
An inertial haptic interface for robotic applications 

ABSTRACT 

Inertial measurement components, which sense either acceleration or angular rate, are being embedded 
into common user interface devices more frequently as their cost continues to drop dramatically. These 
devices hold a number of advantages over other sensing technologies: they measure relevant parameters 
for human interfaces and can easily be embedded into wireless, mobile platforms. The work of this project 
demonstrates that inertial measurement can be used to acquire rich data about human movements and 
gestures, that can be utilized to control any robotic systems or in videoludic purposes, i.e., consoles 
gamepad such as controller developed by Sony and Nintendo. 

A wireless six/nine degree-of-freedom inertial measurement unit (IMU) allows to collect the data, providing 
updates as fast as possible. Utilizing the acquired data, an elaboration algorithm provides the orientation of 
the sensor with respect an earth reference frame. These information can be used to control the 
movements of a robotic system, i.e., to control a quadcopter or to control a robotic arm. So, the sensor, 
supported by an intelligent unit, i.e. FPGA, results to be an inertial haptic interface, that can be introduced 
in videoludic, robotic and medical (i.e., inertial interface for assistant robots) applications. 

The choice of using the Altera FPGA technology is driven by the need to create: 

 A real time control system, to process required algorithms in a minimum time  

 An embedded system, in order to decrease the cost of the application in terms of both energy and 
space (required by the use of a personal computer), and to improve overall performance than using 
a banal microcontroller 

INTRODUCTION 

The accurate measurement of orientation plays a critical role in a range of fields including: aerospace, 
robotics, navigation, human motion analysis and machine interaction. In fact, precise UAV (Unmanned 
Aerial Vehicle) or MAV (MicroAerial Vehicle) control requires the accurate determination of vehicle 
orientation. Attitude heading reference systems (AHRS) have been used to estimate the attitudes of a 
body-fixed reference system with respect to an earth reference frame. General AHRS is comprised of an 
IMU (three-axis gyro and three-axis accelerometer) and a three-axis magnetometer. The gyros measure the 
angular rate of the considered system, i.e. a vehicle, the accelerometers measure the specific forces of the 
system, and the magnetometers measure the magnetic vector. These inertial sensors independently 
estimate the attitude without external signals. In conventional inertial navigation systems, the attitude is 
computed by integrating the angular rate obtained from the gyro outputs. However, this is not an 
appropriate method for calculating the attitude of a system because the gyro bias error causes the attitude 
error to diverge. Thus, the attitude is calculated by using accelerometer outputs and, optionally, 
magnetometer outputs as well as the gyro outputs. Tilt angle can be estimated by accelerometers using the 
gravitational force, and magnetometers provide the heading information. However, they are likely to be 
subject to high levels of noise; for example, accelerations due to motion will corrupt measured direction of 
gravity. An orientation filter is used to compute a single estimate of orientation through the optimal fusion 
of gyroscope, accelerometer and magnetometer measurements.  

In this application the Madgwick’s orientation filter has been implemented on the NIOS II soft-core to 
provide a fast sensor fusion solution.  

THE AHRS ALGORITHM 



In applications that require the calculation of the orientation of a rigid body (such as PDA, mobile phones, 
and other mobile robots UAV) with respect to an earth reference frame it is necessary to use tools that 
through some indirect measures, allow to compute a representation of the sensor frame orientation with 
respect to the reference frame. In most applications this representation is expressed in the quaternion 
form or with the three Euler Angles ZYX or better known as angles Yaw (Heading), Pitch and Roll. 

 

 Yaw is defined as the angle between the axis Xb and magnetic north on the plane horizontal to the 
earth's surface measured counterclockwise when the device (rigid body) is viewed from above 

 Pitch is defined as the angle between the axis Xb and the horizontal plane when the device is 
rotated around the axis Yb 

 Roll is defined as the angle between the axis Yb and the horizontal plane when the device is rotated 
around the axis Xb 

The orientation represented in Euler angles form suffers of the Gimbal Lock problem: the gimbal lock is 
caused by X and Z axis being in the same order after rotating the Y axis 90/-90 degrees. This will give you no 
control over those axis. So, the alternative representation for the sensor orientation is represented by the 
quaternions.  

A quaternion is a four-dimensional complex number that can be used to represent the orientation of a 
ridged body or coordinate frame in three-dimensional space. An arbitrary orientation of frame B relative to 
frame A can be achieved through a rotation of angle around an axis �̂�𝐴 defined in frame A. This is 
represented graphically in the figure reported below: 

 

where the mutually orthogonal unit vectors 𝒙𝐴, �̂�𝐴 and �̂�𝐴, and 𝒙𝐵, �̂�𝐵 and �̂�𝐵  define the principle axis of 

coordinate frames A and B respectively. The quaternion describing this orientation, �̂�B
A, is defined by the 

following equation: 
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Where 𝑟𝑥, 𝑟𝑦  and 𝑟𝑧 define the components of the unit vector �̂�𝐴 in the x, y and z axes of frame A 

respectively. The quaternion conjugate, denoted by the operator *, can be used to swap the relative frames 

described by an orientation. For example, �̂�𝐴
𝐵  is the conjugate of �̂�B

A and describes the orientation of frame 

A relative to frame B. The conjugate of �̂�B
A  is defined by the following equation: 

�̂�∗
𝐵
𝐴

= �̂�𝐴
𝐵 = [𝑞1, −𝑞2, −𝑞3, −𝑞4] 

The quaternion product, denoted by ⊗, can be used to define compound orientations. For example, for 

two orientations described by �̂�𝐵
𝐴 and �̂�𝐶

𝐵, the compounded orientation �̂�𝐶
𝐴 can be defined by equation: 

�̂�𝐶
𝐴 = �̂�𝐶

𝐵 ⊗ �̂�𝐵
𝐴 

A quaternion product is not commutative; that is, 𝒂 ⊗ 𝒃 ≠ 𝒃 ⊗ 𝒂. For two quaternions, 𝒂 and 𝒃, the 
quaternion product can be determined using the Hamilton rule and defined as: 

𝒂 ⊗ 𝒃 = [𝑎1, 𝑎2, 𝑎3,𝑎4] ⊗ [𝑏1, 𝑏2, 𝑏3,𝑏4] =  [

𝑎1𝑏1 − 𝑎2𝑏2 − 𝑎3𝑏3 − 𝑎4𝑏4

𝑎1𝑏2 + 𝑎2𝑏1 + 𝑎3𝑏4 + 𝑎4𝑏3

𝑎1𝑏3 − 𝑎2𝑏4 + 𝑎3𝑏1 + 𝑎4𝑏2

𝑎1𝑏4 + 𝑎2𝑏3 − 𝑎3𝑏2 + 𝑎4𝑏1

]

𝑇

 

A three dimensional vector can be rotated by a quaternion using the relationship described in the equation: 

𝒗𝐵 = �̂�𝐵
𝐴 ⊗ 𝒗𝐴 ⊗ �̂�∗

𝐵
𝐴

 

𝒗𝐴 and 𝒗𝐵 are the same vector described in frame A and frame B respectively where each vector contains a 

0 inserted as the first element to make them 4 element row vectors. The orientation described by �̂�𝐵
𝐴 can 

be represented as the rotation matrix 𝑹𝐵
𝐴 defined by the equation: 
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Euler angles 𝜓, 𝜗 and 𝜑 in the so called aerospace sequence describe an orientation of frame B achieved by 
the sequential rotations, from alignment with frame A, of 𝜓 around �̂�𝐵, 𝜗 around �̂�𝐵, and 𝜑 around 𝒙𝐵. 

This Euler angle representation of �̂�𝐵
𝐴 is defined by the following equations: 

𝜓 = 𝐴𝑡𝑎𝑛2(2𝑞2𝑞3 − 2𝑞1𝑞4, 2𝑞1
2 + 2𝑞2

2 − 1) 

𝜗 = − sin−1(2𝑞2𝑞4 + 2𝑞1𝑞3) 

𝜑 = 𝐴𝑡𝑎𝑛2(2𝑞3𝑞4 − 2𝑞1𝑞2, 2𝑞1
2 + 2𝑞4

2 − 1) 

This mathematical formulation represents the base for the AHRS algorithm and for the Euler angles 
calculation that will be used for all the applications that will be presented later. 

To compute the orientation of the sensor with respect to an earth reference frame, the Madgwick 
orientation filter has been implemented. The filter is executed on the NIOS II soft-core and runs on the 
Cyclone II FPGA installed on the Altera DE1 Development Board. For more details on the mathematical 



formulation of the filter see the “An efficient orientation filter for inertial and inertial/magnetic sensor 

arrays” of Sebastian O.H. Madgwick. The filter output is represented by the quaternion �̂�𝑆
𝐸  that expresses 

the orientation of the sensor with respect to the earth fixed frame. So, to have a more intuitive 
representation of the sensor orientation, the Euler angles are calculated using the equations previously 
reported. 

THE SENSOR 

As mentioned before, an inertial measurement unit is a system constituted by a gyroscope, an 
accelerometer and, optionally, by a magnetometer. In this project, a MEMS sensor is used: the MPU9150 is 
a System in Package (SiP) (the part is offered in a 4x4x1mm LGA package ) provided by Invensense that 
combines two chips: the MPU-6050, which contains a 3-axis gyroscope, 3-axis accelerometer, and an 
onboard Digital Motion Processor (DMP) capable of processing complex 9-axis MotionFusion algorithms; 
and the AK8975, a 3-axis digital compass.  

 

The Tri-Axis angular rate sensor (gyro) has a sensitivity up to 131 LSBs/dps and a full-scale range of ±250, 
±500, ±1000, and ±2000dps; the Tri-Axis accelerometer has a programmable full scale range of ±2g, ±4g, 
±8g and ±16g and the Tri-axis compass has a full scale range of ±1200µT. The MPU9150 communicates 
through an I²C serial interface with a transfer ratio up to 400kHz in Fast Mode.  

NIOS Soft-Core 



 

The figure reported above shows the system architecture: an inertial interface has been developed using an 
Altera DE1 Board, two xBee Wireless modules and an inertial sensor that consists of a MEMS component. 
Latter can includes a gyroscope and a accelerometer and, optionally, a magnetometer that can be added in 
order to improve the sensor performance and the sensor accuracy. The xBee modules are used to establish 
a communication channel between the inertial interface and the robotic or videoludic system. The Altera 
FPGA is used as an intelligent unit to elaborate the inertial sensor data and to send information to the 
robotic/videoludic system on the basis of the specific application. Given that the MEMS sensor provide a 
serial interface (I²C interface) the FPGA use an I²C IP core to communicate with it.  

On the FPGA has been installed a NIOS II soft-core: the choice has fallen on this kind of system because a 
soft-core allows easy to add and remove standard peripherals (i.e., RS232, ethernet, usb), and including 
only those necessary for the system that is being developed; moreover, it allows to add custom application-
specific devices that can be developed in VHDL or VeriLog programming language, or that can be provided 
by third parties in the form of IP.  

In detail, the NIOS II soft-core has been developed thinking to some general and specific applications such 
as ballmaze game, motors control, robotic arm control, quadcopter control. A NIOS II/f soft-core with an 
Instruction Cache of 8 kbytes, a Data Cache 8 kbytes and a Clock of 50 MHz is used. The AHRS algorithm 
requires that the quaternion and the other variables used to compute the sensor orientation are expressed 
in floating point. Moreover, filter should be executed as fast as possible to improve performance and in 
order to obtain a real-time control system, especially if the inertial interface is used in robotic applications. 
So, a Floating Point Unit with a Floating Point Division Hardware has been considered in the soft-core 
definition. In particular, the generated SoC is shown in the following figure: 



 

It is constituted of: 

 An USART module for communication with the wireless device. It was redirected on Header 
Expansion slots so that should communicate directly with Xbee unit using the TTL logic-3.3V 
without the aid of a third component. Communication takes place with a baud rate of 115200 bps, 
no parity, 1 stop bit, 8 bits for data. 

 A GPIO module (PWM) used as an interface for the output PWM signals that control the servo 
motors.  

 A timer generates a periodic interrupt. The timer ISR is responsible of the AHRS algorithm 
computation (the interrupt period id set to 20 ms). 

 An SRAM memory module. 

 A JTAG UART module for communication with the computer and for debugging of the application 
via the USB port. 

 Four output GPIO modules (HEX0…HEX3) used to control the four 7-segment display installed on 
the DE1 board. 

 Two output GPIO modules used to control the green LEDs and the red LEDs. The LEDs are used as 
inertial interface status indicators. 

 An input GPIO module used to read the status of the pushbuttons. Latters are used to select the 
functional modes of the inertial interface and, thus, the behavior of the system on the basis of the 
specific application. 

 An I²C module used to communicate with the inertial sensor. The module is represented by the 
OpenCores I²C IP core that provides an I²C Master functionality to the Altera FPGA. It can works 
with a data transfer ratio of 100 kHz or 400 kHz. 

A first work has been carried out in order simplify the communication with the MEMS sensor: so, two low 
level drivers are implemented. With them, a set of HAL procedures can be used to configure the sensor and 
to read the sensor data. The procedures use the low level functions provided with the OpenCore I²C IP core 
that allow, only, the I²C bus init and a simple write and read operation. The developed procedures allow, 
also, the read operation in “burst” mode. 



The main procedure takes care to verify the presence and the proper functioning of the sensor: a discovery 
phase is carried out in order to identity the number of the sensor connected on the I²C bus with a fast scan 
of the I²C 7-bit address.  

for(i=1; i<127; i++){  

if(get_ack_status(i) == 1){  

      printf("Device found at: %x\r\n", i); 

      sensorCount+=1; 

} 

}  

puts("Sensors discovery complete!\r\n"); 

If the variable sensorCount is different by the number of the sensor expected, the red LEDs installed on 
the Altera DE1 Board will begin to blink: the system enters in an “Error Status” due to an hardware failure. 
If the sensor is correctly detected, the system compute a gyroscope calibration: this phase requires the 
calculation of the gyroscope bias computed as a mean value on a higher number of sensor sample data. 
The calculated bias will be subtracted to the successive gyroscope data in order to avoid a drift problem. 
After the gyroscope calibration operation, the main procedure executes the initialization of the mode 
variable used to select the functional mode of the inertial interface: it will wait for a change of the 
pushbuttons status that are used to select the system functional mode. So, the 7-segment display are set in 
order to show the numbers 1…4 used as the application identifier. After the mode selection, the procedure 
will show only the identifier of the application selected. 

/* Set the HEX display for the applications choise.*/ 

IOWR_ALTERA_AVALON_PIO_DATA(HEX3_BASE, HEX_UNO);       /* 1*/ 

IOWR_ALTERA_AVALON_PIO_DATA(HEX2_BASE, HEX_DUE);       /* 2*/ 

IOWR_ALTERA_AVALON_PIO_DATA(HEX1_BASE, HEX_TRE);       /* 3*/ 

IOWR_ALTERA_AVALON_PIO_DATA(HEX0_BASE, HEX_QUATTRO);   /* 4*/ 

         

while(1) { 

button_value = IORD_ALTERA_AVALON_PIO_DATA(PUSHBUTTON_BASE); 

      if (button_value == 0x07) { 

      mode = MODE1; 

            IOWR_ALTERA_AVALON_PIO_DATA(HEX2_BASE, 0xFF);  /* Clear.*/ 

            IOWR_ALTERA_AVALON_PIO_DATA(HEX1_BASE, 0xFF);  /* Clear.*/ 

            IOWR_ALTERA_AVALON_PIO_DATA(HEX0_BASE, 0xFF);  /* Clear.*/ 

            break; 

       } 

       else if (button_value == 0x0B) { 

        mode = MODE2; 

            IOWR_ALTERA_AVALON_PIO_DATA(HEX3_BASE, 0xFF);  /* Clear.*/ 

            IOWR_ALTERA_AVALON_PIO_DATA(HEX1_BASE, 0xFF);  /* Clear.*/ 

            IOWR_ALTERA_AVALON_PIO_DATA(HEX0_BASE, 0xFF);  /* Clear.*/ 

            break; 

       } 

       else if ... ... ... 

The main procedure ends in an infinite loop after that it enabled the timer interrupts.  

alt_irq_register(TIMER_0_IRQ, 0, timer_ISR);  /* Register the ISR for timer.*/ 

The procedure executed in the timer ISR represents the inertial interface core: the AHRS algorithm is 
computed with a frequency of 50 Hz: the high number of mathematical operations on floating points 
variables does not allow to obtain an higher frequency. Two AHRS algorithms have been developed: one for 
a 6 DOF IMU sensor (gyroscope and accelerometer) and another one for a 9 DOF IMU sensor (gyroscope, 
accelerometer and magnetometer). In second case, a discrete Low Pass Filter (with a low cut-frequency) 
must be applied on the magnetometer measures because they present an high noise. The code fragment 



executed after the orientation filter computation depends on the inertial functional mode selected by the 
user. 

INERTIAL INTERFACE APPLICATIONS 

The objective reached in this project has been the development of an inertial haptic interface that can be 
used in three different applications. 

MODE1: AHRS Algorithm test 

In this modality, the inertial interface computes the sensor orientation through the AHRS algorithm and 
communicates the resultant quaternion to an host PC via a wireless interconnection. A PC application has 
been developed in C# programming language and it can be used to show a virtual reference frame that 
follows the sensor movements and orientations. 

 

The application reports also the received quaternion values on the screen and calculates the Euler angle on 
the basis of the mathematical formulation descripted in the previous section. The Euler angles are used to 
reorient the virtual frame, which is refreshed with a frequency of 80 frame per second.  

The use of a 6DOF IMU sensor causes a drift problem due to the presence of a little gyroscope error. The 
gyroscope sensor data are mathematical integrated in the AHRS algorithm: the integration of this error/bias 
causes a drift error on the Yaw angle that becomes significant after long execution times. To remove the 
drift error a magnetometer can be introduced. In this case an AK8975 (a 3-axis digital compass) has been 
considered: the values read by this sensor are affected by a significant measurement noise, thus a first 
order digital Low Pass Filter is implemented. 

MODE2: Ball Maze 

This modality has been thinking to show how the developed inertial interface can be used for videoludic 
purposes.  



 

A little maze has been realized in ABS material with a 3D printer. It has been installed on an aluminum plate 
that is moved with a couple of servomotors. In this case, the inertial interface computes the calculation of 
the Euler angles (in the first application this calculation was carried out on the host PC) and generates a 
PWM signals used to control the two servomotors. The Euler angles are related with the PWM duty cycle 
through a linear function. The two Hitech HS-485 (Torque: 4.8kg*cm @4.8 Vdc - 6 Kg*cm @6 Vdc) form a 
robotic arm with two degrees of freedom: assuming that a fixed reference frame is positioned on the 
bottom facet of the maze with two axes parallel to two edges of the maze, the first motor reorients the 
maze around the x axis (considering the Phi Euler angle), while the second motor reorients the maze along 
the y axis (considering the Theta Euler angle). 

MODE3: Anthropomorphic Robotic Arm Control 

The third application aims to show how the inertial interface can be used in more complex environment 

and can be interfaced with a robotic system. The anthropomorphic robotic arm presented in the “Innovate 

Italy Altera Design Contest 2011” represents the robotic system used in this application. The robot end-

effector moves on the basis of the information received from the inertial interface. This movement are 

relative to the point of the wrist that will be referred to a coordinate system with origin fixed at the base of 

the manipulator. Knowing the rest point of the manipulator, according to the commands, the point of the 

wrist can be moved by small changes in position in space of three-dimensional work: the new configuration 

of the arm and, therefore, the angles at the joints of the structure are calculated by inverse kinematics 

algorithm.  



 

On the basis of the calculated Euler angles, the inertial interface sends different commands to the robotic 

arms. The Phi Euler angle is associated to the movements along the X-axis; the Theta Euler angle is 

associated to the movements along the Y-axis; the Yaw Euler angle is associated to the movements along 

the Z-axis. Three different bands for each angle are considered: when the angle value is in the range [5deg, 

15deg[ the robotic arm moves slowly; when it is in the range [15deg, 25deg[ the arm moves with a medium 

TCP velocity; when the angle is in the range [25deg, 90deg[ the arm moves quickly. The same 

considerations can be made considering the negative values of the angles: if the angle is positive the 

robotic arm moves along the positive direction of the relative axis, while if the angle is negative the robotic 

arm moves along the negative direction. 

Two of the four available pushbuttons are used to implement the “stand-up” and the “turn off” commands 

of the robotic arm.  

MODE4: Quadcopter control – Under Development 

Really, a 4th application was thought: the inertial interface can be easily interfaced with an UAV such as a 
quadcopter in order to send it different control commands. This idea is still under development due to the 
complexity of the system to be implemented. In fact, the home made quadcopter requires the 
implementation of a safety and high performance control algorithm. Moreover, the use of a control 
algorithm, i.e. digital PID controller, requires a fine parameters tuning that becomes expensive if an 
accurate mathematical model is not available. 

An FPGA could be used also to support the develop of a telemetry system for an UAV: it could be used to 
acquire the sensor information, to elaborate them and to communicate with an host PC the orientation of 
the vehicle and other information such as the motors speed, battery voltage, altitude, GPS position, etc. 



 

 

Design Features 

The project aims to build a prototype of an inertial haptic interface that can be used to control different 
videoludic and/or robotic system.  

The use of NIOS and the development tools allow the programming of the device easier and more flexible. 
The reasons why we chose to use the development kit and Altera NIOS processor are: 



 The flexibility to make changes to the NIOS processor at no cost; 

 The possibility to describe in a functional mode (with C language) the behavior of device; 

 The possibility to be transparent to the real hardware implementation (gate port level); 

 The presence of hardware modules that has been implemented and tested (I2C and serial modules, 
memory controller); 

 The possibility to obtain an embedded system simply composing the modules of the SOPC library; 

 The possibility to easily implement mathematical operations for the AHRS algorithm including the 
standard C libraries; 

 The chance to work with floats, which would have been difficult to use directly in VHDL 
programming. 

Performance Parameters 

The Madgwick AHRS algorithm requires 109 (in the case of a 6DOF IMU sensor) or 277 (9DOF IMU sensor) 
scalar arithmetic operations on float variable each filter update. The filter update must be executed as fast 
as possible in order to improve the performance of the control system especially for robotic and critical 
applications. Given that the FPGA used in this work carries out both filter operation and other operations 
that depend to the particular robotic/videoludic application, the maximum achievable frequency is of 50 
Hz. This frequency is acceptable for simple and non-critical applications, but could be restrictive in more 
critical applications. This limitation could be worked around implementing some operations, now executed 
on the NIOS II soft-core, directly with the VHDL or Verilog language in order to improve the system 
performance. 

Conclusion 

Certainly, the Altera Design Contest offers the opportunity to acquire important knowledge on the use of 
powerful tools for SoC design and development. SOPC Builder and QSYS give to the user a chance to 
develop flexible and fast systems for different applications with a high level of abstraction. In any case, the 
functionality of the different tools are many and can not all be learned in such a short time. 

 


