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Abstract - In this paper, a tilt compensator for IMU sensor fusion framework is developed for orientation detection of 
human arm movement for human interactive robot. To get roll and pitch angles of human arm movement, Inertial 
Measurement Units (IMU): tri-axis accelerometer and tri-axis gyroscope are used with complementary filter. For yaw angle 
detection, three types of estimation method are discussed. The first type is the estimation using only magnetometer, and the 
second is using with accelerometer. The last type is compensated using both accelerometer and gyroscope in which 
complementary filter based tilt compensation is designed. Stable solution to this system is obtained via a sensor fusion and 
error checking under pitch and role angle changes of human arm. Real-time data logging for this changes are applied to 
emphasize the accuracy of yaw angle estimation for this framework. 
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I. INTRODUCTION 
 
Manipulation of a robot controlled by a human 
operator from a safe distance becomes essential in 
hazard environment. Robotic arm on a mobile robot 
can replicate the movement of human arm using 
inertial measurement units[1].  
 
Moreover orientation has a wide range applications, 
navigation systems, virtual reality and gesture 
recognition. Development of reducing noise heads to 
get complete solution for orientation estimation. For 
several years, orientation and attitude estimation 
using IMU sensors are extensively researched area 
[2][3][4].  In past decades, several types of sensor 
fusion model have been well developed so far 
applying complementary filter and Kalman 
filter[5][6]. To reduce computation burden, 
complementary filter was used more than Kalman 
filter.   
Although above study achieved good result and 
proved with response curves, they suffer from real-
time error checking method. A comparison model of 
sensor fusion with rotation angle feedback is still 
needed to design and improve. As the previous work, 
a comparison model of IMU sensor fusion using 
complementary filter and quadrature encoders 
reading for robotic arm was developed[7].  
Accelerometer cannot fully detect yaw angle because 
it can only detect vertical free fall to earth center. It is 
still needed further study on yaw angle detection. 
Using a magnetometer and an accelerometer, an 
electronic compass compensation was also described  
by a researcher and both the effect of calibration and 
precision of estimated error models have been 
observed and presented there[8]. To reduce noise of 
accelerometer, gyroscope can be applied. By adding a  
sensor fusion using accelerometer and gyroscope, a 
more accurate estimation can be expected. 

 
In this paper, complementary filter based tilt 
compensator was applied using a magnetometer. 
Fig.1. shows robot design for human interactive 
operation for roll, pitch and yaw angle replication. 

 

Fig.1. Human Interactive Robot Model (a) wearable IMU 
sensor (b) robotic arm with quadrature encoders 

 
For IMU sensor fusion and feedback checking, a 
comparison model was design as follow. The first 
estimation is constructed using roll and pitch angle of 
complementary filter for compensation. 
Accelerometer based compensation is done in the 
second estimation method and the last one does not 
use compensation. 
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II. TILT ANGLE SENSING 
 
In this paper, GY-80 sensor board was applied. It is 
composed of five different sensor. Among them 
ADXL345 accelerometer, L3G4200D gyroscope and 
HMC5883L were applied.  
 
Using I2C (Inter Integrated Communication) 
protocol, all sensors are connected with 
microcontroller using specific address. ±16g range 
for accelerometer, ±2000 degree per second range for 
gyroscope and 8.1 Gauss range were applied and they 
are the maximum sensitivity range too. Tilt angle can 
be sensed from accelerometer by using the following 
two equations. 

Roll angle:Ɵ = atan ( ) 

Pitch angle: Ψ = atan ( ) 
Gyroscope can detect only angular rate, so the current 
angular position can be calculated by adding numeric 
integration of degree per second changes to previous 
angular position. The new gyroscope angle is the 
summation of old gyroscope angle and the 
multiplication of gyroscope rates and sampling time.  
These can be expressed as follow. 

 
gyro(n)=gyro(n-1)+gyroRate*dt 

where dt= sampling period. 
To avoid high frequency response of accelerometer 
and to take rate of change of gyroscope, the simple 
filter design can be expressed as follow. 

 
angle = α ∗ (prevAngle + gyroRate ∗ dt) + (1 − α)

∗ accAngle 
Complementary Filter coefficient α is defined as: 
α= /( +dt) where  = time constant given by cutoff 
frequency and dt is sampling rate. That value of 0.7 
was sufficient to be used and discussed in previous 
study[7].  

 

Fig.3. Block diagram for complementary filter 
 
III. TILT COMPENSATOR 
 
As mentioned in old study [7], yaw angle estimation 
is quite differ from actual rotation angle because an 
accelerometer cannot detect on horizontal level. The 
earth’s magnetic field is parallel to the earth’s 
surface. Although the magnetometer is parallel with 
the earth’s surface, it can measure the direction of the 

earth’s magnetic field [9]. However by tilting the 
magnetometer, the direction of axial sensitivity will 
change into large amount. The more changes on 
magnetometer tilting, the estimation values become 
larger consequently. 
 
Therefore mapping the magnetometer sensing data to 
pitch and yaw angle can compensate magnetometer 
from accidental tilting.  Tilt compensation using an 
accelerometer was described for LSM303DLH sensor 
board[10]. In this system, HMC5883L magnetometer 
was applied. 
 

 
Fig.4. Formation of Roll and Pitch angle over magnetic fields 

 
When the device body is pointing to the magnetic 
north, then Xh gets maximum value and Yh gets zero 
so that heading is 0°. Rotating the device clockwise 
on the horizontal plane, the heading increases. When 
Xh is zero and Yh is minimum, then heading will be 
90°. After rotating until Xh is minimum and Yh is 
zero, then heading becomes 180°. After a full round 
360° rotation, the user sees a centred circle if plotting 
Xh and Yh values coming from the magnetic sensor 
measurements. The heading angle can be calculated 
simply as follow. 

Heading = arctan(Yh /Xh) 
When the sensor is tilted, the above values changed 
and magnetometer sensing can be compensate using 
following equations. 

Xh=Xm*cos(Pitch)+Zm*sin(Pitch) 
Yh=Xm*sin(Roll)*sin(Pitch)+Ym*cos(Roll)-

Zm*sin(Roll)*cos(Pitch) 
Where Xm, Ym and Zm are magnetic sensor 

measurement. 
  
Pitch and Roll angle can be chosen from the 
following methods:  
 
1. Using an accelerometer 
  That is the most common application method.  
2. Using a gyroscope  
That is not suitable because of gyro drift 
characteristics. 
3. Using a sensor fusion of accelerometer and 

gyroscope 
 
In this research work, complementary filtering was 
used and compared with magnetometer only 
estimation. Experimental result will be discuss in next 
section. 
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Moreover, declination angle for Mandalay, Myanmar 
region was considered. Magnetic declination 
estimated value is 0.62 degree (West) for Mandalay, 
Myanmar (Latitude 21.97 North Longitude 96.08 
East) at 2018 January. This can be calculated using 
the following link. 
http://www.ngdc.Noaa.gov/geomag-web/ 
 
IV. IMPLEMENTATION USING ARDUINO IDE 
 
Using Arduino IDE, the gyroscope changes are 
recorded based on milli-second range. To meet the 
gyro rate that is based on second, time integration 
should be milli-second time difference divided by 
1000.0.  
 
For complementary filtering, data acquisition from 
accelerometer was done by using arc tangent 
function. For sine and cosine value of roll and pitch, 
the converted angle should be converted into radian 
again. At heading angle calculation section, the arc 
tangent between two magnetic densities is needed, it 
can be solved using Arduino IDE atan2(Yhc,Xhc) 
function.  
 
The overall flowchart for roll, pitch and yaw angle 
estimation is shown in Fig.5. 

 
Start

Get milli-second as 
old

, Read Acc,
Gyro rate and 

Mag field  

Acc: perform arctan
function 

Get milli-second as 
new 

Gyro:New G angle
=old angle+Grate*dt

Replace Oldangle with 
newangle 

Roll and Pitch: 
angle=α*newGangle+

(1-α)*accAngle

loop?

Stop

Yes

No

Tilt compensator

Yaw: 
arctan2(Hyc,Hxc)dt=(new-old)/

1000.0

Fig.5. Flow chart for IMU sensor fusion program 
 

The applied code of radian and degree conversion is 
described as follows. 
 
floatcos_rollc = cos(angle_x*DEG_TO_RAD); 
floatsin_rollc = sin(angle_x*DEG_TO_RAD); 
floatcos_pitchc =cos(angle_y*DEG_TO_RAD); 
floatsin_pitchc = sin(angle_y*DEG_TO_RAD); 
floatmag_xc = val.m_x*cos_pitchc + 
val.m_z*sin_pitchc; 
floatmag_yc = val.m_x*sin_rollc*sin_pitchc 
+val.m_y*cos_rollc - val.m_z*sin_rollc*cos_pitchc; 

MAG_Headingc= atan2(mag_yc,mag_xc) 
*RAD_TO_DEG; 
 
The time taken for whole process is about 30 milli-
second and it is enough to replicate of human arm 
action. 
V. TEST AND RESULT 
 
Sample of sensing data needed for sensor fusion were 
described as Table 1Roll and Pitch angle of 
accelerometer and gyroscope were recorded and 
magnetometer based, magnetometer and 
accelerometer based and magnetometer and 
complementary filter based heading angle estimation 
were compared in this. 
 

Table1: Comparison of Heading Angle Estimation 

 
 
After taking several hundred samples steps, the 
magnetic heading result for yaw estimation are 
recorded as shown in Fig. 6, 7 and 8. 

 

 
Fig.6.the relation of Pitch angle and Heading angle 

 
Each step in X-axis longs for 30 milli-second and the 
experiment in Fig.6.longs for about 4 second study. 
The experiment was done upon up and down Pitch 
movement so that not much changes for the heading 
angle.  At the 29th, 61st, 85th and 113th steps, the 
pure magnetic head estimation (in yellow color) 
occurs distinct changes along with the pitch angle 
changes (in orange color). Accelerometer based 
compensation (in green color) makes worse than pure 
magnetic estimation. But with the accelerometer and 
gyroscope based complementary filter compensation 
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(in brown color) seems to give better stable than 
other. 
 

 
Fig.7.the relation of Yaw angle and Heading angle 

 
The second experiment was done upon yawing the 
sensor body as shown in Fig.7. Although the sensor 
body is rotated along with smooth yaw angle 
movement, magnetometer compensated with 
accelerometer curve (in yellow color) formed high 
degree edges due to accelerometer noise. It also 
effected to green color curve which is composed of 
accelerometer and gyroscope complementation. 
Magnetometer based heading estimation (in green 
color) pointed out the optimal solution for heading 
angle estimation than the two compensated methods. 
 

 
Fig.8.the relation of Roll angle and Heading angle 

 
The third experiment was done upon rolling the 
sensor body as shown in Fig.8. At the 5th, 61st and 
113th step, accelerometer roll angle changed a lot and 
magnetic heading changed much although the sensor 
heading is fixed carefully. By using accelerometer 
based tilt compensation, the stable solution (in green 
color) was obtained. The more stable response was 
obtained using the complementary output that is the 
combination of accelerometer and gyroscope. 
 

CONCLUSION 
 
This comparative study was applied for estimation of 
inclination angles of a human arm to be replicated for 
robotic arm. The lack of previous study on yaw angle 
estimation was done by using above method 
compensating tilt angle for magnetometer added. 
With the changes on roll angle, the complementary 
based sensor fusion makes an optimal estimation than 
both magnetometer based estimation and 
magnetometer with IMU sensor fusion based. This 
paper provides better accuracy for yaw angle 
estimation over the previous study[7].  
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