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Abstract — This paper presents the design of an embedded sensing system to determine the orientation of a robotic 
device, being developed for remote inspection of engineering components that are without line of sight. The system is 
designed to measure the pitch and roll axes data using a two-axis tilt sensor and to measure the yaw axis data using a 
magnetic digital compass. Both the sensors are interfaced to personal computer through a PIC microcontroller and ZigBee 
wireless module. The responses of the tilt and magnetic compass are used to determine the orientation of the robotic 
device. The performance of the sensors is experimentally verified. By using a Python script, the 3-D orientation of the 
robotic device is displayed in real time. Details of the circuit, printed circuit board designed, and experimental set up made 
for calibration and testing are discussed. 
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I. INTRODUCTION 
 
Knowing the exact position of a robotic device is a 
fundamental problem in mobile robot applications 
and a variety of systems, sensors, and techniques 
have been proposed to determine the mobile robot 
position. This is an active field of research with 
systems and ideas being developed continuously. 

In robotics, tilt sensors are used for monitoring the 
angle of an arm, for self-balancing robot as a 
feedback sensor and for sensing the change in 
orientation. Measuring the tilt angle of a robot is a 
challenge, as the accuracy of the measured tilt angle 
is extremely important for applications such as two-
wheeled balancing robot, remote robotic operations 
without having any line-of-sight etc. Further, the 
accelerometer based tilt sensor is sensitive to 
vibrations.  

Measurement of pitch, roll and yaw of any robotic 
device is essential to know its orientation in space. 
These parameters are the angles of rotation in three 
directions, as shown in Fig 1. Pitch and roll are the 
tilt experienced by the robot along their respective 
axes. 

 
Fig. 1 Three axes of rotation. 

 
For performing ultrasonic non-destructive 

inspection using piezoelectric transducers and visual 
examination using CCD cameras, a robotic device is 
used. This robotic device moves over the outer 
curved smooth surface of a stainless steel vessel of 
few meters in diameter and the regions to be 
examined are far away without any line-of-sight 
shown in Fig. 2 [4]. However, the robotic device 
moves slowly during inspection as well as during 
maneuvering and no drastic change in the 
orientation of the device is expected. Further, it is 
expected that in all possible locations, the device will 
be in a favorable position with respect to gravity and 
as a result, low-cost dual-axis accelerometer based 
tilt sensors are sufficient to determine the pitch and 
roll angles, with reasonable accuracy. It is envisaged 
that the orientation of the robotic device is displayed 
on a personal computer screen in real time to enable 
proper positioning of the piezoelectric transducers 
for ultrasonic examination. 

Tilt can be measured accurately with the help of 
accelerometers where gravity is the frame of 
reference and there are accelerometers available in 
various ranges of ‘g’ and the output of the 
accelerometers are direct functions of the tilt 
experienced by the robotic device. The position of 
yaw axis can be relatively measured using gyro 
sensor or a magnetic compass. Gyro sensor gives the 
rate output or angular velocity. By integrating the 
angular velocity, the Z-axis position information can 
be obtained. The MEMS based gyro sensor shows 
fast response, but suffers from drift due to 
accumulated errors by integration to obtain angle 
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information from acceleration. Meanwhile, the tilt 
sensor has a good steady state response, but has a 
slow response and suffers from high frequency noise 
[5-7]. 
 

 
 

Fig. 2 Robotic device and its maneuvering on the 
steel vessel surface for non-destructive examination. 
 
A magnetic compass can be susceptible to 

disturbances from external magnetic fields. Through 
selection of high sensitive sensors and proper 
calibration using experimental set up, tilt and yaw 
information can be measured accurately. This paper 
describes the design of an embedded sensing system 
that employs two-axis tilt sensor and a digital 
compass to accurately determine the orientation of 
the robotic device. The paper first describes the tilt 
and compass sensor chosen and their interfacing for 
data acquisition. Then, the calibration and testing for 
its accuracy in determination of the device 
orientation and its 3-D display in real time are 
discussed. 
 
II. MEASUREMENT OF TILT 
 

A. Pitch and roll measurement 
Tilt is a static measurement and the degree of tilt 

can be determined using the force of gravity 
experienced by an accelerometer, e.g. in the range 
from -1g to +1g through a tilt of 180°. The accuracy 
of the tilt measurement can be improved by using a 
0g offset. It is important to implement a 0g 
calibration routine for the accelerometers to 
compensate for the 0g offset. This is because a 1 tilt 
in the 0g position creates an output error equivalent 
to a 10 tilt in the +1g or -1g positions. 

The pitch and roll are measured using a 
MMA7361 accelerometer sensor that can measure 
both static and dynamic acceleration. The sensor has 
two user configurable ranges of measurement viz. 
±1.5g and ±6g. The sensor consumes about 400uA 

and gives a sensitivity of 0.8 V/g (1.5g). This can 
operate at 2.2 to 3.6 volts and is good for various 
robotic applications. In general, the weight of a tilt 
sensor should be approximately an order of 
magnitude less than the object being measured. The 
MMA7361 device satisfies this requirement. This 
device consists of a surface micro machined (MEMS) 
capacitive sensing cell (g-cell) and a signal 
conditioning ASIC (application specific integrated 
circuit) contained in a single package. The ASIC 
uses switched capacitor techniques to measure the g-
cell capacitors and extract the acceleration data from 
the difference between the two capacitors. The ASIC 
also conditions and filters the signal, providing a 
high level output voltage that is ratio metric and 
proportional to the acceleration. 
 

For an accelerometer based tilt sensor with a 
sensitivity of 0.8 V/g, use of a 10-bit A/D converter 
gives a resolution of 4.032 mg for a 3.3 V supply. It 
is well known that a higher resolution is achievable 
with a better A/D converter. When, a 12-bit ADC is 
used, a resolution of approximately 1 mg can be 
achieved with 4095 steps of ADC. 
 

B. Yaw measurement 
Different types of yaw measurement sensors 

include i) Gyro sensors, ii) Magnetic compass, iii) 
Accelerometers, and iv) Air mouse devices. Gyro 
sensor gives rate output or angular velocity. By 
integrating the angular velocity the Z-axis position 
information can be obtained. On the other hand, 
magnetic compass directly gives the Z-axis position 
when it experiences a yaw motion. Essentially, this 
gives the direction of magnetic North. 

The magnetic compass is made by placing a bit of 
magnetized iron or steel in a setting of low friction 
so that it is allowed to move about freely. In most 
compasses, the north-end of the metal piece is 
marked, most often with red paint, so that all 
directions may be ascertained when interference of 
other magnetic fields is less. The magnetic field of 
the earth is considered to be homogeneous in micro-
areas covered by the digital compass circuitry 
embedded microcontroller reads the sensors and 
compute the azimuth angle, the clockwise angle from 
the magnetic north of the earth. For our sensing 
system design, a digital compass, HMC 6532 has 
been used. This is a fully integrated compass module 
that combines 2-axis magneto-resistive sensors with 
the required analog and digital support circuits that 
enable 1 to 2 compass heading accuracy, despite 
the presence of strong magnetic fields upto +8 gauss. 
The HMC 6352 uses a layered protocol with the 
interface protocol defined by the I2C bus 
specification. In order to calibrate and test the digital 
compass, a mechanical set up that covers 360 in a 
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step of 1 has been developed. Controlled 
experiments have been performed to study the error 
and drift. 
 
III. SENSOR INTERFACING FOR DATA 

ACQUISITION 
 

A basic PIC based microcontroller (18F258) has 
been used. As this has an in-built 10 bit ADC, a 12-
bit external ADC MCP3202 has been used for high 
resolution A/D conversion. The ADC provides an 
SPI interface through which the peripheral can 
communicate with the controller and the controller 
will be transmitting the data via ZigBee wireless 
protocol to the process computer as shown in Fig. 3. 

The sensing system consists of two parts. One is 
transmitter and other is receiver. ZigBee protocol is 
used between the transmitter and receiver for 
wireless communication. ZigBee is wireless 
technology developed as an open global standard to 
address the unique needs of low-cost, low-power 
wireless M2M networks. The ZigBee standard 
operates on the IEEE 802.15.4 physical radio 
specification and operates in unlicensed bands 
including 2.4 GHz, 900 MHz and 868 MHz. This 
specification is less expensive than other WPANs, 
such as Bluetooth and is targeted at radio-frequency 
(RF) applications that require a low data rate, long 
battery life, and secure networking. Also, the range 
and obstruction issues are minimal. ZigBee module 
also helps to overcome the difficulties of cabling 
during rotation of the test setup for tilt and yaw 
measurements. The block diagram for transmitter 
and receiver is shown separately in Fig 3. 

 

 
 

Fig. 3 Block diagrams for the transmitter and receiver 
 
The detailed circuit diagram is given in Fig 4. The 
circuit includes regulated power supply, tilt sensors, 
compass, microcontroller, ADC and Zigbee module. 
All the modules are powered by 3.3 volts (DC supply 
regulated from 9 volt battery). The CPU operats at 
6MIPS with an external crystal of 24MHz for the 
micro controller. Digital compass HMC 6362 is 
interfaced to the PIC microcontroller by SPI 

communication interface. Figure 5 shows the printed 
circuit board of the transmitter and receiver. 
 

The controller acquires the tilt along X axis and Y 
axis from the tilt sensor and the orientation along the 
yaw axis form the digital compass through ADC 
interfaced to the controller. The values are then 
passed on by the microcontroller to the Xbee 
transmitter which wirelessly transmits the data to 
Xbee receiver interfaced to the destination PC 
running a Python script to receive the serial data and 
present it in a 3D form. 
 

 
 

Fig. 4 Circuit diagram of the Embedded Sensing System. 
 

 
 

Fig. 5 Photograph of the designed Embedded Sensing System 
 

Software for 3D modeling of the three axis sensor 
data has been written in Python, a widely used 
general-purpose high-level programming language 
that is completely open source with a comprehensive 
standard library, with free third party modules for 
virtually every task. Python supports multiple 
programming paradigms, including object-oriented, 
imperative and functional programming styles.  

Python has been used to acquire serial data from 
the Xbee as well as to make a 3D model of the 
robotic device using the development toolkits namely 
PySerial, VPython and Tkinter. The PySerial module 
enables the IDLE Python environment to transfer the 
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tilt angle data serially to the computer by accessing 
the data directly. VPython enables creation of objects 
such as spheres and cones in 3D space and displays 
these objects in a window while Tkinter module (“Tk 
interface”) is the standard Python interface to the Tk 
GUI toolkit from Scriptics. 
 
IV. CALIBRATION AND TESTING 
 
Tilt sensor and magnetic compass have been 
interfaced with the microcontroller and tested for 
their functionality. The tilt sensor has been mounted 
on a well calibrated hinge rotated from -90 to 90 in 
steps of 15 in both clockwise and anticlockwise 
directions and the sensor response has been recorded. 
The actual tilt angles and the measured tilt angles 
are given in Table I. As can be noted, the maximum 
error in tilt angle measurement is 2%. Due to low 
sensitivity of the sensor it has been found difficult to 
detect the angular rate at low speeds as its output is 
close to neutral value. 

 
 

Fig.6 shows the actual mechanical set up made for 
calibration and testing the magnetic compass for the 
yaw motion. The setup has been hand rotated in 
clockwise and anticlockwise direction 360 in steps 
of 30 and the compass response has been recorded. 
The compass has also been hand driven in the 
reverse direction and similar performance has been 
observed. Typical response of the compass in 
clockwise direction rotation is shown in Table II. 
The accuracy of the yaw angle determination using 
the digital compass has been found to be 
+0.33%.The digital compass readings have also been 
measured in the presence of external magnetic field 
of approximately 5 gauss and this found to reduce 
the accuracy of yaw angle determination to +2. 
Using flux concentrators and shielding, this 
performance can be enhanced. [8] 

 

 
 

Fig. 5 Mechanical setup made for testing and calibration of the 
magnetic compass 

 
ZigBee modules have been configured and tested 

for 38400 baud rate and up to 20 m and the 
orientation information has been found to be free 
from drift and noise. The three axes data have been 
processed using a Python script and 3-D orientation 
of the PCB has been displayed in real time. Typical 
screenshots depicting the orientation of the tilt in 
different orientations are shown in Fig. 7 and Fig 8. 

 
 
Fig. 7. Typical screen shot depicting the orientation of the tilt in 

one orientation 
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Fig. 8. Typical screen shot depicting the orientation of the tilt in 
another orientation 

It is possible to increase the sensitivity of the 2-axis 
tilt sensor by mounting the sensor chip at 45 
vertically so that the two-axis solution can be 
exploited [6]. Future work deals with improving the 
performance by way of using a complementary filter 
or Kalman filter and other portable designs [9-10]. 
For this purpose, MPU6050 chip consisting of tilt as 
well as magnetic compass sensors, low-pass filter 
and ADC is proposed to be used. 
 
CONCLUSION 
 

An embedded sensing system comprising of tilt 
and magnetic compass sensors interfaced to a PIC 
microcontroller has been designed and tested, to 
accurately determine the tilt of a robotic device being 
developed for inspection of inaccessible regions 
without any line of sight. The 3-D orientation of the 
robotic device has been displayed in real time using 
the Python open source programming language. The 
system has resulted in drift-free stable measurement 
of the orientation with an accuracy of +1 and about 
+2 in the presence of reasonable external magnetic 
fields. 
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