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Development and investigation of an optical tilt sensor
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Abstract

An optical tilt sensor was developed and its performance was investigated. The tilt sensor set-up consisted of a laser light source,
lenses and an image sensor. A precision reference tilt sensor was also installed on the same stage, and the measurement results of tilt
angles using the optical and reference tilt sensors were correlated. The correlation coefficient (R-value) obtained under ideal conditions
was 0.99454, indicating that the optical tilt sensor could produce as accurate measurements as the precision reference tilt sensor. The
R-value decreased to 0.97714 and 0.93209 when the image sensor was shifted backwards and forwards from the focal plane by 1 mm,
respectively. The R-value decreased to 0.96840 when the tilt sensor was performed with the room light turned on. There were not
significant differences in the measurement results obtained with air conditioners turned on and off, indicating that the optical tilt sensor
was robust and was not sensitive to the surrounding air turbulence. These findings are useful for the final design of the optical tilt sensor.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Tilt sensors [1] create an artificial horizon and measure
the angular tilt with respect to that horizon. They are used
in aircraft flight controls, cameras, automobile systems and
special switches.

Electrolytic tilt sensors [2] are inexpensive and can pro-
duce accurate pitch and roll measurements in a variety of
applications [1]. They exhibit excellent repeatability and 8
stability when they are operating at low frequencies. How-
ever, their sensitivity to both external and internal influences
makes them complex devices that have to be understood
before installation and operation. Electrolytic sensors come
in a variety of packages with varying tilt resolution and
ranges [3]. Applications include antenna positioning, auto-
motive testing and tilt monitoring [2].
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Capacitive tilt sensors are designed to take non-contact
measurements of inclinations and tilt [1]. They have many
advantages [4]: low power usage and cost, and good stabil-
ity, speed and resolution. They can be optically transpar-
ent, and are easy to be integrated into integrated circuits
or onto printed-circuit boards. Capacitive sensors [5,6]
can directly sense motion, electric field and chemical com-
position, and indirectly sense acceleration, pressure, fluid
composition and fluid level. However, they are affected
by temperature and humidity, and are sensitive to noise [4].

Liquid tilt sensors are inexpensive, but they are fragile
and have ‘‘slosh’’ problems [1]. A mercury type tilt sensor
consists of a small glass or metal can, inside of which are
two electrodes and a minute drop of mercury. Its operation
is based on the tilted position of the sensor [7].

A high-precision pendulum tilt sensor was used in this
study for comparison. This sensor [8] is basically a pendu-
lum used in conjunction with an electronic detecting system
to precisely sense the attitude of the pendulum with respect
to its housing. An inductive bridge circuit is utilized to
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Fig. 1. Schematic diagram of the experimental set-up.

Table 1
Functions of the components used in the experimental set-up

Components Function

He–Ne laser source
(15 mW, 632.8 nm)

Light source

Objective lens To focus light into the pinhole
Pinhole of /10 lm To filter light
Collimating lens with a

600-mm focal length
To produce plane wave front

Focusing lens with a
3-mm focal length

To generate a light spot on the image sensor

Image sensor To capture the image of the light spot
Image-processing unit To calculate the centroid shift and tilt angle
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obtain an electrical signal, which is then amplified, to oper-
ate an analogue meter and a liquid crystal display.

Wave-front sensing is an essential part of adaptive
optics, vision optics, and optical and silicon manufacturing
[9–11]. A wave-front sensor [12] can be used either to mea-
sure wave fronts, or, in combination with a deformable
mirror, to perform wave-front correction. There are many
types of wave-front sensors such as the Hartmann wave-
front sensor, the curvature wave-front sensor, the phase
diversity wave-front sensor and the shearing interferometer
[12–15].

One method to test a lens or mirror employs an opa-
que mask with holes placed behind the optical element
under test. Each of the holes acts as an aperture, and
because the light passing through the lens is converging,
the image produced is an array of spots. With proper cal-
ibration, the position of the spots is a direct indication of
the local wave-front tilt at each hole and hence a descrip-
tion of the lens quality. This test is called the Hartmann
test [14].

Variations of this technique especially for real-time wave-
front measurements are used in adaptive optics wave-front
sensors. Shack expanded the concept, placed lenses in the
holes, which increased the light gathering efficiency of
the mask and reduced the disturbing diffraction effects of
the holes with the spots focused [16,17]. This sensor was
called the Shack–Hartmann wave-front (SHWF) sensor.

The SHWF sensor uses the fact that light travels in a
straight line to measure the wave front of light. A lenslet
array breaks an incoming beam into multiple focal spots
falling on an optical detector. By sensing the position of
the focal spots, the propagation vector of the sampled light
can be calculated for each lenslet and the wave front can be
reconstructed from the vectors [18]. Local slopes cause the
beams or the foci to move off their nominal positions by an
amount proportional to the distance between the holes or
the lenslets and the detector. An image of the whole-dis-
torted pattern of spots is analyzed to find the location of
every spot. Calculation is performed on a sub-region
around the expected location of each spot to find its cen-
troid. The locations of the reference spots are subtracted
to compare the wave front to certain reference wave front.
The difference is broken into the x and y components of the
gradient of the wave front to be further analyzed [10,17,19–
26].

SHWF sensors are finding increasingly more uses as
multipurpose optical-laboratory tools [27,28]. Their popu-
larity is correlated with three main factors [18,25,27,29]:
inherent conceptual simplicity, their specific features and
the availability of the key components required for gather-
ing data and processing them at a reasonable speed.

In this study, an optical tilt sensor was built and tested.
The measurement results were compared to those obtained
using a precision reference tilt sensor. Various experiments
were conducted to investigate the performance of the opti-
cal tilt sensor under various conditions such as air turbu-
lence and surrounding light.
2. Experimental set-up

Fig. 1 displays the schematic diagram of the experimen-
tal set-up and Table 1 shows the functions of the compo-
nents used in the set-up. The main components required
for the experimental set-up are a He–Ne laser source, lenses
and an image sensor.

An objective lens focused laser light into a /10-lm pin-
hole, which was placed at the focal plane of the objective
lens. A collimating lens with a 600-mm focal length was
placed at a distance of 600 mm from the pinhole. A plane
wave front was produced from the collimating lens. A focus-
ing lens with a 3-mm focal length was placed on a rotating
frame, which could be adjusted so that the focusing lens
could be tilted at a certain angle.

The laser light passed through the focusing lens and gen-
erated a light spot on the image sensor, which was posi-
tioned in the focal plane of the lens and captured the
image of the light spot. The image was then input into an
image-processing unit to calculate the centroid shift of
the light spot and the tilt angle.

Image processing plays an important role in many appli-
cations [30,31]. Fig. 2 shows the flowchart of the image-
processing unit. To calculate the centroid shift, the images
captured by the image sensor were processed using a cen-
troid-finding program. A reference image was the image
of the light spot at the start of a measurement experiment,
while a measured image was the image of the light spot
after a tilt angle was introduced to the system.
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Fig. 2. Flowchart of the image-processing unit.
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Fig. 3. Correlation of readings from the reference and optical tilt sensors
(Experiments were conducted with air conditioners turned on).
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The centroid-finding program calculated qref (the cen-
troid of the reference image) and q (the centroid of the
measured image). The difference of the centroids was the
centroid shift Dq, as shown below:

Dq ¼ q� qref ð1Þ
Because the focal length of the focusing lens f is known, the
tilt angle a can be expressed as:

tan a ¼ Dq
f

ð2Þ

Because the tilt sensor can only measure small angles, Eq.
(2) can be expressed as:

a ¼ Dq
f

ð3Þ

According to Eq. (3), the tilt angle a is directly propor-
tional to the centroid shift Dq because f is a constant.
Therefore, the centroid shift Dq obtained from the optical
tilt sensor can be directly compared to the corresponding
tilt angle value obtained from a reference tilt sensor.

A precision pendulum tilt sensor was utilized as the ref-
erence tilt sensor. Its two level-units were also placed on the
rotating frame together with the focusing lens. This sensor
has resolution of 0.100, accuracy of ±(0.2 + 2% of displayed
value) arc sec, and a range of ±60000 [32]. The measurement
results using the reference and optical tilt sensors were
compared.

3. Measurements of tilt angles

Factors that might affect the performance of the optical
tilt sensor were investigated. They included atmospheric
turbulence, the distance between the focusing lens and
the image sensor, and the surrounding light. The investiga-
tion of the key factors is important for the final design of
the optical tilt sensor.

3.1. Atmospheric turbulence

Naturally occurring small variations in temperature
(<1 �C) cause small changes in wind velocity, the atmo-
spheric density and the index of refraction. These changes
can accumulate, and the cumulative changes can cause
significant inhomogenities in the index profile of the atmo-
sphere. The wave front of a beam will change in the course
of propagation. This can lead to beam wandering, intensity
fluctuations, and beam spreading. The small changes in the
index of refraction act like small lenses in the atmosphere.
They focus and redirect waves and cause intensity variations
[14,22].

The effects of the atmospheric turbulence on the accu-
racy of the optical tilt sensor were investigated in this
study. Experiments were conducted with the room light
turned off and with air conditioners turned on or off. For
every tilt angle measured, three images of the light spot
were captured at 1-min intervals. The centroid measure-
ments of the light spot were performed and averaged,
and the centroid shifts were calculated.

Based on the readings of the reference and optical tilt sen-
sors, fitted curves were plotted, as shown in Figs. 3 and 4.
The fitted curve equation obtained from the experiments
conducted with air conditioners turned on is y = 559.6 �
438.7x, and the correlation coefficient (R-value) is
�0.99443. The higher the absolute R-value, the better is
the linearity of the graph. The fitted curve equation obtained
from the experiments conducted with air conditioners turned
off is y = 560.3 � 439.2x, and the R-value is�0.99454, which
is slightly better than �0.99443. The differences are small,
indicating that the tilt sensor is robust and is not sensitive
to the surrounding air turbulence.
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Fig. 4. Correlation of readings from the reference and optical tilt sensors
(Experiments were conducted with air conditioners turned off).
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Fig. 6. Optical tilt sensor readings versus reference tilt sensor readings
when the image sensor was placed in the focal plane of the focusing lens.
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Fig. 7. Optical tilt sensor readings versus reference tilt sensor readings
when the image sensor was shifted backwards by 1 mm from the focal
plane.
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3.2. Distance between the focusing lens and image sensor

Experiments were performed to investigate the effect of
the distance between the focusing lens and image sensor
on the measurement accuracy of the optical tilt sensor.
One experiment was conducted by placing the image sensor
in the focal plane of the focusing lens. Two experiments
were conducted by shifting the image sensor 1 mm back-
wards and forwards from the focal plane respectively. These
experiments were conducted with room light turned off.

Fig. 5 shows the reference images of the light spots
captured by the image sensor that was placed at different
distances away from the focal plane. The light spot became
bigger when the image sensor was shifted either backwards
or forwards by 1 mm from the focal plane.

Fig. 6 shows the optical tilt sensor readings versus the
reference tilt sensor readings when the image sensor was
placed in the focal plane of the focusing lens. The fitted
curve equation was y = �641,260 + 134,977x, and the R-
value obtained was 0.98285.

Fig. 7 shows the optical tilt sensor readings versus the
reference tilt sensor readings when the image sensor was
shifted backwards by 1 mm from the focal plane. The fitted
Fig. 5. Reference images of the light spots captured by the image sensor that
sensor was in the focal plane. (b) The image sensor was shifted backwards by
curve equation and the R-value achieved were y = �461,
524 + 97,370x and 0.97714, respectively. The R-value in
this case was lower than 0.98285 in Fig. 6.
was placed at different distances away from the focal plane. (a) The image
1 mm. (c) The image sensor was shifted forwards by 1 mm.
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Fig. 8. Optical tilt sensor readings versus reference tilt sensor readings
when the image sensor was shifted forwards by 1 mm from the focal plane.
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Fig. 9. Optical tilt sensor readings versus reference tilt sensor readings
obtained with the room light turned on.

Fig. 10. An image obtained when the room light was turned on.
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Fig. 8 shows the optical tilt sensor readings versus the
reference tilt sensor readings when the image sensor was
shifted forwards by 1 mm from the focal plane. The fitted
curve equation achieved was y = �533,304 + 111712x.
The R-value was 0.93209 and was also lower than
0.98285 in Fig. 6.

Of these three experiments, the highest R-value was
obtained when the image sensor was placed in the focal
plane of the focusing lens. When the image sensor was
shifted backwards or forwards by 1 mm from the focal
plane, the R-value decreased. The distance does affect the
overall sensitivity and the accuracy of the measurements.
It is important to obtain the correct focal spot (the bright-
est and smallest light spot) as the reference image at the
start of the measurements.

3.3. Surrounding light

Proper surrounding light or lighting is important in
many image processing applications [33,34]. In this appli-
cation, the surrounding light might also affect the accuracy
of the readings of the optical tilt sensor, and therefore its
effect was investigated. Images were captured with the
room light turned on. The optical tilt sensor readings ver-
sus the reference tilt sensor readings are shown in Fig. 9.
The fitted curve equation was y = �1304.2 + 338.7x, and
the R-value was 0.96840.

The linearity of the curve in Fig. 9 is not as good as the
curves in Figs. 3, 4 and 6 achieved with the room light
turned off, and the R-value obtained from the experiment
conducted with the room light turned on was lower than
those values obtained with the room light turned off. This
was because the image sensor captured the laser light spot
and the surrounding room light in this case. As a result, the
background intensity distribution also contributed to the
centroid calculation. Because the background light inten-
sity distribution was not uniform when the focusing lens
was tilted as shown in Fig. 10, the centroid of the light spot
calculated was not accurate. The cross mark in the picture
indicates the centroid position that was inaccurately calcu-
lated by the centroid-finding program.

To find the correct centroid position of the light spot,
measurements using the optical tilt sensor should be per-
formed with the room light turned off. The final prototype
of the optical tilt sensor should have a properly designed
casing to shelter out the noise light from the surroundings.

4. Conclusions

An optical tilt sensor set-up was built using a laser light
source, optical lenses and an image sensor. A precision ref-
erence tilt sensor was also installed on the same stage. The
experimental results of the optical and reference tilt sensors
were correlated and the R-value achieved under ideal con-
ditions was 0.99454. Experiments were conducted to study
the key factors that might affect the performance of
the optical tilt sensor. When the image sensor was shifted
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backwards and forwards from the focal plane by 1 mm, the
R-value decreased to 0.97714 and 0.93209, respectively.
The R-value decreased to 0.96840 when the tilt sensor
was performed with the room light turned on. The experi-
ments conducted have proved that the optical tilt sensor is
able to produce as accurate measurements as the reference
tilt sensor under ideal conditions.
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