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Sammanfattning 
Picker robotar är ofta monterade nära varandra ovanför löpande band. För att kunna packa 
robotar ännu närmre så är det önskvärt att reducera fotavtrycket från robotens bas. Ett sätt 
att åstadkomma detta är att vrida robotens armar vilket gör det möjligt att flytta dem närmre 
varandra. 
 Detta examensarbete har utförts på ABB Corporate Research. Syftet är att utvärdera 
fördelar och nackdelar för idén att göra dagens Picker robot mer kompakt genom att vrida 
armarna. Konceptet är taget från PLP-projektet där en liknande robot vid namnet Deltapod 
vridits. För Deltapodroboten så kunde ett mindre fotavtryck fås utan att minska 
arbetsområdet och robotens styvhet för mycket. Utvärderingen är gjord genom att undersöka 
förändringar av följande egenskaper: 

• Storleken på arbetsområdet. 

• Storleken på fotavtrycket. 

• De interna krafter i underarmarna och ledmomenten som behövs för olika uppgifter. 

• Känslighet mot störningskrafter. 

Robotarna är modellerade och undersökta med hjälp av Modelica, vilket är ett 
objektorienterat språk uttryckligen designat för modellering av stora system styrda av 
algebraiska differentialekvationer. 
 Vridningarna av armarna är baserade på att behålla en karaktäristisk vinkel i strukturen. 
På detta sätt så är robotens styvhet någorlunda behållen. Samma tillvägagångssätt 
användes för att vrida Deltapoden. Resultaten visar att vrida roboten förmodligen inte är det 
bästa sättet att åstadkomma ett mindre fotatryck eftersom arbetsområdet krymper snabbare 
än fotavtrycket för ökande vridningar. Detta problem påträffades inte i PLP-projektet. En 
förklaring över detta fenomen är givet i avhandlingen. Andra negativa effekter från vridningar 
är ökande interna krafter och större känslighet mot störningskrafter. 
 Som tillägg till regeln att behålla den karaktäristiska vinkeln så har även två robotar 
baserade på det minsta möjliga fotavtrycket också undersökts. Den resulterande 
positioneringen av armarna är intressant för att den inte kan göras utan att introducera en 
vridning av roboten. En av robotarna är vald att ha ett stort arbetsområde jämfört med 
fotavtrycket medan den andra är vald att behålla förhållandet mellan arbetsområdets storlek 
och fotavtrycket. Nackdelarna för de båda är: större interna krafter, och känslighet mot 
störningskrafter. Eftersom vinklarna i strukturen inte tas till hänsyn så kan även styvheten av 
roboten förväntas vara värre än för Pickern. 



 

 



 

 

 
 

 
 

 Master of Science Thesis MMK 2007:61 MDA298 

 

Concept Study of a Compact Picker Robot 

   
  Anders Steiner 

 

Approved 

2007-07-03 

Examiner 

Jan Wikander 

Supervisor 

Jan Wikander 

 Commissioner 

ABB Corporate Research 

Contact person 

Morten Strandberg 

 

Abstract 
Picker robots are often mounted close to each other above a conveyor belt. To be able to 
pack robots even closer, it is desirable to reduce the footprint of the robot’s base. One way to 
achieve this is to skew the arms of the robot which makes it possible to move them closer to 
each other. 
 This Master Thesis has been carried out at ABB Corporate Research. The purpose is to 
evaluate the benefits and drawbacks for the idea of making today’s Picker robot more 
compact by skewing the arms. The concept is taken from the FlexPLP-Project in which a 
similar robot named Deltapod was skewed. For the Deltapod robot a smaller footprint could 
be achieved without reducing the workspace and robot stiffness too much. The evaluation is 
made by investigating the changes of the following properties: 

• The size of the workspace 

• The size of the footprint 

• The internal forces and joint torques required for different tasks 

• Sensitivity against disturbance forces 

The robots are modeled and investigated by using Modelica, which is an object oriented 
language specifically designed for modeling large systems governed by differential algebraic 
equations. 
 The skewing of the arms is based on keeping a characteristic angle of the structure. In 
this way the stiffness of the robot is somewhat kept. The same approach was used for the 
skewing of the Deltapod. The results show that skewing the robot is probably not the best 
way to achieve a smaller footprint since the workspace shrinks faster than the footprint for 
increasing skews. This problem was not encountered in the FlexPLP-Project. An explanation 
for this phenomenon is given in the thesis. Other negative effects due to skewing are: 
increasing internal forces and larger sensitivity against disturbance forces. 
 In addition to the rule of keeping the characteristic angle, two skewed Pickers based on 
achieving the smallest possible footprint are also investigated. The resulting positioning of 
the arms is interesting because it cannot be made without introducing a skew to the robot. 
One of the robots is chosen to have a large workspace compared to the footprint, while the 
other is chosen to keep the relationship between the workspace and the footprint. For both 
the robots the disadvantages are larger internal forces, joint torques and sensitivity against 
disturbance forces. Since the angles of the structure are not considered, the stiffness of the 
robot can be expected to be worse than for the Picker. 
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1 Introduction 

This chapter is an introduction of this Master Thesis assigned by ABB Corporate Research. 
The main subject of the Master Thesis is to evaluate a new compact robot model made by 
modifying an existing one. The work is going to be done within the research-project 
Mechatronic Compiler [1].  
 The first thing that can be found in this introduction is a more detailed background 
description of the Master Thesis. Later on basic fundamental components of robots are 
explained. If you are not familiar with the common robot terminology you should probably 
read this part. The chapter ends with a shorter description of the assignment, course of 
action and report structure. 

1.1 Background 

This Master Thesis was carried out at ABB Corporate Research in collaboration with KTH, 
School of Industrial Engineering and Management. ABB Corporate Research is a unit for 
research and development within the ABB group. ABB is a global leader in providing 
products, services and systems for both power and automation technologies. The ABB group 
of companies presently operates in more than 100 countries with about 107 000 employees. 
 For automation for manufacturing and the consumer goods industry, ABB offers many 
different robot models as solutions. One of them is the Flexpicker IRB340, also called 
“Picker”. Because the patent for the Picker-robot kinematics is about to expire, more and 
more competitive products can be seen on the market. This increases the need to develop a 
new and improved model. 
 One idea for a differentiator would be making the Picker more compact, thereby reducing 
its footprint. Picker robots are often mounted close together above a conveyor belt, see 
Figure 1.1. With a reduced footprint, the robots can be placed closer and thereby reducing 
the space for the installation. The reduced footprint can be achieved by introducing a set of 
design variables that make it possible to move the motors closer to each other. 
 The approach that will be used for reducing the footprint has been successful for another 
robot, the Deltapod, which has some structural similarities. This new compact Deltapod robot 
was investigated in the FlexPLP-Project [2] and is already going into production. The 
drawbacks that could be noticed, were changes in the robot kinematics and dynamics. The 
purpose of this Master Thesis is to try the same approach for reducing the footprint for the 
Flexpicker and evaluate the benefits and drawbacks. 
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Figure 1.1 A picture of two Flexpicker robots working over a conveyor belt. 

 At the moment, modeling and analyzing of a new robot model is a quite complex and time 
consuming task. One of the reasons is that many advanced tools are used which require a 
lot of expertise and manual work. Finding a new straight-forward automated/computerized 
method for modeling new robots would decrease the time-to-market time. That is why ABB 
Corporate Research is investigating the object-orientated modeling language Modelica [3]. It 
is of great interest to the project to know whether it is possible to model more complex 
robots, like the Flexpicker, which contains kinematic loops. Hence, this Master thesis will 
take place within this project. The modeling that is needed to be done should thus if possible 
be made with the modeling language Modelica. 

1.2 Robot Fundamentals 

An industrial robot is constituted by a manipulator, actuators, sensors and a control system. 
 The manipulator is the mechanical structure of the robot. It consists of rigid bodies that 
are connected with joints. Joints are articulations that make it possible to move the rigid 
bodies with actuators. The actuators could be electric motors, hydraulics or occasionally 
pneumatics. A tool or a gripper needed to perform a given task is connected somewhere to 
the manipulator. This is called the end-effector. A controlling system and sensors are needed 
for controlling the actuators so that the end-effector is used as wanted. 
 In this Master Thesis mainly the kinematic and dynamic properties of the robot will be 
studied. Therefore the construction of the manipulator structure is going to be in focus. 

1.2.1 Joints 

There are basically two types of joints, prismatic joints and revolute joints. A prismatic joint 
permits a relative translation motion between two rigid bodies, whereas a revolute joint 
permits a relative rotational motion between two rigid bodies. This is illustrated in Figure 1.2 
(a) and (b). Both joint types have one degree of freedom. 
 By using two revolute joints, with the axes of rotation perpendicular to each other, one 
can easily form a universal joint. A universal joint, also called cardan joint, allows two links to 
bend in any direction and still transfer a rotation from one link to the other. Connecting a third 
revolute joint, perpendicular to the other two, would result in a spherical joint which has the 
same properties as the universal joint except that rotational motion cannot be transferred at 
all. Universal and Spherical joints have two respectively three degrees of freedom. The two 
joint types are shown in Figure 1.2 (c) and (d). 
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 (a) (b) 

   

 (c) (d) 

Figure 1.2 The revolute joint and the prismatic joint are illustrated in picture (a) 
respectively (b). Picture (c) and (d) shows the cardan joint and a spherical joint. The 

arrows show the allowed movement of the rigid body while the other part is kept fixed. 

1.2.2 Workspace 

As mentioned before, a robot has a manipulator connected to a base and an end-effector. To 
be able to describe the movement of the tool, a fixed coordinate system must be introduced. 
This coordinate system is normally defined at the base. In this coordinate system, the tool is 
allowed to move with certain restrictions. The restrictions depend on robot joints, manipulator 
link construction and critical forces. The volume where the end-effector is allowed to move is 
called the workspace, see Figure 1.3. 
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 (a) (b) 

Figure 1.3 Picture (a) shows the workspace for the six-axis serial robot IRB6600 while (b) 
shows the workspace for the Flexpicker. 

1.2.3 Open and Closed Kinematic Chains 

A robot can either have an open or a closed kinematic chain, or a mix of both. An open 
kinematic chain is distinguished by a manipulator with only one sequence of links connecting 
the base to the end-effector, while on other hand a closed kinematic chain has a sequence of 
links that form one or more loops in its structure. The Flexpicker has a closed loop 
construction with its arms coupled in parallel to the end-effector. This is also called parallel 
kinematics. 

1.2.4 Direct and Inverse Kinematics 

Kinematics describes body movements without consideration to the forces acting on the 
bodies. If forces are considered, then it is called dynamics. To be able to control a robot’s 
end-effector it is necessary to know its kinematics. For high-performance control, a model of 
its dynamics is also needed. The end-effector’s pose (position and orientation) can be 
calculated from the joint angles. This is called the forward kinematics of a robot. The inverse 
kinematic is the calculation of the joint angles from the end-effector’s pose. Note that the 
inverse kinematic problem can lead to more than one solution, se Figure 1.4. 

 

Figure 1.4 The picture illustrates the problem with calculating the inverse kinematics for 
a robot with three revolute joints. The inverse kinematics sometimes has more than one 

solution. 

y 

x 

end-
effector 

solution 
one 

solution 
two 
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1.3 The Flexpicker IRB340 

The Flexpicker IRB340, see Figure 1.5, is at the moment the fastest picker robot on the 
market and is used to pick small objects of maximum 2 kg. It can pick and place up to 150 
objects per minute. IRB340 robots are mostly used within the food industry to wrap cookies, 
fast-food, cheese, chips, sausages and a lot of other things. 
 

 

Figure 1.5 The picture shows the Flexpicker and illustrates how it can move to pick and 
place objects. 

As mentioned earlier in this chapter, the Flexpicker is a robot with parallel kinematics. It has 
three parallel arms that control the position of the end-effector. They are mounted on the 
base symmetrically along a circle. 
 An arm can be divided into an upper arm and a lower arm. The upper arm has an 
actuated revolute joint which is controlled by a DC-motor. The lower arm consists of two 
parallel rods that connect the upper arm to a plate, with spherical joints. At the plate the end-
effector is mounted. This structure gives the constraint that the end-effector is always kept 
horizontal. At the same time it allows the end-effector to be moved within a three dimensional 
workspace defined by the robot parameters. 
 To grab an object usually a vacuum gripper is used. In many cases one wish to rotate the 
picked object. This is possible due the telescopic arm mounted in the middle of the 
construction. This fourth arm is built of a prismatic joint connected to two universal joints 
which makes rotation and translation possible at the same time as it follows the plate.  
 The telescopic arm is connected to the base and the middle of the plate with two joints. 
The joint attached to the base is connected to a fourth motor for rotation of the object. The 
other end, the end-effector, is attached to the plate. This is where the vacuum gripper is 
placed. A more explaining picture of the complete Picker and the mentioned parts can be 
seen below in Figure 1.6. 
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Figure 1.6 The picture shows the Picker and its parts mentioned in Section 1.3. 

1.4 The Compact Picker Idea 

Pickers are often mounted close to each other above conveyor belts. To be able to pack 
robots even closer, it is desirable to reduce the footprint of the robot’s base without shrinking 
the workspace to much. One way to achieve a smaller footprint and at the same time keep 
some of the robot stiffness is to move/skew the arms as illustrated in Figure 1.7. The 
parameter e1 is the upper skewing-distance of the upper arm’s position while e2 is the lower 
skewing-distance of the attachment points at the plate. Adding a skew allows moving the 
upper arms closer to each other by adjusting eR. By varying these three parameters, a whole 
family of robots with different kinematic and dynamic properties can be created. 
 The same approach of shrinking the footprint was used for the Deltapod robot in the 
FlexPLP-Project, see Figure 1.8. This construction uses prismatic joints as arms and 
universal joints for connecting them to the base and the plate. The robot is similar to the 
Flexpicker in the way that they both have a parallel kinematic structure with three arms. The 
skew was made while keeping the angle between the arms and the plate for the middle 
position in the workspace. In this way many properties are kept while the footprint shrinks. 
 The skew can be seen as if some of the footprint area is moved from the base to the 
plate, thereby giving the robot a more cylindrical shape. For the Deltapod robot this skew 
could be made without shrinking the workspace. 
 

end-effector 

plate 

lower arm 

upper arm 

telescopic 
arm 

base 
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 (a) (b) 

Figure 1.7 Picture (a) shows the standard Picker seen from above with the base 
removed. The circle has the radius R and is the distance from the centre of the base to 
the axes of the arms for an un-skewed Picker. Picture (b) shows how the arms can be 

moved to achieve a reduced footprint. 

 

 (a) (b) 

Figure 1.8 The picture shows the differences between the Deltapod (a) and the skewed 
Deltapod (b) robot. The skewing gives the Deltapod a more cylindrical shape with a 

smaller footprint but larger plate size. 

skew 

e2 

eR 

e1 
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1.5 Assignment 

This Master Thesis project consists of the following assignments:  

• Show that is possible to model more complex robots like the IRB340 with the 
Modelica language 

• Model the compact Picker model. 

• Compare the compact Picker properties with the standard Picker. 

• Evaluate the new compact Picker idea. 
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2 The Modelica Language 

This chapter begins with a shorter introduction to the modeling language Modelica. Some 
examples will be shown to demonstrate how the language works. Components from the 
standard Modelica library that will be used in the modeling process are explained. 
 Modelica is a free modeling language for modeling physical systems. It is object-
orientated and uses component and equation-based modeling techniques. Modelica was 
created to make modeling of complex physical systems more straightforward. It is suited for 
multi-domain modeling like the mechatronic models in robotics. 
 Models in Modelica are built by equations, basic components and sub-models which 
allow hierarchical structures. This gives an easier overview of the modeled system. Many 
components are already modeled and available in a library called the standard Modelica 
library and can be modified for special purposes. Beside the standard library there is also a 
wide range of general purpose model libraries available, covering many different engineering 
domains e.g. hydraulics, pneumatics, power train etc. Most of the components needed for 
modeling robot kinematics and dynamics can, however, be found in the standard Modelica 
library. Some examples of some multibody structures modeled in Modelica are shown in 
Figure 2.1 below. 
 To be able to simulate and visualize a Modelica model, a simulation tool is needed. In 
this Master Thesis the simulation tool Dymola [4] will be used. 

 

Figure 2.1 Examples of multibody structures that can be modeled in Modelica. The 
pictures are from visualizations of simulations made in Dymola. 

2.1 Equation-Based Modeling 

When modeling with Modelica there is no need for simplifying, solving and selecting states 
for the equations in the system considered. The equations of the system can simply be 
written in the original form in any order. The necessary manipulation of the equations is 
automatically handled by the simulation tool that transforms Modelica code into more efficient 
code suitable for simulation. With tools like Matlab/Simulink this has to be done manually. 
This automation implies both easier modeling and shortened modeling time e.g. the modeling 
of the forward and the inverse dynamics becomes the same problem. 
 To illustrate the simplicity of the equation-based modeling, the modeling of a simple DC-
motor is made, see Figure 2.2. As it can be observed in the Modelica code, the model is 
basically described by using elementary equations of physics and electricity. To describe the 
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system, some time-varying variables and constants are needed. The time-varying variables 
are in this example predefined in the connectors na, nb and nx. To access their variables, 

dot-notation is used. Real is the name of a predefined variable type. The keyword 

parameter specifies that the quantity is constant during a simulation experiment, but can 
change values between experiments. Variables and parameters are defined in the beginning 
of the model. The equations are separated from the variables with the keyword equation. 

The derivate of a variable is retrieved by using the built-in operator der(). 

Equations for the DC-motor 

  ba ii −=  ( 2.1 )  

 mxb

b

ba iR
dt

di
Lvv ψω ⋅+⋅+⋅=−  ( 2.2 )  

A simple DC-motor 
 

La Ra

ia

Emf

va

vb

ib

ψm

 

  x

x

xmb T
dt

d
Jdi +⋅+⋅=⋅

ω
ωψ  ( 2.3 ) 

Modelica code for the DC-motor model 

model Electric motor "An electrical motor, equation-based" 

//Connectors 

  Pin na;  

  Pin nb; 

  Flange nx; 

 

//Parameters 

  parameter Real L = 1 “Inductance”; 

  parameter Real R = 1 “Resistance”; 

  parameter Real k = 1 “Transformation coefficient”; 

  parameter Real d = 0 “Speed dependent friction”; 

  parameter Real J = 1 “Inertia”;  

 

equation 

  na.i       = -nb.i; 

  na.v-nb.v  = L*der(nb.i) + R*nb.i + k*nx.omega; 

  nb.i*k     = d*nx.omega + J*der(nx.omega) + nx.T; 

end Electricmotor; 

Figure 2.2 An example of how to model a simple DC-motor in Modelica by equation-
based modeling. The equations of the system can be written in their original form and 

there is no need for simplifying, solving or selecting states. 
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2.2 Component-Based Modeling 

The fact that Modelica is object-oriented and manipulates the model equations itself, allows 
an easy way of describing systems with components. One advantage of component-based 
modeling is that once a component is modeled, its equations never have to be considered 
again. Instead of rewriting equations, components are reused and their equations are linked 
together with other component equations by connectors. To connect the connectors of two 
components the connect-statement is simply used: 
 

 
 
E.g. an electrical connector Pin contains two time-varying variables of type Real (Voltage 

and Current) for the voltage v and the current i in the pin.  The connector is defined in the 
following way: 
 

 
Using the connect statement above can be compared to writing the equations 
 

 
The equation that sum to zero is generated because the prefix flow is used before the 
variable. 
 Another advantage of component-based modeling is that the overview of the modeled 
system is significantly increased. Complex models can be put together from simple sub-
models, forming a hierarchical structure for better overview. Modelica also offers the 
possibility to inherit component properties. 
 The equations from the DC-model in the previous section could be torn apart to even 
smaller equations where every electric and mechanic component in the motor has its own 
equations. To illustrate component-based modeling, the DC-motor is remodeled with 
components taken from the standard Modelica library, see Figure 2.3. As it can be seen, if all 
components already exist, the equations of the modeled system do not have to be known. 
The only knowledge needed is whether the components are compatible and connectable. 
The quantities of the components are parameterized and can be set within parentheses at 
the declaration of the object. 

connect(inductor.p, resistor.n); 

Connector Pin 

  Voltage v; 

  flow Current i; 

end Pin 

equation 

... 

  inductor.p.v = resistor.n.v; 

  inductor.p.i - resistor.n.i = 0; 

... 
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A simple DC-motor, constructed with components from Modelica 
 

 

Modelica code for the component-based DC-motor model 
 

model Electric motor "An electrical motor, component-based" 

//Connectors 

  Pin na; 

  Pin nb; 

  Flange_b nx; 

 

//Components 

  Inductor inductor(L = 1); 

  Resistor resistor(R = 1); 

  EMF emf(k = 1); 

  Damper damper(d = 0); 

  Fixed fixedHousing; 

  Inertia inertia(J = 1); 

 

equation 

  connect(na, inductor.n); 

  connect(inductor.p, resistor.n); 

  connect(resistor.p, emf.p); 

  connect(emf.n, nb); 

  connect(emf.flange_b, damper.flange_b); 

  connect(damper.flange_a, fixedHousing.flange_b); 

  connect(emf.flange_b, inertia.flange_a); 

  connect(inertia.flange_b, nx); 

end Electricmotor; 

Figure 2.3 An example of how to model a simple DC-motor in Modelica by component-
based modeling. It is the same DC-motor as in Section 2.1. The components used for the 

model can be found in the standard Modelica library. 
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2.3 Standard Modelica Library 

The standard Modelica library contains the most commonly used components for modeling 
multi-domain physical systems. Figure 2.4 shows some modeling areas where the standard 
Modelica library can be used. The current version of it was released 24th March 2006 and 
has a MultiBody library [5] for modeling three dimensional multibody systems. All 
components needed for modeling the kinematics and dynamics of the Picker are found in this 
library. It also contains components for modeling the electrical motor and the controller of the 
robot. The whole mechatronic system could therefore be modeled with Modelica if wanted. 
However, only the kinematics and dynamics behavior will be modeled in this report. The 
following sections will explain some components used for the modeling of the Flexpicker. 

 

Figure 2.4 Some areas of where the standard Modelica library can be used. 

2.3.1 World Component and Frames 

The most basic components of a manipulator are joints and rigid bodies. To be able to model 
three dimensional mechanical systems in a component-based environment, connectors 
between components are needed. The fact that mechanical systems have many variables 
that have to be described with respect to different coordinate systems makes the 
construction of such a connector difficult. That is why the connectors in the MultiBody library 
have their own coordinate systems.  
 A MultiBody connector is called Frame and contains a coordinate system, a cut force f, 

and cut torque t expressed with a vector in the coordinate system of the Frame, see Figure 

2.5. Every Frame’s coordinate system is described in a World Frame’s coordinate system 
with a position vector r_0 and an orientation object R , see Figure 2.5 (b). This World Frame 
describes the origin and the null rotation of the system. To be able to use the MultiBody 
library one must therefore add a World component in the top of the model which defines 
World Frame. The World component is also the component defining the gravity field in the 
model. The user can either chose uniform gravity, point gravity or no gravity. The World 
component also contains information about default sizes of animation shapes for the 
visualization that is reported to all used components. Pictures of the World and the Frame 
components can be found in Figure 2.6 (a) respectively (b). 
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 (a) (b) 

Figure 2.5 (a) shows a picture of how the torques, forces and coordinate systems are 
described in a Frame. (b) shows the Modelica code for the connector class Frame. 

 

 (a) (b) 

Figure 2.6 The World component used for defining the gravity and the World Frame can 
be seen in picture (a). Picture (b) shows the two Frame components used for connecting 
MultiBody components. Two different types are used to easier distinguish the direction of 

a component. 

2.3.2 Parts 

An industrial robot consists of rigid bodies connected with joints. Components for modeling 
rigid bodies are found in the MultiBody.Parts package. There are components for predefined 
shapes, cylindrical- and box-shaped, arbitrary shapes, point masses and massless Frame 
components. 
 The mass components have parameters for setting mass and Frame properties, 
initialization, animation and some advanced settings. Among the initialization settings, start-
values for the position and movement of the body can be set. They can either be set as 
guess-values or fixed start-values. The animation setting allows changing parameters for the 
visualization of the object e.g. color, shape, length, width, etc. In the advanced settings there 
is an option for selecting the variables of the component as states. 
 In Figure 2.7 a picture of a Body component (a) and a BodyShape component (b) is 
shown. The Body component has one Frame to attach and mass parameters for setting the 
mass, center of mass and inertia. The visualization of the component is a cylinder drawn 
from Frame a to the center of the mass where a sphere is visualized. The BodyShape 
component has two Frames and the same settings as the Body component plus an extra 
parameter for positioning the second Frame. This object has the property of being visualized 
with a specific predefined shape or a CAD-model. The supported CAD-formats are the DXF 
and STL format. 
 For creating extra attachment points to a part the FixedTranslation and FixedRotation 
components can be used. The first mentioned gives a fixed relationship between its two 

connector Frame 

  import SI = Modelica.SIunits; 

  SI.Position r_0[3]"= 0r0a"; 

  Frames.Orientation R "= R0a"; 

  flow SI.Force f[3] "= af"; 

  flow SI.Torque t[3] "= aτ"; 

end Frame; 
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Frames and keeps them parallel, the second also allows a fixed rotation between its Frames. 
Combining them with a mass component makes it possible to model any arbitrary rigid body. 
The components are shown in Figure 2.7 (c) and (d).  

 

 (a) (b) (c) (d) 

Figure 2.7 The picture shows components that can be used for modeling rigid bodies. 
Mass properties can be modeled by using the Body (a) and BodyShape (b) components 
while the FixedTranslation (c) and the FixedRotation (d) components can be used for 

creating extra attachment points to the modeled part. The distance between Frame a and 
Frame b of a component is shown with a vector r. 

2.3.3 Joints 

Joint components are found in the MultiBody.Joints package. Besides the basic components 
for revolute, universal, spherical and prismatic joints there are also some components 
constituted out of two or three joints e.g. a UniversalSpherical component and assembly 
components. These should be used whenever possible to improve the efficiency of the 
simulation. Pictures of some of the used joint components can be found in Figure 2.8. 
 The most basic joint components have two Frames that must be connected. The rotation 
direction or allowed movement of a joint is simply set by vectors. The components have 
parameters for choosing start values, guessed or fixed, of the joints variables. The translator 
selects the states of a model itself but sometimes it can be more effective for translation to 
choose states manually. Therefore it is possible to enforce the variables of a joint to be 
chosen as states by setting a parameter under the advanced settings. 
 The Revolute joint and the Prismatic joint components, have two different versions, one 
that allows actuation and one that does not. The standard Revolute joint (a) and the 
ActuatedRevolute (b) is shown in Figure 2.8. The actuation of such a joint can be achieved 
by components from the 1-D Mechanical Rotational library. The actuation joints make it 
possible to attach a motor or control joint states with a look-up-table. 
 The assembly components mentioned consists of three joints, revolute, universal, 
spherical or prismatic. They are located in the MultiBody.Joints.Assemblies package. They 
are designed for being used in kinematic loops for solving the non-linear equations 
analytically instead of numerically. They have between 2-5 Frames, by which the two main, 
Frame a and b, have to be connected. The other Frames are for attaching components 
between the joints used in the assembly. The only used assembly in this report is the 
JointUPS component, which consists of a universal, prismatic and spherical joint. It can be 
seen in Figure 2.8 (f). 
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 (a) (b) (c) (d) 

 

 (e) (f) 

Figure 2.8 Different joint components are shown in the figure above. The most basic 
components are Revolute (a), ActuatedRevolute (b), Universal (c) and Prismatic joints. 

Examples of components made out of more than one joint are the UniversalSpherical (e) 
and JointUPS (f) component. The directions of some joints are shown with a vector n. 

2.3.4 Forces and Sensors 

A force or a torque could be applied at any Frame in the model by using components from 
the MultiBody.Force package. There is also a possibility to measure forces at any Frame. 
This can be done with components from the MultiBody.Sensor package. Components from 
this package can also measure distances, velocities and accelerations, between Frames. 
Some components are shown and explained in Figure 2.9. 

 

 (a) (b) (c) 

Figure 2.9 Component (a) is an AbsoluteSensor component which is used for measuring 
distances, velocities and accelerations. The WorldForce (b) and the WorldTorque 

component can be used for applying a force or a torque. 

2.3.5 1-D Rotational Mechanical Components 

The components in the Rotational library are made for systems with rotation in one 
dimension. These components use Flanges as connectors instead of Frames. A Flange is 
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described by the torque and the angle of the rotational object. Several components in this 
package can be used for controlling ActuatedRevolute joints e.g. a Position, Velocity, 
Acceleration or Torque component. The size of e.g. an acceleration must be set from Signal 
Source Blocks. These Blocks can be found in the Modelica.Blocks library. For pictures of 
Rotation components see Figure 2.10. 

 

 (a) (b) (c) 

Figure 2.10 The Flange connectors used for connecting 1-D Rotational components are 
shown in picture (a). Picture (b) and (c) are components for controlling the angle or the 

torque of an axis. 

2.4 Modeling and Simulation Software 

In order to use the Modelica modeling language to solve problems, a modeling and 
simulation environment is needed. Modelica is basically a textual description so the models 
can simply be designed in standard text-editors in the txt-format. Modeling with text is 
however very time-consuming and therefore the simulation tools available also offer a 
graphical user interface for modeling. Below there is a list of simulation software available 
today. 

• Dymola from Dynasim. The most supportive tool of the Modelica language 
available. 

• MathModelica System Designer from MathCore. 

• MOSILAB from the Fraunhofer-Gesellschaft. 

• SimulationX from ITI. 

• Open Source Modelica is a project at Linköping University. The goal is to offer 
a modeling and simulation tool based on free software distributed in source 
code form intended for research purposes. 

The simulation tool Dymola will be used for the evaluation. A shorter overview of the 
simulation tool is therefore given in the next chapter. 
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3 Dymola Overview 

Dymola is developed by Dynasim AB. The founder and the CEO of Dynasim is Dr. Hilding 
Elmquist. He was the one that took the initiative to organize an international effort to design 
the next generation object-oriented language for physical modeling, Modelica. Modelica was 
therefore closely based on the old Dymola modeling language. Hence Dymola fully supports 
the Modelica language today.  
 Dymola supports interfaces to other tools and programs. Simulation data is saved in the 
same format as Matlab uses. There are functions for calling simulations from Matlab and also 
for getting and plotting the results. It is also possible to simulate Modelica models as blocks 
in Simulink. Helpful tools for the evaluation can therefore be made in the Matlab 
environment. Other possibilities are running external functions written in C or Fortran 77 from 
Dymola. 

3.1 Modeling Environment 

Dymola uses a graphical user interface which makes modeling very straightforward. A 
picture of the modeling environment is shown in Figure 3.1. The package browser, nr 1 in 
Figure 3.1, contains components from the libraries in use. Modeling is simply done by 
dragging the components needed from the package browser to the graphical Modelica 
model, nr 2 in Figure 3.1. The components’ connectors are then connected by lines. If two 
incompatible connectors are connected, an error message pops up. The textual Modelica 
window, nr 3 in Figure 3.1, shows the Modelica model in text such that wanted components 
can be added or modified by writing Modelica code. Parameters of components can easily be 
set by double clicking components, which brings up a parameter dialog box.  

 

Figure 3.1 A picture of Dymola’s modeling environment. 1) is the package browser, 2) 
the graphical Modelica model and 3) the textual Modelica model. 

1 3 2 
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3.2 Simulation Environment 

After translation, the model can be simulated and the results analyzed. The simulation 
environment can be seen in Figure 3.2. Plots of model variables e.g. torque or angle of a 
joint can be plotted by just finding and selecting them in the variable browser, nr 1 in Figure 
3.2. In the variable browser all variables and parameters can be found and changed between 
the simulations. 
 When a multi-body model is made, all defined components are automatically visualized in 
the animation window, nr 2 in Figure 3.2, using appropriate default sizes and colors. This is 
really helpful when modeling, as a visual verification of the model can be made without any 
effort. The command window, nr 3 in Figure 3.2, can be used for executing functions and 
commands. 

 

Figure 3.2 A picture of Dymola’s simulation environment. 1) is the variable browser, 2) is 
the animation window and 3) is the command window. 

 Dymola has built-in functions for 2-D plots and a library for visualizing 3-D data. The 
Plot3D library as it is called is not that user friendly at the moment but will probably be 
improved in the future. It is possible to plot 3-D surfaces with axes which would be 
appropriate for plotting e.g. the Flexpicker workspace. Examples of some 3-D plots made in 
Dymola are shown in Figure 3.3. 

2 

1 

3 
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 (a) (b) 

Figure 3.3 (a) is a plot made from 3-D data, (b) other predefined geometrical 3-D plots. 

3.3 Translation and Simulation 

Before a simulation can be made, Dymola must translate the Modelica code into a more 
simulation suited code. The equations used in the model are first manipulated and then 
translated into C-code. In the next step the C-code is compiled into a separate executable file 
together with an input file where the changeable parameters and simulation properties are 
set. The output file contains data for the simulation stored in a .mat file, the same format 
Matlab uses for storing data. This approach allows changing parameters without re-compiling 
the model for simulations which saves a lot of time. However, parameters that define 
structures are not changeable without recompiling the model. It is possible to choose from 
different integration methods and change the tolerances for the simulation. There are also a 
lot of settings for logging and error handling e.g. the result of the translation can be listed in a 
Modelica like representation which is a more readable version of the C-code. This can be 
used for finding out which guess-value parameters the translator uses for the iteration for 
solving the initial conditions of a model. 
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4 Modeling Process 

Modeling systems with components from the standard Modelica library in Dymola is basically 
done by drag-and-drop. Still it is not always as easy as it looks. In complex multibody 
systems many errors easily occur and finding the correct initial values of angles and 
positions for the solution can be a problem. This will be shown later in this chapter. 
 Examples from the MultiBody library were studied to learn how Modelica MultiBody 
components are used. Some own constructions were tested, similar to the Flexpicker. It was 
discovered that modeling a system in Modelica is easiest done by first modeling the sub-
systems and test them in an isolated environment and then later test them together in the 
whole system. In the Flexpicker case the system was divided into four subsystems: the Base, 
an Arm, the Telescopic Arm and the Plate. They have all input parameters for distances and 
significant lengths, masses and inertias of their parts. They were tested separately and then 
afterwards also together. It could be noticed that if a component worked fine separately it 
was not guaranteed to work in the whole system. This is because the initial value problem is 
easier for Dymola to solve separately in a small system than in a large complex system with 
parallel kinematics.  
 Basically two different models have been made of the Flexpicker. One is made for faster 
simulations with an unusable telescopic arm and the other one is an exact model of the 
Flexpicker. For the evaluation in this thesis, the use of the telescopic arm will not be needed 
and short simulation time is important, therefore the faster model will be used. All models and 
parts made can be found in the IRB340 library. 

4.1 The Base 

The Base component is used for positioning the three arms. The positioning, thereby also the 
upper skewing of the arms, is achieved by using FixedTranslation and FixedRotation objects. 
The first arm is placed parallel to the x-axis of the World Frame while the other two are 
rotated ±120˚ with FixedRotation components. The Base component has Frames for 
connecting a World and three Arm components. The visual Modelica component can be 
seen in Figure 4.1. 
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Figure 4.1 The Modelica model of the robot’s base. The Flexpicker arms are positioned 
with FixedTranslation and FixedRotation components. 

4.2 The Arms 

During the modeling phase different arm models with assembly components were tested. 
This was made with the hope to reduce the simulation time. Unfortunately the simulation time 
increased when using assemblies. The final Arm component is therefore made without 
assemblies, see Figure 4.2. 
 An arm of the Flexpicker can be divided into an upper arm and a lower arm. The upper 
arm consists of an ActuatedRevolute joint connected to a BodyShape with two 
FixedTranslation components for connecting the lower arm rods. The mass and inertia of the 
upper arm is set in the BodyShape component and the data is taken from the Picker’s CAD-
model. The lower arm is simply two UniversalSpherical components with attached 
BodyShape components for mass properties. Since the inertia of the lower arm was only 
given for the complete lower arm, Steiner’s Law was used to move the inertia to the 
BodyShape components. 
 The ActuatedRevolute and one of the UniversalSpherical joints used are modified to have 
minimum and maximum allowed angles. If the angles should exceed these min/max-values 
the simulation exits and an error message is shown in the command window. This is 
achieved by using the assert() statement. For finding angles between Frames, functions 
from the Frames package can be used. These min/max-values are parameterized and can 
be set by the user. 
 The Arm component has Frame connectors for positioning the arm and connecting the 
lower arm joints to the Plate. It also has Flanges connected to the ActuatedRevolute joint so 
that the torque or angle can be controlled from outside the component. 
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Figure 4.2 The Modelica model of the Flexpicker arm. 

4.3 The Telescopic Arm 

The telescopic arm is used for rotating the Flexpicker’s end-effector. For the evaluation of the 
kinematics and dynamics of the robot, the rotation property is not significant. However the 
presence of the telescopic arm is important for the robot dynamics. Hence it has to be 
modeled but not necessarily with Cardan joints that allow translation of the rotation. Instead 
one can use Spherical joints to get faster simulations. In this case there is an assembly 
component JointUPS that could be used. 
 Even though it was not needed for the evaluation, the telescopic arm was both modeled 
with a JointUPS assembly, the assembly model, and with basic joint components, the cardan 
model. Both models basically consist of three Revolute joints at the base connected to a 
Prismatic joint which at the other end is connected to another three Revolute joints at the 
plate and end-effector side. The first joint at the base is an ActuatedRevolute joint, used to 
control the rotation of the arm. The masses and inertias for the telescope arm are realized by 
two BodyShapes connected to the two frames of the Prismatic joint. The two different models 
are shown in Figure 4.3, the assembly model to the left and the cardan model to the right. As 
can be seen in the assembly model, there is no possibility for connecting the end-effector 
between the last two Revolute joints that exist inside the Spherical joint of the JointUPS. 
Therefore it is connected to the end of the Spherical joint and cannot be rotated by the 
ActuatedRevolute joint. With some effort this could probably be done by modifying the 
JointUPS component. However, in the cardan model this is possible if instead of a Spherical 
joint, a Cardan and a Revolute joint is used. The end-effector is placed in a distance of 45 
mm from the plate and visualized by a FixedFrame object, a coordinate system pointing in a 
negative z-direction. This is achieved by a FixedRotation component. 
 The Telescopic Arm component has three frames to connect, one is for the placement at 
the Base, one is for the placement at the Plate and the last one is for attaching a load at the 
end-effector. It also has Flanges connected to the ActuatedRevolute joint to make actuation 
possible from outside the component. 
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 (a) (b) 

Figure 4.3 The two telescopic arms that were modeled. The left (a) uses an assembly-
component while the right (b) is made out of joints. 

4.4 The Plate 

The plate links all the lower arms with the telescopic arm. Therefore the Plate component 
made has Frames for connecting three Arms and a Telescopic Arm. It is modeled similar as 
the base with FixedTranslation and FixedRotation components for placing the Frames used 
for connecting the Arms. There is also a BodyShape object in the center of the model which 
defines the mass data of the component. These values are taken from the CAD-data 
available for the part. The Modelica model can be seen in the Figure 4.4. 
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Figure 4.4 The plate modeled in Modelica. 

4.5 Complete Robot 

At first a model of an un-skewed Flexpicker without a telescopic arm was made. This showed 
that it was possible to model the Flexpicker in Dymola. After this the telescopic arm was 
added to the model. Adding this part led to some problems for finding the initial solution 
which will be discussed later. 
 The final model that is used in this evaluation can be seen in Figure 4.5. It uses the 
telescopic arm made out of the JointUPS component. The Flexpicker component is called 
IRB340 and has two Frames to connect. One of the Frames decides the position of the robot 
and the other one is the end-effector. It also has Flanges for actuating the four axes of the 
arms. A World component has to be defined at the top of the model were the IRB340 
component is used. 
 Using the IRB340 component requires some knowledge. There are parameters like start-
values and state selection to set. These parameter values depend on whether the forward or 
the inverse dynamics is simulated. 
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Figure 4.5 A picture of the complete Flexpicker model. 

4.5.1 Visualization 

As Dymola offers an easy way of visualizing simulated models, CAD-drawings were imported 
for the appearance. The body of the base is modeled in the BodyShapes component used in 
the complete robot model, see Figure 4.5. The visualized body can easily be removed by 
setting a parameter in the component. The Figure 4.6 shows whole visualized model. 

 

Figure 4.6 The visualization of the Flexpicker from a simulation in Dymola. 
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4.5.2 Parameters 

To be able to evaluate the compact Picker idea, some structure data has to be changeable. 
Therefore seven different structure parameters were chosen for the model. These can be 
seen in Figure 4.7. 
 

• R is the distance from the center of the base to the placement of an arm, measured 
along the direction of the upper arm. Note that it is possible for this distance to be 
negative, if the placement of the arm move past the center of the base. 

• r is the distance from the center of the plate to the lower arms position defined without 
a lower skew 

• L is the length of the upper arm from the center of the actuated axis to the center of 
the spherical joints. 

• l is the length of the lower arms. 

• d is the distance between the two rods that can be found in a lower arm. 

• e1 is the upper skewing-distance for an arm, at the base. 

• e2 is the lower skewing-distance for an arm, at the plate. 
 
Changing other component properties like e.g. mass and inertia can easily be made by 
adding a modifier to the IRB340 component. Since the parameters are all structure 
parameters there is unfortunately no way to change them between simulations without re-
compiling the model. This makes the comparison of two models more time-consuming. 

 

Figure 4.7 The parameters of the IRB340 component. 

4.5.3 Forward and Inverse Models 

Both the forward and the inverse dynamics can be simulated with the Flexpicker component.  
 A forward model can be made by controlling the four axes positions, velocities, 
accelerations or actuation torques. This is done by using 1-D Rotational components and 
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Signal Source Blocks. The four ActuatedRevolute joints in the model can, and should in this 
case, be enforced as states to help the translator. 
 An inverse model must be made in a different way. The model is set up with 1-D 
Rotational components for the actuation of the joints as in the forward model, but instead of 
connecting them to Signal Blocks they are connected to a TwoOutputs block. This block 
changes the input of the 1-D Rotational component to an output. At the same time a similar 
approach is made at the end-effector. A sensor is used to get an output signal for the 
position of the end-effector and the output is then changed to an input with a TwoInputs 
block. This allows control of the end-effector’s position. The rotation of the end-effector is 
though still controlled by the ActuatedRevolute joint in the telescopic arm. An alternative to 
the inverse model mentioned would be using actuated prismatic joints connected to the end-
effector. One example of a forward and an inverse model can be seen in Figure 4.8. Worth to 
mention is that problems with the initialization and simulation for the inverse model can easily 
be encountered. Such problems will be discussed in the following section. 

   

 (a) (b) 

Figure 4.8 (a) is a forward model of the Flexpicker keeping a static position while (b) is 
an inverse model of the Flexpicker following a circular trajectory. 

4.5.4 Initialization Problems 

The initialization problem for the Flexpicker model is illustrated in Figure 4.9. Before Dymola 
can simulate the model an initial position must be found. As can be noticed there are more 
than one possible initial position of the Flexpicker model, but only one that is correct, Figure 
4.9 (c). 
 The initialization problem for the forward and the inverse models involves nonlinear 
algebraic loops. When solving the nonlinear system of equations, it is important that the 
iteration variables have good start-values to guarantee convergence, as well as convergence 
to the desired solution. Therefore the guess-values in joints and bodies have to be set 
carefully. Unfortunately there is no way of choosing which guess-value parameters should be 
used for the initialization. They are chosen by the translator and depend on the nonlinear 
system of equations. These equations could differ even if only the name of a component is 
changed, a new component is added or if states are manually selected. This is because the 
translator manipulates the equations based on the alphabetic order of variable names. This 
makes the usage of the IRB340 components sometimes a bit problematic. 
 However, the iteration variables used for finding the initial solution can be found together 
with the non-linear equations in a file called dsmodel.moff. This file is generated during 
translation, but only if it is set in the simulation option. The most frequent guess-value 
parameters used by the translator are already set in the IRB340 components but if no 
solution can be found, look in the dsmodel.moff file to find which parameters are used and 
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change them to appropriate values in the model. Guess-value parameters are the start-
values found in rigid body components and joints. The start-values set in the IRB340 
component are explained below: 

• To get the correct direction of the arms, the guess-value phi_start in the revolute 
joints is set to the angle between the minimum and the maximum allowed angles. If 
not set it is possible to get the mirrored solution of arms pointing towards the center of 
the robot. 

• If the start-value for the Prismatic joint is not set, the end-effector could end up at a 
positive z-value, see Figure 4.9 (a). This is solved by setting the z-start-value to  
–(L + l), a z-negative position that cannot be reached by the Picker. Sometimes 
instead of the start-value in the Prismatic joint, the start-value of the BodyShape 
component in the plate or the Body component for the load is used, so therefore they 
are also set to have the same start-value position. 

• The BodyShape and Body component mentioned are located around the end-
effector. In some cases their pointing directions are used as start-values. If the 
direction of the Body component representing the load should be used, then its 
angles_start value needs to be rotated -180˚ around the x-axis. This is because 
the end-effector, to which the Body component is connected, has its Frame rotated 
180˚ around the x-axis. Otherwise the solution may be as in Figure 4.9 (b). 

There was some initial value problems for the inverse model with a telescopic arm made out 
of joints that could not be solved. These can probably be solved with some additional effort.  

   

 (a) (b) 

  

 (c) 

Figure 4.9 The two upper pictures (a) and (b) show incorrect solutions generated when 
some of the guess-values are not set correctly. The bottom picture (c) shows the correct 

solution. 
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4.5.5 Simulation Problems 

Two simulation errors have been encountered during the modeling. One of them is that the 
angle of the arms sometimes jumps to a mirrored position when simulating a circular 
movement, see Figure 4.6. Making the tolerance for the simulation smaller did not solve this 
problem. This could however be solved by using a different integration method called 
“LSODAR” instead of the standard “DASSL” method. The other simulation error was 
encountered using an old model of the Picker which uses SphericalSpherical components for 
rods instead of UniversalSpherical. The Problem was that the simulation did not stop when 
the end-effector went out of workspace. Instead all parts got displaced and moved without 
the normal constraints, see Figure 4.7. 

   

 (a) (b) 

Figure 4.10 The pictures show the jump the joint angle makes from the correct position 
shown in picture (a) to the incorrect mirrored position in picture (b). This simulation error 

was encountered when the end-effector was told to follow a circular path. It can be 
solved by changing the integration method. 

 

Figure 4.11 This simulation error did occur when the end-effector was moved over the 
borders of the workspace. The error occurred in an early stage of the modeling only when 
a SphericalSpherical component was used for the lower arm rods. The components in the 

picture jumped around and moved without the normal constraints. 
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4.6 Model Verification  

There already exists a model of the Flexpicker made in Matlab/Maple. This Model has been 
verified against the real robot and another model made with the modeling tool ADAMS. 
Therefore it can be used for verification of the Dymola model.  
 To verify the Dymola model the torques of the joints were studied and compared in static 
position, with joint velocities, with joint accelerations and with both angular velocities and 
accelerations at three points in the workspace. The comparison of the results from the 
simulation from Matlab/Maple and Dymola is shown in Table A.1 in Appendix A. The test 
points used can be seen in Figure 4.12. The grey cylinder is the standard workspace of the 
Picker with a radius of 0.565m and height of 0.250m. 
 The accuracy of each joint torque is defined in percentage of the difference in the axis 
torque divided by the biggest torque. In the static case no error can be observed. In the test 
case where the joints are in motion, no errors larger than 0.3% can be found. 
 The results show that Dymola can handle the Flexpicker complexity. It is assumed that 
changing the skewing parameters of the model should not lead to errors. 

 

Figure 4.12 The three points P1, P2 and P3 used for the verification of the model. The grey 
volume represents the Flexpicker’s allowed workspace. 

4.7 Evaluation Tools 

Functions for the evaluation can be found in the IRB340 library. There are functions for 
calculating the footprint, workspace and a lot more. Plots over the workspace and footprint 
can be made while changing a structural parameter from one value to another. The function 
to get the workspace uses iterative simulations of circle movements. It can take a while to 
find the workspace and sometimes Dymola even stops working for some reason. After 
restarting a simulation that crashed, it can often be simulated again without crashing. There 
is also a function for visualizing workspaces. To investigate the internal forces and torques 
simple models were made. These models have scripts for plotting the rod forces, torques 
and important angles. 

4.8 General Problems with Modeling Complex Multi-Body Systems 
in Dymola 

Modeling complex multi-body systems with planar loops is not done easily by just drag and 
drop. At first the components have to be connected so that the model becomes translatable. 
Planar loops in the link-structure has to be identified and cut-joints must be set if they exist.  
This can take a while in a 3-D environment for complex parallel systems because it is not 
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that easy to debug the model. When this is achieved, the number of scalar unknowns and 
scalar equations are the same and the initialization problem must be solved. 
 The initialization problem is about setting start-values of joints and bodies used in the 
model in a way that guaranties the convergence to the desired solution. This can be quite 
complicated for an un-experienced user as the iteration variables used for the initial solution 
cannot be selected by the user. Another problem is that the heuristic manipulation made by 
the translator is based on alphabetic order of variable names, so renaming or adding 
components in the model can lead to different iteration variables. This could even be a 
problem for an experienced user if an iteration variable should be selected that cannot be set 
in a way that always guarantees convergence to the wanted solution. However, Dynasim say 
that they are aware that the initialization in the Modelica library has complex code without 
giving users complete freedom and they are working with the library developers to change 
that [6]. 
 When a model has been translated and the correct initial solution has been found there 
can still be problems left with the simulation. These can sometimes be solved by changing 
the integration method. 
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5 Evaluation of the Compact Picker Concept 

The main goal with the skewing is to shrink the footprint without reducing the workspace for 
the robot, or at least not reducing the workspace/footprint ratio. If this is possible, the robots 
could be packed closer together over the conveyor belt and the efficiency would increase. 
Packing robots this close would of course lead to intersecting workspaces. That problem, 
however, could be solved with a collision handling software that manages the picking of 
objects in the intersecting workspace area. 
 When skewing the Picker, some changes in the kinematics and dynamics can be 
expected. The properties that will be investigated are: 

• The footprint. 

• The workspace. 

• The footprint/workspace ratio. 

• The internal forces in the rods and required torques for keeping the end-effector in 
static position and during a motion. 

• Sensitivity against disturbance forces and torques. 

5.1 The Rod-Plate Angle Rule 

To be able to compare the changes due to skewing, some definitions and comparison rules 
have to be used. Since there are too many changeable parameters for finding an improved 
Picker model, the evaluation will be based on changing the three most important ones: R, e1 
and e2. The parameters are described in Section 4.5.2. 
 In the FlexPLP-Project, a rule of keeping the angle between the prismatic rods and the 
plate was used. This angle has a lot to do with the dynamics and the stiffness of the robot, so 
keeping it would give the new robot similar stiffness and dynamics properties [7]. The 
compact Picker idea is based on the FlexPLP-Project so therefore the same rule of keeping 
this angle is used. 
 For the Flexpicker, the corresponding angle is the angle between the lower arm rods and 
the plate. The angle will be kept in the lowest center point of the workspace, see point P1 in 
Figure 4.12, and is at this position 54.0°. To be able to use this same rule for the Flexpicker, 
this angle must stay approximately the same in all other positions of the workspace. That this 
is the case is shown Appendix B. The mentioned angle will in the future be referred to as the 
rod-plate angle. How this rule of keeping the rod-plate angle constrains the relationship 
between e1, e2 and R is illustrated in Figure 5.1.The positioning parameter R can be 
computed from Equation 5.1 below. 

 )))(((
2
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2
eellRR xyxyoriginal +−−−=  ( 5.1 ) 

The variable )0.54cos( °−= llxy
 is the lower arm length projected on a horizontal plane. 

 In addition to skewed Picker models based on this rule, two different models skewed 
without keeping this angle will be investigated at the end of this chapter. One of them is 
based on reducing the footprint while keeping a big workspace. The other one is based on 
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reducing the footprint while keeping the relationship between the workspace and the 
footprint. 
 From here on, if a Picker is said to be skewed without mentioning R in the text or in plots, 
R is chosen by the rule of keeping the rod-plate angle. If there is a reason to choose R in 
another way, it will be mentioned in text or by giving R a value. 

 

 (a) (b) 

Figure 5.1 (a) Shows the smallest angle, between the rod and the plate, the rod-plate 
angle. The evaluation will be based on keeping this angle as 54.0˚ in the lowest center 
position of the workspace as in picture (a). For any arbitrary skew, e1 and e2, this angle 

is kept by adjusting R. Keeping this angle constraints the upper arm’s position to be 
placed along the circular path shown in picture (b). The vertical position of the circular 

path’s origin is set by the lower skew e2. 

5.2 Footprint  

The footprint of the Flexpicker is given by the upper arms and the base of the robot. The size 
and the placement of the upper arms are going to be used for defining the footprint. The 
footprint is therefore only dependent on the parameters L, d, R and e1. 
 There are many ways to measure the footprint. For this purpose two methods have been 
used: 

• Circular footprint: The footprint is defined as the diameter of the circle circumscribing 
the upper arms. This is the common method for describing the footprint. 

• Rectangular footprint: The footprint is defined as the smallest width of a rectangle 
enclosing the upper arms. This footprint will always correspond to a smaller width 
than the circular footprint.  

It will be assumed that the base could be reconstructed in such a way that it will fit into the 
circular and rectangular footprint.  
 Just by defining the footprint with a rectangle would save 21.6% of the required space 
along the conveyor belt, see Figure 5.2.  If the base could be constructed even smaller, there 
is a possibility to move the robots even closer as long as the upper arms and the lower arms 
do not collide when picking objects. 

e2 

e1 

R 

rod-plate angle 
54.0° 

lxy 

e1 

e2 

lxy 

 

A 
 

un-skewed Picker 
from a side-view 

skewed Picker 
shown from upside 

R 



Evaluation of the Compact Picker Concept 

35 

 
 

Figure 5.2 The figure shows six skewed robots mounted over two conveyor belts from a 
top view and how space could be saved by defining the footprint with a rectangle instead 
of a circle. By changing the footprint in this way the saved space could be 21.6% of the 

original space needed. 

The rectangular footprint needs to have a small width to be able to pack the robots as close 
as possible. The rectangle with smallest width is not always found when placing it as in 
Figure 5.2. Other rotated rectangles could be used and in some cases give a smaller width, 
see Figure 5.3. For a standard Picker the best way to place the rectangle is with a 0˚ angle 
as shown in Figure 5.3 (a) but for most of the skewed Pickers, a rotation is required. 

 

 (a) (b) (c) 

Figure 5.3 The pictures show how different rotated rectangles (b) and (c) can be used for 
measuring the footprint. The rectangle with the smallest width is the one that is going to 

be used for the comparisons. 
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To show how the footprint changes when adding a skew to the arms, two plots have been 
made, one for the circular footprint and another for the rectangular, see Figure 5.4. The 
footprint is shown on the y-axis for different upper skew configurations, e1, on the x-axis. The 
three different lines correspond to the footprint for three different lower skews, e2=0, e2=0.1m 
and e2=0.2m. This gives a good overview of how much the footprint can be changed by 
skewing. 

 

Figure 5.4 The plots show how the circular and the rectangular footprint changes as the 
skewing parameters e1 and e2 are changed. The three curves correspond to three 
different lower-skews e2. Note that without a lower-skew e2 the footprint cannot be 

reduced. 

The first observation that can be made out of the curves in Figure 5.4 is that it is not possible 
to get a smaller footprint without introducing the lower skew e2. The second observation is 
that increasing the lower skew makes the footprint shrink faster for increasing upper skews 
e1. In this way the footprint can be decreased by increasing the plate size. There is no need 
for evaluating lower-skews larger than e2=0.2m since it would result in a plate that is too 
large. 
 The footprint is mainly dependent on the length of the upper arms and their position. The 
upper arms must not collide when placing them. Therefore the smallest achievable footprint 
would be placing the arms as in Figure 5.5 (a). This placement of the arms is interesting 
because there is no way to get the footprint this small without introducing an upper skew to 
the robot. This configuration will be investigated closer in Section 5.6. The minimum footprint 
that can be achieved without changing the size of the upper arm has approximately a 
diameter of 0.64m or a width of 0.54m which is 58% (circular) and 62% (rectangular) of the 
original footprint. To get this configuration the parameters are changed to e1=0.15m and R=-
0.1m. Without an upper skew added to the Picker, these positions would lead to intersecting 
upper arms. 
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 (a) (b) 

Figure 5.5 The smallest footprint (a) that can be found by skewing the robot is compared 
with the standard footprint (b). The arms are placed in a way that still leaves some place 

for attaching motors within the footprint. This configuration has a footprint that is 
approximately 58% (circular) and 62% (rectangular) of the original footprint. 

5.3 Workspace 

The workspace of a robot is defined as the volume of all positions that are reachable for the 
end-effector. The theoretical workspace of the standard Picker and a skewed Picker can be 
seen in Figure 5.6 (a) and (b), respectively. However, the allowable workspace of the Picker 
is cylindrical and considerably smaller than the theoretical workspace, see Figure 5.7. The 
workspace is limited because there are positions that are close to being structurally unstable 
for the robot. To be able to compare workspaces, a size definition of the allowed workspace 
must first be made. 

5.3.1 Size Definition 

The upper limit, zmax, of the allowable workspace is defined by the position shown in Figure 

5.7. This position is found when setting the joint angle of one arm to αmin, the minimum 
allowed joint angle, and letting the lower-arm point along the z-axis. The height of the 
workspace will be kept as 0.250m. Thereby, the width of the workspace is then given by the 
diameter of the maximum allowed circular movement at zmin, the lower limit of the workspace, 
0.250m further down from zmax. 
 This is how the allowed workspace is placed for the standard Picker. The workspace will 
be placed the same way for skewed Pickers. The width will be used for the comparison of 

workspace sizes. Note that the Flexpicker have some limiting structure angles beside αmin 
and that they will not be used in this report. This is because they cannot be redefined in a fair 
way for skewed Pickers.  
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 (a) (b) 

Figure 5.6 Picture (a) shows the theoretical workspace1 for a standard Picker while 
picture (b) shows the theoretical workspace1 of a skewed Picker, e1=e2=0.15m. As it can 

be seen the difference in volume is big. It also looks like the workspace is somehow 
rotated. 

 

Figure 5.7 This is the theoretical workspace of the standard Picker in a vertical plane 
going through one of the upper arms. The arm position in the picture is the one defining 

the upper limit, zmax, of the allowable workspace.  

                                                 
1
 This picture does not show the whole workspace. Some of the top is truncated because the used 

simulation could not access those positions. They do however not affect the allowed workspace. 
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5.3.2 Changes due to Skewing 

How the Picker’s theoretical workspace changes in general from a skew can be seen in 
Figure 5.6. Picture (a) shows the workspace of the standard Picker while picture (b) shows 
the workspace for a skewed Picker, e1=e2=0.15m. As it can be seen the theoretical 
workspace for the skewed Picker is both smaller and looks a bit rotated. 
 The plot in Figure 5.8 shows how the size of the workspace changes for different skews. 
It turns out that the workspace changes the same way for upper skews as for lower skews 
because the workspace diameter is proportional to the sum of the skews, e1+e2. The 
workspace seems to shrink with a slope around k=-0.9 while skewing. This is really an 
unwanted result. It is also a somewhat surprising result as it was not encountered in the 
FlexPLP-Project when skewing the Deltapod robot. An explanation of why the workspace 
shrinks can be found in Appendix D. 

 

Figure 5.8 The plot shows the size of the workspace for different skews of e1 and e2. The 
plot has only one curve since the workspace seems to be proportional against the sum of 

the skews, e1+e2. Clearly the workspace shrinks when skewing the robot. 

5.4 Workspace/Footprint Ratio 

The relationship between the workspace and the footprint is the most important result of the 
skewing. Since both the footprint and the workspace are shrinking while skewing, the 
question is which one shrinks fastest. Unfortunately the workspace shrinks faster than the 
footprint for all skews. Therefore, the goal of not decreasing the workspace/footprint ratio, 
WS/FP, cannot be kept.  Figure 5.9 shows graphs of WS/FP when skewing. 
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Figure 5.9 The plots show how the workspace/footprint ratio is affected by introducing 
skews of different sizes. The three different curves correspond to three different lower-
skews e2. The plots tell that it is not possible to skew the Picker and at the same time 

keep the rod-plate angle without reducing the workspace/footprint ratio. 

 Since the results show that it is not possible to keep the workspace/footprint ratio while 
the rod-plate angle is kept, this angle has to be changed to obtain a satisfying result. This 
could be done by changing of the other parameters R, L, l or r. Changing these parameters 
will then probably worsen the stiffness and dynamics of the robot. If for example R would be 
chosen to adjust the workspace/footprint ratio for a skew of e1=e2=0.1m it would have to be 
decreased by 0.13m from the already decreased skew-R-value. This increases the rod-plate 
angle with 8˚. If instead the skew would be e1=e2=0.2m it is not even possible to compensate 
the lost workspace/footprint ratio by changing R. It seems like the workspace/footprint ratio 
has shrunk too much to be worth compensating by changing other parameters. This gives 
the impression that it is not worth introducing skews to the Flexpicker robot, at least not as it 
was introduced for the Deltapod robot, with e1 equal to e2. 

5.5 Critical Forces and Torques 

The two most critical forces used for dimensioning the Flexpicker are the internal forces in 
the lower arm along the rods, Frod, and the joint torques, Tjoint, needed from the motors [8]. 
These should not increase if possible. To show the properties of a skewed Picker, the two 
critical forces will be investigated and compared with a standard Picker for the following 
situations: 

• Keeping static positions: Forces for keeping a static position will be compared for 
positions along a circular trajectory with the radius 0.2m. It will also be compared by 
comparing the maximum and minimum forces found along circular trajectories with 
different radii. 

• Motions along circular trajectories: Forces for a motion with a circular trajectory of 
radius 0.2m will be investigated closer. Also the minimum and maximum forces found 
along different circular trajectories with different radii will be investigated. The end-
effector will be moved along the circular trajectories with constant speed and a period 
time of 1s. 

• Sensitivity against disturbance forces: The sensitivity against disturbance forces will 
be investigated in the same way as the investigation of minimum and maximum 
forces for the keeping of a static position, but with disturbance forces applied at the 
end-effector. Two situations will be investigated: applying a torque Mz=1Nm in the z-
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direction and applying a force Fr=1N in the radial direction of the circular trajectory. 
The mass of the bodies and the load is here set to zero to remove the forces due to 
the robot itself. 

A position and a circular movement will be expressed with a position angle and the trajectory 
radius, see Figure 5.10. Only trajectories in the plane z=zmin are investigated. The centre of 
the circular trajectories used are all placed in the middle of the workspace at x=y=0. The 
compared forces are acting on the arm that is placed along the x-axis in Figure 5.10. The 
forces for the other arms behave the same way but are phase shifted with -120˚ and 120˚. 

 

Figure 5.10 The picture shows how the trajectory radius and the position angle are 
describing a position and a circular trajectory. Points along circular trajectories will be 

used for comparing changes in properties for different skews. 

5.5.1 Rod Forces 

The lower arm consists of two rods connected to the upper arm and the plate with spherical 
joints. To keep the joints and rods in place, a spring is used that pulls the rods together, see 
Figure 5.11. If the force in the rods gets to big, e.g. during a collision, the joints would release 

and the robot is saved from being damaged. This construction limits the angle γ, the angle 
between the lower arm and a vertical plane going through the upper arm. The angle is 

allowed to change between γmin and γmax according to Figure 5.11. 

 The plot in Figure 5.12 shows how γ is changed for different skews when a circular 
trajectory with the radius 0.2m is followed. It seems that the angle gets both displaced by a 

constant and phase shifted. This results in that the γmin and γmax limits have to be changed. 
Hence, if a skewed Picker is realized, the lower arm construction would have to be 
reconsidered. 
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Figure 5.11 A picture of how the spherical joints between the two rods are kept in place 
by a spring. If the maximum allowed force in the rod is reached, the joints will release. 
This is for avoiding damaging the robot during a collision. This construction is designed 

for working between γmin and γmax. 

 

Figure 5.12 The plot shows how the angle γ is changed when moving the end-effector 
along a circular trajectory with the trajectory radius 0.2m. The three curves show the 

angle for the standard Picker and two different skews. The angle seems to increase and 
the limits γmin and γmax cannot be kept. 

The plots in Figure 5.13 and Figure 5.14 show the effect of adding an upper skew e1 and a 
lower skew e2 to the Picker. The forces acting on the two rods while keeping the Picker in a 
static position can be seen in the (a)-plots. The positions lie along a circular trajectory with 
the trajectory radius 0.2m. The (b)-plots show the forces acting on the rods while moving the 
end-effector along the same trajectory with a period time of 1s. Both the left and the right rod 
forces are plotted. That is why two curves can be seen for each configuration. Compressive 
rod forces are shown as positive while tensile rod forces are negative. 
 It can be observed that the extreme values of the rod forces get bigger when increasing 
the skew to a Picker, especially when it is a lower skew. Another important observation that 
can be made is that for a standard Picker, the two curves representing the rod forces are 
similar, while they seem to repel with an increasing skew. This repel seems to be happening 
faster for lower skews. It looks like introducing a skew leads to larger forces in the rods and 

the angle γ along a 
circular trajectory 

 

position angle [°] 

γ  
[°

] 

standard Picker 

e1+e2=0.1m 

e1+e2=0.2m 

γmax 
γmin 

spherical 
joints 

spring 



Evaluation of the Compact Picker Concept 

43 

makes one of the rods more compressed while the other one gets more 
pulled.

 
 (a)  (b) 

Figure 5.13 These plots show the effect on the rod forces when adding an upper skew e1 
to the Picker. Each pair of curves represents the two rod forces in an arm. It can be 

noticed that the extreme values of the two forces gets bigger when increasing the upper 
skew. 

 
 (a)  (b) 

Figure 5.14 These plots show the effect on the rod forces when adding a lower skew e2 to 
the Picker. Each pair of curves represents the two rod forces in an arm. It seems as the 
two rod forces are getting rapidly bigger in different directions when increasing the lower 

skew. 

 In Figure 5.15 the extreme forces for different trajectory radii are shown. The two plots (a) 
and (b) show the forces in the static case and the dynamic case, respectively. The period 
time used for the circular movement is chosen to be 1s. The velocity of the end-effector is 
therefore larger for larger radii. A skewed Picker, e1=e2=0.15m, is compared with the 
standard Picker. The extreme forces seem to get really big and pushed away from the 
standard Picker forces approximately the same for all trajectory radii. 
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 (a)  (b) 

Figure 5.15 These plots compare a skewed Picker, e1=e2=0.15, with a standard Picker. 
The curves show the minimum and maximum rod forces found along circular trajectories 

with different trajectory radii. 

5.5.2 Joint Torques 

The torques are compared in the same way as the forces, for static positions and for 
motions. It seems as the torque is changed the same way for an upper skew as for a lower 
skew. The torques along a circular trajectory can be found in Figure 5.16 while the extreme 
torques for different trajectory radii can be found in Figure 5.17. It looks like the torque curve 
gets phase shifted. The difference in the torque curves due to skewing is almost negligible 
 

 
 (a)  (b) 

Figure 5.16 Plot (a) shows the torques required for keeping the end-effector in different 
positions, while plot (b) shows the torques needed for a circular motion with the radius 

0.2m and period time 1s. The torques seem to be phase shifted and the extreme 
minimum value for a motion gets smaller when adding a skew. 
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 (a)  (b) 

Figure 5.17 The plots (a) and (b) show the extreme torques found for the static position 
case and the circular motion case at different trajectory radii. 

5.5.3 Sensitivity against Disturbance Forces and Torques 

The sensitivity against disturbance forces and torques are shown in Appendix C.1. The plots 
show the maximum and minimum rod forces and joint torques found around different 
trajectory radii for keeping a static position. It can be seen that the sensitivity against both 
forces and torques gets larger. 

5.6 Two Interesting Configurations 

In addition to skewed Picker models based on the rule of keeping the rod-plate angle, two 
different models skewed without this rule are investigated. One of them is based on reducing 
the footprint while keeping a big workspace, see Figure 5.18 (a). The other one is based on 
reducing the footprint while keeping the relationship between the workspace and the footprint 
(b). Both of them have their arms positioned to get the smallest possible footprint. Their 
properties are shown and compared with a standard Picker in Table 5.1. The investigation of 
the critical forces can be found in Appendix C. Note that the inertia of the lower arm was not 
changed in the model when changing the lower arm length. 
 The plots from Appendix C show that the rod forces and joint torques get larger for both 
robots. One exception can be noticed which is that the joint torques required for a circular 
motion seems to shrink for robot (b). The sensitivity against forces is also worse. Since the 
rod-plate angle gets larger it can also be expected that the stiffness gets worse. 
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 (a) (b) 

Figure 5.18 The two robots based on the smallest possible footprint. The leftmost robot 
has its lower arm length adjusted to maximize the size of the workspace. The rightmost 

robot has its lower arm length adjusted to get a WS/FP ratio equal to one. 

Table 5.1 The table shows the workspace and footprint properties for the two 
investigated special robots. The standard Pickers properties are also shown to easily 

understand the differences. 

Robot: (a) (b) (standard Picker) 

changed parameters 
R=-0.1m 
e1=0.15m 

R=-0.1m 
l=0.5m 

e1=0.15m 
- 

Footprint 
(diameter / width) 

0.64m / 0.54m 0.64m / 0.54m 1.10m / 0.87m 

Workspace 
(diameter) 

0.99m 0.64m 1.27m 

WS/FP 
(circular / rectangular) 

1.55 / 1.83 1.00 / 1.19 1.15 /1.45 

rod-plate angle 71.6° 60.1° 54.0° 
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6 Concluding Comments 

The given assignment was to model and evaluate a new idea for a compact Flexpicker robot. 
The modeling language Modelica was used to model and compare robots. The conclusions 
and the results are summarized and presented in this chapter, together with some 
suggestions for future work. 

6.1 Conclusions 

 The reason for skewing the robot is to reduce the footprint without reducing the 
workspace and robot stiffness too much. This was possible to achieve with the Deltapod 
robot by adjusting the placement of the robots arms while keeping a characteristic angle in 
the structure. The results in this report show that the same approach of reducing the footprint 
does not work for the Flexpicker. The reason is that the workspace shrinks too much so that 
the workspace/footprint ratio cannot be kept. This is a somewhat surprising result that was 
not encountered for the Deltapod. An explanation for this phenomenon can be found in 
Appendix D. Other results that speak against the skewed picker concept are that the rod 
forces and the sensitivity against disturbance forces increase. The increasing rod forces was 
not a problem for the Deltapod since its prismatic arms can handle much larger forces than 
the spherical joints in lower arms of the Flexpicker. 
 Since the concept of skewing by keeping the rod-plate angle failed, two robots not 
considering this angle were investigated, see Figure 5.18 (a) and (b). They are both based 
on positioning the arms to get the smallest possible footprint, 0.64m / 0.54m (diameter / 
width). The standard Picker has a footprint equal to 1.10m / 0.87m. This is interesting 
because there is no way to get the footprint this small without introducing an upper skew to 
the robot. The lower skew is avoided because it would lower the workspace/footprint ratio too 
much. 
 Robot (a) has a workspace/footprint ratio equal to 1.55 / 1.83 (circular / rectangular). 
Since the rod-plate angle is much larger unfortunately the robots properties are worse. Both 
the rod forces and joint torques are significantly larger. Also the sensitivity against 
disturbance forces is much worse. This robot does not seem to have satisfying properties 
since the stiffness probably is too bad. 
 Robot (b) has its lower arm length adjusted to get a workspace/footprint ratio equal to 
1.00 (circular). This is to give more stiffness to the robot. However, it is not possible to get 
the same rod-plate angle as for the standard Picker by making the lower arm length smaller. 
Adjusting the lower arm length to get the same angle would give a workspace/footprint ratio 
smaller than 1.00 which is not acceptable. Also for this robot the rod forces and joint torques 
are significantly larger with the exception that the joint torques required for a circular motion 
seems to shrink. The sensitivity against disturbance forces does not seem to be as bad as 
for robot (a) but is worse than for the standard Picker. This robot has the benefit of being 
very compact at the same time as the height of the workspace is kept. That is not possible to 
achieve by just reducing the footprint by scaling the standard Picker since a scaling of the 
parameters also scales the height of the workspace. This could maybe make this design 
interesting in some other fields where a compact robot is needed with a large height on the 
workspace without the requirement of a wide workspace. 
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The overall results from skewing the Picker can be summarized as follows: 

• Footprint: By skewing the robot, the footprint can be significantly reduced.  

• Workspace: The size of the workspace shrinks fast when skewing the robot.  

• Rod forces: The forces in the rods get considerably bigger.   

• Joint torques: The change in joint torques when skewing is almost negligible. 

• Sensitivity: The sensitivity against disturbance forces gets larger. 

• Stiffness: It can be expected that the stiffness of the robot gets worse. 

The results show that making the Picker more compact by introducing a skew will not give 
the expected results. The reason is that the workspace shrinks too fast and that the changes 
needed to compensate the shrinkage worsens the Picker properties too much. To get a good 
workspace/footprint ratio the stiffness of the robot would have to be reduced significantly. An 
upper skew could however, be used to place the robots arms in a way that gives the smallest 
possible footprint of the Picker. This positioning of the arms requires further investigation. 
 There is another way to pack robots closer to each other without changing the structural 
parameters of the Picker. By using a rectangular footprint of the present Picker robot 21.6% 
of the conveyor belt length could be saved. This, however, requires a collision handler for 
avoiding collisions. The footprint could maybe also be defined by a triangular footprint to 
save even more space. 

6.2 Discussion and Future Work 

The rod-plate angle of the compact robots is kept by adjusting the parameter R of the Picker. 
None of the other parameters are changed to achieve this. An alternative could be to also 
adjust the arm lengths L or l together with R to get better results. The knowledge and 
experience got from simulations tells that this probably is not possible though. It is also 
possible to decrease the rod-plate angle by decreasing the parameter r together with a lower 
skew. This was tested without considerable difference of the properties. 
 Placing the arms as for robot (a) and (b) to get the smallest achievable footprint has to be 
investigated further. Unfortunately there was no time for this. Some simulations showed 
though that it probably is possible to get Picker robots with better properties by reducing R to 
0.05m without introducing a skew. It could be noticed that this gives better 
workspace/footprint ratios and smaller rod-plate angles than the skewed robots, thereby also 
larger stiffness. The internal forces and joint torques seemed also smaller. However, this 
construction does not leave space for the telescopic arm and the base could be problematic 
to reconstruct this way. It also has a larger footprint. Also the footprint cannot be reduced as 
much as with an upper skew added. 

Some suggestion of future work is to: 

• Check if the arm lengths can be changed for a better skewed compact robot. 

• Further investigate the compact Picker (b) from Section 5.6 and its range of 
adaptability. 

• Investigate how much efficiency that can be gained by using a rectangular or 
triangular footprint with a collision handler. 
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Appendix A Verification of the Dymola Model 

The Dymola model of the Flexpicker was compared with the existing Matlab/Maple model. This was made by comparing the joint torques in the 
three arms in four different cases: static position, joint velocity, joint acceleration and joint velocity and acceleration. The comparison was made 
in three different points P1, P2 and P3, see Figure 4.12. The results are shown in Table A.1. 

Table A.1 Comparison of joint torques got from different simulation made in Dymola and Matlab/Maple. The same joint velocities and 
accelerations were used for Case 4 as for Case 2 and 3. 

Matlab

Torque 

[Nm]

Dymola

Torque 

[Nm]

Error

[%]

Velocity

[rad/s]

Matlab

Torque 

[Nm]

Dymola

Torque 

[Nm]

Error

[%]

Accelerat

ion

[rad/s]

Matlab

Torque 

[Nm]

Dymola

Torque 

[Nm]

Error

[%]

Matlab

Torque 

[Nm]

Dymola

Torque 

[Nm]

Error

[%]

P 1 1 -3,3372 -3,3372 0,00% -5 -3,177 -3,1770 0,00% -20 -6,071 -6,0710 0,00% -5,9108 -5,9108 0,00%

2 -3,3372 -3,3372 0,00% -5 -3,177 -3,1770 0,00% -20 -6,071 -6,0710 0,00% -5,9108 -5,9108 0,00%

3 -3,3372 -3,3372 0,00% -5 -3,177 -3,1770 0,00% -20 -6,071 -6,0710 0,00% -5,9108 -5,9108 0,00%

P 2 1 -9,7508 -9,7508 0,00% -5 -1,3924 -1,3813 0,26% -20 -16,0831 -16,0831 0,00% -7,7248 -7,7136 0,15%

2 0,1394 0,1394 0,00% -5 -4,2835 -4,2891 0,13% -20 -0,574 -0,5741 0,00% -4,9969 -5,0026 0,07%

3 0,1394 0,1394 0,00% -5 -4,2835 -4,2891 0,13% -20 -0,574 -0,5741 0,00% -4,9969 -5,0026 0,07%

P 3 1 -7,6872 -7,6872 0,00% 5 -10,8191 -10,8163 0,02% 20 -0,0529 -0,0497 0,06% -3,1848 -3,1788 0,04%

2 -3,1358 -3,1358 0,00% -5 -14,1185 -14,1265 0,06% -20 -4,6822 -4,6844 0,05% -15,6649 -15,6752 0,07%

3 3,6376 3,6376 0,00% -5 8,5280 8,5338 0,04% -20 -4,8677 -4,8758 0,17% 0,0226 0,0203 0,01%

Case 4 : Joint Velocities and 

Accelerations

Point Axis

Case 1:  Static Position Case 2 : Joint Velocities Case 3 : Joint Acceleration
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Appendix B How the Rod-Plate Angle is Kept in the 
Workspace 

When skewing the Flexpicker, the rule of keeping the rod-plate angle in the lowest centre 
position of the workspace is used. In this way the stiffness and dynamics for this position are 
approximately kept [7]. This property is also wanted for every other position in the 
workspace. The problem is that it is only possible to choose one position in the workspace to 
keep the rod-plate angle in. Hence it would be interesting to know how this angle is changed 
in the rest of the workspace for different skews. 
 It was discovered that the angle changes in the same way for both upper skews, e1, and 
lower skews, e2. It seems like the changes are the same for all skews with the same skewing 
sum, e1+e2. To show how the rod-plate angle is changed in the workspace when introducing 
a skew, two different plots have been made. 
 The first plot, Figure B.1 shows how the angle differs when moving the end-effector along 
a circle of radius 0.2m in the lowest z-plane of the workspace. The position angle shows the 
position of the end-effector according to Figure 5.10. The three curves correspond to three 
different skews. The second plot, Figure B.2, shows the minimum and maximum angles that 
can be found along different trajectory radii. 
 It can be observed that the minimum and maximum value of the angle do not change 
essentially for smaller skews. It also seems as the angles gets phase shifted along the 
positive upper skew direction. 

 

 Figure B.1 The picture shows how the rod-plate angle changes for positions along a 
circular trajectory with the radius 0.2m. 
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Figure B.2 The picture shows the minimum and maximum rod-plate angles found along 
different circular trajectories. 
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Appendix C Graphs over Forces and Torques 

This appendix contains graphs over the rod forces Frod and the joint torques Tjoint got from 
simulating different tasks for some skewed configurations. The graphs show the minimum 
and maximum loads found along different circular trajectories. A more detailed explanation of 
the graphs and the situations tested can be found in Section 5.5. 

C.1 Disturbances for Skewed Configuration e1=e2=0.15m 
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C.2 Graphs for the Skewed Configuration e1=0.15m, R=-0.1m 
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C.3 Graphs for the Skewed Configuration e1=0.15m, R=-0.1m, 
l=0.5m 
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Appendix D Explanation of Why the Workspace Shrinks 

This appendix is supposed to give a simplified explanation to why the workspace shrinks 
when the Picker is skewed by keeping the rod-plate angle. The results of skewing the Picker 
will be compared with the results of skewing the Deltapod robot. To be able to understand 
the differences, the definition of the workspace for both robots must be studier closer.  
 Since the dynamics are not considered when getting the workspace, the two lower arm 
rods of a Picker’s arm can be seen as one rod placed between the two rods. The same 
reasoning can be used for the Deltapod arms’ prismatic joints. To make the explanation 
easier to understand, the Picker and the Deltapod are simplified to have their arms attached 
to a point instead of a plate. 
 The theoretical workspace of the Picker and the Deltapod can be defined in the following 
way: All positions that belong to the workspace have to be reachable for all three arms.  
Every arm can move within a specific volume determined by its joints and link length. The 
workspace is therefore defined by the intersecting volume got from all three arms. 
 An arm of the Deltapod and the Picker can reach positions within the volume shown in 
Figure D.1 (a) respectively (b). The position P is the placement of the arm. Explanations to 
the appearance of these volumes are given in the figure text. 

 

 (a) (b) (c) 

Figure D.1 An arm of the Deltapod can be seen as one prismatic joint attached to a 
universal joint. This means that one arm can reach positions within the volume of the 

hollowed sphere shown in picture (a). An arm of the Picker can reach within the torus like 
volume shown in picture (b). The appearance of this volume can be explained with 
picture (c). The picture shows an arm of the Picker and its reachable positions (the 

hatched area) in a plane going through the upper arms rotation axis. The borders to the 
area of reachable positions can be reached when the upper arm and the lower arm are 
parallel to the plane. Positions between the borders, positions between arc A and arc B, 
can be reached by rotating the upper arm. Note that the intersecting area of the two 

border circles cannot be reached. Due to the symmetry, all reachable position of an arm 
is thereby defined by the volume got from revolving the lined area from (c) around the 

upper arm rotation axis. This gives the volume shown in picture (b). 
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lmin : shortest prismatic joint length 
lmax : longest prismatic joint length 
P : placement of the arm 
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The workspace is studied in a horizontal plane to show the effect of skewing the robots. The 
allowed workspace is always placed below the hollow part of the arms reachable volume. 
Hence, the workspace in a horizontal plane for the Deltapod is always defined by the 
intersection of three circles, while for the Picker it is defined by the intersection of three 
ellipsoid like circles, see the left two figures in Figure D.2. The two figures to the right show 
the effect on the workspace of rotating the upper arms’ positions by adding an upper skew. 
The workspace for the Deltapod stays the same while the workspace for the Picker is 
significantly reduced by this kind of skew. The reason to the differences is as it can be seen 
that the Pickers workspace is defined by ellipsoid like circle shape instead of with circles as 
for the Deltapod. Note that a skew made along this circle keeps the rod-plate angle for the 
Deltapod but not for the Picker. Skewing the arms by keeping the rod-plate angle for the 
Picker would result in moving the arms positions away from each other which would reduce 
the workspace even more. 
 The geometries used for getting the workspaces in Figure D.2 are manually drawn to 
show the effect of skewing the robot. The real ellipsoid like circles are actually a bit thicker, 
see Figure D.3 (a). A verification of that the workspace is defined the mentioned way is 
shown in (b). The investigation has only been made for upper skews. The same results are 
though got from lower skews since the results from the evaluation showed that the 
workspace is affected the same way for lower skews as for upper skews. 
 This investigation show that there are two things that make the workspace shrink for the 
Picker robot: 

1. That the workspace is defined with ellipsoid like circles which gets a smaller 
intersecting area when rotating the arms’ positions. 

2. That the condition of skewing the arms by keeping the rod plate angle moves the 
centre of the three ellipsoid like circles away from each other. 
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Figure D.2 The difference in workspace between skewing the Deltapod and the Flexpicker 
is illustrated. The picture shows the workspace (the lined area) in a horizontal plane. The 
three points placed around the dotted circle represent the placement of three arms while 
the one in the middle the plate. Rotating the arms position result in the same workspace 

for the Deltapod while it get reduced for the Picker. 
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 (a) (b) 

Figure D.3 Picture (a) shows the appearance of the three ellipsoid like circles defining the 
workspace for a standard Picker. Picture (b) shows the workspace of a standard Picker 
and a Picker with e1 set to 0.2. The latter workspace is as it can be seen defined by the 
same ellipsoid like circles as the standard Picker since its borders seems to coincide with 

the standard Picker’s borders if it would be moved up by the upper skew e1. 
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