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Abstract

A mechatronic project is at its best when it combines many fields of study, and the project described in this
report does exactly that. Constructing a juggling robot is a feat that requires knowledge in areas such as
mechanical construction, electronics, software, communication, and many more.

The JuRP-project is a recurring juggling robot project that this year reaches its third iteration. The goals of
this year’s project focuses on constructing a juggling robot with two arms that could perform collaborative jug-
gling. Additionally, the system should also be mobile, meaning that no part of the system can be a permanent
installation. The solution presented in this report consists of a new set of arms. Last year’s arm was redesigned
to better meet this year’s requirements and to make the system more robust. Also, a second arm was built
from scratch, in parallel with redesigning the old arm. Furthermore, a new vision system was designed. This
year’s new vision system was designed with a mobile rack, dilering from the previous permanently installed
camera setup. The project was regarded as a success, as all of the stakeholder’s requirements and goals were
met. The robot achieved a human-like juggling with up to two balls, and will serve as a robust base for future
development was established.
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Chapter 1

Introduction

1.1 Background

Juggling is considered a reasonably simple task for a human, and it usually doesn't take more than a couple
of hours for a person to juggle tree balls or more. Humans accomplish this by using a sophisticated machine,
also known as the brain, to perform the needed motion control and the eyes to track the ball.

When observing a human or animal moving and coordinating within its environment it often looks simple and
straightforward. However, as it is widely known, such apparently simple coordination can be a very complex
task in robotics. Achieving and performing juggling is therefore considered a perfect task from a mechatronics-
and robotics research perspective, demanding knowledge and performance in a wide range of areas, such as
robotic design, sensing, perception, controlling and executing movements and commands, software architecture
etc.

The purpose of this capstone-project was to explore and develop a juggling robot, and was done in collaboration
with KTH. The JuRP-project has been ongoing for two years and the project was initiated in 2017, making
this year's project the third iteration. Each year the project problem statement has been expanded and new
goals have been added. Previous work from the most recent project iteration, JURP-2019, is brie y explained
below (section[1.1.1]). For more detailed information of the past project, the reader can nd the report in the
references [3].
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1.1.1 JuRP 2019

The JuRP-2019-project ended with the development and experimentation with one single robotic arm, see
Figure 1.1. Many of the precedent project's requirements and goals will be kept for this year as well, such as
performing human-like juggling patterns, use external perception, and achieving real-time feedback.

For their vision system, they used permanently installed IR-cameras, making the installment permanent. Figure
1.2 depicts last year's end-e ector concepts. The nal prototype of JURP 2019 used the solution with a cone
for end-e ector, making it unable to grip or hold on to a ball, but very e cient in terms of design complexity
and center of mass placement, making it more robust.

Figure 1.1: CAD of JuRP 2019's robot arm, with two di erent solutions for end-e ector.

Figure 1.2: End product of the 2019 project.
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1.2 Goals for JuRP 2020

Performance Goals

The purpose of the project is to develop a juggling robot consisting of two arms capable of juggling by reliably
catching and throwing balls. More speci cally:

Design and construct a functional prototype for a juggling robot.
Performing human-like autonomous juggling.
Juggling with 2-3 balls in the air.
Full system mobility, meaning no permanent installations should be needed.
Being able to grip balls.

Project Goals

Tasks needed for achieving the above performance goals are stated as the following:
Achieve collaborative juggling with two robot arms.

Implement the second arm by utilizing the existing JURP robot arm and develop the arm to an extent
ful lling necessary performance requirements and then replicate the arm.

Design and implement a mobile camera system in order to make the system mobile.
Design and construct an end-e ector or gripper to facilitate throwing and catching.

Emphasize a well-planned system-architecture with well-de ned interfaces, system robustness and facili-
tated use/maintenance.

A successful project should lead to a stable and robust foundation for coming students or researchers. A
variety of research and optimization areas would be available by succeeding in the creation of two functioning
real-time juggling robotics arms. Autonomous juggling touches many elds regarding real-time response,
feedback systems, and electromechanical design. Countless opportunities for studies exist in all of those areas,
especially for master's level students. The project also serves as an excellent learning opportunity for the
current students, independent of its success. A failure in reaching performance goals could still lead to success
in obtaining academic learning goals.

12



1.3 Requirements

The project's stakeholders had a few requirements in addition to the goals. The requirements were meant as a
guideline for the group's goals, for the project not to diverge into a machine that blindly throws balls without
any feedback.

1.3.1 Stakeholder Requirements

Have human-like juggling pattern and focus on toss juggling on balls
At a minimum be able to handle one ball, but expected to perform a juggling pattern with 2-3 balls

Ideally, design and integrate a gripper to allow in-hand manipulation to facilitate 3(or more) ball juggling

1.3.2 Technical Requirements
Use a mobile vision system for external perceptional (real-time feedback)
Be robust and prepared for long term evolution

Emphasizing a well-planned system architecture (including well de ned interfaces), system robustness
and facilitate use/maintenance

1.4 Delimitations

Due to the possible wide range and extent of a juggling robot project such as this one, the project team has set
up some limitations to narrow the scope and make the goals more achievable and the work clearer. The project
statement goals have also been divided into phases, making it easier to focus and nish speci ¢ milestones if
some of the goals would have to be taken out of the scope due to time limitations.

Mainly the scope of the project is:

Juggling with up to 3 balls with one basic juggling pattern - a bonus if more generalized
A limited extent of capability for collaborating with humans

Autonomous juggling - even though start and stop may require manual human intervention depending
on the designed gripper's performance and capability

Also, with the uncertainty following the ongoing pandemic at the time of writing the goals, it was not assured
that the project team would gain full access to workshops and lab halls during the project. Therefore, the
milestones were set in a way to serve as an end-goal if a lockdown would occur.

1. Milestone A - Single arm juggling with 1-2 balls, using human throw-catch.
2. Milestone B - Extending to juggling with 2-3 balls, using gripper throw-catch.

3. Milestone C - Dual-arm juggling with up to 3 balls, possibility of using both human and gripper while
also have full system mobility.

13



1.5 Report Disposition

Chapter 1 explains the background and the purpose of the project, as well as describing the project in terms
of goals and requirements.

Chapter 2 consists of the "state of the art", which explains the industry's current technological level and
some of the solutions that will be covered in the report.

Chapter 3 presents which methods and tools were used when solving the project problems.

Chapter 4 presents the di erent design alternatives considered during the design phase, and also discuss the
di erent alternatives.

Chapter 5 covers the nal design and implementation of the project. It will present and explain the chosen
design and motivate for its use.

Chapter 6 brie y explains the guidelines followed in terms of ethics and environmental impact.
Chapter 7 presents the methods used to verify and validate the requirements stated for the project.

Chapter 8 presents the ndings of Chapter 7; results regarding the requirements and also general ndings
that are relevant to the project result.

Chapter 9 will summarise the ndings and discuss the potential success of failure of dierent parts of the
project, as well as the project as a whole.

Chapter 10 suggests any future improvements that can be done or potential developments of the system/parts
of the system that can be made in order to get better or an expanded number of functions.

Appendix contains any additional information that was not necessary to have in the main text or information
in the form of code or images that would have interrupted the ow of the report.
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Chapter 2

Literature Review and State of the Art

The focus in this literature review has been on researching areas which are relevant to the construction of a robot
performing juggling. Thus this chapter has been divided into separate sections, which was deemed especially
interesting for the project. First, this chapter will brie y dive into the art of juggling. Following this, the report

will go through all the di erent subsystems in which it was deemed necessary to conduct research into possible
solutions. Those areas are: Vision System, Software, Controllers, Mechanics and End E ector

2.1 Juggling

There are many di erent ways to juggle. To get a perspective, theLibrary of Juggling states at least 174 jug-
gling techniques [34] where 136 is three-ball patterns, 29 four-ball patterns, 8 ve-ball patterns and 1 six-ball
pattern. On top of the number of balls and patterns, all of these can also be varied and combined to an endless
number of patterns to be performed by a juggling robot.

There are three main methods of juggling: toss, bounce and contact juggling. In toss juggling a number of
objects, calledprops are thrown into the air and caught in some sequence, with the requirement that at least
one prop at any given time is in the air. Bounce juggling is like toss juggling except the balls are thrown
downwards and bounced back up. The least common method is contact juggling where the juggler rolls the
props over their body without throwing them, always having contact with the props. In this project the most
common type of juggling will be used: toss juggling with spherical props. The starting pattern in toss juggling
for most beginners is the 3 ball cascade also callesiteswap 3 A good way to learn this is by starting with one
ball, then two and nally three balls. Figure 2.1 shows how the props are thrown from one hand to the other
always swapping hands and creating a horizontal gure-eight trace.

Figure 2.1: The 3 ball cascade pattern.
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The number of props can be lowered to two if only one hand is used, however this puts more emphasis on timing
due to the balls spending less time in the hand. Just as the number of props can be changed so can the number
of jugglers. In cooperative juggling, the patterns are described by how often the props are passed between the
jugglers; if every throw is a pass it is called 1-count, every second throw being a pass would be a 2-count and
so on. One common pattern in two person juggling is the six ball 1-count, basically two separate three ball
cascade patterns between the jugglers. Another way would simply be a replica of the 3 ball cascade but each
juggler only using one hand. The ve ball 1-count is the easiest dual-hand cooperative juggling pattern where
one juggler throws the balls straight forward and the other juggler throws diagonally. Juggling patterns can
be described mathematically by ladder diagrams, Figure 2.2 shows how the top juggler passes diagonally and
the bottom juggler passes straight, e.g. their right hand to the other juggler's left hand.

Figure 2.2: The 5 ball 1-count cooperative juggling pattern.

2.1.1 Juggling Robots

The rst juggling robots, relying on an open loop bouncing construction, were built by Claude Shannon in the
1970s, shown in Figure 2.3 [12]. Shannon's work inspired others to investigate the challenges provided by the
task of juggling to showcase the precision and repetitiveness of robotics and automation and to explore areas
of dierent elds. This include areas of machine learning and human behavior by Atkenson et al. [2] [4].

Figure 2.3: Bounce juggling robot made by Claude Shannon in the 70s.

Many have expanded the task by adding a closed loop design for better robustness towards variance in the
mechanical construction and to improve the performance [29]. Since the 1990s, several toss juggling robots
have been successfully designed based on feedback from a computer vision system such as Rizzi et al. [26] and
Yu et al. [36] and potentially giving the robot the ability to participate in cooperative juggling. However, there

are few examples of human-machine juggling.
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One particularly successful juggling robot was developed at the Czech Technical University in Prague capa-
ble of juggling ve balls using a vertical sliding mechanism [10]. Below is a presentation of the design of a
humanoid robot and a humanoid arm, that are more in line with the scope of this project than the Czech robot.

In 2017 Tomoki Oka, Naohiro Komura and Akio Namiki at Chiba University in Japan solved the task of
juggling by developing a human-like multi ngered hand-arm robot, with a high speed stereo vision system,
capable of juggling two balls. Figure 2.4 shows the seven DOF arm and the three ngered high speed end
e ector with two DOF for the index nger and 3 DOF for the other two ngers. For tracking the balls the high
speed stereo vision system platform IDP express [14] was used running at 900 Hz and the two cameras were
placed in two di erent planes to capture the movement in 3D space. The position of the balls were obtained
by color extraction [23].

Figure 2.4: High-speed hand-arm juggling robot developed by Tomoki Oka, Naohiro Komura and Akio
Namiki[23].

Also in 2012 Jens Kober, Matthew Glisson and Michael Mistry at Disney Research took playing catch with a
robot to the extreme by adding two more balls, making it the rst human-machine cooperative juggling robot.
Figure 2.5 shows the robotSky, a Walt Disney Imagineering A100 Audio-Animatronics, a hydraulic 37 DOF
robot typically used in theme parks and its slightly modi ed end e ector hand. ASUS Xtion PRO LIVE, a
combined color and depth camera system, was used to track the balls by masking the color image with the
depth image and using Hough circle detector. This vision system was running at 30 Hz and placed on the side,
between the robot and the juggler [19].

Figure 2.5: Disney robot Sky with its reinforced juggling hand to the right[19].

17



2.2 Vision System

This section covers the vision system, which is necessary in order to achieve autonomous juggling. The purpose
of this system is to continuously gather information about the location of the juggling balls through visual
input. In this project the vision system is de ned as everything observed by the cameras as input to the
estimated landing position as the output. To achieve this, the vision system consists of cameras, a camera
calibration software, a software that tracks the ball and calculates the depth of the ball, transforming pixel
coordinates to real-world coordinates and a trajectory estimator that estimates the trajectory and landing
position of the ball.

2.2.1 Marker Based Motion Capture

One of the most commonly used methods to detect object movements arepto-electronic systemsbased on
markers (see Figure 2.6a). With the help of infrared light, 3D positions of objects can be detected by cameras.
Moreover, markers can be eithemassive or active, meaning that the infrared light can be either re ected or
emitted from the markers respectively. Usually, there is a need for several cameras in order to allow for a more
precise object detection; however, this can contribute to a less mobile system [31].

Marker-based motion capture systems are considered to be the most accurate tracking solution, because markers
are physically attached to the object that is going to be detected (see Figure 2.6b). Nevertheless, the drawback
of using markers in motion analysis, is the fact that they are sensitive to everything that is being included in
the capture environment. Sunlight for example, which includes an infrared component, can contribute with
measurement noise. Other re ective surfaces, apart from the markers, can also a ect the system negatively [31].

@)
(b)

Figure 2.6: Marker-based motion capture systems converts real-time setups into a digital representation (b)

with for example spherical markers (a).

One commonly used motion capture system i&/icon, which was the one used in the previous iteration of the
JUuRP project. It is a high-end motion capture system that is used both in research and entertainment. The
system uses infrared cameras specially created for motion capture within a wide range of applications. The
infrared light is both emitted and registered by the Vicon camera itself. These camera systems are usually very
precise but they require extra preparation placing markers, and can be sensitive to re ective surfaces in the
surrounding environment. The calibration of infrared cameras usually is done with acalibration wand which
has markers xated on it [18].
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2.2.2 Markerless Motion Capture

As indicated by the name, markerless motion capturedoes not use any additional physical markers to capture
or analyse the motion of an object. Instead these systems combine optical inputs with specialised algorithms.

Markerless systems can be divided into two di erent categoriesactive and passive vision systemsThe active
systems make use of emitted light from the spectrums of visible or infrared light. The depth in the environment
can then be sensed either through deformations of a known projected patterrsfructured light) or by measuring
the time it takes for a pulse of light to return to the camera (time-of- ight ), as seen in Figure 2.7. It is possible
to get very accurate measurements when using active systems such as structured light systems and time-of-
ight sensors, provided the measurements are static and collected in a controlled laboratory environment. This
means that the active system alternative is not suitable when portability is a requirement, as it would limit
the environments in which the system could be used [22].

()
(b)

Figure 2.7: Both the Structured light system (b) and the Time-of-Flight system (a) uses infrared light to
measure the depth. (Image (a): [13])

Passive markerless systems only rely on information directly from the surrounding environment, captured in
the form of images. The most common methods for gathering depth information in passive systems astereo

or multi-view matching where two or more RGB cameras are used instead of one to capture depth. These
systems are usually the cheaper choice compared both to marker based systems and active markerless systems.
The passive markerless system is not sensitive to sunlit environments and thus may be more suited for a mobile
system than a marker based system. Though like any other system it has its aws. The passive systems have
experienced problems related to complicated scenes, occlusion and scenes containing areas with a high lack of
texture [38].

Regarding markerless motion capture, one commonly used sensor is tldepth or RGB-D camera. These cam-
eras make use of either the Time-of-Flight or the Structured Light method, mentioned earlier in this chapter,
for depth sensing. An RGB-D camera usually consists of three main parts, an IR projector, an RGB camera
and an IR sensor. Together, these components can provide an image and depth information for all of its pixels.
An example of a juggling system using depth cameras as vision is the Disney robot Sky, mentioned in the
previous chapter, which used the ASUS Xtion PRO LIVE sensor. Bene ts of the depth cameras are, among
others, that there are commercial ones available at relatively low costs and they do not require preparations
such as placing markers since they only rely on the environment itself. Though, compared to the marker based
alternative the commercial depth cameras usually have a smaller eld of view and a depth resolution that
deteriorates notably as the depth increases.
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When using a stereo setup for motion capture, common sensors are rst of all stereo cameras. Consisting of at
least two lenses, each with their own image sensor. The stereo cameras can simulate human binocular vision
in order to achieve depth perception. The stereo systems does not perform well where there is a lack of details
and texture. Alternatives to the stereo camera is using RGB or high speed cameras to create a stereo vision
system. When taking this approach it is possible to create a system that ts the speci ¢ needs of the system as

a whole. When fast moving objects are to be tracked the high speed cameras are a good choice. For more slow
paced movements a regular RGB camera might be the better option since it would require less computational
power. Moreover, the calibration process for RGB and high speed cameras are similar; it often involves taking
multiple pictures of a chessboard pattern, getting intrinsic and extrinsic parameters that can later be used to
avoid internal and external aws in the cameras.

2.2.3 Object Detection

Before any depth information can be generated the object to be tracked needs to be detected. This is done with
the help of algorithms that extracts the object of interest from the rest of the image. Usually the detection is
done using a combination of di erent methods. Following are some of the more common methods which also
are available .

Harris Corner Detection

This method is an improved version of theMoravec's corner detector The idea in Moravecs version is that the
changes in image intensity are determined by shifting a local window, within the image, in di erent directions.
Doing this, three di erent cases that needs to be considered may occur. If the shift only results in slight changes
of intensity, there is not a corner present. If instead the window reaches over an edge, large changes will occur
when shifting the window in a direction perpendicular to the edge, but the changes will be small when shifting
along the edge. The third case considers the possibility of the patch within the window being a corner or an
isolated point, then the changes in intensity will be large for all shifts. The similarity of intensity between
two patches is determined by calculating the sum of squared di erences between the two patches correspond-
ing pixels. In Harris version this calculated value is related directly to direction rather than a patch of pixels [6].

Background Subtraction

A segmentation method used to isolate moving objects in a video stream by segmenting the images into back-
ground and foreground. The background usually acts as a static reference image and the foreground contains
the moving objects.

Circle Hough Transform

A feature extraction method that focuses on nding circular shapes in an image. Using this method, an edge
map is calculated. This edge map is then used to nd edge points that will map 3D space into a conical surface.
By then looking for points where at least three di erent cones intersect, parameters of a circle can be found [37].

Color Isolation with HSV

Objects can also be extracted after theirhue, saturation and value (HSV) levels from an image. The algorithm
includes steps such as converting an image's RGB color space to HSV because it is easier to isolate colors with
HSV. After this conversion, the images are to be masked. There are two types of masks that needs to be
applied to the frame when color isolation is used. The rst mask includes setting a lower bound of HSV-levels
while the second mask includes the setting of an upper bound instead. Parts of the image which are within
these threshold values will then be able to be extracted from the frame [28].
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2.2.4 Depth Calculation

By having the cameras in stereo setup, triangulation can be performed and depth to the ball can be calculated
using the theory below.

Figure 2.8: The distance Z between the cameras and the object point can be found with triangulation [5].

By using the disparity, d, between where the object appears on each lens and knowing the distance between
the cameras,B, and the focal length, f (in pixels), the depth of the object can be calculated, see Figure 2.8
and the equations below.

d= XL XR = f _ = = (21)

/= —= — (22)

As the digital image is discrete in its nature, the disparity values will be integers unless special algorithms are
used to compute disparities on a sub pixel accuracy. To increase the accuracy of the calculations, the distance
between the camerasB, can be increased. This will increase the disparity and will reduce the negative e ect
of the discrete nature of the pixels. This will however decrease the view area which is seen by both cameras

(8.

2.2.5 Coordinates Transform

The output from the vision system needs to be a position in real-world X, Y, Z coordinates for the inverse
kinematics solver to work. The camera and the tracking algorithm get the ball's position in pixel coordinates
from the camera coordinate system, see Figure 2.9. Therefore, a coordinates transform to the world coor-
dinate system, illustrated in Figure 2.9, is needed for the inverse kinematics solver to function correctly [8].
The Z-coordinate attained from the triangulation will already be in the real-world unit. In order to get the
corresponding X and Y coordinate these equations can be used:

X = L2 (2.3)
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Y = —; (2.4)

wherex, andy, are the corresponding x and y pixel-coordinates from the left camera and f is the focal length
in pixels.

Figure 2.9: Coordinate transform from a camera coordinate system to the world coordinate system. P represents
a point in the real world.

2.2.6 Trajectory Estimation

A trajectory estimator estimates the landing position of the ball while it is in the air. With a trajectory
estimator, the robot can position the end e ector in the estimated landing position before the ball reaches
it. By knowing the current and all previous positions of the ball, an estimation of future trajectory can be
done and sent to the computer from the vision system. First, calculate the ball's velocity by comparing the
time di erence between the change of position in frames. Secondly, knowing the acting gravitational force and
the velocity, the trajectory can easily be solved using simple physics. It is implemented in either three or two
dimensions, with two dimensions being the most common.

MATLAB's Built-in Trajectory Estimator
MATLAB has a built-in function for trajectory estimation which makes coding a program redundant, however,
MATLAB will be needed as a node in the system.

Euler's Method

Euler's method is a rst-order numerical procedure for solving ordinary di erential equations. This method
applied to the trajectory and modelled with gravity as the only external force is a common way to implement
a trajectory planner. There are many di erent scripts of this implementation on GitHub. To get a good and
constant output, the input needs to have as little noise as possible. Because of the method only taking in the
two previous positions, the algorithm is prone to ickering and uncertainties when introduced to noise. This
requires a low-pass Iter or other countermeasures [9].
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Kalman Filter

A kalman lter is a lter/algorithm that predicts future data based on previous and incomplete or noisy data.
The prediction improves with larger data and time. It has many di erent implementations in many di erent
elds and is more complex than Euler's method which is the reason why it is generally slower [16].

2.3 Software (excluding vision system software)

It requires a great range of actuators, sensors, processors, and other hardware for the robotic arm to be able
to juggle. All these devices contain software that is handling all the logic and calculations. There are a lot of
di erent software needed in projects such as robotics juggling.

Below are some of the most commonly used:

An inverse kinematics solverwhich is given the input of a position (the estimated landing position)
and outputs the necessary angle of the motor making the end e ector to be positioned at the estimated
landing position.

A low level controller optimizing the speed and angles of the motors to be as quick and precise as possible.

A Robotics Middleware software communicating with the di erent programs as well as with other hard-
ware as computer and micro-controllers.

In addition to these, other types of software are helpful to use during development such as:

A simulation environment where the JuRP arm can be tested.

A CAD software where the design of the arm can be developed and parts can be 3D-printed to be used
as physical parts. Weight and center of mass can also be easily calculated before construction as well as
used as a model in the simulation environment.

A software for modeling, simulating and analyzing dynamical systems$or calculating correct force and
speed of the joints, motors and other parts.

2.3.1 Inverse Kinematics Solver

To have a fast inverse kinematics solver (IK solver) it is crucial for the system to have a low computation time,
because to solve the inverse kinematics can be very time consuming.
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IKfast IKfast is a powerful and fast inverse kinematics solver which can run as fast as 5
microseconds and it can generate language-speci c les.

TRAC-IK TRAC-IK is an inverse kinematics solver that combines two inverse kinematics
implementations via threading to achieve a more reliable solution than common
IK solvers.

KDL KDL inverse kinematics solver is the default IK solver in ROS. It is not as fast as

other IK solvers.

Matlab IK Matlab has a fast inverse kinematics solver which is easy to use. However it will
need Matlab as a node in the robotic network which will slow down the system.

Geometric approach for simpler systems, the inverse kinematics can be solved geometrically. Firstly,
setting up an equation system from the forward kinematics. Secondly, solving for
the angles.

Numerical approach The angles can also be solved numerically by using the forward kinematics matrix
and the transformation matrix's jacobian.

2.3.2 Robotics Middleware

There are a wide variety of robotics middleware available with none dominating. The purpose to have a robotics
middleware is to have all the di erent computers and devices communicating with each other as well as being
able to simplify software design and hide the complexity of low-level communication.

ROS ROS is a popular, fast, open-source robotics middleware run on the Linux operating
system. It is used in many similar projects and is popular in the academic world with a
large community and many tutorials on how to use it.

Player Project Player Project is used to create free software for research into sensor systems and robotics.
It is one of the most popular open-source robot interfaces in research and academia.

Urbi Urbi is an open-source software platform in C++ used to develop applications for com-
plex systems and robots. Urbi is based on the UObject distributed C++ component
architecture

ROS2 ROS?2 is a popular, fast, open-source robotics middleware run on the Linux operating
system. It is an successor of ROS with new features and Real-time support.
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2.3.3 Robot Simulation Environment

Robot simulation environment or a robotics simulator is a simulator used to test and simulate the robot without
the need for the physical machine.

Gazebo Gazebo is a popular open-source 3D robotics simulator which has been used in many large
robotics competitions including multiple DARPA robotics challenges, Toyota Prius Challenge
and NASA space robotics challenge. It can import CAD-models as URDF- les into the simu-
lation.

SimSpark  SimSpark is an open-source robotics simulator commonly used in academic research and edu-
cation in the elds of Al and robotics research.

Webots Webots is open-source 3D robot simulator used in the industry, academia and research. It was
originally proprietary software but was released as open-source in 2018. It includes a large
collection of models of robots, actuators and objects and also have the ability to designing a
model from scratch.

2.3.4 Computer-aided Design

To design the arm a CAD software is used to design all parts. These CAD-parts can then be 3D printed to be
used as parts on the physical arm as well as used in simulation.

SolidWorks SolidWorks is a CAD software that is proprietary and is not included in KTH's program
distribution library. However, it can export the part to URDF- le format which is used in
most robot simulation software.

Solid Edge Solid Edge is a CAD software that is proprietary and is included in KTH's program distri-
bution library but it cannot export models to URDF- le.
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2.3.5 Physics Simulation

To calculate the forces, speeds and weights needed from the motors and length, thickness and weight of the
arm, physics simulation and calculation software is needed.

Matlab Matlab is a proprietary software program with its own high-level programming language
intended for numerical computations. It is very popular in engineering and science. It is
provided in KTH's program library distribution.

GNU Octave GNU Octave is a software program with its own high-level programming language intended
for numerical computations. The language is intended to be as similar to Matlab's as pos-
sible to be as bi directional compatible as possible. It is one of the major free alternatives

to Matlab.

Mathematica Mathematica is a popular proprietary technical computing system. It is not provided in
KTH's program library distribution.

2.3.6 Computer Hardware

More computers and hardware means more computation power and fast computation time. However, the time
it takes for the di erent hardware and computers to communicate with each other slows down the system.
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2.4 Communication

There are many di erent ways to build up a communication network for a robotic system. This communica-
tion network has to be stable, robust, and fast in order to send the signal without delays or getting messages lost.

There are di erent architectures of communication. One Architecture could be like a human brain, where
the left part controls the right part of the body, and the right part of the brain controls the left part of the
body. Each part has a role to play in the processing of information although the other is more dominant in
certain functions or purposes [33]. In order to choose a communication method, more understanding of di erent
communication ways is needed.

24.1 USB

Universal serial bus (USB) is an industry-standard that establishes protocols for communication and power

supply between computers and other devices. Examples of peripherals that are connected via USB include
computers, microcontrollers, and cameras. In standard USB 2, data can be transmitted at a speed of up to
480 Mbit/s.

USB cables are limited in length, as the standard was intended for peripherals, not for long distances between
rooms. USB also has a strict tree network topology, which is ilustrated in Figure 2.10. Devices connected with
USB can not interact except via the host, and two hosts can not directly communicate over the USB ports. A
Universal Serial Bus port receives a serial bit stream of data and commands in a Universal Serial Bus protocol
from a USB host computer [11]. All peripherals connected to the host must be addressed individually i.e. a
host can not broadcast signals to all of them at once.

Figure 2.10: Networks with one host and two devices connected with USB.
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24.2 CAN

Controller Area Network (CAN) is a message-based protocol and was initially developed for the automotive
industry for a safer and more robust handling of the increasing amount of electronics in the vehicles. This
broadcast communication makes it possible to have a low-cost and lightweight network and allows devices to
communicate with each other without a host computer [20]. Devices are divided into nodes where each node
can both send and receive messages between each other, but not simultaneously. Each device can decide to
either receive or Iter the message (see Figure 2.14). The messages are prioritized to avoid collisions, the
priority is set by its ID (identi er). Logical zeros are the dominant bits on a can bus and whatever message
with the most dominant bits in their ID will momentarily overwrite less dominant messages (see truth table
Figure 2.11) that are sent simultaneously on the bus [20].

Figure 2.11: The truth table for prioritising IDs [20].

The physical layer bus consists of two twisted wires (CAN high & CAN low) terminated with two 120ohm
resistors in both ends of Figure 2.12. The only limit to the number of devices able to run on the same CAN
bus is the number of possible message-IDs, but there must be at least two devices connected to the bus for
transmitting and receiving signals.

Figure 2.12: CAN bus physical topology example with terminator resistors [20].

The CAN bus consists of a di erential signal, meaning that it communicates using two mirrored signals, CAN
high [2.5V, 5V ] and CAN low [0.0V, 2.5V], see Figure 2.13. The bus is at a recessive state (logical 1) when
both CAN high and CAN low transmits 2.5V. The CAN bus asserts a dominant state (logical 0) when the
CAN high goes to 5V and the CAN low goes to OV.
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Figure 2.13: lllustration of the signal logic in can protocol.

A High-speed CAN network allows communication at transfer rates up to 1 Mbit/s which gives enormous
bene ts in robotics where the signals have to be transferred fast to actuators.

Figure 2.14: Networks with vs without CAN.
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2.4.3 Ethernet

EtherCAT (Ethernet for Control Automation Technology) is an Ethernet-based system, that is suitable for
real-time computing requirements in automation technology. The machine structure determines the network
topology in EtherCat. One advantage of EtherCat is that EtherCAT doesn't need hubs or switches. It makes

it possible to have a line, tree, star topologies, or any combinations with an unlimited number of nodes.

In EtherCAT, every datagram contains the info that the receiver needs to grab the datagram intended for it,
and then to reassemble them perfectly into each unique piece of message that was sent to the device. So when
the receiver opens your message, the datagram is perfectly reassembled, and they look just the way they did
when they were transmitted.

30



2.5 Robotic Arms

The mechanical design of most robot arms are based on the humanoid arm. A shoulder part, a transverse part,
an elbow, and a wrist will give 6 degrees of freedom. One example is from the manufacturé&BB . The model
is calledIRB120 and is quite stable and robust, seen in Figure 2.15.

Figure 2.15: ABB IRB120 with respective joints [1]

A di erent version of arms used for robotic juggling is shown in Figure 2.16. These mechanical arms are not
shaped like humanoid arms. Instead they are solid metal beams mounted to a rail which moves up and down.
The arms can also travel in a transverse direction, allowing for a throwing motion. It is proven to be an e cient
design for a certain type of juggling.

Figure 2.16: Example of juggling robot from Department of Control Engineering at Prague's Czech Technical
University [10].
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2.6 End E ector

End-e ectors plays a vital role in the arm of a juggling robot. They are designed di erently depending on
certain requirements such as shape of the gripping object, the precision need and forces involved. Because of
the end-e ector's placement on the most exterior part of the arm, light weighted ones are preferred to avoid
high stress concentrations. Furthermore, vibrations in an end-e ector are undesired due to its negative e ects
on the positioning accuracy [38]. By taking these factors into consideration, many juggling robot projects
considercones and grippers to be most suitable for ball manipulation (see Figure 2.17).

(@) (b)

Figure 2.17: The most commonly used end-e ectors in juggling robots; cones (a) and grippers (b).

2.6.1 Cones

Funnel shaped end-e ectors (see Figure 2.17a) are known for being suitable for ball catching [19]. Moreover,
cones are both inexpensive and simple in its design, making this option a de nite alternative for many juggling
robots. Because there is no clutching involved, this design is not in need of any additional motors, making
cones one of the more light-weighted alternatives. However, the lack of gripping ability, increases the risk of
the ball bouncing out of the end-e ector during catching, which has been a common problem in many similar
projects [30]. Another consequence of having no clutching function, is the fact that the throwing and catching
becomes less precise and stable.
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An example of a juggling robot that uses funnel shaped end-e ectors is thésarcoman juggling robot made by
the company Sarcos Roboticsin 1995, see Figure 2.18a. In the same gure, another project done by Christian
Smith, Mattias Bratt and Henrik | Christensen at the Royal Institute of Technology in 2015 can be seen as
well. The last mentioned example, is a ball catching robot that uses teleoperation.

@) (b)

Figure 2.18: Examples of two di erent projects, Sarcoman (a) and the teleoperating robot (b), were cups have
been implemented as end- e ectors.

2.6.2 Grippers

Another end-e ector type that is widely used in robotics, especially in ball catching and throwing projects, is
the three- ngered gripper, see Figure 2.17b. The three ngers resemble the shape of a funnel, which is why
this alternative is found to be suitable for manipulating balls. Furthermore, the precision of grippers are higher
compared to other types of end-e ectors. Grippers can also be made at a low cost and light weight if they are
for example 3D-printed. Otherwise, these end-e ectors are known for being one of the more expensive ones
on the market [35]. The consequences of using grippers in a juggling robot is the complex design, making
implementation more di cult; the more ngers that are attached, the greater the implementation complexity

the gripper will have. The project of the baseball catching robot by Masatoshi Ishikawa fromTokyo University

is an example of a 2009 study that used a three ngered gripper, see Figure 2.19.

Figure 2.19: Masatoshi Ishikawa developed a baseball catching robot in 2009 at Tokyo University.
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Chapter 3

Methodology

3.1 Project Management

An agile project management style was used, speci cally a mixture between Rapid Results and Scrum. "Rapid
Results" were invented by Scha er Consulting and is a structured process that mobilizes smaller teams to
achieve dramatic results, formed under the pressure of short time frames and ambitious targets. By targeting
smaller versions of the nished product earlier in the project, "Lessons Learned" and integration problems are
detected before it's too late. From the management method Scrum, "runs" were adapted with the duration

of one week. At the beginning of every week, the team members briefed each other on the week's tasks and
organized them in a digital Kanban board

3.2 Design Methods

Literature studies and interviews with industry experts acted as a basis for component choices. There were a
substantial amount of simulations and calculations done by the preceding groups, concerning the power and
force requirements of the existing design. Thus, this was used as a basis for the extension of the adequate
components and conceptual design choices. Interviews with industry experts from ABB's robotics lab lead to
an update of the old communication system, bringing it to industry standard. The small budget enforced a
trade-o between system robustness and available materials. The group's manufacturing knowledge shaped
the design in parts that couldn't be ordered due to time and/or budget limitations.

3.3 The V-Model

Many of the developments in the project was done according to the V-model. Meaning the problem was rst
formulated as a grand concept, then divided into several smaller parts in detail. Each of the smaller parts was
then evaluated and when approved incorporated into the system at large. This meant that each smaller part
was continuously tested, and when the entire system was assembled most parts functioned as intended with
little issues.
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Chapter 4

Concept Design

In the process of redesigning the old prototype, to better t the requirements specied for this years goals,
several alternative concepts were created. This chapter will present these alternatives in order to provide a
background to some of the nal choices made in the next chapter.

4.1 End E ectors

When designing the end e ector a few factors were considered. First of all, the new design needed to achieve
more precise catching and throwing without the risk of the ball falling out. Due to the placement of the end

e ector, its weight was also an important design factor. A heavy end e ector puts unnecessary stress on the
motors moving the arms. Thus, the weight needed to be kept at a minimum. Based on these factors, two main
concepts, each consisting of a few sub-concepts were created.

The rst concept built upon the previous end e ector using a cone, with the addition of a lever that locks
the ball in place between throws. It consists of three sub-concepts, that can be seen in Figure 4.1 below, each
making use of di erent actuators and mechanisms to keep the ball in place.

@)
(b) (©

Figure 4.1: The three alternatives of cone and lever concept that represent the use of di erent actuators and
mechanisms.

Alternative  a) uses a solenoid in combination with a linkage mechanism. This solution has a low compu-
tational complexity since the solenoid can be controlled by just providing it with a current. Though, with
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both the solenoid and the rest of the components placed on the robot forearm a lot of weight is added. The
mechanical complexity is also higher than that of alternative b) and c). The high nhumber of moving parts
increase the risk of parts getting stuck due to wear.

Alternative  b) uses a timing belt to rotate the lever with the help of a motor placed in the elbow. Depending
on the choice of motor the computational complexity can be at di erent levels, but higher than that of alter-
native a). With the motor placed in the elbow, the weight will be better distributed. However, the remaining
components will still add to the total weight of the end e ector. This alternative also has a lower mechanical
complexity than alternative a).

The above-mentioned alternatives were at rst the only two. However, due to the importance of a lightweight
end e ector, and the fact that these alternatives added relatively much weight, there was a need to nd some-
thing lighter. This led to alternative c), in which a small servo would be used. Due to its light weight (many
being less than 80g) it could then be placed right next to the end e ector, meaning the only added weight apart
from the cone and lever would be the motor and a mount, making this a relatively lightweight option. This
alternative also has the lowest mechanical complexity of all the alternatives. The computational complexity is
higher than that of alternative a) but still quite low since the servo has built in feedback control.

The second concept takes inspiration from existing 3- nger grippers within robotics. Instead of a cone this
concept makes use of several levers moving simultaneously in order to close around the object, locking it in
place. The idea was to make the levers move using a combined linkage and wire mechanism with a motor in the
elbow joint. When the motor rotates it pulls a wire that drags a plate connected to the levers down, resulting
in the gripper closing. The two alternatives seen in Figure 4.2 below are mostly the same. In this case the
di erence only lies in the shape of the ngers.

@) (b)

Figure 4.2: The two gripper concepts are the same in function but alternative b) has wider ngers to better
keep the ball in place, but this also leads to a higher weight.

This concept could allow for a more human like catch and throw and more control over locking and letting go
of the ball. Problems may be that it is one of the more, if not the most, mechanically complex concept. It is
also the heaviest option even with the motor at the elbow, since the mechanism itself adds a lot of weight.

The di erent concepts were evaluated against each other with the help of a decision matrix, as seen in Table
4.1. In this matrix each concept is given scores on a scale of 1-100, with 100 meaning that the concept is
optimal, based on how well they manage important design factors. These factors are given a value depending
on their level of importance. The higher the value, the higher impact this factor has on the functionality of
the end e ector.
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Table 4.1: Weighted decision matrix used to evaluate the di erent end e ector concepts.

H Non-obstructive Weight Complexity - Mechanics  Total H

I Weight 0.5 0.5 0.2 |
Cone (Solenoid) 90 15 40 60,5
Cone (Belt) 90 50 50 80
Gripper (Wide) 85 45 20 69
Gripper (Thin) 85 40 20 66,5
Cone (Servo) 90 80 85 102

The total score of a speci ¢ concept is then given by the total sum of each of the factor values/weights multiplied
with the concept score for that factor. The concept with the highest total score should be the one that manages
the design factors best, and the one to continue working with. As can be seen in Table 4.1, the cone concept
using a servo got the highest score and thus became the one used in this project. A more detailed explanation

of the chosen concept can be found in chapter 5.
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4.2 Motors

The choice of motors was the subject of a great deal of discussion, especially at the early stages of the project.

The Shoulder motors at the top of the arm needs to provide a great deal of torque to move the entire
weight of the arm.

The Transverse motors need to be able to rotate the arm at an adequate speed, and provide good design
opportunities to facilitate good cable management and proper weight distribution.

The Elbow motors need to be light, yet provide great speed, as they are the main source of movement
for the throws.

The End e ector motors needs to be very light, have a quick response and provide a binary movement
pattern, open or closed

The three rst motors also need to provide feedback, as the eventual goal is position control. These require-
ments make the choosing of suitable motors for each location a non trivial part of the project.

In Table 4.2 some generalized advantages and disadvantages with di erent types of motors are presented.
Not that these are not applicable for ALL motors, but can be used as a general baseline.

Table 4.2: Advantages and disadvantages of di erent types of motors.

Brushed Brushless Servo
+ Cheap E cient Encoder built in
Easy to control Easy to control
- Need external Encoder Expensive Expensive
Low E ciency Need specialized drivers to control

These di erent attributes show that if cost was of no concern, the preferable choice would most likely be to use
integrated servo motors on all joints of the robot. However as the budget is limited, this was not an option.

The previous group, JURP2019 produced some speci cations for the di erent joints, shown in Table 4.3 below:

Table 4.3: Motor speci cations.

Joint Required Max Torque | Required Max RPM
Shoulder 9 Nm 55 RPM
Transverse 2 Nm 33 RPM

Elbow 9 Nm 128 RPM

These values were con rmed by calculations, and used as a helpful guide when choosing motors for each joint.

38



4.3 Motion Planner

4.3.1 Inverse Kinematics and Simulation Packages

Based on the literature review and last year's project recommendation, IKfast and thereby Moveit and ROS
was the initial proposed solution to handle the inverse kinematics and motion planning of the arms. The main
factor taken into consideration here was the execution time for the inverse kinematics solver. To realize this,
a completely new framework and ROS workspace was needed. Last year's Universal Robot Description File
(URDF) was modi ed to suit this year's upgrade. Two arms instead of one were used in the simulations of
the inverse kinematics. The end e ectors were disregarded in the URDF, considering its nonvital functionality
to the rest of the arms' inverse kinematics solver and motion planning algorithms. For simulation, Gazebo
was used with ROS to try and to test di erent movement patterns and control strategies. Figure 4.3 shows
the arms in simulation. Note that the arms were mounted on last year's rig, as the design of the rig does not
matter due to collision avoidance not being used in the simulations.

Figure 4.3: Model in Gazebo used for kinematics solutions.

ROS Moveit could handled the motion planning in both the simulations and real life movement. The software
set up the necessary data ows and called the inverse kinematics solver to create a trajectory for the end
e ector from start position to goal position with the desired velocity. A ROS control hardware interface was
realized to enable the same scripts in simulation to be used for the real robot. ROS showed to be a very useful
middleware to set up the framework for all data ows and to structure the communication between nodes.
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