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Abstract

Testing and validation of fingerprint sensors with human labor is time consuming,
costly and lacks the speed, accuracy and repeatability required for sufficient results.
The thesis investigates the possibility of an automated solution using an industrial
robot with force feedback control. Several force feedback controllers are imple-
mented and evaluated. The best controller is implemented together with a graphical
user interface and programming of an industrial robot manipulator. The setup can
successfully test multiple sensors and display pictures taken with a fingerprint sen-
sor, together with the applied force.
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Chapter 1

Introduction

1.1 Background

Advantages as increased productivity, better product quality and lowered costs are
some of the reasons why the industry adapts more and more automatized solutions.
Further reasons why robots gets a greater use are the robot’s ability to handle more
complex tasks, which leads to that an increasing market can benefit from advan-
tages as speed, accuracy, repeatability and ability to work around the clock. The
reason why robots can handle more complex tasks is the integration of different
sensors. This gives the possibility to combine the exact movements of a robot with
sensors as cameras and force sensors. Robots are thereby able to adapt to variations
in the environment, which benefits both safety and increase the area of use. All these
advantages do unfortunately come with some disadvantages. A robot has to be pro-
grammed to handle all the sensor data and refer this to the predefined trajectory.
Writing the algorithm that can handle all possible cases is both time consuming and
hard.

A company that has opened their eyes for the possibilities that a robot can bring
is Fingerprint Card (FPC). FPC is a world leading company specializing in bio-
metrical fingerprint sensors. They offer software and hardware solutions that enable
the integration of fingerprint sensors including "smart cards", access control for
mobiles, doors, safes, USB-sticks etc. Today, most of the verifications and tests of
their sensors are done through human labor. These tests are repetitive and time con-
suming, making it an ideal task for a robot. An automated process would provide
many of the advantages mentioned above, such as less deviations between the tests,
shorter cycle times and higher continuity.
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Chapter 1. Introduction

1.2 Problem formulation

The purpose of this thesis is to develop and examine a force feedback controller
that can be used for the following purposes; to make a robot test environment for
FPC fingerprint sensor modules or original equipment manufacturer (OME) cus-
tomer module, in FPC lab purposes where the fingerprint sensor module is placed
or mounted:

1. In a test jig.

2. On a FPC made phone.

3. On an OME phone.

4. On a vendor reference hardware board.

To perform the tests and make it more usable, a desire from FPC is a PC Win-
dows program to control the robot that includes an API, provided by FPC, to the
fingerprint sensor modules. The structure of the system should also make it possi-
ble to easily integrate new sensors and sensor modules.

The test made on these platforms will be used to:

1. Measure some form of “Key Performance Indicator” like “number of tests
per second”.

2. Test different fingerprint sensor surfaces.

3. Test modules mounted in different hardware environments.

4. Test different FPC algorithms.

5. Test for fake finger detection and liveness detection.

6. Test different angles, pressures and fingerprint sensors.

1.3 Method

In order to solve all the problems mentioned in Section 1.2, a theoretical study is
needed. The topics that will be covered are:

1. Robot kinematics.

2. Frames and translations.

3. Force control.

4. Force sensor calibration methods.

10



1.4 Software tools

5. Price and performance of different setups.

6. Software tools to use for force control, communication, GUI etc.

A summary of these topics is presented on Sections 1.4, 1.5 and 2.1-2.6.

1.4 Software tools

Many different software tools are utilized in this thesis. A compilation of all the
software tools used are presented in the following section.

1.4.1 ExtCtrl/Opcom
ExtCtrl is a program developed at LTH. The program has a graphical interface called
Opcom, Figure 1.1, that makes it possible to read and modify data from the robot
controller’s main computer and modify this data before it is send to the axis com-
puter, Section 4.3.1. The data includes current position, velocity, position reference
and velocity reference, which is some of the data that will be utilized in this thesis.
For a full description see Section 4.3.3. To add additional functionality it is possible
to interface with other external programs e.g., a program that reads force measure-
ments from a force sensor [Blomdell et al., 2010].

Figure 1.1 The Opcom interface.

1.4.2 Matlab/Simulink
Matlab is a powerful mathematical high level programing software. In addition to
ordinary text based programing, Matlab also provides several extensions. One of
these extensions is called Simulink. Simulink is a block diagram environment for
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simulation and model based design. It supports simulations, automatic code gen-
eration using real time workshop (RTW), and can be used together with Matlab
algorithms as well as many other text based programing languages like C#/C++,
Java and Python. All the simulations and controllers in the thesis are programmed
using Simulink. The Real Time Workshop extension is used to generate C-code
from the Simulink-model. This code can then be used by the Opcom program. A li-
brary with Simulink-blocks containing predefined kinematics called ExtCtrl is also
utilized, Figure 1.2 [Mathworks, 2016a].

Figure 1.2 Blocks from the ExtCtrl library.

1.4.3 RobotStudio
RobotStudio is a powerful simulation program and editor for ABB robots, which
allows the user to fully simulate a complete automated system together with an
ABB robot, controller and complete environments. This is referred to as offline
programing and is of great value for the user as this will lead to less downtime and
therefore less production loss [RobotStudio® It’s just like having the real robot on
your PC!]
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1.5 Hardware

1.4.4 Rapid
Rapid is a software language developed by ABB for use in their robot controllers.
Rapid is developed to make a simple interface to their robots and can be pro-
grammed online using their teach pendant, Figure 1.5, or offline using their robot
system development tool RobotStudio.

The communication between the main controller and the force control program
will be implemented using Mocgen instructions. Mocgen is developed at ABB but
configured to be used with the ExtCtrl library, Section 1.4.2. This enables the veloc-
ity and position controller from ABB to interact and hand over control to the force
controller.

1.4.5 ABB PC SDK
ABB PC SDK is a standard development kit from ABB that makes it possible to
communicate with the robot via Ethernet and includes functionality as scanning the
networks for controllers, sending data and starting execution of programs.

1.4.6 FPC’s sensorAPI and Module Test Tool
Module Test Tool is a program that is developed and used by FPC and their cus-
tomers to test and verify fingerprint sensors. SensorAPI is an api library developed
by FPC that makes it possible to communicate with their sensor modules and in-
cludes functionality as wait for finger detection, capture image etc.

1.4.7 Arduino 1.6.9
Arduino 1.6.9 is an integrated programing environment (IDE) created to program
Arduino compatible boards including the Arduino Uno used in this project. It runs
on Windows, Mac OS X and Linux. The environment is written in Java and based
on Processing and other open source software [Arduino 1.6.9].

1.4.8 Visual studio
Visual studio is a powerful integrated programing environment (IDE) developed by
Microsoft. It supports development for mobile apps using IOS, Android or Win-
dows, web apps, cloud apps, Windows apps and games, Microsoft Office develop-
ment, Node.js development environment, Virtual C++, Python and .Net. It supports
many different software languages including C/C++, VB.NET, C# and F#. Visual
studio is used to develop the graphical interface and utilize ABB PC SDK and FPCs
sensorAPI [Application Development].

1.5 Hardware

The hardware researched, tested and used are presented in Section 1.5. The hard-
ware consists of robots, force sensors, fingerprint sensors, Arduino Uno board and
fingerprint sensor modules.
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Chapter 1. Introduction

1.5.1 Robots
The robot used in this thesis is the ABB IRB120, this due to availability and size.
The ABB IRB120 is, in Section 1.5, compared to other robots that could be used
for the same purpose.

ABB IRB120 ABB IRB120 is a small standard six axis industrial robot, Figure
1.3. It has an repeatability of +-0.01 mm, a max payload of 3 kg and a reach of 580
mm. The drawback of this robot is that it needs a safety zone and is thereby not
designed to interact with humans [Keijser, 2012].

Figure 1.3 ABB IRB120 [Keijser, 2012].

ABB YuMi The ABB YuMi is a new dual-arm robot from ABB, Figure 1.4. The
YuMi robot is developed to interact with humans and can sense when an external
force is applied. Each arm has seven degrees of freedom (DOF) and has a max
payload of 0.5 kg and a reach of 559 mm. Other advantages include lead through
programming, ESD certification, integrated controller and no need for safety cages
or zones. Due to the design with two arms it is possible to run two tests at the same
time and thereby increase productivity [Crowther, 2015].

IRC5 IRC5 is the controller that comes with an ABB robot. ABB has several
different versions of this controller. The ABB YuMi robot has a built in IRC5 con-
troller and the ABB IRB120 comes with a compact controller, Figure 1.5. The IRC5
includes two controllers. The main controller calculates position and velocity ref-
erence from the trajectory specified in RAPID code. The motor controller or axis
controller, as it is also called, takes the position reference, velocity reference and
torque reference as inputs and calculates and applies the correct torques to the mo-
tors. A Flexpendant is also included with the IRC5 cabinet. From this interface one
is able to jog and program the main computer using a touchscreen, joystick and
some tactile buttons, Figure 1.5 [ABB, 2010].
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1.5 Hardware

Figure 1.4 ABB YuMi [Crowther, 2015].

Figure 1.5 IRC5 and Flexpendant [ABB, 2010].
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Chapter 1. Introduction

Universal robot UR3 The UR3 robot, Figure 1.6, is a lightweight robot that, just
as ABB YuMi robot, is developed to work and interact with humans. This results
in the same advantages as for the YuMi robot, but it is designed as a regular six
axis industrial robot. The max payload is 3 kg and it has a reach of 500 mm. The
total weight of the robot is 11 kg, which can be compared to the IRB120 that has a
weight of 25 kg. The UR3 robot has an repeatability of +-0.1 mm, which compared
to the ABB IRB120’s repeatability of +-0.01 mm, is not that impressive, but using
force control this may not affect as much [Universal Robots, 2015].

Figure 1.6 Universal robot’s UR3 [Universal Robots, 2015].

1.5.2 Force sensors
Three different force sensors are tested in this thesis and a brief presentation of the
sensors is done in this section.

JR3 The JR3 force/torque sensor is a standard industrial force/torque sensor, Fig-
ure 1.7. It is able to measure force along three axes and torque around each axis
giving the possibility to measure force and torque in all directions. The advantages
of this kind of sensor is that it is possible to do gravity compensation, Section 2.4,
and reconstruct forces in directions outside its own coordinate system e.g., at the
tool tip. The JR3 sensor uses strain gauge technology, Section 3.5 [JR3, 2016].
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1.5 Hardware

Figure 1.7 JR3 force/torque sensor.

Optoforce The Optoforce sensor used in this thesis, Figure 1.8, can measure force
in three Cartesian directions. The sensor measures forces using infrared light by
detecting small deformations in the shape of the surface of a halfsphere. A cross
section of this sensor is showed in Figure 2.7. The sensor is delivered uncalibrated:
a calibration is therefore needed, Section 3.5 [Optoforce, 2016].

Figure 1.8 Optoforce force sensor [Optoforce, 2016].

Own developed sensor A sensor is also constructed by taking the strain gauges
from an ordinary kitchen scale, Figure 1.9. This sensor is designed to be placed
underneath a fingerprint sensor and is thereby only required to measure the force in
one direction.

1.5.3 Finger print sensors and sensor modules
FPC5832 The FPC5832 is a small sensor module developed by Fingerprint Cards
for testing and demo purposes. It reads a fingerprint sensor via an SPI channel and
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Chapter 1. Introduction

Figure 1.9 Own developed force sensor with an integrated fingerprint sensor and
sensor module.

communicates to a computer via USB using FPC’s sensorApi. FPC provides many
different sensors with different designs and functionality. Some of these sensors are
shown in Figure 1.10.

Figure 1.10 FPC5832 (left) and some of FPC’s sensors.
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Chapter 2

Theory

The theory in the following chapter is based on [Johansson, 2015], [Johansson et
al., 2015], [Stolt, 2015], [Vougioukas, 2001], [Nikoleris, 2015], [Spong et al., 2006]
and [Freidovich, 2014].

2.1 Robot frames and transformation matrices

Translation between different Cartesian coordinate frames is something extremely
important when working with robots. This enables one to work with many objects,
sensors etc. An example of this can be seen in Figure 2.1, displaying a robot, a work
object and a camera. Using a transformation matrix one can e.g., get the position in
camera coordinates and translate these coordinates to the robot’s frame. To simplify
this type of calculations one can use the homogeneous transform. This transform
between frames is done using the following matrix:

[
R3x3 |T3x1

0 0 0 |1

]
(2.1)

where R is a 3x3 rotation matrix and T is the transformation vector i.e., the vector
describing distance in x-, y- and z-direction between the different frames.

A rotation matrix can be derived in many different ways. One of the most used
approaches is to use the Euler angles. The Euler angles can be derived by first ro-
tating the current Cartesian frame around its z-axis, then around the new frame’s
y-axis and lastly, rotating around the z-axis in the newest frame. This is referred to
as Euler angles according to ZYZ-rotations. A visualization of this can be seen in
Figure 2.2 and a mathematical representation of this can be derived and results in
the rotation matrix 2.2, where s equals sine and c equals cosine.
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Chapter 2. Theory

Figure 2.1 Example of different frames [Nikoleris, 2015].

Figure 2.2 Euler angles (ZYZ) [Nikoleris, 2015].

c(ϕ)c(θ)c(ψ)− s(ϕ)s(ψ) −c(ϕ)c(θ)s(ψ)− s(ϕ)c(φ) c(ϕ)s(θ)
s(ϕ)c(θ)c(ψ)+ c(ϕ)s(ψ) −s(ϕ)c(θ)s(ψ)+ c(ϕ)c(ψ) s(ϕ)s(θ)

−s(θ)c(ψ) s(θ)s(ψ) c(θ))

 (2.2)

Applying this information to the setup in Figure 2.1, one will derive the following
translation matrices from the different frames to the robot frame.

H0
1 =


1 0 0 0
0 1 0 1
0 0 1 1
0 0 0 1

H0
2 =


1 0 0 −0.5
0 1 0 1.5
0 0 1 1
0 0 0 1

H0
3 =


0 1 0 −0.5
1 0 0 1.5
0 0 −1 3
0 0 0 1

 (2.3)

where H0
1 is the translation from the table, H0

2 from the work object and H0
3

from the camera. By multiplying one of these matrices with a vector containing the
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2.2 Kinematics and differential kinematics

position of an object in the chosen frame and a one, [x,y,z,1]T , one will get the
position of the object in the robot frame.

To get the translation from the robot base frame to one of the other frames, one
can simply take the inverse of the translation from the other frames to robot base
frame.

2.2 Kinematics and differential kinematics

2.2.1 Forward kinematics
Forward kinematics is a mathematical way of finding the position and orientation
of the end effector of a robot given the joint angles. A simple example of how to
implement this can be seen in Figure 2.3, which displays a two DOF manipulator
and its translation matrix from base frame to end effector, where a1 and a2 are the
lengths of the manipulator arms.

Figure 2.3 Example of a two DOF manipulator and its forward kinematics expres-
sion [Nikoleris, 2015].

To be able to derive such equation and equations for more complex manipulators
with arbitrary many DOF, different kinematic tools can be used. One of the most
frequently used representations of robotic manipulators is the Denavit-Hartenberg
convention. This method represents the kinematic chain between all robot joints by
linking them together. This makes e.g., a six DOF manipulator nearly as easy to
represent as a two DOF manipulator in Figure 2.3.

The Denavit-Hartenberg convention between two links is derived by entering
the distance ai, between the point where the x-axis of the new link intercepts the
z-axis of the previous link and the new origin, the distance di, between the same
point and the previous origin, the angle αi, between the two z-axes around the new
x-axis, and the angle, θi, between the two x-axes around the previous z-axis, Figure
2.4, into transformation matrix 2.4.

21



Chapter 2. Theory

Figure 2.4 Denavit-Hartenberg convention [Nikoleris, 2015].


cos(θi) −sin(θi)cos(αi) sin(θi)sin(αi) aicos(θi)
sin(θi) cos(θi)cos(αi) −cos(θi)sin(αi) aisin(θi)

0 sin(αi) cos(αi) di
0 0 0 1

 (2.4)

By multiplying all the matrices that link the different links together the chain
is complete and one will have the position of the flange in the robot’s base frame
coordinates depending on the angle θi of each joint.

2.2.2 Inverse kinematics
Inverse kinematics is the opposite of previously mentioned forward kinematics i.e.,
a way to find the values for each joint given a position and orientation. The inverse
kinematics is more difficult to compute than forward kinematics, but can for cer-
tain types of manipulators with simple geometry be calculated by an analytical or
geometrical solution, although in most cases the inverse kinematics are calculated
with a numerical method. By looking at Figure 2.5 one can come to the conclusion
that there can be multiple solutions to an inverse kinematics problem and with some
manipulators it is even possible to get an infinite number of solutions, Section 2.2.4.

If there exist multiple solutions to an inverse kinematics problem it is important
to discard solutions which will result in large and rapid movements. The solution
closest to the current position is therefore used and a continuous motion can be
achieved.

2.2.3 Velocity kinematics
Velocities of a manipulator can be expressed in either Cartesian or in joint space.
The correlation between joint velocities and Cartesian velocities is described by
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2.3 Force sensors

Figure 2.5 Example of multiple solutions to an inverse kinematics problem [Niko-
leris, 2015].

Equation 2.5. [
ṗ
ω

]
= J(q)q̇ (2.5)

where ṗ is a vector with the Cartesian velocities of the manipulator in a given
frame, ω is the angular velocity of the frame, J is the manipulator Jacobian and q̇ is
the vector containing the joint velocities.

2.2.4 Joint singularities
A problem when using a robot manipulator where it is possible to align two or
more revolute joints around the same axis, is joint singularities. This enables the
manipulator to reach the position with a desired orientation in infinitely many ways.
If the robot is set to be in a singularity, the Jacobian matrix, Equation 2.5, becomes
singular which makes it impossible to calculate the desired joint velocities. It is
therefore important to make sure that the robot does not work in or close to joint
singularities, since this can lead to unpredictable behavior.

2.3 Force sensors

In this thesis several force sensors are used and evaluated.
A force sensor can measure force in one or more directions and some sensors

can also measure torque. Force sensors come in different shapes and sizes and with
different designs for different purposes. Two different approaches to measure force
are presented in this section.

2.3.1 Strain gauge sensors
Strain gauge sensors is the most common design in industrial applications. It works
by attaching a strain foil to a metallic rod, Figure 2.6. This foil will then change
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its resistivity depending on elongation and compression. To measure this small re-
sistive change, a Wheatstone bridge with two strain gauges are often used, one for
the measurements and one to compensate for temperature change. To amplify the
signal from the Wheatstone bridge an instrumentation amplifier can be used. Fur-
ther information about this can be found in Section 3.5.2. To get a sensor that can
measure the force in each Cartesian direction and torque around each axis one can
use multiple strain gauges and then through force kinematics calculate all the forces
and torques.

Figure 2.6 Elongation and compression of a strain gauge sensor [Strain gauge].

2.3.2 Optical deformation sensors
For applications where small forces and high accuracy is important one can use an
optical deformation sensor. As the name suggests it measures the deformation of a
rubber material using infrared light, Figure 2.7. This method can detect the smallest
of changes in the rubber material and measure contact forces as small as a feather
touching the surface (0.01 N). This type of sensor does also handle high overloads
well, due to the fact that the sensors are not in contact with the deformation material.
However there are some disadvantages as well and they are discussed in Section 5.4.
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2.4 Force measurements

Figure 2.7 Structure of a optical deformation sensor [Optoforce, 2016].

2.4 Force measurements

The theory in Section 2.4 is based on [Vougioukas, 2001] and describes a method for
gravity compensation of a 6 DOF force/torque sensor. In [Vougioukas, 2001] one
can also read about the performance and evaluation of this method. In Appendix
A.2 an implementation of the method, written in Matlab, is presented.

2.4.1 Six DOF force/torque sensor
A six DOF force/torque sensor (FTS) generates an output vector describing force
and torque in each Cartesian direction, Vector 2.6.

Fs = [Fx,Fy,Fz,τx,τy,τz]
T (2.6)

The sensor measurements do unfortunately not only consist of the desired contact
force Fc. To get a more accurate representation of the force measured by a force
sensor one can represent this force by Equation 2.7.

F = Fb +Fg +Fc +Fn +Fv (2.7)

where Fb is the bias force, Fg is the force due to gravity, Fc is the contact force,
Fn is the noise and Fv is the output due to vibrations or accelerations of mass in the
chain "outside the location of the sensor". Fn can be handled using a digital filter, Fv
by giving the system time to stop vibrate before reading values, Fb by e.g., jogging
the robot to positions where the force in a certain direction is known to be zero and
compensate with this force and Fg by gravity compensation.

2.4.2 Bias
The idea for the bias estimation is quite simple. The estimation Fb equals the error
when the force in a Cartesian direction should be zero, i.e., when the FTS Cartesian
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z-direction is parallel to the gravity vector (z-direction in world coordinates). This
would, without a bias, give:

Fx
b = Fxm = Fy

b = Fym = 0 (2.8)

The bias terms are thereby given by the following equations:

Fx
b = Fxm, Fy

b = Fym (2.9)

where Fxm and Fym is the measured force in x- and y-direction. A rotation around
the (in this case) z-axis can be performed to get a dataset. This procedure needs to
be done for each of the Cartesian directions of the FTS. This generates two bias
estimation data-sets in each of the Cartesian directions and an average of these
measurements can be calculated and used as the Fb.

The torque bias can be calculated using the same methodology but utilizing a
different set of equations i.e., the torque τx

b is calculated by:

τ
x
b = τxm− (ry ∗Fzm− rz ∗Fym) (2.10)

where r = [rx,ry,rz] is the unknown center of mass, τxm is the measured x-torque
and Fzm and Fym is the measured force in z- and y-direction. A second approach that
can be implemented is to jog the FTS to two different rotations where the true forces
are known to be +F and −F . The reading of the sensors will then become +F +Fb
and −F +Fb. Adding these two measurements and dividing by two will thereby
give the bias estimate.

The torque bias will in similar fashion be given by Equation 2.11.

τxm = τx
b +(ry ∗Fzm− rz ∗Fym)

τxm = τx
b +(−ry ∗Fzm + rz ∗Fym)

(2.11)

where r = [rx,ry,rz] is the unknown center of mass, τxm is the measured x-torque
and Fzm, Fym is the measured force in z-and y-direction, respectively. The second
approach can be done with multiple pairs to get a better estimate. The advantage the
second approach gives is that one does not need to know the exact transformation
between FTS frame and world frame.

2.4.3 Estimation of mass
The gravity vector in world coordinates can be expressed as gI = [0,0,−g]T where g
is the local gravity acceleration. If the FTS frame rotation for the i:th measurement
is Ri, the gravity vector can be expressed as gsi = RT

i ∗ gI . Using the force bias
estimation, the measured force values and the equation Fi = m ∗ gsi, where m is
the mass, Fi the force measurements stacked into vector and G is the gravity vector
stacked into a vector. One can get a least square estimation of m from Equation 2.12.

m̂ =
GT F
GT G

(2.12)
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2.4.4 Estimation center of mass
The center of mass for FTS and tool is derived from the torque measurements. If one
denotes the center of mass r = [rx,ry,rz], where r equals the distance between FTS
frame to center of mass in x-, y- and z-direction respectively, one can use Equation
2.13.

τi = mr×gsi (2.13)

The equation can be rewritten as τi = mAir, where τi is the measured torque
of the i:th rotation, m is the mass and Ai is the matrix 2.15 of the i:th rotation. By
stacking the K torque measurements and the Ai matrices into a vector T ∈ R3Kand
a matrix A ∈ R3K×3, one can solve for r̂ using Equation 2.14.

r̂ =
1
m̂
(AT A)−1AT T (2.14)

Ai =

 0 giz −giy
−giz 0 gix
giy −gix 0

 (2.15)

2.4.5 Gravity compensation
Using the previously derived values of m̂ and r̂ one can calculate the gravity com-
pensation by the equation:

F̂g =

[
m̂RT gI

m̂r̂× (RT gI)

]
(2.16)

Where R defines the FTS frames current rotation in the robot frame.

2.4.6 Force torque sensors with less DOF
For a sensor that is not able to measure torque the estimation of center of mass is not
possible using this method. The error this generates can be minimized if the distance
between the origin of the force frame and the center of mass is as small as possible.
To compensate for rotation, one can remove the offset when the experiment starts
and then do this every time the tool rotates, as long as there is no contact force.
To get the nominal force between the tool and a contact point one can simply use
Equation 2.17 below (this method will also work with FTS).

Ftot =
√

F2
x +F2

y +F2
z (2.17)

where Ftot is the force normal to the surface.
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2.5 Controllers

In this thesis the main goal of the controller algorithm is to make it easy for the user
to implement it on any robot without a detailed model of the robot. To make this
possible it is necessary to use external sensing, which in this case was an external
force sensor. The environment the robot is working with is often stiff and in this
case sensitive to high forces. This makes it a non-trivial task to design the force
controller. The two main approaches of this problem is presented below.

2.5.1 Direct force control
The first and simplest approach is to use an external feedback loop that controls
the force error between the measured force and a force reference. This can be done
by implementing a PID-controller or a simpler PI-controller. The advantages a PI-
controller has in this implementation is that one does not have a derivative gain that
is sensitive to high frequency disturbance. The transfer function of a PI-controller
and PID-controller, in parallel form and in Laplace domain, is described by Equa-
tions 2.18 and 2.19.

GPI = P+ I
1
s

(2.18)

GPID = P+ I
1
s
+Ds (2.19)

where P is the proportional gain, I is the integral gain and D is the derivative
gain.

For practical implementation anti-windup and derivative filtering is often nec-
essary. Anti-windup is used to prevent the integral part from accumulating when
the output from the controller to the controlled system is saturated. This can other-
wise lead to a dramatic decrease of the control performance. The derivative filter is
added to prevent the derivative part from regulating high-frequency noise, this will
otherwise generate a high derivative-gain amplification of the noise and possibly an
unstable system. By adding a first order low-pass filter to the derivative part of the
PID-algorithm in Equation 2.19, one can describe the PID-controller by Equation
2.20, where N denotes the location of the pole of the derivative filter (the pole is
place at -N on the real axis) [Mathworks, 2016c], [Glad, T. & Ljung, L., 2003].

GPID = P+ I
1
s
+D

Ns
s+N

(2.20)

Another controller that can be used as a direct force controller is a Linear-
Quadratic-Gaussian controller (LQG-controller). LQG-control is one of the most
fundamental ways of deriving an optimal controller. The benefits of the LQG-
controller is that it allows a trade off in controller performance and control ef-
fort and takes into consideration process disturbances and measurement noise. A
LQG-controller is derived from a state-space model and consists of an optimal
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state-feedback gain (L) and a Kalman state estimator gain (K). The controller min-
imizes the cost function in Equation 2.21 [Mathworks, 2016b], [Glad, T. & Ljung,
L., 2003].

J = E{ lim
τ→∞

∫
τ

0
[xT ,uT ]Qxu

[
x
u

]
dt}

subject to the state space equation
ẋ = Ax+Bu+w

y =Cx+Du+ v

(2.21)

where the process noise w and measurement noise v are Gaussian white noises with
covariance Qwv. The Qxu and Qwv are weighting matrices to be tuned.

To be sure that the output signal tracks the reference signal without error one can
add an integrator part which creates the cost function 2.22, which is to be minimized
and where Qi is a weighting matrix for the integral part.

J = E{ lim
τ→∞

∫
τ

0
([xT ,uT ]Qxu

[
x
u

]
+ xT

i Qixi)dt} (2.22)

Additional choices for a direct force controllers include a Model predictive con-
troller (MPC-controller). An MPC-controller solves, at each sample a finite horizon
optimal control problem. The first control value given by this solution is then ap-
plied to the process and the other solutions is discarded. This procedure is then
repeated for each sample and the prediction horizon is shifted [Åkesson, 2006].

2.5.2 Impedance control
The second approach is to use an Impedance controller [Hogan, 1985]. The goal
of this controller is to make the robot behave like a mass-spring-damped system. A
control law that makes this possible is derived from Equation 2.23.

F = Mẍ+Dẋ+Kx (2.23)

where M is the mass, K is the spring constant, D is the damping constant, x is
the position from where contact was made, ẋ is the velocity, ẍ is the acceleration and
F is the resulting force. By rewriting the equation one can derive the control law of
an Impedance controller, where the control signal is an acceleration, Equation 2.24.

ẍ =
1
M
(−Dẋ−Kx+F) (2.24)

To be able to control the robot, this control signal is integrated once to get a
velocity reference in tool frame and twice to get the desired position reference. The
integration can be done using a discrete time integrator. This generates a sampled
velocity and a position reference signal.
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2.5.3 Pole placement
Pole placement design is a way to get the desired behavior of a system. Depending
on where the closed loop poles of the system in the frequency domain are placed,
different behavior will be established. If one looks at the different pole placements
in Figure 2.8 and compare them to their respective step response one can see how the
pole placement effects the system. To summarize this, poles in the right half plane
give a unstable system, poles in the left half plane (LHP) a stable system. Poles on
the imaginary axis give an oscillating response, poles on the real axis in the LHP
will not give an overshoot on the response but has a slower rise time. The further
away from the origin the poles are placed in the LHP the faster the response. The
bigger angel from the real axis in the LHP the more oscillations but faster rise time.
Add to this the fact that if the closed loop poles are far away from the open loop
poles the system demands a high control effort and if the system has a fast response
(i.e., poles with large negative value) it is more sensitive to noise and delays.

Figure 2.8 Pole placements and step responses [Hägglund, 2013].
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2.6 Modeling

2.6.1 Contact model
The model of the contact force between the end effector and environment is based
on a spring-damper design and the force applied to the environment is given by
Equation 2.25.

F = Ke∆x+Deẋ (2.25)

where Ke is the spring constant for the contact surface, De is the damping of the
surface, ∆x is the distance from unloaded surface to the current position and ẋ is the
current velocity. The transfer function in Laplace domain of this model from force
(F) to position (∆x) can be described according to Equation 2.26.

X(s) =
F

(Des+Ke)
(2.26)

To get an even more accurate representation of the system some noise and low
pass filters can be added e.g., one filter on the velocity input of the model, one at
the position input and one at the force output.

2.6.2 System identification
The model above can be used as a grey-box model, which is a model where one
acquires different constants by an identification algorithm e.g., via RLS-algorithm,
Equation 2.27. Another approach to model a system is by creating a so called black
box model. The thing that differs the black box model from the grey box model
is that instead of starting with a physical model one only considers a model that
is mathematically representative of the system. The advantages of this method are
that it requires less knowledge of the system and thereby, one is able to model more
complex dynamics without knowing much about the dynamics.

Closed loop identification To model a robot or an unstable process one generally
needs some kind of closed loop control in order to identify the model. Generally,
the test signal that one would like to apply to the process input if it were a stable
process is applied as reference to the closed-loop system. There are mainly two
ways of performing this kind of identification; either the identification is done by
deriving a model between the control signal and the process output, this is called
direct identification, or the exciting signal (the reference signal to the controller)
is used as the input to the system and the output is the output from system. This
is called indirect identification. The controller used for the indirect identification is
then compensated for to derive a model just containing the process dynamics.

There are problems equipped with closed loop identification; if too low exci-
tation is used, only the controller dynamics might be recorded and the identified
model might end up being an inverse of the controller. Another problem is that the
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bandwidth of the controller affects in what frequency range identification can be
made, i.e., if the process has higher bandwidth than the controller, only process
dynamics within the bandwidth of the controller may accurately be identified.

Detecting non-linearity In the case of a non-linear process, it is useful to find a
working range where the process can be approximated with linear models, since
tools for linear models are more developed than for the non-linear ones. One way
of doing this is to study the coherence spectrum for the collected input-output
data. Frequencies with high coherence may be approximated using linear models,
whereas frequencies with low coherence need more complex models.

Validation When a model has been identified, it is important to verify that the
model actually can represent the real process. One way of verifying this is to study
the residual sequence. The residual analysis gives the correlation residual for the
outputs and the cross correlation between the inputs and the output residuals. This
analysis is likely to be the best validation of how good the produced model is, with
the exception of trying a controller based on the model. Another indication of the
accuracy of the model is to compare the validation data to the data that the model
generates.

2.6.3 Adaptive algorithm
To be able to interact with different materials and surfaces without the need to re-
calibrate the controller an adaptive algorithm can be used. One such algorithm is
Recursive Least Squares (RLS) algorithm. It estimates an online least squares so-
lution that fit parameters to a predefined model according to the algorithm below
[Johansson, 2015].

y = φ
T

θ ,


θ̂k = θ̂k−1 +Pkφkεk

εk = yk−φ T
k θ̂k−1

Pk = Pk−1−
Pk−1φkφT

k Pk−1
1+φT

k Pk−1φk

(2.27)

where θ contains the parameters to be estimated, θ̂k contains the parameter es-
timations, φk is the regressor, y the output of the system given the input φ , εk the
prediction error and the matrix Pk constitutes, except for a factor σ2, an estimate of
the parameter covariance at recursion number k.

2.6.4 Moving average filter
A moving average filter is a form of a finite impulse response (FIR) low pass filter
that continuously takes a number of samples (a window) and outputs an average
of these samples. There are many different implementations of the moving average
filter where one can implement different weighting of the samples. An ordinary
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moving average filter without weighting can be described by Equation 2.28.

y[i] =
1
M

M−1

∑
j=0

x[i− j] (2.28)

where y[i] is the i:th output, M is the size of the window and x[i− j] is the i− j:th
input.
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Methods

3.1 Controllers

3.1.1 Contact model
The contact model described in Section 2.6.1, is used to represent the contact force.
The unknown variable is calculated using RLS described in Section 2.6.3. This
results in Algorithm 3.1.

y = φ
T

θ ,


y = F
φ = [x ẋ 1]T

θ = [Ke De Kexe]
T ,


θ̂k = θ̂k−1 +Pkφkεk

εk = yk−φ T
k θ̂k−1

Pk = Pk−1−
Pk−1φkφT

k Pk−1
1+φT

k Pk−1φk

(3.1)

where the product Kexe is seen as a separate model parameter making the model
linear.

3.1.2 Impedance controller
One of the controllers used in this thesis is an Impedance controller, Section 2.5.2.
The algorithm is slightly modified to be able to act on a force reference error, instead
of just the measured force. Moreover the position reference is removed due to the
fact that the position is not important, which leads to the control law:

ẍ =
1
M
(F−Fr−Dẋ) (3.2)

where ẍ is the desired acceleration, ẋ is the velocity, F the measured force, Fr
is the force reference, D is representative of the damping and M is representative
of the mass. Furthermore the pole placement design is implemented, Section 2.5.3.
This is done by using Equations 2.26 and 3.2. The assumption of an ideal velocity
controlled robot is made and the equation is transformed to frequency domain by
Laplace transform. This gives:
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s2X(s) =
1
M
(F(s)−Fr(s)−DsX(s)), where X(s) =

F
(Des+Ke)

(3.3)

Rewriting the equation results in the transfer function from Fr to F given by
equation:

F(s) =
(−De

M s− Ke
M )

s2 + D+De
M s+ Ke

M

Fr(s) (3.4)

Using pole placement design of a second order linear time-invariant dynamic
system where the poles are placed according to Figure 3.1, gives the denominator
polynomial in Equation 3.5.

Figure 3.1 Pole placements design [Hägglund, 2013].

s2 +2ζ ωs+ω
2 (3.5)

where ω is the distance to the origin from the poles and ζ is cos(ϕ) where ϕ is
the angle to the poles.

Relating this polynomial with the denominator in the transfer function from Fr
to F , gives the force control parameters in Equation 3.6.

M =
Ke

ω2 , D =
2ζ Ke

ω
−De (3.6)

where the RLS estimates of Ke and De can be used.

A desirable behavior of the system is to get as small overshoot as possible, which
leads to the conclusion that ζ should be equal to one i.e., place the poles on the real
axis. On the other hand ω , needs to be decided by testing, so noise and delays can
be accounted for.
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3.1.3 PID
The PID-controller used in the simulations is derived using the PID-tuner in Mat-
lab’s Control Systems Toolbox. The controller is a discrete PID-controller imple-
mented by discretization of Equation 2.20, using the forward Euler method and
tuned to be as fast as possible without getting an overshoot, giving the parame-
ters P=1, I=0.1, D=0.05 and N=106. When implementing this controller on the real
process all the parameters had to be retuned manually, giving the new parameters
P=0.4, I=0.15, D=1 and N=1. The result of the final tuning is presented in Section
4.3.3.

3.1.4 LQG
The LQG is derived from the model using the same control systems toolbox in Mat-
lab [Mathworks, 2016b]. By entering the command lqg(model,QXU,QWV,QI,′ 1do f ′)
an LQG-controller is derived which minimizes the cost function given by Equation
2.21 subject to the model derived by system identification, Section 2.6.2. The con-
troller is then retuned by trial and error, due to the fact that the model does not have
a physical representation. The result of the final tuning is presented in Section 3.3.2
and 3.4.

3.1.5 MPC
An MPC-controller is derived using MPCtools. MPCtools is developed by Johan
Åkesson, at LTH [Åkesson, 2006]. The prediction horizon is set to 20 samples and
the input horizon is set to 10 samples. The controller is then retuned by trial and
error, due to the fact that the model does not have a physical representation. The
result of the final tuning is presented in Section 3.3.2 and 3.4.

3.2 System identification

A system identification is done in closed loop, by running sensor program 3.1 (Sec-
tion 4.3.2) three times, acquiring six different data sets representing the velocity of
the robot when in contact with the surface as input and the force measurements as
the output for each of the three times the sensor program 3.1 is run. The first two
data input-output sets are used for the identification and the last as validation data
set. An ARMAX model is derived by iterating different orders of the polynomials.
The models with the highest fitting rate are then further validated to get as good of
a model as possible. The algorithm can be seen in Appendix A.1.
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3.3 Simulations

3.3.1 Simulation of Impedance controller
A simulation of the system is implemented in Matlab/Simulink, Figure 3.2. Thereby
stability, convergence and effect of delays on the step response are evaluated for
different parameter settings.

Figure 3.2 Simulation model for the Impedance controller.

A simulation of the system using a response to a square wave with a frequency of
0.1 Hz and amplitude of 5 N can be seen in Figure 3.3. The system has the following
configuration: the poles placed at -5 on the real axis, the moving average filters with
a window of 50 samples and a noise with a variance of 0.01 N. In Figure 3.4 one
can observe the convergence of the RLS parameters. The parameters in the model
are set to: K = 150, D = 5 and Kexe = 0, which are not obtained. This implies that
noise and delays affect the modeling in a negative way, as expected. The response
and convergence of the RLS-parameters without filters can be seen in Figure 3.5
and 3.6. The oscillations before and the overshoot in the first step in Figure 3.3, is
caused by the fact that the RLS-parameters have not converged sufficiently yet.

The Impedance controller is also tested with the model derived during the sys-
tem identification and resulted in the step responses in Figure 3.7.
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Figure 3.3 Step responses of the Impedance controller using a model with low pass
filters. The data is plotted with force (N) on the y-axis and time (s) on the x-axis.

Figure 3.4 The convergence of the RLS-parameters using a model with low pass
filters.
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Figure 3.5 Step responses of the Impedance controller using a model without low
pass filters. The data is plotted with force (N) on the y-axis and time (s) on the x-axis.

Figure 3.6 The convergence of the RLS-parameters using a model without low
pass filters.
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Figure 3.7 Step responses of the Impedance controller using a model derived from
system identification. The data is plotted with force (N) on the y-axis and time (s) on
the x-axis.

3.3.2 Simulation of direct force controllers
Using the model derived from the system identification, Section 3.2, and the PID-,
LQG- and MPC-controller, further simulations are done. The step responses can be
seen in Figure 3.8, where the blue curve represents the MPC-controller and the red
curve the LQG-controller. The response of the PID-controller is plotted in Figure
3.9.

The fact that the model does not have a physical representation makes it hard to
tune the LQG- and the MPC-controller. This together with the result of the simu-
lation with the tuned PID in Figure 3.9, which is better than both the MPC and the
LQG, evolved in a decision to just implement the PID-controller on the real process.

3.4 Summary of simulations

In Table 3.1, one can see the performance of the different controllers in simulation.
The "Rise time" is the time it takes for the controller to regulate the output error
of the system, after a step change, see details in Table 3.1 below. The "Overshoot"
is how much the output signal of the system overshoots the reference after a step
change and the "Settling time" is the time it takes for the controller to get back
inside a region of an absolute error after this step change.
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Figure 3.8 Step responses of the LQG and MPC controllers using a model derived
from system identification. The data is plotted with force (N) on the y-axis and time
(s) on the x-axis.

Figure 3.9 Step responses of the PID controller using a model derived from system
identification. The data is plotted with force (N) on the y-axis and time (s) on the x-
axis.
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Controller Rise time
10-90 %

Rise time
5-95%

Overshoot Settling
time 5%

Settling
time 2%

PID-
controller

0.07 s 0.09 s <2 % 0.12 s 0.15 s

Adaptive
con-
troller

0.65 s 0.88 s <2% 0.93 s 1.15 s

LQG-
controller

0.07 s 0.085 s 9 % 0.24 s 0.3 s

MPC-
controller

0.25 s 0.29 s 8 % 0.51 s 0.6 s

Table 3.1 The performance of the different controllers in simulation.

3.5 Implementation of sensors

3.5.1 Optoforce sensor
The calibration is done by placing the sensor on a kitchen scale and zeroing the
scale. By applying different weights and reading both the scale and the sensor val-
ues, two data sets are created. By multiplying the data values given by the scale with
(g/1000) where g is the acceleration of gravity (9.81 m/s2), one gets a representa-
tion in N. The sensor data is then fitted to the scale data by a least square sense and
thereby a polynomial is derived. How this polynomial fits to the data can be seen in
Figure 3.10.

Figure 3.10 Calibration of Optoforce sensor.

42



3.5 Implementation of sensors

3.5.2 Own developed force sensor
To compensate for temperature changes and other variances two strain gauges are
used, one to compensate for temperature changes and one for measurements. These
strain gauges are connected to create a Wheatstone bridge, Figure 3.11. A Wheat-
stone bridge can be used to measure small changes in resistance with a very high
accuracy, this makes it perfect for this setup. The voltage difference between V0−
and V0+ can be derived and is given by Equation 3.7. The voltage when applying
a force to the strain gauge does only vary a couple of millivolts. To get an accurate
reading one has to amplify this signal to a desired level. A gain of over 1000 was
sufficient to get a good digital reading from an analog to digital converter. The
amplification is done with an Instrumental amplifier built from three operational
amplifiers. The design of this circuit is done according to Figure 3.12. This gives
a theoretical amplification given by Equation 3.8. Some things to consider when
implementing this design is to tune it to the correct working range. This sensor is
constructed to work in a range from 0 N to 11 N and will thereby give the most
accurate reading possible.

Figure 3.11 Wheatstone bridge [How is Temperature Affecting Your Strain Mea-
surments Accuracy?]

V0 = (
R3

R3 +R4
− R2

R1 +R2
)VEX (3.7)

The first part of the amplifier is the gain stage, which is where most of the ampli-
fication takes place. The second stage is the differential stage where the difference
of the two outputs from the Wheatstone bridge is derived together with some addi-
tional amplification. An Industrial amplifier is to prefer in this application due to the
fact that it has a very high common mode rejection ratio, low noise amplification,
eliminates the need for impedance matching, low DC offset, low drift, very high
input impedance and very high loop gain.

Vout = (1+2
R1

Rgain
)

R3

R2
(V2−V1) (3.8)
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Figure 3.12 Instrument amplifier [Instrumentation amplifier].

The analog to digital conversion is done by an Arduino Uno board. The Arduino
board has a 10-bit 5 V analog to digital converter that is sampling at a rate of 10000
times a second which converts the analog signal to a digital by representing the
voltage in integer values between 0 and 1023, i.e., 0 V is represented by 0 and 5 V
is represented by 1023. The Arduino also handles the filtering and conversion from
voltage level to newton. The filtering is done by an ordinary moving average filter,
Section 2.6.4, with a sampling window of 50 samples. The conversion from voltage
level to newton is done by calibrating the sensor and mapping the voltage level to a
force level. This is done by gathering data with a voltage level and a corresponding
force level. The force is measured by applying a weight to the sensor when it is
placed on a kitchen scale. The value on the scale (weight of the object in grams)
is then converted to newton by multiplying with g/1000 where g is the accelera-
tion of gravity (9.81 m/s2). When sufficiently many values are taken a polynomial
representation of the first degree is derived by iterating a least square solution. The
results of this can be seen in Figure 3.13.
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Figure 3.13 Calibration of own developed sensor.
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Results

The results are presented by first giving an overview of the complete system and
then by a deeper presentation of each part of the structure. The complete system
with the GUI program, ABB Rapid program, Opcom, sensor program 3.2 and force
sensor program 3.0 is displayed in Figure 4.1.

4.1 Robot control GUI

The developed user interface consists of the graphical user interface (GUI) showed
in Figure 4.2 and is a Windows .Net application programmed in C#. This interface
enables the user easy control over the test functionality described below.

1. A list of robot controllers that is available in the network.

2. Shows the selected robot.

3. Lists all the connected FPC sensors.

4. Shows the order in which the sensors will be tested.

5. Displays a picture taken by a sensor. One is also able to toggle between pic-
tures taken under the test.

6. Shows the picture index of the current picture and the force applied when it
was taken.

7. Clears the list that shows the order of which the sensors will be tested.

8. Clears all the images.

9. Updates the list of all the connected FPC sensors.
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Figure 4.1 Figure of the complete system.
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Figure 4.2 The robot control interface.

10. Connects or disconnects the connection to the TCP/IP server. Red indicates
that there is no connection, yellow that the program is trying to connect and
green that there is a connection.

11. A drop down list of all the ABB Rapid programs that can be run.

12. A text box were one enters the desired force to be used under the test.

13. A start button to start a new test using the set parameters. Green indicates
that one is able to start a new test and yellow indicates that a test is currently
running.

Additional functionality includes sending acknowledgements to the robot con-
troller when a picture is taken and possibility to implement different tests of the
fingerprint sensor, using Fingerprint Cards Module Test Tool.

4.2 ABB Rapid Program

The ABB Rapid programs are developed for the user to create new programs in the
easiest possible way. This is done by using ABB’s standard Rapid program structure
and functions but with extended features to communicate with the force controller.
Extended features include:

1. Switch on the force controller. The controller is turned on and the desired
force is automatically set to the force chosen in the GUI.
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2. Switch off the force controller. Turns off the force controller and sets the rapid
program to the correct position to avoid large jumps with high speeds.

3. Set an offset from the current position. Makes it possible to move along the
surface when in contact. Parameters to be set are direction to move or rotate,
how far to move or rotate and the speed to use when doing this.

4. Acknowledge that the offset has been reached. Makes the rapid program
pointer wait until the movement is done.

To show the functionality of the program five demo programs are created. The
programs are described below.

1. Moves to sensor X, performs a test until an acknowledgement is given by the
GUI, does this x times. Moves to sensor Y, performs a test until an acknowl-
edgement is given by the GUI, rotates to a different angle and does this x
times.

2. Tests all the connected sensors, moves to the next sensor when a picture is
taken by the sensor.

3. Tests sensor X, when the correct force is applied, the probe is moved in a
square over the surface using the offset function. This can be seen in a live
stream using the FPC-TSD Touch fingerprint demo.

4. Tests sensor X, when the correct force is applied the probe rotates around the
z-axis using the offset function. This can be seen in a live stream using the
FPC-TSD Touch fingerprint demo.

5. Test sensor X, when the correct force is applied the probe rotates around the
x-axis using the offset function. This can be seen in a live stream using the
FPC-TSD Touch fingerprint demo.

4.3 ExtCtrl computer

This computer runs Linux and is host for three different programs. These programs
are presented separately in the section below.

4.3.1 Opcom
The first program is Opcom described in Section 1.4.1. It enables the communica-
tion between the sensor program and the Matlab/Simulink generated program and
it is also in charge of the communication to the axis computer. This program is used
with all the programs running on the computer as well as the robot controller. In
Opcom one is able to load a controller, submit and obtain signals. When loading a
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controller Opcom loads a force controller compiled with real time workshop. Op-
com is then able to "submit" signals from the robot controller’s main computer and
thereby read the signals presented in Figure 4.13. By pressing obtain one can mod-
ify the signal with the force controller and send the signal to the axis computer. A
figure describing this is displayed in Figure 4.3.

Figure 4.3 Visualization of submit and obtain [Blomdell et al., 2010].

4.3.2 The sensor programs
Many different sensor programs are developed during the thesis to read different
sensors and to enable different functionality. The program that reads the JR3 sensor
and the own developed sensor is only used to test the force controller and evaluate
the performance of the sensors i.e., it does not involve GUI or communication to
IRC5’s main controller. One more thing to note is that all the sensor programs de-
scribed below except for sensor program 3.2 is implemented using two programs;
one that reads the sensor and one that interface with the controller. The two pro-
grams use Opcom to communicate to the IRC5’s main computer.

1.0 This program is based on an existing C-program developed at the department
of Automatic Control at LTH, which enables the user to read the JR3 sensor. Ad-
ditional functionality is added to this program so the user can send the force mea-
surements to the force controller program using Opcom, set the desired force and
start the force controller. This program runs on an external computer and is reached
using SSH (secure shell).

2.0 Written in C with the same functionality as for 1.0, but reads sensor data from
the Arduino that is connected to the own developed force sensor instead of the JR3
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sensor.

2.1 Uses the same sensor as 2.0 but the user is not allowed to set the force refer-
ence. Instead the program generates a random step length with two preset reference
levels. This program is developed to be used to test the force controller and for
system identification purposes.

Figure 4.4 A random force reference generated by sensor program 2.1. The data
is plotted with force (N) on the y-axis and sample index on the x-axis (one sample =
0.02 s).

3.0 Is written in C++ but uses the C libraries to enable communication through
Opcom. This program is used to read the Optoforce sensor and has the same func-
tionality as 1.0 and 2.0.

3.1 Same sensor as 3.0 but the same functionality as 2.1.

3.2 Same sensor as 3.0 and 3.1 but is developed to be run with the GUI and the
main computer communication enabled. This is done by setting up the Opcom com-
munication, enabling MocGen communication and starting a TCP/IP server. The
server sends the current force applied on the sensor upon request.

4.3.3 Force controller programs
Written in Matlab/Simulink and utilizing the ExtCtrl interface. A couple of differ-
ent control programs were programmed, to compensate for different sensors and
utilize different functionality and different controllers. All these control programs
are presented below but only the controller with the most functionality is presented
in depth. One thing to note is that the dead time in the step responses is not caused
by time delay. The controller is started close to the surface but not in direct con-
tact, the robot is then "searching" for the surface and this is shown as a delay in
the step response. The reason why the force measurements is not at zero when the
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force reference is, is that there is an offset in the sensor measurements. This offset
is removed when the controller is started. All the tests use the same contact surfaces
which consists of a rubber probe and an aluminum block placed directly on a table.

1.0 Programmed to be used with JR3 sensor for testing. The controller is based
on the Impedance controller described in Section 3.1.2. It works with sensor
program 1.0. The result of a step response can be seen in Figure 4.5 and the
convergence of the RLS-parameters in Figure 4.6 where "returnvector[11]"=Ke,
"returnvector[12]"=De and "returnvector[13]"=Kexe.

Figure 4.5 Step response of Impedance controller using JR3 sensor. The data is
plotted with force (N) on the y-axis and sample index on the x-axis (one sample =
0.02 s).

Controller Rise time
10-90 %

Rise time
5-95%

Overshoot Settling
time 5%

Settling
time 2%

1.0 0.18 s 0.22 s <5 % 0.24 s — s

Table 4.1 The performance of the Impedance controller using the JR3 sensor.

1.1 Same controller and functionality as for 1.0, but works with sensor pro-
grams 2.x. A step response can be seen in Figure 4.7. The RLS parameters
and their convergence can be seen in Figure 4.8, where "returnvector[11]"=Ke,
"returnvector[12]"=De and "returnvector[13]"=Kexe.

1.2 Same controller and functionality as for 1.0 and 1.1 but works with sensor
program 3.0. A step response can be seen in Figure 4.9 and the RLS parameters
and their convergence can be seen in Figure 4.10, where "returnvector[11]"=Ke,
"returnvector[12]"=De and "returnvector[13]"=Kexe.
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Figure 4.6 The convergence of the RLS-parameters using the JR3 sensor.

Figure 4.7 Step response of Impedance controller using the own developed force
sensor. The data is plotted with force (N) on the y-axis and sample index on the
x-axis (one sample = 0.02 s).

Controller Rise time
10-90 %

Rise time
5-95%

Overshoot Settling
time 5%

Settling
time 2%

1.1 1.14 s 1.34 s <2 % 1.58 s 1.7 s

Table 4.2 The performance of the Impedance controller using own developed force
sensor.
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Figure 4.8 The convergence of the RLS-parameters using the own developed force
sensor.

Figure 4.9 Step response of Impedance controller using the Optoforce sensor. The
data is plotted with force (N) on the y-axis and sample index on the x-axis (one
sample = 0.02 s).

Controller Rise time
10-90 %

Rise time
5-95%

Overshoot Settling
time 5%

Settling
time 2%

1.2 0.52 s 0.86 s <2 % 2.78 s 4.28 s

Table 4.3 The performance of the Impedance controller using the Optoforce sen-
sor.
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Figure 4.10 The convergence of the RLS-parameters using Optoforce sensor.

2.0 Same functionality and sensor as 1.2, but with a PID-controller instead. The
step response can be seen in Figure 4.11 and in Figure 4.12. The only thing that
differs in the two step responses is the position of the tool in x- and y-direction in
base frame coordinates. A reason why the results varies depending of position of
the tool is discussed in Section 5.3.

Figure 4.11 Step response one using PID-controller. The data is plotted with force
(N) on the y-axis and sample index on the x-axis (one sample = 0.02 s).

Controller Rise time
10-90 %

Rise time
5-95%

Overshoot Settling
time 5%

Settling
time 2%

2.0 0.14 s 0.18 s <2 % 0.22 s 0.38 s

Table 4.4 The performance of the PID-controller using the Optoforce sensor.
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Figure 4.12 Step response one using PID-controller. The data is plotted with force
(N) on the y-axis and sample index on the x-axis (one sample = 0.02 s).

Controller Rise time
10-90 %

Rise time
5-95%

Overshoot Settling
time 5%

Settling
time 2%

2.0 0.04 s 0.06 s 6 % 0.58 s 1.4 s

Table 4.5 The performance of the PID-controller using the Optoforce sensor.

3.0 Same controller and sensor as 2.0 but with the possibility to communicate with
the Rapid program and the GUI.

The force controller program 3.0 is displayed in Figures 4.13 to 4.16, together
with a brief presentation of the different blocks.

Simulink program level 1, Figure 4.13:

1. The irb2ext.x input blocks represent all the available outputs from the main
robot controller and the ext2irb output blocks represent the input to the axis
computer.

2. The two red blocks initiate the controller parameters such as sample time,
robot type (used to get the correct kinematics) and other compiling informa-
tion and displays the parameters.

3. The MocGen block sends and receives data from the Rapid program and is
thereby the block that interprets all the Rapid functions.

4. The function-call subsystem contains the blocks in Figure 4.14 and it is this
block that contains all the kinematics.
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Figure 4.13 Simulink program level 1. 57
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Figure 4.14 Simulink program level 2.
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Simulink program level 2, Figure 4.14:

1. Kinematics from motor angles to tool position in base frame.

2. Velocity kinematics from motor angles, to robot force control signal to motor
angles.

3. Reads and sends MocGen signals, sets and acknowledges offset position.

4. Decides when the controller should turn on and off.

5. Removes offset and calculates the force given the sensor values.

6. Remembers start position and acts as fail safe blocks.

7. Contains the block showed in Figure 4.15.

8. Output blocks displaying position and rotation of tool, current force.

Figure 4.15 Simulink program level 3.
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On level 3 one can choose which force signal/signals that is going to be used
for the control. In Section 5.4 a further discussion of why only the force in the force
sensors z-axis is utilized, is presented.

Figure 4.16 Simulink program level 4.

The final force controller is a discrete parallel PID-controller and is imple-
mented using Simulinks PID-controller block. The performance of the controller
is showed in Figures 4.11 and 4.12.

4.3.4 Arduino program
The program that is running on the Arduino can be seen in Appendix A.3. The pro-
gram implements functionality as a moving average filter, conversion from voltage
to force and serial communication to a connected computer running sensor program
2.x.

4.3.5 System identification
The identification of the system using the Optoforce sensor generated a discrete-
time ARX-model (the degree of the C-polynomial in the ARMAX model is zero),
sampled at 0.02 seconds. This model is described by Equation 4.6.

A(z)y(t) = B(z)u(t)+ e(t),

{
A(z) = 1−1.295z−1 +0.003601z−2 +0.2912z−3

B(z) = 0.09522z−2 +0.04814−3

(4.1)

The validation of this model is displayed in Figures 4.17 and 4.18, where Figure
4.17 is the overall fit to the validation data set and Figure 4.18 is the correlation func-
tion of residuals and cross correlation function between the inputs and the residuals
from the output, using the validation data set.
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Figure 4.17 Model and validation data plot.

Figure 4.18 Residual plot.

4.3.6 Use of program
To show the use of the system, two pictures are taken when different forces is ap-
plied. The result of this can be seen in Figure 4.19. One can observe that the picture
taken with larger force is sharper and more defined. This can e.g., be used to com-
pare different coatings. FPC cannot do this comparison with an accurate result at the
moment. This due to the fact that if one picture taken with one sensor with a speci-
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fied coating is better than another picture taken with a sensor with another coating,
may only depend on that a higher force is applied when this picture is taken.

Figure 4.19 Pictures taken with fingerprint sensor when different forces are ap-
plied.
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Conclusion and discussion

Over all I am quite satisfied with the results of the thesis, due to the fact that I man-
aged to do everything I was set to do. The results derived can of course be improved
and extended if more time is given. In the two following sections a conclusion and
a discussion of the results, what improvements can be made and what future work
can focus on, are presented.

5.1 Conclusion

The purpose of this thesis was to develop and examine a force feedback controller
that could be used for the purposes mentioned in Section 1.2. This controller should
be implemented in a system that is able to; preform different tests of the fingerprint
sensors and controlled through a simple interface, preferably in a Windows envi-
ronment. All these specifications were implemented and showed a satisfying result.
The final conclusion one can draw from this is that a robot using force feedback is
suitable for use when testing fingerprint sensors, even though the forces applied is
very small and as long as the force sensor is good enough.

5.2 Models and system identification

The model derived from the system identification is not the best model, which is
underlined by both the residual analysis in Figure 4.18 and by the fact that all the
tested controllers had to be retuned. The result discussed in Section 5.2.2 further
underlines why the model cannot capture all the dynamics of the system. The model
made from low pass filters and a spring damper model did, despite its simplicity,
capture the dynamics of the real process quite well, even though the real process
is much more sensitive than the simulated. This led to that all the real controllers
had to be slower than in the simulation. The Optoforce sensor does also behave
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differently depending on where on the sensing surface the force is applied i.e., the
sensor is deforming more along the edges then in the middle when the same force
is applied.

5.3 Force controllers

The choice of controller is based on the performance of the different controllers. In
the following section a discussion of the implemented controllers are presented.

5.3.1 Impedance controller
There are a couple of reasons why this controller was not the final choice of con-
troller. First of all, the controller was the slowest both in the simulations and on
the real process. When increasing the speed of the controller i.e., moving the poles
further away from origin, the step response becomes faster as expected and in the
simulation where no low pass filter is used, one is able to get a satisfying result.
But as for the simulation with low pass filters and even more so on the real pro-
cess, the faster response results in higher overshoot and more oscillations until the
point where the system becomes unstable. As for the RLS-algorithm it does what it
should. The convergence in Figure 4.8, where the RLS-parameters do not converge
in a completely uniform matter, can be explained with the fact that a mass, spring,
damper system cannot model the system good enough so the parameters will change
depending on e.g., force applied, position etc.

5.3.2 Direct force controllers
The difference in step response when using the same controller but at different po-
sitions can be explained by the fact that the robot dynamics change depending on
its position, e.g., the robot does not have the same dynamics when the end effector
is close to the base as it has when the end effector is far away from the base. An
evidence of this can be seen in Figure 5.1 and Figure 5.2 where the force is plotted
alongside the tool position in z-direction in base frame. If one looks at which sample
the peak force is in the lower plot in Figure 5.1 and compare this to the z-position of
the robot, one sees that even though the position of the tool is lower in later samples
the force is lower. This implies, due to the fact that the force sensor just measures
deformation, that the robot is moving in the z-direction even though it has stopped
according to the position measurements. If one then looks at Figure 5.2 one can see
that this "overshoot" is much smaller and thereby gives a faster settling time.
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Figure 5.1 Force to position comparison. I the upper plot the data is plotted with
the position in z-direction in base frame on the y-axis and sample index on the x-axis
(one sample = 0.02 s)., I the lower plot the data is plotted with force (N) on the y-axis
and sample index on the x-axis (one sample = 0.02 s).

Figure 5.2 Force to position comparison. In the upper plot the data is plotted with
the position in z-direction in base frame on the y-axis and sample index on the x-
axis (one sample = 0.02 s)., In the lower plot the data is plotted with force (N) on the
y-axis and sample index on the x-axis (one sample = 0.02 s).

5.4 Force sensors

5.4.1 Optoforce sensor
The Optoforce sensor has a quite big hysteresis and crosstalk i.e., it takes a long
time for the sensor to get back to its initial reading after a force is applied and a
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force in e.g., z-directions results in a change of the force in x- and y-directions. This
became a problem during the calibration due to the fact that the sensor did not show
the same value when applying the same weight before and after a heavier weight
was applied. This was solved by taking more values with a lower weight applied
and by waiting before applying the next weight. The Optoforce sensor is selected to
be used in the final setup, due to the fact that it is possible to place it on the robot
and it has less noise than the JR3 sensor. The Optoforce sensor utilization of rubber
in the design acts like a low pass filter which together with the small weight of the
probe makes the noise level about the same as when the sensor is placed on the
table. This is the big advantage of this sensor. The Optoforce sensor is sufficiently
good for demo purposes but will not be a suitable solution for industry application.
The reason to why this is, is listed below:

1. It is not calibrated and there are no instructions on how to get an accurate
calibration.

2. The sensor displays different amount of crosstalk depending on where the
force is applied on the sensor surface i.e., if the force is applied in the center
surface, very little crosstalk to the force in x- and y-directions is showed, but
when the force is applied further away from the sensors center the crosstalk
increases i.e., the force in x- and y-direction increases. This is an example of
bad design of the sensor. This is one of the reasons why only the force in the z-
direction is used and not the force given by Equation 2.7. Further reasons why
I made this choice is that Equation 2.7 is not applicable when moving over the
surface. This because a force is not just applied in the nominal direction of the
surface but also in a direction opposite to the movement, in form of a friction
force. The test when applying the probe with an angle is the only test that is
negatively impacted, but this test is done with a small angle which makes the
force measurements in only z-direction sufficient in demo purposes.

3. When moving over the surface when in contact, the sensor "bends".

4. It has too big hysteresis to take repeatable measurements (2% of 100 N).

5.4.2 Own developed force sensor
The own developed force sensor performed well, especially when taking into con-
sideration the amount of amplification. The sensor has a linear relation between
voltage and force applied, as one can see in the calibration data. One thing I no-
ticed with the sensor is that the noise increased over time. The first time it was run
the sensor had around the same noise level as the Optoforce sensor and nearly no
transients, this is to compare with the noise in Figure 4.7. The reason for this is
probably that the sensor and the cables used have worn over time, due to the lack of
enclosure.
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5.4.3 JR3 sensor
The JR3 sensor was used together with force controller 1.0, after that, it was dis-
carded due to that the noise level was too high for the application, even though the
sensor was placed on the bench and not on the robot.

5.5 Future work

Suggestions to make the test setup better:
First of all is the choice of force sensor. In future work I would recommend to
place sensors under the fingerprint sensors. This will lower the noise and the force
offset does not need to be reset when rotating the probe. To minimize the amount of
sensors I would recommend to use four 1 DOF force sensors and place them under
a plate. The test stations can then be placed on top of this plate.

In the regard of the GUI, many more things can be implemented that has not
been implemented due to lack of time. One of these things is to auto detect which
sensors are connected to which sensor module and from this information display
only the program that is possible to run and to automatically know which probe
to use. The force controller can with a bit more tuning perform better, especially
if another force sensor is used. Regarding the rest of the controller program, more
functionality could be added and more fail safe and error handling functions should
be added.
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Appendix A

Appendix

A.1 System identification script

The script below can be used to get the ARMA-modell that has the highest fit to the
validation data (zV) based on a model made from the identification data (zI) using
system identification toolbox in Matlab. The value 0.02 corresponds to the sample
time of the data.

o u t p u t d a t a =[ f o r c e _ d a t a 1 ( 2 0 0 0 : 1 : 9 0 0 0 ) ; . . .
f o r c e _ d a t a 2 ( 2 0 0 0 : 1 : 9 0 0 0 ) ] ;
v e r i f i e r i n g s o u t p u t d a t a =[ f o r c e _ d a t a 3 ( 2 0 0 0 : 1 : 9 0 0 0 ) ] ;
i n p u t d a t a =[ v e l _ d a t a 1 ( 2 0 0 0 : 1 : 9 0 0 0 ) ; . . .
v e l _ d a t a 2 ( 2 0 0 0 : 1 : 9 0 0 0 ) ] ;
v e r i f i e r i n g s i n p u t d a t a =[ v e l _ d a t a 3 ( 2 0 0 0 : 1 : 9 0 0 0 ) ] ;

z I = i d d a t a ( o u t p u t d a t a , i n p u t d a t a , 0 . 0 2 ) ;
z I = d e t r e n d ( zI , 0 ) ;
zV= i d d a t a ( v e r i f i e r i n g s o u t p u t d a t a , . . .
v e r i f i e r i n g s i n p u t d a t a , 0 . 0 2 ) ;
zV = d e t r e n d ( zV , 0 ) ;

%% Decide ARMAX o r d e r
F i t v e c t o r = [ ] ;
o r d e r _ v e c = [ ] ;
F I T v a l v e c = [ ] ;
F I T v a l v e c 1 = [ ] ;
b e s t O r d e r =0;
b e s t F I T =0;

f o r na = 2 : 5
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f o r nb = 1 : 3
f o r nc = 0 : 2

f o r nk = 0 : 2
armaxSYS = armax ( zI , [ na nb nc nk ] ) ;
F i t v e c t o r = [ F i t v e c t o r ; . . .
armaxSYS . Rep o r t . F i t . F i t P e r c e n t ] ;
o r d e r _ v e c =[ o r d e r _ v e c ; [ na nb nc nk ] ] ;
[YH, FIT , X0]= compare ( zV , armaxSYS ) ;
F I T v a l v e c =[ F I T v a l v e c ; FIT ] ;
i f ( FIT > b e s t F I T )

b e s t O r d e r =[ na nb nc nk ] ;
b e s t F I T =FIT ;

end
end

end

end

end
b e s t F I T
b e s t O r d e r
x = 1 : 1 : l e n g t h ( F I T v a l v e c ) ;
p l o t ( x , F I T v a l v e c ) ;

A.2 6 DOF force sensor, gravity compensation script

The script below can be used to find gravity compensation parameters when using
a 6 DOF force/torqe sensor, by giving an estimation of the bias, mass and center of
gravity.

%% Bias e s t i m a t i o n

%t e s t a l g o r i t h m
f = 1 : 6 ;
e = 1 : 6 ;
e=e *−1;
f o r i =1:12
P ( : , 1 , i )= f ;
P ( : , 2 , i )= e ;
end
%}
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s = [ 0 , 0 , 0 , 0 , 0 , 0 ] ;
f o r j =1:12

f o r i =1 :6
s ( i )= s ( i ) + ( P ( i , 1 , j )+P ( i , 2 , j ) ) / 2 ;
end

end
b i a s =s . / 1 2 ;

%% Mass e s t i m a t i o n
g =[0 0 −9 .81 ] ’ ;%g r a v i t y v e c t o r i n wor ld c o o r d i n a t e s
%Needs R o t a t i o n m a t r i x and f o r c e measurements
R ( : , : , 1 ) = [ 0 0 1 ; 1 0 0 ; 0 1 0 ] ;
R ( : , : , 1 3 ) = [ 0 0 −1;1 0 0 ; 0 −1 0 ] ;
R ( : , : , 2 ) = [ 0 −1 0 ; 1 0 0 ; 0 0 1 ] ;
R ( : , : , 1 4 ) = [ 0 1 0 ; 1 0 0 ; 0 0 −1];
R ( : , : , 3 ) = [ 1 0 0 ; 0 0 −1;0 1 0 ] ;
R ( : , : , 1 5 ) = [ 1 0 0 ; 0 0 1 ; 0 −1 0 ] ;
R ( : , : , 4 ) = [ 1 0 0 ; 0 1 0 ; 0 0 1 ] ;
R ( : , : , 1 6 ) = [ 1 0 0 ; 0 −1 0 ; 0 0 −1];
R ( : , : , 5 ) = [ 0 0 1 ; 0 1 0;−1 0 0 ] ;
R ( : , : , 1 7 ) = [ 0 0 −1;0 1 0 ; 1 0 0 ] ;
R( : , : , 6 ) = [ −1 0 0 ; 0 −1 0 ; 0 0 1 ] ;
R( : , : , 1 8 ) = [ −1 0 0 ; 0 1 0 ; 0 0 −1]
R ( : , : , 7 ) = [ 0 1 0 ; 0 0 −1;−1 0 0 ] ;
R ( : , : , 1 9 ) = [ 0 1 0 ; 0 0 1 ; 1 0 0 ] ;
R ( : , : , 8 ) = [ 0 1 0;−1 0 0 ; 0 0 1 ] ;
R ( : , : , 2 0 ) = [ 0 1 0 ; 1 0 0 ; 0 0 −1];
R ( : , : , 9 ) = [ 0 0 1 ; 0 1 0;−1 0 0 ] ;
R ( : , : , 2 1 ) = [ 0 0 1 ; 0 −1 0 ; 1 0 0 ] ;
R ( : , : , 1 0 ) = [ 0 0 1 ; 1 0 0 ; 0 1 0 ] ;
R ( : , : , 2 2 ) = [ 0 0 1;−1 0 0 ; 0 −1 0 ] ;
R ( : , : , 1 1 ) = [ 0 −1 0 ; 0 0 1;−1 0 0 ] ;
R ( : , : , 2 3 ) = [ 0 1 0 ; 0 0 1 ; 1 0 0 ] ;
R ( : , : , 1 2 ) = [ 1 0 0 ; 0 0 1 ; 0 −1 0 ] ;
R( : , : , 2 4 ) = [ −1 0 0 ; 0 0 1 ; 0 1 0 ] ;

Gs=R ( : , : , 1 ) ’ * g ;
f o r i =2:24
Gs =[ Gs ; R ( : , : , i ) ’ * g ] ;
end
%Gs=Gs ’ ;
f =P ( 1 : 3 , 1 , 1 ) − b i a s ( 1 : 3 ) ’ ;
f o r i =2:12

f =[ f ; P ( 1 : 3 , 1 , i )− b i a s ( 1 : 3 ) ’ ] ;
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end
f o r i =1:12

f =[ f ; P ( 1 : 3 , 2 , i )− b i a s ( 1 : 3 ) ’ ] ;

end

%f=f ’ ;
m=(Gs ’* f ) / ( Gs ’* Gs ) ;

%% E s t i m a t i o n COG
gz=Gs ( 3 ) ;
gy=Gs ( 3 2 ) ;
A=[0 gz −gy;−gz 0 gz ; gy −gz 0 ] ;
f o r i =2:24
gz=Gs (3* i ) ;
gy=Gs (3* i −1);
A=[A; [ 0 gz −gy;−gz 0 gx ; gy −gx 0 ] ] ;
end

t a u =P ( 4 : 6 , 1 , 1 ) − b i a s ( 4 : 6 ) ’ ;
f o r i =2:12

t a u =[ t a u ; P ( 4 : 6 , 1 , i )− b i a s ( 4 : 6 ) ’ ] ;

end
f o r i =1:12

t a u =[ t a u ; P ( 4 : 6 , 2 , i )− b i a s ( 4 : 6 ) ’ ] ;

end

r =1 /m* inv (A’*A)*A’* t a u ;

%% G r a v i t y c o m p e n s a t i o n
%t h e g r a v i t y c o m p e n s a t i o n i s g i v e n by :
Fg =[m*R’* g ; c r o s s (m* r , R’* g ) ]

A.3 Arduino code

Arduino code that reads a strain gauge sensor connected via an instrumental ampli-
fier. The readings is filtered using a Moving average filter and then sent via serial
communication to a receiving C-program.
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Appendix A. Appendix

c o n s t i n t a n a l o g I n P i n = A0 ;
i n t s =0;
double a =0;
double y =0;
i n t i =0 ;
i n t window =150;
double bufSum =0;
double buf [ 3 0 0 ] ;
i n t s e n s o r V a l u e = 0 ;

void s e t u p ( )
{
pinMode ( 1 3 ,OUTPUT ) ;
S e r i a l . b e g i n ( 1 1 5 2 0 0 ) ;
}

i n t f l a g =0;
char c ;

void l oop ( )
{

s e n s o r V a l u e = ana logRead ( a n a l o g I n P i n ) ;
s= s e n s o r V a l u e ;
a =( s −1 5 5 . 7 8 1 1 ) / 0 . 5 1 6 2 0 ;
a=a / 1 0 0 0 * 9 . 8 1 ;
bufSum = bufSum − buf [ i ] ;
buf [ i ] = a ;
bufSum = bufSum + a ;
i = i + 1 ;
i f ( i > window ) {

i = 1 ;
}
y = bufSum / window ;

c= S e r i a l . r e a d ( ) ;
S e r i a l . f l u s h ( ) ;
i f ( c= ’ t ’ ) {

S e r i a l . p r i n t l n ( y , 5 ) ;
S e r i a l . f l u s h ( ) ;

}
}
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