
International Journal of Scientific & Engineering Research, Volume 7, Issue 10, October-2016                                                                                        140 
ISSN 2229-5518 

IJSER © 2016 
http://www.ijser.org  

Method of Transforming Coordinates of a 
Vehicle-mounted Accelerometer: Example 
Application of Calculating Lean Angle of a 

Motorcycle 
Andrei Nicolae 

 

Abstract—When mounting an accelerometer onto a vehicle, it may be difficult or inconvenient to align the sensor's axes with the desired 
directions of x, y, z. One way to overcome this issue is to mount the sensor in an arbitrary direction and then mathematically transform the 
acceleration readings from the sensor coordinate system to the vehicle's coordinate system. Described is a simple method to determine 
the transformation constants (components of the rotation matrix) and a sample code for an Arduino microcontroller. Once computed, these 
9 constants can be used to transform any other vector quantity between the sensor and vehicle reference frames, for example, gyro and 
magnetometer readings. A practical example is given where an accelerometer/gyro module is used on a motorcycle to calculate forward 
acceleration and lean angle during a turn. 

Index Terms—accelerometer, coordinate transform, gyroscope, lean angle, motorcycle, rotation matrix, tilt sensor.  

———————————————————— 

1 INTRODUCTION

EMSbased accelerometer/gyro sensors have become 
overwhelmingly popular in the last few years due to 
low cost and increased availability of electronic plat-

forms such as Arduino/Raspberry Pi microcontrollers and 
smartphones [1], [2], [3]. These sensors are often constructed 
to give an output in three orthogonal directions x,y,z[4]. 
When mounting such devices onto a vehicle, it may not be 
practical to align the sensor's axes to the vehicle's axes within 
the desired tolerance due to the lack of physical references. 
For example, attaching an accelerometer to a curved motor-
cycle frame while keeping all axes aligned properly is a te-
dious task and prone to human error. Therefore, it is much 
preferred that the sensor can be mounted in any direction 
and its readings transformed to the bike's reference frame. 

All necessary constants for deriving the transformation 
equations can be obtained by collecting accelerometer data 
with the vehicle tilted about the forward axis (such as plac-
ing a motorcycle on a kickstand or tilting a four-wheeled 
vehicle on its side wheels) and another set of readings while 
the vehicle is upright on a flat surface. An example is then 
shown how this technique is used to build a device capable 
of measuring a motorcycle's forward/braking acceleration 
and also determine its true lean angle during turns. This has 
previously been done using optical vision systems [5], [6] or 
sensor networks along with digital processing (for example, 
Kalman filtering) [7], [8]. However, the method presented 
utilizes only one chip (accelerometer/gyro) and is much eas-
ier to implement on a microcontroller. 

2 TRANSFORMATION EQUATIONS 
Suppose that an accelerometer is mounted on a vehicle as 
shown in figure 1. The readings from the accelerometer will 
be given as components to the (𝐱𝐱�𝒔𝒔,𝐲𝐲�𝒔𝒔, 𝐳𝐳�𝒔𝒔)basis. However, it is 
desired to obtain the acceleration vector expressed in the 

vehicle's reference frame which has basis(𝐱𝐱�,𝐲𝐲�, 𝐳𝐳�)(shown blue 
in figure 1). 

 
Figure 1.A sensor mounted on a vehicle in an arbitrary 
orientation with coordinate system shown in red. The 
desired coordinate system is shown in blue. 
 

This can be done by applying a mathematical transforma-
tion to the accelerometer readings. The necessary equations 
are derived as follows [9]. 

Suppose that the vehicle is stationary on a flat, horizontal 
surface. In this case, the accelerometer will return readings 
denoted by�𝑎𝑎𝑥𝑥𝑥𝑥 ,𝑎𝑎𝑦𝑦𝑦𝑦 , 𝑎𝑎𝑧𝑧𝑧𝑧�. These are components to the gravi-
ty vector, expressed from the sensor's reference frame. Since 
𝐲𝐲�is parallel to gravity, this vector is simply 𝑔𝑔𝐲𝐲�. 

 
 𝒗𝒗𝟏𝟏 = 𝑎𝑎𝑥𝑥𝑥𝑥𝐱𝐱�𝒔𝒔 + 𝑎𝑎𝑦𝑦𝑦𝑦𝐲𝐲�𝒔𝒔 + 𝑎𝑎𝑧𝑧𝑧𝑧𝐳𝐳�𝒔𝒔 = 𝑔𝑔𝐲𝐲� (1) 
 
Now suppose that the vehicleisstationary but tilted about 

the 𝒛𝒛�axis by an angle 𝛼𝛼 as shown in figure 2. 

M 
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Figure 2. Tilting the vehicle about the z�axis by an angle α. 

 
In the tilted case, the accelerometer will return readings de-
noted by �𝑎𝑎𝑥𝑥𝑥𝑥 , 𝑎𝑎𝑦𝑦𝑦𝑦 , 𝑎𝑎𝑧𝑧𝑧𝑧�.These are still components of the 
gravity vector, which can be expressed in terms of 
the𝒙𝒙�,𝒚𝒚�vectorsby 𝑔𝑔 cos(𝛼𝛼)𝒚𝒚� − 𝑔𝑔 sin(𝛼𝛼)𝒙𝒙�. 

 
 𝒗𝒗𝟐𝟐 = 𝑎𝑎𝑥𝑥𝑥𝑥𝐱𝐱�𝒔𝒔 + 𝑎𝑎𝑦𝑦𝑦𝑦𝐲𝐲�𝒔𝒔 + 𝑎𝑎𝑧𝑧𝑧𝑧𝐳𝐳�𝒔𝒔

= 𝑔𝑔 cos⁡(𝛼𝛼)𝐲𝐲� − 𝑔𝑔 sin⁡(𝛼𝛼)𝐱𝐱� 
(2) 

 
Taking the cross product of thesetwovectorsgives 
 
 𝒗𝒗𝟏𝟏 × 𝒗𝒗𝟐𝟐 = 𝑐𝑐𝑥𝑥𝐱𝐱�𝒔𝒔 + 𝑐𝑐𝑦𝑦𝐲𝐲�𝒔𝒔 + 𝑐𝑐𝑧𝑧𝐳𝐳�𝒔𝒔 = 𝑔𝑔2sin⁡(𝛼𝛼) 𝐳𝐳� (3) 
 

where 
 
 𝑐𝑐𝑥𝑥 = 𝑎𝑎𝑦𝑦𝑦𝑦𝑎𝑎𝑧𝑧𝑧𝑧 − 𝑎𝑎𝑦𝑦𝑦𝑦𝑎𝑎𝑧𝑧𝑧𝑧

𝑐𝑐𝑦𝑦 = 𝑎𝑎𝑥𝑥𝑥𝑥𝑎𝑎𝑧𝑧𝑧𝑧 − 𝑎𝑎𝑥𝑥𝑥𝑥𝑎𝑎𝑧𝑧𝑧𝑧
𝑐𝑐𝑧𝑧 = 𝑎𝑎𝑥𝑥𝑥𝑥𝑎𝑎𝑦𝑦𝑦𝑦 − 𝑎𝑎𝑥𝑥𝑥𝑥𝑎𝑎𝑦𝑦𝑦𝑦

 (4) 

 
Now the unit vectors𝐱𝐱� , 𝐲𝐲�, 𝐳𝐳�canbesolved for : 
 
 𝐲𝐲� = (𝑎𝑎𝑥𝑥𝑥𝑥𝐱𝐱�𝒔𝒔 + 𝑎𝑎𝑦𝑦𝑦𝑦𝐲𝐲�𝒔𝒔 + 𝑎𝑎𝑧𝑧𝑧𝑧𝐳𝐳�𝒔𝒔) 𝑔𝑔⁄

= 𝑌𝑌𝑥𝑥𝐱𝐱�𝒔𝒔 + 𝑌𝑌𝑦𝑦𝐲𝐲�𝒔𝒔 + 𝑌𝑌𝑧𝑧𝐳𝐳�𝒔𝒔 
(5) 

 
 

𝐳𝐳� =
𝑐𝑐𝑥𝑥𝐱𝐱�𝒔𝒔 + 𝑐𝑐𝑦𝑦𝐲𝐲�𝒔𝒔 + 𝑐𝑐𝑧𝑧𝐳𝐳�𝒔𝒔
�𝑐𝑐𝑥𝑥2 + 𝑐𝑐𝑦𝑦2 + 𝑐𝑐𝑧𝑧2

= 𝑍𝑍𝑥𝑥𝐱𝐱�𝒔𝒔 + 𝑍𝑍𝑦𝑦𝐲𝐲�𝒔𝒔 + 𝑍𝑍𝑧𝑧𝐳𝐳�𝒔𝒔 (6) 

 
 𝐱𝐱� = 𝐲𝐲� × 𝐳𝐳� = 𝑋𝑋𝑥𝑥𝐱𝐱�𝒔𝒔 + 𝑋𝑋𝑦𝑦𝐲𝐲�𝒔𝒔 + 𝑋𝑋𝑧𝑧𝐳𝐳�𝒔𝒔 (7) 

 
with 

 
 𝑋𝑋𝑥𝑥 = 𝑌𝑌𝑦𝑦𝑍𝑍𝑧𝑧 − 𝑌𝑌𝑧𝑧𝑍𝑍𝑦𝑦

𝑋𝑋𝑦𝑦 = 𝑌𝑌𝑧𝑧𝑍𝑍𝑥𝑥 − 𝑌𝑌𝑥𝑥𝑍𝑍𝑧𝑧
𝑋𝑋𝑧𝑧 = 𝑌𝑌𝑥𝑥𝑍𝑍𝑦𝑦 − 𝑌𝑌𝑦𝑦𝑍𝑍𝑥𝑥

 (8) 

 
The relation between basis vectorsistherefore 
 
 𝐱𝐱� = 𝑋𝑋𝑥𝑥𝐱𝐱�𝒔𝒔 + 𝑋𝑋𝑦𝑦𝐲𝐲�𝒔𝒔 + 𝑋𝑋𝑧𝑧𝐳𝐳�𝒔𝒔

𝐲𝐲� = 𝑌𝑌𝑥𝑥𝐱𝐱�𝒔𝒔 + 𝑌𝑌𝑦𝑦𝐲𝐲�𝒔𝒔 + 𝑌𝑌𝑧𝑧𝐳𝐳�𝒔𝒔
𝐳𝐳� = 𝑍𝑍𝑥𝑥𝐱𝐱�𝒔𝒔 + 𝑍𝑍𝑦𝑦𝐲𝐲�𝒔𝒔 + 𝑍𝑍𝑧𝑧𝐳𝐳�𝒔𝒔

 (9) 

 
Whenmeasuring an arbitraryacceleration, the components 

are given in the accelerometer’sreference frame. However, 
thissamevector has a representation in the vehicle’sframe. 

 

 𝒂𝒂 = 𝑎𝑎𝑥𝑥𝐱𝐱�𝒔𝒔 + 𝑎𝑎𝑦𝑦𝐲𝐲�𝒔𝒔 + 𝑎𝑎𝑧𝑧𝐳𝐳�𝒔𝒔 = 𝐴𝐴𝑥𝑥𝐱𝐱� + 𝐴𝐴𝑦𝑦𝐲𝐲� + 𝐴𝐴𝑧𝑧𝐳𝐳� (10) 
 
Substituting our transformation equations to change eve-

rything to the sensor frame basis gives 
 
 𝑎𝑎𝑥𝑥𝐱𝐱�𝒔𝒔 + 𝑎𝑎𝑦𝑦𝐲𝐲�𝒔𝒔 + 𝑎𝑎𝑧𝑧𝐳𝐳�𝒔𝒔 = 𝐴𝐴𝑥𝑥(𝑋𝑋𝑥𝑥𝐱𝐱�𝒔𝒔 + 𝑋𝑋𝑦𝑦𝐲𝐲�𝒔𝒔 + 𝑋𝑋𝑧𝑧𝐳𝐳�𝒔𝒔)

                                   + 𝐴𝐴𝑦𝑦(𝑌𝑌𝑥𝑥𝐱𝐱�𝒔𝒔 + 𝑌𝑌𝑦𝑦𝐲𝐲�𝒔𝒔 + 𝑌𝑌𝑧𝑧𝐳𝐳�𝒔𝒔)
                                   +𝐴𝐴𝑧𝑧(𝑍𝑍𝑥𝑥𝐱𝐱�𝒔𝒔 + 𝑍𝑍𝑦𝑦𝐲𝐲�𝒔𝒔 + 𝑍𝑍𝑧𝑧𝐳𝐳�𝒔𝒔)

 (11) 

 
Equatingvectorsyields the linear system 
 
 𝑎𝑎𝑥𝑥 = 𝐴𝐴𝑥𝑥𝑋𝑋𝑥𝑥 + 𝐴𝐴𝑦𝑦𝑌𝑌𝑥𝑥 + 𝐴𝐴𝑧𝑧𝑍𝑍𝑥𝑥

𝑎𝑎𝑦𝑦 = 𝐴𝐴𝑥𝑥𝑋𝑋𝑦𝑦 + 𝐴𝐴𝑦𝑦𝑌𝑌𝑦𝑦 + 𝐴𝐴𝑧𝑧𝑍𝑍𝑦𝑦
𝑎𝑎𝑧𝑧 = 𝐴𝐴𝑥𝑥𝑋𝑋𝑧𝑧 + 𝐴𝐴𝑦𝑦𝑌𝑌𝑧𝑧 + 𝐴𝐴𝑧𝑧𝑍𝑍𝑧𝑧

 (12) 

 
whichcanbewritten in matrix form 
 

 

�
𝑋𝑋𝑥𝑥 𝑌𝑌𝑥𝑥 𝑍𝑍𝑥𝑥
𝑋𝑋𝑦𝑦 𝑌𝑌𝑦𝑦 𝑍𝑍𝑦𝑦
𝑋𝑋𝑧𝑧 𝑌𝑌𝑧𝑧 𝑍𝑍𝑧𝑧

� �
𝐴𝐴𝑥𝑥
𝐴𝐴𝑦𝑦
𝐴𝐴𝑧𝑧
� = 𝑀𝑀 �

𝐴𝐴𝑥𝑥
𝐴𝐴𝑦𝑦
𝐴𝐴𝑧𝑧
� = �

𝑎𝑎𝑥𝑥
𝑎𝑎𝑦𝑦
𝑎𝑎𝑧𝑧
� (13) 

 
The components of acceleration in the vehicle's frame 

canbefound by inverting M. However, sincethis transforma-
tion is pure rotation, M is orthogonal whichmeans M-1 = MT. 
Therefore 

 
 

�
𝐴𝐴𝑥𝑥
𝐴𝐴𝑦𝑦
𝐴𝐴𝑧𝑧
� = 𝑀𝑀𝑇𝑇 �

𝑎𝑎𝑥𝑥
𝑎𝑎𝑦𝑦
𝑎𝑎𝑧𝑧
� = �

𝑋𝑋𝑥𝑥 𝑋𝑋𝑦𝑦 𝑋𝑋𝑧𝑧
𝑌𝑌𝑥𝑥 𝑌𝑌𝑦𝑦 𝑌𝑌𝑧𝑧
𝑍𝑍𝑥𝑥 𝑍𝑍𝑦𝑦 𝑍𝑍𝑧𝑧

� �
𝑎𝑎𝑥𝑥
𝑎𝑎𝑦𝑦
𝑎𝑎𝑧𝑧
� (14) 

 
The components of acceleration in the vehicle's frame 

canbecomputed by transforming the readingsfrom the acce-
lerometerusing the followingequations 

 
 𝐴𝐴𝑥𝑥 = 𝑋𝑋𝑥𝑥𝑎𝑎𝑥𝑥 + 𝑋𝑋𝑦𝑦𝑎𝑎𝑦𝑦 + 𝑋𝑋𝑧𝑧𝑎𝑎𝑧𝑧

𝐴𝐴𝑦𝑦 = 𝑌𝑌𝑥𝑥𝑎𝑎𝑥𝑥 + 𝑌𝑌𝑦𝑦𝑎𝑎𝑦𝑦 + 𝑌𝑌𝑧𝑧𝑎𝑎𝑧𝑧
𝐴𝐴𝑧𝑧 = 𝑍𝑍𝑥𝑥𝑎𝑎𝑥𝑥 + 𝑍𝑍𝑦𝑦𝑎𝑎𝑦𝑦 + 𝑍𝑍𝑧𝑧𝑎𝑎𝑧𝑧

 (15) 

 

3 IMPLEMENTATION IN C 

To implement the above method, readings from the accele-
rometer must be collected with the vehicle in the flat and 
tilted positions. Normally, data should be collected over sev-
eral seconds and averaged to avoid noise. These readings 
will be used to compute the 9 components of matrix M 
which is done once and stored in memory. The code below is 
one possible example of how to do so on an Arduino micro-
controller. 

 
#define G 9.81 
float X[3], Y[3], Z[3]; // initialize arrays 
 
void setup() { 
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// enter values given by accelerometer with vehicle 
flat   

floataF[] = {axF, ayF, azF};  
// enter values given by accelerometer with vehicle 

tilted   
floataT[] = {axT, ayT, azT};  
 
  // computes cross product v1 x v2 
float c[3]; 
c[0] = aF[1] * aT[2] - aT[1] * aF[2]; 
c[1] = aT[0] * aF[2] - aF[0] * aT[2]; 
c[2] = aF[0] * aT[1] - aT[0] * aF[2];  
 
for (int k = 0; k < 3; k++) { 
    Y[k]  =aT[k] / G; 
    Z[k] = c[k]/sqrt(c[0]*c[0] + c[1]*c[1] + 

c[2]*c[2]); 
  } 
 
  // compute Xx, Xy, Xz by the cross product y x z 
X[0] = Y[1] * Z[2] - Z[1] * Y[2]; 
X[1] = Z[0] * Y[2] - Y[0] * Z[2]; 
X[2] = Y[0] * Z[1] - Z[0] * Y[2]; 
} 
void loop() { 
  // prints acceleration in x, y, z 
Serial.println(A('x')); 
Serial.println(A('y')); 
Serial.println(A('z')); 
} 
// assume ax, ay, az are values given by accelerometer 
float A(int  coordinate) { 
if (coordinate == 'x') { 
return ax * X[0] + ay * X[1] + az * X[2]; 
  } else if (coordinate == 'y') { 
return ax * Y[0] + ay * Y[1] + az * Y[2]; 
  } else { 
return ax * Z[0] + ay * Z[1] + az * Z[2]; 
  } 
} 

4 CALIBRATING THE ACCELEROMETER 
Capacitance based accelerometers often have some manufac-
turing variability [10], meaning that it will not give a reading 
of 0 when the sensor is still - this is called offset error. Also, it 
may be desired to express acceleration in units such as m/s2. 
To do this, the sensor must be calibrated as follows: 

 
1. Align the accelerometer's +x axis to point straight up 

(use a flat surface). 
2. Obtain readings from the sensor and average them. 

Call this number xMax. 
3. Flip the sensor such that the +x axis is pointing 

straight down. Obtain sensor readings again, average 
them, and call this number xMin. 

4. Compute the calibration constants using the follow-
ing formula: 

 
xOffset =

−𝑔𝑔(xMax + xMin)
xMax − xMin

 (16) 

 
xOffset =

2𝑔𝑔
xMax − xMin

 (17) 

 
This is to be performed for the y and z axes in the same 

manner. The calibrated acceleration (with same units as $g$) 
is 

 
 axCalibrated = xSlope ∗ ax + xOffset (18) 
 ayCalibrated = ySlope ∗ ay + yOffset (19) 
 azCalibrated = zSlope ∗ az + zOffset (20) 
 
This calibration correction must be applied before acquir-

ing data for calculating the components of M. 

5 EXAMPLE: COMPUTING THE LEAN ANGLE OF A 
MOTORCYCLE 

Vehicles such as bicycles, motorcycles, and to a lesser extent, 
cars, lean when driven in curved paths. A popular electron-
ics project is to build a device that displays the lean angle 
(also known as roll) of a motorcycle. One method to compute 
this angle is using an accelerometer/gyro, assuming that 
both wheels contact a horizontal surface. If the motorcycle is 
stationary, the lean angle can be computed by 

 
 𝜃𝜃 = cos−1�𝑔𝑔/𝐴𝐴𝑦𝑦� (21) 
 
However, the goal is to compute the lean angle regardless 

of centripetal acceleration and rider position, therefore (21) 
cannot be used. An equation for the true angle (the angle 
between the motorcycle and the vertical, regardless of speed 
or rider position) can be derived as follows. Suppose that the 
motorcycle is leaned clockwise by an angle 𝜃𝜃from the vertic-
al. Then, 

 𝐴𝐴𝑦𝑦cos(𝜃𝜃) + 𝐴𝐴𝑥𝑥sin(𝜃𝜃) = 𝑔𝑔 (22) 
 𝐴𝐴𝑥𝑥cos(𝜃𝜃) + 𝐴𝐴𝑦𝑦sin(𝜃𝜃) = 𝑠𝑠 (23) 
                                       𝐴𝐴𝑥𝑥2 + 𝐴𝐴𝑦𝑦2 = 𝑔𝑔2 + 𝑠𝑠2 (24) 
 
wheres is the centripetal acceleration. Solving for𝜃𝜃, 
 
 

𝜃𝜃 = sin−1 �
𝑔𝑔𝐴𝐴𝑥𝑥 − 𝑠𝑠𝐴𝐴𝑦𝑦
𝐴𝐴𝑥𝑥2 + 𝐴𝐴𝑦𝑦2

� (25) 

and 
 𝑠𝑠 = sign(𝑠𝑠)�𝐴𝐴𝑥𝑥2 + 𝐴𝐴𝑦𝑦2 − 𝑔𝑔2 (26) 

 
Computing the sign of s is therefore required. This can be 

done by looking at a gyro, whose readings of angular rate 
must also be transformed to the vehicle's reference frame. If 
the angular rate about the y-axis is positive, the motorcycle is 
making a right turn and therefore sign(s) is positive. Other-
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wise, sign(s) is negative. Some commercial MEMS sensors 
come with 3-axis acceleromenter / 3-axis gyro on the same 
chip, making implementation trivial. 

6 EXPERIMENTAL VERIFICATION 
An electronic device was built to measure the lean angle of a 
motorcycle in real time using the techniques described here. 
The sensor is tethered to the central processing module and 
may be adhered to the motorcycle frame in an arbitrary posi-
tion. The device then collects data in two motorcycle posi-
tions (one on the kick-stand, and one upright) and computes 
the rotation matrix components.  
 

 
Figure 3. Prior to applying the coordinate transform, 
the LCD displays angle readings that don't match the 
desired reference frame. 
 

 
Figure 4. Display when the correct coordinate rotation 
is applied. The LCD shows 0O tilt and 0 g acceleration. 

 
Figures 3 and 4 show the algorithm working to correct for 
the arbitrary position of the accelerometer/gyro sensor. This 

technique is highly effective as shown here, and easy to use 
as seen by the equations and C implementation provided. 
Moving the sensor to a new location and orientation only 
requires the re-collection of sensor data in the two positions, 
a task that is completed in about 10 seconds.  

Although not shown in this paper, the device was tested 
on a Yamaha R6 motorcycle with great success. The dis-
played angle was displayed correctly regardless of for-
ward/braking acceleration or side acceleration (riding in a 
turn as opposed leaning the motorcycle while still). Even 
after months of use, the sensor system showed great stability 
and there was no need to perform another calibration or cal-
culate the rotation coefficients. 
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