 00 00 00 0111111111111111111111111111111100 D = 2HX
0 0000 00 00 00 00 00 000000 00 00 00 00 1111111111111111111111111111111000 D = 3HX
Bit (0)
000000000000000000000011111111111111111111111111111110000000000 D = 10H X
000000000000000000000111111111111111111111111111111100000000000 D = 11H X

11111111111 11 11 1111111 11111111100000000000000000000000000000000 D = 32H X
Bit (0)

Fig. 9: Pattern of stripes image after motion in backward
counting. Similarly to forward movement, measure
displacement is based on distance of shifting. Figure 9 shows
the pixel shifting when the movement in backward.
If the module moves several stripes, the stripe counting
has the same criteria with above two cases of motion. Overall,
the equation for displacement measurements based on pixels
shifting is derived as:
Displacement = (NP+-NPG)×bit width
Where:
= The number of pixel shifts in forward
NP+
= The number of pixel shift in backward
NPG
www.ansinet.com

(10)

bit width = The width of the photodiode (63.5 µm) in the
linescan sensor, if the image has the same width
of sensor array
Integration of linescan module and ultrasonic sensor for
displacement measurement: In the previous section, the
displacement equation is prepared when the linescan module
starts moving at the beginning of grating scale. On the other
hand, if the linescan sensor start moving at unknown position
on the grating scale, inaccurate measurement will be recorded.
One of the best choice, to provide the system the initial
position, is to add an ultrasonic sensor. The ultrasonic sensor
provides the displacement in proximity. In addition, it is also
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Motion

Displacement
measurement

Linescan sensor

Cycle

Transition

+
Ultrasonic sensor

White strip

5 volts
3 volts

Fig. 10: An ultrasonic sensor is a feedback sensor for linescan
sensor

Black strip

Fig. 12: Image of stripes as seen on the oscilloscope
Power drill
Linescan module

Sliding rod

Grating scale

Arduino boar d

Pulley

Fig. 11: Experimental set up
possible to make the ultrasonic sensor as a feedback sensor to
the linescan sensor as in Fig. 10. When there is a significant
difference between the reading of ultrasonic sensor and
linescan sensor, the system reset the displacement reading,
then the ultrasonic reading will be taken and start counting the
stripes traversed based on linescan module. The displacement
relation after adding an ultrasonic sensor is shown in Eq. 11:
Displacement = Ur+(NP+-NPG)×bit width

(11)

Where:
Ur = The reading of the ultrasonic sensor
RESULTS
Initialization the measurement system: The construction of
the linear motion calibration system consists of the solid wood
bed, transducer conveyor, grating scale, ultrasonic sensor and
image captured module. The belt motion was executed by
using power drill shaft which was connected to the pulley. The
transducer output was connected to the analogue pins of
Arduino microcontroller. As shown in Fig. 11, two sliding
rods were designed to carry the transducer and to allow it to
move freely in two direction. The module was fixed above the
grating scale in such a way that the sensing element was
perpendicular to the scale stripes. The aperture of the module
was placed directly to the grating scale.
In order to run the transducer, the linescan sensor SI pin
received an integration time with a duty cycle of 1 msec, while
CLK pin received 128 of pulses which had duty cycle of
www.ansinet.com

20 µm. The linescan capturing was evaluated using a 2 mm
grating scale. On the oscilloscope, the analog signal appears as
in Fig. 12. The portions at 5 volts represented white stripes,
whereas the portions measured at 3 volts represented the black
stripes. The dots in between represented the gradual transition
between the two phases. The image reflected on the sensor
array was magnified by a factor of two. Therefore, there were
eight stripes occupying the view scope, starting with a white
stripe (on the left) and ending at another white stripe after four
cycles (from the right). Since, the width of one stripe was
2 mm, the total width of the stripes in the view scope was
16 mm. On the linescan array, there were 128 pixels; ideally
one stripe should fall on 16 pixels.
Using the serial monitor window in Arduino-Sketch the
bits that represented the entire 128 pixels were read in real
time (Fig. 13). In forward direction, the transitions between the
stripes were shifted to the left with the value of the
displacement. In contrast, the transitions were shifted to the
right while the moving was in backward. Ideally, 16 bits
should capture the size for one stripe. As seen in Fig. 13, the
stripes bits number was closed to 16 at the center, while the
number reduced significantly at the boundaries due to light
convergence. Because of the light convergence around the
central spot of the grating scale, the transitions at the center of
the view scope were clearer than those at the boundaries. As
mentioned, at least two stripes were required to track the
displacement, so the clearest transitions should be targeted.
Hence, for measurement of linear motion parameters, the
signal from the central region should be considered.
Actual measurement of grating size based on OLM device:
The OLM is a precision static measurement instrument
(Fig. 14). It can measure the movement in lateral (y-axis) and
longitudinal (x-axis) directions with a resolution of 1 µm and
accuracy of 3 µm. The top lights of CCD camera were used,
because the grating scales were printed on a paper, which
meant that the background was solid and no lights can
penetrate that.
Before measurements were conducted, three sets of scale
divisions were prepared which were 1, 2 and 0.5 mm. As
shown in Fig. 14, the scale, to be measured, should be placed
on the movable part of the device, while the CCD camera

1064

| Volume 15 | Issue 8 | 2015 |

J. Applied Sci., 15 (8): 1059-1072, 2015
(a) 0001111 0000000000111111111000000000001111111111110000000000000111111111111100000000000001111111111111000000000001111111111110000
00111111000000011111111100000000000111111111111 000000000000111111111111111 000000000000 1111111111111000000000000 11111111111110000
01111100000010011111111 0000000000011111111111100000000000011111111111111 0000000000001111111111111 000000000000111111111111 0000000
11111 0000000011111111100000000000111111111111000000000000111111111111111 000000000001111111111111000000000000 11111111111100000000
1111 00100000011111111 0000000000111111111111 00000000000011111111111111000000000000111111111111110000000000 11111111111110000000000
1010100000111111111 00000000001111111111 000000000000 1111111111111100000000000111111111111111 000000000000111111111111 0000000000111
01010000011111111 000000000011111111111 0000000000111111111111111 000000000000 1111111111111 0000000000000 111111111111 000000000111111
00000000111111100000001011111111111000000000000111111111111000000000000111111111111111 000000000000 111111111111110000000011111111 White strip
image
00000011111110000000101111111111 00000000000111111111111111 0000000000011111111111111 000000000010111111111111100000000001111111111
010011111110000000001111111111000000000001111111111111 000000000000 11111111111111 0000000000001111111111111 000000000 11111111111110
0001111 0000000000111111111100000000001111111111111 0000000000001111111111111000000000000011111111111111 00000000001111111111110000
01111100000000011111111100000000001111111111110000000000001111111111111000000000000 111111111111111000000000111111111111100000000
1100100000001111111110100000000111111111111000000000000 111111111111111 0000000000101111111111111 000000000001111111111111000000000
1100010000111111111100000000001111111111111 000000000000 1111111111110000000000000 1111111111110100000000011111111111111 00000000011
00000000011111111000000000011111111110000000000001111111111111 000000000000011111111111111000000000001111111111111 000000000011111
000000011111110000000001111111111111000000000001111111111111000000000000011111111111111000000000000111111111111 00000000001111111
000000111111000000000011111111111 00000000000111111111111100000000000001111111111111010000000000011111111111110000000000111111111
00000111111000000000011111111111000000000001111111111111 000000000000011111111111111000000000000111111111111100000000000111111111 Black strip
010011111110000000001111111111 00000000000011111111111110000000000001111111111111110000000000011111111111110000000000011111111111 image
00011111100000000011111111111000000000011111111111110000000000000111111111111110000000000011111111111111000000000001111111111101
10011110000000001111111111000000000001111111111110000000000000111111111111100000000000011111111111111000000000011111111111110000
01111000000000111111111100000000001111111111110000000000001111111111111100000000000011111111111111 000000000010 111111111110000000
1100000000001111111110000000001011111111111110000000000011111111111111 0000000000001111111111111100000000000111111111111100000000
1 0000000000111111110000000010111111111111000000000000111111111111000000000000111111111111111000000000001111111111111000000000011
10000000111111110110000000111111111110000000000001111111111111100000000000011111111111111000000000000111111111111100000000001111
0000000111111110000000000111111111111000000000 1111111111111111000000000001111111111111010000000000011111111111000000000001111111
00000111111100000000001111111111100000000000 111111111111100000000000011111111111111 0000000000010 11111111111110000000000011111111

5 bits 7 bits

13 bits

14 bits

11 bits

8 bits

(b) 11111000000100111111111100000000001111111111111 00000000000011111111111111000000000001011111111111111 0000000000011111111111110000
011111001000010111111111000000000001111111111111 000000000000011111111111111 000000000000111111111111111 0000000001111111111111 0000
01111111000000011111111110100000000011111111111100000000000001111111111111100000000000001111111111111100000000000111111111111000
00111110000000001111111111000000000011111111111110000000000000111111111111110000000000001111111111111100000000000011111111111110
00 111110100000001111111111000000000001111111111111000000000000011111111111111000000000000111111111111110000000000011111111111101
10 111110000000011111111111100000000001111111111111100000000000011111111111111000000000000111111111111110000000000011111111111101
00011110000000000111111111100000000000111111111111000000000000001111111111111100000000000111111111111111000000000001111111111110
00011111100000010111111111110000000000011111111111110000000000000111111111111110000000000001111111111111100000000000111111111111
00011111101000000011111111111 000000000001111111111110000000000000111111111111111 0000000000011111111111111 00000000000111111111111
000011111100100000011111111111001000000001111111111111 00100000000001111111111111010010000000011111111111110010000000111111111111
0000111111000000000111111111110000000000 11111111111111 000000000000011111111111111 000000000000 11111111111111000000000011111111111
0000011111100000000011111111111000000000001111111111111 0000000000000111111111111110000000000001111111111111000000000001111111111White stripe
00000111111100000000011111111111 000000000000111111111111 0000000000000111111111111111 000000000000111111111111100000000000 11111111 image
00000011111111000000000111111111111 00000000001111111111111 000000000000011111111111111000000000000111111111111100000000000 1111111
0100000011111110000000001111111111111 0000000000111111111111110000000000001111111111111110000000000001111111111110000000000011111
0001001001111111100000000101111111111100000000000011111111111111000000000000 1111111111111111000000000011111111111111000000011111
0000000000111111110000000000111111111111 000000000001111111111111100000000000 111111111111111000000000000 1111111111111000000001111
10010000010111111110000000000111111111111 0000000000001111111111111100000000000011111111111111 000000000000 11111111111100000000111 Black stripe
110000000000111111110000000000111111111111 0000000000001111111111111 0000000000000111111111111110000000000 11111111111111 0000000010
image
1110001000001111111110000000000111111111111 00000000000011111111111111 00000000000111111111111111 000000000000 111111111111000000001
1111 0000000001111111110000000000111111111111100000000000011111111111111000000000000111111111111110000000000001111111111111000000
01111000000001011111111100000000001111111111110000000000000111111111111100000000000011111111111111100000000000111111111111000000
00111111000000001111111111000000001111111111111100000000000011111111111111000000000000111111111111110000000000001111111111111000
00011110000000000111111111100000000001111111111111000000000000111111111111110000000000000111111111111100000000000111111111111010

4 bits 10 bits

14 bits

13 bits

12 bits

Fig. 13(a-b): (a) Pattern of stripes image while moving in x direction and (b) Pattern of stripes image while moving in -x direction

View scope

CCD camera

Scale image

Movable part
Scale

Fig. 14: Optiv light measurement device
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Fig. 15: Measurement of stripes width
Table 1: Reference measurements for transducer evaluation
Grating scale
Average stripe
Grating scale division
range (mm)
width (mm)
Optiv light device measurement
0.5
262.095
0.554
242.543
1.027
1
375.001
1.0075
565.311
1.007
2
260.354
2.083
394.109
2.275
571.214
2.275

White stripes

High
intensity

Black stripes

High
intensity

Pw = The pixel width
Nz+o = The number of zeros and ones for one cycle

Fig. 16: A 0.5 mm scale stripes image
represented the tracking part. By adjusting the focal length of
the CCD camera to 0.7 mm, the image could be seen as shown
at a computer screen (Fig. 15). Carefully, two lines were
drawn in such a way that the first line was placed on the first
edge, while the second line was placed on the next edge. After
measurement line button selection, we clicked on the first line
and then on the second line that already drew a line between
them with the data of distance. Cycle width and grating scale
length measurements are shown in Table 1.

As mentioned, the pixel width was 63.5 µm and sensor array
length was 8 mm. The linescan module captured three
different scale divisions and the result was as follows:
C

Determination of cycle width based on white LEDs: In this
section, the measurement of cycle width (two successive
stripes) was constructed using the linescan module with
built-in white illumination. The cycle width CW can be found
by:
CW = Cf×Pw×Nz+0

(12)

Where:
Cf = The crop factor which is defined as the stripes width in
the view scope over the sensor array length
www.ansinet.com
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0.5 mm: The image of the stripes in the view scope for
0.5 mm scale is shown in Fig. 16. The convergence of
LEDs light was concentrated at the middle of the image,
hence the transitions between the stripes were clear.
However, the reflected illumination from the black stripes
to the linescan chip was high, especially at the boundaries
due to the short distance between the lens and the grating
scale. Based on the rising and falling edges in the digital
image, there are 11 stripes (6.5 cycle) in the view scope,
which have length of 6.94 mm (1.108×6.5). However, the
middle cycle (reference cycle) in the view scope was
captured by 14 pixels in sensor pixels array. The width
of this cycle can be calculated by Eq. 15, which is equal
0.667 mm. If the reference cycle width was 1.108 mm, the
error in measurement was 38.89%, so it is not
recommended to use 0.5 mm scale for displacement
tracking because of its high error
| Volume 15 | Issue 8 | 2015 |
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First pixel
White stripes

Cycle
4.29 V

2 Vp-p

Threshold
line

High
intensity

Last pixel

Threshold voltage
Black stripes

Fig. 19: A 2 mm scale stripes image

Fig. 17: Stripes image for 1 mm division

Digitalized image

1

1

97
10
5
11
3
12
1

C

C

(13)

81
89

65
73

2 mm: For 2 mm scale, the average cycle width were
4.167 mm and 260.354 mm for scale overall length. At
the origin, the scale was being captured by linescan
module as shown in Fig. 19. The stripes image was
clearer than the previous two samples, especially at the
boundaries, which increased the capacity of choosing
clear stripes in the view scope, as well as the detection
of stripes was better. In the view scope, there were
3.5 cycles having width of 14.585 mm (3.5×4.167). Based
on Fig. 19, the threshold voltage was selected as the same
value (4.29 volts) and the image after thresholding
process is shown in Fig. 20. There were 36 pixels capture
the middle cycle in the view scope, so the cycle width can
be given by:
14.585
× 36× 0.0635 = 4.168 mm
8

(15)

(14)

Where, Vmax is 5 volts, the threshold voltage is 4.29 volts as
shown in the Fig. 17. Figure 18 shows the image after
thresholding process based on 4.29 volts as threshold
voltage. There are 15 stripes (7.5 cycle) which have length of
15.405 mm (7.5×2.054) in the view scope. The middle cycle
www.ansinet.com

57

was captured by 17 pixels and it has width of. The error of
cycle width measurement is 1.16% compared to the
measurement of OLM device (2.054 mm), therefore the scale
of 1 mm can be used for displacement tracking due to low
error.

From the equation, the equivalent voltage is 0.707 V;
however, threshold voltage (Vth) is derived as:
Vth = Vmax-Veq

41
49

Fig. 20: Stripes image after thresholding process

The threshold voltage was derived depending upon peak
to peak voltage. The signal swings around the value of 4 volts,
which has a maximum peak at 5 volts and zero voltage at
4 volts. The equivalent voltage for the signal is:
V max  V zero
2

25
33

Pixel No.

1 mm: For 1 mm scale, the cycle width was 2.054 mm
and overall grating scale length was 242 based on OLM
device measurements. The stripes image of 1 mm grating
scale is shown in Fig. 17. The transitions between stripes
was more clear than the image of 0.5 mm scale and the
negative effect of illumination convergence had less effect
on the black stripes at the boundaries. The amount of the
reflected light from the black stripes at the boundaries was
high, while less at the middle of the image. The property
of sine wave signal was used to derive the threshold
voltage as the same value of the Root Mean Square
(RMS) of sine wave signal

V eq 
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Fig. 18: Stripes image after thresholding process
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Hence, the error of cycle width measurement was
0.024% comparing to OLM device measurement
(4.167 mm).
Determination of cycle width based on infrared LEDs: In
our testing for linescan module, it was important to evaluate
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White stripe
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intensity

High intensity

High intensity
Black stripe

Fig. 21: Stripes image for 0.5 mm scale division
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Fig. 23: Stripes image of 1 mm scale

1.2

1

1.0
0.8
0.6
0.4
0.2

10
5
11
3
12
1

89
97

81

73

49
57
65

33
41

17
25

1
10
5
11
3
12
1

89
97

81

73

65

41
49
57

17
25
33

1

9

9

0
0.0

Pixel No.

Pixel No.

Fig. 24: A 1 mm scale image after thresholding process
Fig. 22: Stripes image after thresholding process
C
the performance of the module within invisible light. Infrared
LEDs had an invisible light with wave length of 850 nm. In
order to compare the performance of visible and invisible
light, a plate included, six infrared LEDs was fabricated in
arrangement of a ring shape. In that, the average of LED angle
is around 49°. The experiments progress can be described
based on scale division as follow:
C

0.5 mm: Starting with 0.5 mm stripe width, the printed
grating scale was measured by an OLM device. The
average cycle width was 1.108 mm and the overall
average scale width was 262.095 mm. The stripes image
on the oscilloscope was displayed in Fig. 21. As seen in
the figure, the deformation had a significant effect on the
stripes but had fewer losses than white LEDs effect. Since
the light intensity of infrared LEDs is lower than white
LEDs, the stripes image was clearer. The zero voltage of
the black stripes is varied, therefore the threshold was
selected based on the maximum voltage (5 volts). The
stripes image after thresholding process is shown in
Fig. 22. There are 19 stripes (9.5 cycles) in the view
scope, which have length of 10.526 mm. However,
17 pixels captured the cycle at the middle and the width
of this cycle was 1.42 mm. The error of the measurement
was high (28.2%) comparing to OLM device
measurement (1.108 mm). Thus, 0.5 scale is not qualified
for displacement measurements

www.ansinet.com
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1 mm: By scanning the scale at reference position,
the image captured is shown in Fig. 23. Comparing this
image with the image based on white LEDs, using
infrared LEDs provided more clearness especially for
black stripes. In microcontroller, the image was
converted to a digital image based on 4.29 volts as the
threshold voltage as shown in Fig. 24. In the view
scope, there are 6.5 cycles, which have length of
13.351 mm (6.5×2.054). The cycle at the middle which
is targeted for displacement tracking was captured by
19 pixels and its width was 2.013 mm and the width
measurement error was 1.97% comparing to OLM device
measurement
2 mm: At starting time, the image on the oscilloscope
display screen is shown in the figure below (Fig. 25).
As seen, the clearance at the black stripes was high
compared with white LEDs and its pixels were closed
to each other due to low reflected light. Based on
threshold line value, the stripes image could be
digitalized to binary values zero or one as illustrated
in Fig. 26. In addition, the slope of edges was sharp and
the pixels of black stripes were closed to each other
compared with other scales. There were fourth cycles in
the view scope, which had length of 16.668 mm.
However, 32 pixels captured the cycle at the middle of the
scope and it had width of 4.101 mm. The measurement
error was 1.58% comparing to OLM measurement
(4.167 mm)
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Table 2: Main parameters of the experiments
Sheet type
----------------------------------------------------------------------------------------------------------------------------------------------A4
A3
A2
--------------------------------------------------------------------------------------------------------------Grating scale division
2 mm
1 mm
2 mm
1 mm
2 mm
1 mm
Reference sheet length (mm)
260.354
242.543
394.109
375.001
571.214
565.311
Table 3: Linescan module displacement measurements
Linescan module measurements
----------------------------------------------------------------------------------------------------------------------------------------------Grating scale division
1 mm
2 mm
White LEDs
Reference range (mm)
242.543
375.001
565.311
260.354
394.109
571.214
Average displacement (mm)
238.06
365.39
555.95
259.84
389.69
563.18
Average error (%)
1.85
2.56
1.66
0.20
1.12
1.41
Standard deviation (mm)
4.91
14.61
12.89
6.13
17.59
12.47
Infrared LEDs
Reference range (mm)
242.543
375.001
565.311
260.354
394.109
571.214
Average displacement (mm)
239.19
367.8
558.5
260.32
391.08
566.06
Average error (%)
1.38
1.92
1.21
0.014
0.77
0.90
Standard deviation (mm)
5
2.93
12.47
7.81
10.86
11.63
White stripe

4.29 V
Threshold
line Black stripe
Clear differentiation

Fig. 25: A 2 mm stripes image
1

Fig. 27: Ultrasonic sensor as seen on the transducer
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Fig. 26: Binary values based on thresholding process
DISCUSSION
Displacement measurements over different ranges: The
range of travelling did not affect the errors significantly if and
only if the linescan module had capability of cycles counting
at all positions on the grating. Three sets of grating scales were
designed and printed over A2, A3 and A4 paper sizes. Every
set had two scale divisions (1 and 2 mm). Firstly, the grating
scale length was measured by using OLM device and these
measurement was represented as the reference values for our
linescan module measurements. The main parameters of the
sets is shown in Table 2.
www.ansinet.com

Based on the measurements in above table, the linescan
displacement measurements were evaluated. Every grating
scale was scanned from the beginning to the end by linescan
module 30 times. The average displacement measurement,
average error and deviation of measurements were recorded in
Table 3. As seen in the below table, the scales 1 and 2 mm
were qualified to be used in displacement measurements for
short and long range measurements. The lower errors were
yield with infrared LED and using 2 mm grating scale.
Displacement measurements based on the integration of
linescan module and ultrasonic sensor: In our study for
linescan sensor to measure the displacement, the initial
position for measurement was 0 mm. Now, the scenario of
initial position was critical when the start point was not 0 mm.
At X mm on the slider, the recorded displacement by the
linescan module was 0 mm. Therefore, uncorrected
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Table 4: Displacement measurements based on ultrasonic sensor
Measured
displacement (mm)
Actual distance (mm)
Error (%)
155
150
3.33
210
200
5
258
250
3.2
290
300
-3.33
357
350
2
513
500
2.6
615
600
2.5

on infrared LEDs and 2 mm scale. The regression line for
sensors integration measurements illustrates the linearity of the
data which has square roots of 0.999 (Fig. 28). In contrast, it
was decreased by 1.95% compared with the ultrasonic sensor
measurements. The increase in errors was generated from the
initial position that was observed from the sonic sensor.
Comparison our transducer against previous transducers
in linear displacement measurements: The measurement of
displacement is a very important issue encompassing a large
number of optical solutions. A brief overview of some optical
methods is presented to be compared with our transducer in
linear displacement measurements. Table 6 summarizes the
characteristics of the different optical methods of
1200

y = 1.0155x-1.762
R = 0.9999

1000
Measured displacement (mm)

measurement was being recorded. By installing an ultrasonic
sensor on the transducer, the first position could be provided
for linescan module. Figure 27 shows the installation of
ultrasonic sensor on the transducer. The ultrasonic sensor
provided the displacement in proximity. Moreover, an absolute
value could be recorded using it in term of displacement.
At first, the test was prepared for ultrasonic sensor, it had
a range detection of 4000 mm and resolution of 5 mm.
Table 4 has the recorded displacements based on an ultrasonic
sensor. The average error was -2.19%, while a 6.86% as the
average deviation. From that, it can be noticed that there was
high error of data compared with linescan module and OLM
device measurements.
After adding the sonic sensor to the module, the
displacement was recorded at several points at the scale. The
initial displacement reading was gotten from the ultrasonic
sensor and then manual movement was applied to the module
over 1000 mm. This movement took several times and every
time the measurement was generated from the initial reading
plus the overall reading of module measurement. Grating scale
with division of 2 mm and infrared LEDs were used in this
experiment. Over 1000 mm range, Table 5 contains the
displacement measurements based on sensors integration. The
errors based on sensors integration were increased by 0.62%
in comparison with linescan average error, which was based

800

600

400

200

0
0

100 200

500 600

700

800 900 1000

Actual displacement (mm)

Fig. 28: Regression line
measurements

Table 5: Linescan module and ultrasonic sensor integration results over a range of 1000 mm
Measured displacement (mm)
Initial position (mm)
Actual displacement (mm)
318.16
85
317.16
333.16
100
331.16
398.16
165
393.16
494.2
265
488.2
657.18
420
646.18
767.24
530
753.24
825.12
600
813.12
898.22
665
888.22
983.16
750
973.16
1159.2
930
1143.2
Average (%)
Table 6: Performance of different optical methods for displacement measurements
Transducer
Method
Our proposed transducer
Pixel shifting method
Optical potentiometer (Lang et al., 1992)
Beer’s Law
Optical lever (Liu et al., 2006)
Plane mirrors
PSD (Miranda et al., 2014)
Resistive charge division
Photoelectric incremental encoder (Israel et al., 2003) Direct traceability
Optical encoder (Kao and Lu, 2005)
Fractional talbot effect
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300 400
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Range
1000 mm
940 mm
850 nm
100 mm
270 mm
600 mm

for

the

Error (%)
0.31
0.60
1.26
1.21
1.67
1.82
1.45
1.11
1.02
1.38
1.18

sensors integration

Standard deviation (mm)
0.71
1.41
3.54
4.24
7.78
11.90
10.49
11.07
12.87
14.31
7.83

Resolution
63.5 µm
10 mm
4 nm
72 µm
27 nm
0.1 µm

Accuracy
0.01%
0.01%
10 nm
500 µm
2 µm
0.2 µm
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displacement solutions. The optical potentiometer provided a
large travelling range and a high accuracy, however the
resolution was larger than our proposed transducer by 8 mm.
In using of optical lever sensor, the measurement range was
too low, therefore this type of optical sensors cannot be used
for large range of measurement. In case of optical encoder, the
resolution and accuracy were high, however the Talbot
method is a complicated approach when it comes to
industrial applications. In this study, the cost of linescan
sensor is low comparing with position sensor detector. The
proposed transducer in this study provides measurement for
large traveling range (1000 mm), high resolution (2 mm) and
low errors (1.18%).
CONCLUSION
A linear motion transducer was designed and fabricated
which encoded position directly from the image of the grating
scale and measured the displacement based on pixel
differential method. The output of the linescan sensor was a
periodic signal that had the image of the stripes pattern. The
white stripe and black stripe interpolated high voltage and low
voltage respectively, because of the sensitivity of the sensor to
the reflected light from the grating scale. The illumination
system had six LEDs of infrared and white lights, which were
arranged in a ring shape. The analogue signal of the sensor
was digitalized based on threshold value to observe pure
binary signal. While the sensor was sensitive to the light, the
light source with high wavelength (infrared LEDs) provided
clearer patterns than the visible light (white LEDs). The result
was a precise and cost effective displacement transducer. The
stripes image of 2 mm scale division was clearer than 1 and
0.5 mm scale divisions due to light convergence. The linescan
module had low error and low deviation, if the grating scale
division was 2 mm and the used illumination was infrared
LEDs. In this case, the average error was 0.9% and the
standard deviation was 11.63 mm over travelling range up to
500 mm. However, if the measurement did not start at the
beginning of the scale, the initial position was missed. So, an
ultrasonic sensor was added to the transducer so as to provide
the initial position measurement. The integration of two
sensors could measure ranges up to 1 m with average error
of 1.18% and standard deviation of 7.83 mm.
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