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Abstract

This paper deals with the development and construction of an autonomous robot arm with a camera
system. Catching a ball using a hoop and volleying a ping pong ball were chosen as example applications.

The self-developed autonomous system consists of three components: (1) Robot arm with ping pong
paddle, (2) Camera system for dynamic image capture, and (3) Software for ball detection and localization
in three-dimensional space as well as trajectory prediction and robot arm control.

Design and construction of the robot arm were carried out using CAD design software and a 3D printer.

The system's components were optimized for the planned dynamic applications, focusing on speed, weight,
and robustness. This thesis details the selection of appropriate components, such as high-torque servo
motors and cameras with a high frame rate.

Additional solutions were developed and implemented for both system applications: The work presents
methods for: automatic determination of the camera's position using AprilTags; robust ball detection
against dynamic backgrounds; minimization of camera measurement errors;and mitigation of temporal
deviations in image acquisition between cameras. Furthermore, it describes the prediction of the ball's
trajectory from captured positional data and outlines a method for calculating the optimal position for
catching or returning the ball. The paper also deals with calculating an optimal paddle position and
movement sequence to return the ball with a ping pong paddle mounted on the arm.

Appropriate test series demonstrate the successful application of the robot arm system both in catching
a ball with an average catch rate of over 87%, and in ping pong play, achieving a return rate of 90% and
sustaining rallies of up to 20 hits.

The thesis concludes with a description of the multimedia presentation developed to showcase the project,
featuring animations and real-time visualizations within Unreal Engine.

Figure 1: https://youtube.com/watch?v=2rsmnFm0yxs
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Chapter 1

Introduction

1.1 Motivation

Autonomous systems are devices, machines, and programs that act independently and solve problems.
They already play an important role in our lives today. Examples include industrial robots, self-driving
cars, aircraft autopilots, or advanced AI systems like ChatGPT.

Autonomous robot systems will become increasingly important in the future in areas such as sports,
agriculture, and the care and medical treatment of people. However, thehigh cost of commercial robotic
and camera systems can be prohibitive for many potential applications or individual projects. This
Matura thesis demonstrates that e�ective autonomous systems can be developed more a�ordably.

Since childhood, a keen interest in the components of autonomous systems, encompassing both
programmable robots and problem-solving algorithms, has been a driving force. Therefore, a primary
goal of this Matura thesis was to personally develop an autonomous system and validate its capabilities
through a concrete application.

The chosen project was an autonomous robot arm and camera system, with the application focused on
catching or volleying a ping pong ball. Ping pong, a long-standing personal interest, provided a suitably
challenging and engaging application for this Matura thesis.

The chosen dynamic application presents a particular challenge compared to the industrial application
of a robot arm. In such settings, a robot arm typically interacts with stat ionary objects based on pre-
programmed commands, emphasizing accuracy and repeatability. In contrast, the system developed
herein required speci�c optimization for a dynamic environment, prioritizing speed and robustness.

The system consists of three components: (1) Robot arm with a ping pong paddle, (2) Camera system
for dynamic image capture, and (3) Computer software for recognizing and localizing the ball in three-
dimensional space, predicting its trajectory, and controlling the robot arm.

Figure 1.1: Overview of the components[2][3][4]

The development and integration of these components formed the core objective of this Matura thesis,
leading to the formulation of the following guiding questions:
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1.2 Guiding Questions

ˆ How to build a robot arm that can catch a ping pong ball or volley it with a padd le?

ˆ How to create a camera system with webcams that can recognize and predict the trajectory
of a ball?

ˆ How to develop software to integrate and control both components so that thesystem can
perform autonomously?

1.3 Approach

After I had the idea of developing a robot arm that could play ping pong and catch balls, preliminary
calculations were performed to assess feasibility and to de�ne the high-level requirements for the system
and its respective components. Furthermore, I conducted researchon the internet regarding previous
publications and existing examples of comparable systems and their individual components.

Subsequently, an initial concept outlining the necessary core functionalities of the three main components
was established. Employing an iterative process|comprising requirements detailing, design, prototype
construction, and testing|the robot arm and camera system were �rst dev eloped and evaluated using
rudimentary control software. Individual parts were sourced from appropriate online suppliers or a local
metal fabrication company, based on the de�ned requirements and speci�cations.

Once the hardware components were established, the software could befurther developed. Addressing the
two applications of ball catching and ping pong play necessitated the development of specialized solutions
for various sub-problems. Over the next few months, the software was optimized through testing and
experimentation, with the goal of making the system faster and more accurate. To assess performance,
appropriate metrics such as catch rate, return rate (for ping pong), and rally length were de�ned and
utilized.
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1.4 Existing Publications

Below are some already published projects on the topic of camera tracking, robot arms, and playing ping
pong. They use various ball detection methods, robot arms, and control techniques, none of which were
applied in this Matura thesis.

1.4.1 \On Robotic Work-Space Sensing and Control"

In the bachelor thesis by Magnus Linderoth, a robust method is explained for performing high-speed
image analysis that takes into account varying lighting and motion blur in t he detection of a 
ying
ball.[5] A Kalman �lter is also described which can directly generate the trajectory of the ball from ball
detections from the perspective of two camera views, without explicit triangulation. This is an alternative
method to circumvent the problem of camera synchronization. This technique is used to catch a ball
with high accuracy using an industrial robotic arm.

1.4.2 \Cognitive Systems Table Tennis Robot"

This paper deals with playing ping pong against an industrial robotic arm.[6] The ball is recognized,
as in this Matura thesis, based on its color and shape. Additionally, its spin is determined using the
logo on the ball. The trajectory prediction is also done with a Kalman �lt er, which additionally takes
into account the air resistance of the ball. In contrast, this project applies regression analysis to the
determined ball positions to approximate its movement with polynomial functions. Furthermore, unlike
the hard-coded algorithmic approach for paddle movement in this project, their system teaches itself the
correct movement sequences through reinforcement learning.

1.4.3 \FORPHEUS"

FORPHEUS, a table tennis robot developed by the Japanese
electronics company Omron, has a variety of tracking cameras
and motion sensors to not only track the ball, but also analyze
the opponent's movements.[7] This allows the robot to play
table tennis at a competitive level, and also to provide feedback
to the user on their technique. This robot is mounted above
the table and actuates the paddle via several lightweight rods,
a design choice that minimizes moving mass.

Figure 1.2: FORPHEUS Gen.7 with its
lead developer[8]
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Chapter 2

Materials and Methods

2.1 Construction of the Robot Arm

2.1.1 Construction Requirements

ˆ Five Degrees of Freedom

The end-e�ector of the robot arm should be able to reach any
point in space within a hemisphere de�ned by its length. This
requires three motors, two in the base and another at the joint
between the upper and lower arm. In comparison, the human
shoulder joint possesses an additional axis of rotation. Two
more motors are needed to orient the bat/hoop in any direction,
requiring one motor for pitch and another for roll. Analogous
to the shoulder joint comparison, the human wrist provides an
additional degree of freedom (yaw), which is not implemented
in this design. Figure 2.1: Arm's Range[4]

ˆ Speed

The robot arm should be able to move fast enough to reach the
ball. A ball thrown from 2 m is in the air for about 1 s. After
accounting for system latency and trajectory recognition time,
approximately 0:7 s remains for the arm to move to the target
position. From the starting position in the middle, no motor
needs to rotate more than 90� to achieve this. Therefore, all
motors should have a minimum speed of approximately 130deg

s .
Figure 2.2: Arm Movement[4]

ˆ Accuracy

The hoop for catching the ball has a diameter of 9 cm, and the
ball has a diameter of 6 cm. This provides a clearance of 1:5 cm,
ensuring the ball does not touch the ring during catching. With
an arm length of 70 cm, this corresponds to a motor precision of
approximately 1.25� . This precision is also su�cient for playing
ping pong, as the ping pong paddle is larger than the ring.

6 cm

9 cm

Figure 2.3: Ball size relative to the
ring[9]
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2.1.2 3D Printing

The design software Fusion 360 and Ender 5 Pro 3D
printer were used for designing and building the robot
arm. Most of the fabrication could be performed at home,
which greatly accelerated the design and manufacturing
iterations. This made it possible to quickly iterate on
design and components of the robot arm until the desired
result was achieved. The Ender 5 Pro 3D printer is
an entry-level model priced at 400 CHF. It has an XY
accuracy of 0:2 mm, which was very helpful for smaller
components and details, such as those of the hand. Its
relatively large build plate (22 cm � 22 cm) was essential
for printing the base as a single part.

Figure 2.4: Ender 5 Pro[10]

2.1.3 Base

Figure 2.5: Lower Base[4] Figure 2.6: Bottom View[4] Figure 2.7: Upper Base[4]

The base design underwent several iterations to optimize rotational speed, torque, and 
exible cable
routing. The �nal design consists of an upper and lower half. A turntable with ball bearings is used to
connect both halves, which enables smooth rotation. The lower base is secured to the base plate with
four long screws that pass through the outer ring of the turntable. The motor in the lower half is a servo
similar to all other motors. This motor is attached to the upper half of the base via a servo arm. The
upper half of the base is attached to the inner ring of the turntable with four screws. It contains the
motor for the "upper arm" as well as the electronics for controlling the motors. The motor is situated
in one half of the upper base, where it is screwed into place. The opposing half provides space for the
electronics. As shown in �gure 2.7, the servo is screwed to one side ofthe upper arm. It was also necessary
to additionally stabilize it with a mounting ring on the opposite side . The cables for the upper motors
could be fed through the hole in the mounting ring to connect to the electronics.
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2.1.4 Joint

Figure 2.8: Upper Arm Joint [4]

The joint between the upper and lower arm is very
simple, as the upper arm's pipe diameter was chosen
so the motor sits 
ush with the pipe's side. The
lower arm extrusion is then attached to the servo
via a round servo arm with six screws. The covers
primarily serve aesthetic purposes. However, the
one on the lower arm supports the joint and thus
additionally relieves stress on the servo motor's axis.

2.1.5 Hand

The robot arm's end-e�ector, termed the "hand," can be �tted with di� erent attachments for specialized
applications. In this case, the hand is either a hoop for catching the ball or a ping pong paddle for
volleying the ball. The hand design was optimized for stability over several development iterations. The
�nal design uses two identical motors for the two degrees of freedom. As shown in �gure 2.9, a servo
motor is screwed into the square aluminium pipe that forms the lowerarm. A mount for the second
servo motor is attached to it, and two L-shaped brackets are in turn attached to the second servo motor.
The intended tool (e.g., hoop or paddle) is then screwed onto this two-part bracket (see �gures 2.10 and
2.11).

Figure 2.9: Hand[4] Figure 2.10: Hand with Hoop[4] Figure 2.11: Hand with Paddle[4]

2.1.6 Electronics

An Arduino Nano microcontroller is located in
the base to control the motors, which is in turn
connected to the computer. The �ve servo motors
each have three cables: one for power, one for
ground, and one for positional data, transmitted
via a PWM (Pulse Width Modulation) signal. The
motor in the base and the two motors for the upper
and lower arm require 12 V, while the motors in
the hand run on 6 V. These 12 V are supplied by
an adjustable laboratory power supply. A buck
converter in the base converts the 12 V to 6 V
for the two hand motors. The Arduino's ground
is connected to the power supply's ground and
all motor grounds. Each motor's data input is
connected to a digital pin on the Arduino. Figure 2.12: Electronics Circuit Diagram[11]
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2.2 Camera System

2.2.1 Requirements

ˆ Stereo Camera System: At least two cameras are needed for localizing the ball in
three-dimensional space. The camera positions, left and right behind and above the robot arm,
were chosen to ensure unobstructed recording of the movement sequence and su�cient distance
between the cameras to be able to perform accurate triangulation. The cameras also have a clear
view of the AprilTags to determine their relative position.

ˆ Accuracy: Individual measurements are allowed to deviate
slightly, as small deviations are compensated for by the
parameter estimation of the 
ight path parabola. Additionally,
measurements at the beginning of the 
ight path do not need
to be as precise, as they only need to provide an approximate
catching position for the robot arm to begin its movement. The
catching position can then be re�ned as more measurements
arrive. However, the �nal prediction should not deviate more
than half the ball's diameter from the true position, as otherwise
consistently catching the ball would become di�cult.

0 0:2 0:4 0:6

0:4

0:6

0:8

1

1:2

Zeit [s]

H
•oh

e
[m

]

Determined 
ight path of a ball [9]

ˆ Detection Speed: The ball is thrown to the robot arm from a distance of approximately 2 m. The

ight duration is about 1 s. Capturing enough images for an initial 
ight path ap proximation takes
approximately 0:2 s. Combined with a system latency of about 0:1 s, this leaves approximately 0:7 s
to move the arm. The 0:2 s until detection is very short, but the robot arm can already start moving
to the predicted catching position with a preliminary measurement. As more measurements arrive,
this can be continuously improved.

ˆ Flexibility: The cameras should automatically detect their new position after beingmoved. This
is achieved using AprilTags. However, detecting these tags in an image is relatively computationally
intensive compared to detecting a ball. Therefore, the detectionrate depends on how much the
camera's position has changed since the last measurement. If the position remains almost the
same, it updates approximately one second later. However, if the position changes signi�cantly,
another position determination is performed immediately in the subsequent frame (16 ms later).
To compensate for measurement inaccuracies, the camera position usedfor ball triangulation is
averaged over the last ten measurements.
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2.2.2 Pinhole Camera Model
The pinhole camera model is a simpli�ed representation of how a camera works. It consists of a small
hole (the pinhole), through which light enters and creates an inverted image on the opposite side of a
darkened box. The focal length is the distance between the pinholeand the image plane and determines
the camera's �eld of view. The image plane is where the image is formed. The focal point is where
light rays converge, in this case at the pinhole. Since the camera has no lens, the resulting image is not
distorted.[12]

Figure 2.13: Pinhole camera capturing a tree[13]

We can now mirror the image plane forward, maintaining the same distance to the focal point. This
variant of the model can be considered more intuitive than when the image plane is behind the focal
point. The projection of a point is still where the line passing through the point and the focal point
intersects the image plane.

Focal Point

Focal Length

Image Plane

Figure 2.14: Pinhole Camera Model[9]

In the real world, light rays from the environment hit a camera's sensor. In computer graphics, however,
this process is reversed. "Sight rays" are emitted from the camera(one ray per pixel) and then the color
of the hit object is transferred to the pixel. This is what programs like Blender do to create photorealistic
images. The ray can also be re
ected by objects to create re
ections and other e�ects. This process is
called ray tracing.[14]

Figure 2.15: Pinhole camera model with "`sight rays"', which capture the color of the hit object[9]
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2.2.3 Physical Cameras

Figure 2.16: ELP Camera[2]

Intrinsic Parameters
The intrinsic parameters vary between cameras but remain
constant unless the camera has an optical zoom where
the lens moves. The most important parameters are the
camera's resolution and its focal length. The lens distortion
coe�cients are also needed for accurate ball triangulation
when distortion is more pronounced.[15]

Figure 2.17: Base plate[4]

Extrinsic Parameters
Extrinsic parameters describe a camera's position and
rotation in three-dimensional space. The AprilTags enable
automatic and continuous determination of the extrinsic
parameters, relative to the robot arm.[15]

Distortion
Most camera lenses introduce some distortion to the captured image. An extreme example of
this is the �sheye lenses used in surveillance cameras. In barrel distortion, straight lines are bent
outward, while in pincushion distortion, they are bent inward. These types of distortion thus
a�ect the shape of objects in the image. If this distortion were not corrected before ball detection,
it could lead to signi�cant measurement errors, especiallywhen the ball is close to the edge of
the image.[15][16] The webcams used have a slight �sheye e�ect, exhibiting barrel distortion. To
remove this from the image, the distortion coe�cients from the intrinsic parameters are used. The
OpenCV function undistort uses these coe�cients to undistort the captured image, correcting it
for the next steps.

Barrel distortion Pincushion distortion�!
Original

�!

Figure 2.18: The two types of distortion, Original image:[17]
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2.2.4 Ball Detection Routine
Figure 2.19: Processing steps, Original
image:[17]

Step 1: Image Input
The webcam captures at a resolution of 720p at 60 fps and
sends the images to the computer in MJPG format. The
computer then decompresses and undistorts them using the
distortion coe�cients.

Step 2: Downscaling
To speed up the processing of subsequent steps, the image
resolution is reduced by a factor of 0.5 in both dimensions.
This means only 1

4 of the pixels need to be processed,
without signi�cantly compromising accuracy.

Step 3: Color and Background Filtering
Pixels whose color di�ers from that of the ball are �ltered
out. To prevent objects in the background that are the
same color as the ball from being falsely detected as the
ball, pixels whose color has not changed recently must also
be �ltered out.

Step 4: Blob Detection
Groups of adjacent pixels that meet a minimum size
requirement and are reasonably round are detected. The
center of the largest group is then considered as the 2D
projection of the ball, which is used to triangulate the 3D
position.

Step 5: Triangulation
In a pinhole camera, a point, its projection on the image plane, and the camera's focal point all
lie on a single line. The ball's 3D position is determined by the intersection of the projection lines
from both cameras.[18] This is done using the OpenCV functiontriangulatePoints , which takes
the 2D projections of the ball and the projection matrices ofboth cameras as parameters and
determines the 3D points from their 2D projections.

x
y

z

Camera 2Camera 1

Figure 2.20: Triangulation of the 3D position from two projections[9]
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Code Example: Blob Detection

// Required libraries are specified here:
#include <opencv2/core.hpp>
#include <opencv2/features2d/features2d.hpp>
#include <bits/stdc++.h>
using namespace cv;
using namespace std;

// The function "detect_ball" takes the filtered image as an argument and
// returns the location of the ball in the image, if it is visible.
optional <Point2f > detect_ball(Mat &threshold_image)
{

SimpleBlobDetector :: Params blob_params;

// only blobs that are convex enough
blob_params.filterByConvexity = true ;
blob_params.minConvexity = 0.6 ;
blob_params.maxConvexity = 1;

// only blobs that are between 1000 and 50000 pixels in size
blob_params.filterByArea = true ;
blob_params.minArea = 1000;
blob_params.maxArea = 50000;

// only blobs that are circular enough
blob_params.filterByCircularity = false ;
blob_params.minCircularity = 0.6 ;
blob_params.maxCircularity = 1;

// a blob detector is created with the specified parameters
SimpleBlobDetector *blob_detector = SimpleBlobDetector :: create(blob_params);

// the blob detector is run on the image and fills the "blobs" list
vector <KeyPoint > blobs;
blob_detector ->detect(threshold_image, blobs);

// only executed if at least one candidate was found
if ( ! blobs.empty())
{

// the detected blobs are sorted by size
sort(blobs.begin(), blobs.end(), []( const KeyPoint &a, const KeyPoint &b)

{ return a.size > b.size; });

// the location of the largest blob is returned from the function
return blobs[ 0].pt;

}

// if no ball was found, nothing is returned
return {};

}
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2.2.5 Flight Path
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Figure 2.21: Flight path captured with the camera system[9]

The least-squares method is a technique for approximating apolynomial function based on a given
dataset Its parameters are chosen so that the sum of the squared deviations is minimized.[19]

First-degree polynomials can be used for the ball's X and Y coordinates, as air resistance is
negligible, especially for later measurements. However, the Z coordinate must be represented by
a second-degree polynomial since gravity acts on the ball. Ball movements that are not part of a

ight path can be easily �ltered out. For these, the deviation from the polynomials is very large,
and the second derivative of the Z coordinate is far from� 9:81 m

s2 .
The ball is also tracked better when only the last 30 measurements are used to determine
the function parameters. Otherwise, the initial measurements, which have signi�cantly higher
inaccuracy due to the greater distance to the ball, would tooheavily in
uence the result. The
catching position can thus be continuously re�ned until shortly before the ball arrives.

2.2.6 Camera Synchronization

For accurate ball triangulation (determining the 3D position from 2D projections), the images
from both cameras must be taken as close together in time as possible. Unfortunately, there
is no way to synchronize the cameras I used or control when they should take a picture. Both
cameras capture at a frame rate of 60 fps (Frames per Second).This results in a temporal o�set
of approximately 16 ms between two frames. In the worst case,there is therefore 8 ms between
the images from both cameras.

Camera 1

Camera 2

0 ms 10 ms 20 ms 30 ms 40 ms 50 ms 60 ms 70 ms 80 ms 90 ms 100 ms t

16 ms

16 ms

8 ms
Moment der Bildaufnahme

Figure 2.22: Camera Synchronization[20]
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However, the problem of missing camera
synchronization can be largely circumvented: The
exact time when an image was taken can be requested
from the cameras. This allows computational �lling
of gaps between frames. For example, if one camera
captures two images at 0 ms and 16 ms respectively,
while the second camera captures an image at 8 ms,
linear interpolation can be used between the last
two positions of the �rst camera to estimate the
corresponding position at 8 ms. This can then be used
to triangulate the ball's 3D position at 8 ms.

0 ms

16 ms

8 ms

Figure 2.23: Interpolated ball position[9]

2.2.7 Multithreading

Modern processors can execute multiple parts of a
program, called threads, simultaneously. This is used,
for example, when listening to music while editing a
document.
In the case of the tracking system, this capability
is also very useful. Each camera has a dedicated
thread for decompressing and processing its images.
This is much faster than if the images were processed
sequentially. The detected 2D projections of the ball
in the images are then sent to another thread that
updates the 
ight path based on the latest image. The
new 
ight path is then passed to a �nal thread that
recalculates the robot arm's position and transmits
these updated coordinates to the arm. Thanks to
multithreading, these four parts of the program never
have to wait for each other, and the next image can
already be processed while the robot arm's position is
still being calculated.

Camera-Threads

Ball-Detections

Flight Path Calculation

New Flight Path

Robot Arm Update

Figure 2.24: Thread Synchronization[20]
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2.3 Control System

The entire system consists of the robot arm,
the two cameras, and an external computer.
The cameras send their images to the computer,
which analyzes them and calculates the new
position for the robot arm. The desired
motor positions are forwarded to the Arduino,
which is located in the robot arm's base.
The Arduino then forwards the commands
to the motors. The robot arm itself has
no computational capability - everything is
calculated and controlled through the external
computer.

Computer

Camera System

Robot Arm

Images

Positions

Figure 2.25: System diagram[9][4][3][2]

2.3.1 Inverse Kinematics

To move the end of the robot arm to a desired position and
orientation, the correct joint angles must be calculated. This
process is called inverse kinematics.[21] Since the end of the
arm always moves on a plane that passes through the center
of the base, this plane can be brought into the correct angle
by rotating the base so that the target point lies on it. The
remaining calculations for the arm angles only take place on
this plane. Since we are now dealing with only two dimensions,
the subsequent steps are signi�cantly simpli�ed.

Figure 2.26: Movement plane[4]

The orientation of the hoop should correspond to the angle of incidence of the ball. Now, from the
interception point P3, using the hoop lengthd, point P2 can be calculated. The origin of the arm is at
point P0, its distance to P2 is c. The lengths of the upper and lower arm area and b, respectively. This is
a triangle with three known side lengths (a; b; c) and three unknown angles (�; �; 
 ). The three unknown
angles can be calculated using the law of cosines, and the angle" relative to the plane can be determined
with arctan. The angle of the upper arm, relative to the base, is now� + " , and that of the lower arm,
relative to the upper arm, is 
 . The angle of the hand, relative to the lower arm, corresponds to the

angle between
���!
P1P2 and

���!
P2P3, thus ' = arccos(

���!
P1P2 �

���!
P2P3

j
���!
P1P2 jj

���!
P2P3 j

).

� = arccos(b2+ c2 � a2

2�b�c )

� = arccos(a2+ c2 � b2

2�a�c )


 = arccos(a2+ b2 � c2

2�a�b )

" = arctan( P2 :y� P0 :y
P2 :x � P0 :x )

Figure 2.27: Arm Lengths and Angles[4]
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2.3.2 Catching

The time the robot arm needs to reach a certain position is the maximum ofthe times all motors need to
move from their current position to the new position. In other words, the motor that takes the longest
from the current position determines the total time of the movement sequence. The position of the motors
can be calculated using inverse kinematics. Therefore, the motor position is calculated for each point
along the 
ight path, as well as the time it takes for the arm to get there. T he optimal catching position
is where the di�erence between the ball's arrival time and the robotarm's arrival time is maximized. To
optimize the process, only points within the reach of the robot arm are considered.

For this, the range of the robot arm can be represented as a sphere. Theseare the formulas for a sphere
at point ( x0; y0; z0) with radius r :

(x � x0)2 + ( y � y0)2 + ( z � z0)2 = r 2

This is the formula for the trajectory of the ball:

x = px + t � vx

y = py + t � vy

z = a � t2 + b� t + c

Now the values forx; y; z, which are de�ned by t and the constants, can be substituted into the formula
for the sphere and solved fort to determine the intersection points of the parabola with the sphere. The
number of intersection points corresponds to the number of real solutions for t. There can be between
zero and four intersection points.

(px + t � vx � x0)2 + ( py + t � vy � y0)2 + ( a � t2 + b� t + c� z0)2 = r 2

0 1 2 3 4

Figure 2.28: Sphere Intersection Points[9]

20



2.3.3 Ping Pong

To volley a ping pong ball, it's not enough to just hold
the paddle in place. Otherwise, the ball would return
too slowly; therefore, the arm must also move towards
the ball. The arm waits slightly below the interception
position until the ball is close enough, and then moves the
paddle upward shortly before the ball arrives. The ball
should be returned to the same point regardless of where
it is intercepted (1:4 m towards the player and 0:8 m up
from the base).
The required velocity to reach the target at a given initial
angle can be calculated using the formula below. The
optimal angle is at the minimum of the function, where
the derivative equals 0. This point is found using the
gradient descent method, as deriving an explicit formula
for the derivative is too complex.

Figure 2.29: Returning the ball[4]

v(� ) =
r

ax2

2 cos(� )2(y � tan(� ) � x)
; v0(� ) != 0

0 20 40 60 80
0

5

10

15

20

Winkel [deg]

G
es

ch
w

in
di

gk
ei

t� m s

�

(0 m, 0 m)

(4 m, 4 m)

Figure 2.30: Required velocity for the point (4 m,
4 m) depending on the angle[9]

Figure 2.31: Di�erent trajectories; redder ones have a
higher initial velocity, the green one is optimal[9]
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2.3.4 Elastic Collision

This is the formula for elastic collision, expressed with
vectors[22]:

v0
1 = v1 � 2m2

m1+ m2

hv1� v2; x1� x2i
kx1� x2k2 (x1 � x2)

The angled bracketshi represent the dot product of the
vectors. The formula for the �nal velocity of the second
object is the same but with swapped indices.

m1 = m2
v1

v2
x1

x2

v 0
1

v 0
2

x 1
�

x 2

Figure 2.32: Elastic Collision[9]

In the case of ping pong, however, the term can be
signi�cantly simpli�ed. The mass of the ball is negligible
relative to that of the paddle, so in the formula we can
assume that m2 = 1 . This causes 2m2

m1+ m2
to drop out

and only the 2 remains. The magnitude ofx1 � x2 is
negligible for the result; only its direction is important. In
this case, the direction corresponds to the normal vector
of the paddle. So in the formula,x1 � x2 can be replaced
with N . When x1 � x2 is replaced by the unit normal
vector N , the term kx1� x2k2 in the denominator becomes
kN k2 = 1, simplifying the expression. Since the dot
product is distributive, we can also change the minus to a
plus and replacev1 � v2 with v2 � v1.

v0
1 = v1 + 2 hv2 � v1; N i N

It becomes clear that the normal vector N is collinear
with (or has the same direction as) the change in velocity
v 0

1 � v1, as the term 2 hv2 � v1; N i is a scalar.

N = v0
1� v1

kv0
1� v1k

v2

v1

v 0
1

N
x1 � x2 N

Figure 2.33: Elastic collision with the
paddle[9]

Now, only the calculation of the paddle's speed remains. If
the dot product ha; bi = s (where s is a scalar) is known,
along with one of the vectors (e.g., a) and the scalar
result s, there are in�nitely many solutions for the other
vector (b). However, in this case, to ensure the robot arm
can return the ball e�ectively, it is sensible to choose the
paddle velocity v2 with the minimum magnitude required
to achieve the desired outgoing ball velocityv 0

1. Since the
dot product is formed with N , the result is most a�ected
when both v2 and N have the same direction.

v2 = N (kv0
1� v1k

2 � h N ; � v1i )

v 0
1 � v 1

2

� v1

v2

v 0
1 � v 1

2 = hv2 � v1; N i N

hN ; � v1i

Figure 2.34: Optimal v2
[9]
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2.3.5 Implementation

Now the robot arm knows how to hold the paddle and in which direction it should move. The only
question remaining is at what speed it should move.
In reality, energy is lost during a collision; it is never perfectly elastic. The coe�cient of restitution k
indicates how elastic a collision is.[23]

k = hN ; v0
2� v0

1i
hN ; v1� v2i

ˆ k = 0 ! completely plastic (inelastic) collision

ˆ k = 1 ! completely elastic collision

In the formulas for elastic collision, the factor of 2 would be replaced with ( k + 1) to obtain the corrected
values. However, it is apparent that the normal vector N (paddle orientation) does not depend on the
coe�cient of restitution. Consequently, the direction of the most e�cient paddle velocity v2 also remains
independent ofk. Ultimately, for simplicity, the strategy adopted was to move the arm as fast as possible
in the calculated direction of v2, disregarding its precise calculated magnitude.

The arm waits at a position o�set 15 cm from the
interception point, along the negative direction of the
calculated optimal paddle velocity v̂ 2, until the ball is
0:2 s away from it. As soon as the ball is closer than 0:2 s,
the arm moves upward as fast as possible and hits the ball
on the way.
However, it is important that the paddle moves in a
straight line. For this, not all motors of the robot arm can
move at maximum speed. The motor for the upper arm
usually needs to move much less in these 0:2 s than the one
for the lower arm. Therefore, one cannot simply calculate
the motor positions for the �nal target and command
them directly. Instead, the control software breaks down
the path into several points and then targets them one
after another at the correct time intervals.
It was found that the linear motion of the arm alone could
not impart su�cient velocity to return the ball adequately
far. To give the ball additional speed, the paddle waits
slightly angled downward. During impact, it is quickly
rotated upward. This causes the part of the paddle that
hits the ball to move signi�cantly faster.
After the ball has been hit, the robot arm moves back to
the starting position in the middle to be ready for the ball
returned by the opponent.

15 cm� v̂ 2

Interception position

25�

Figure 2.35: Paddle Movement[9]
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2.4 Materials and Software

2.4.1 Webcam

Figure 2.36: Webcam[2]

Intrinsic Parameters

ˆ Resolution = 1280 px� 720 px

ˆ Focal Length = 1363 px

ˆ Distortion Coe�cients:
f -0.4317, 0.2098, -0.0069, 0.0070g

ˆ Frame Rate = 60 fps

2.4.2 Motors

Base Motor

ˆ ! � 180deg
s (at 12 V)

ˆ M � 15 N m (at 12 V)

ˆ Rotation Range: 180�

(255� )

Arm Motor

ˆ ! � 180deg
s (at 12 V)

ˆ M � 15 N m (at 12 V)

ˆ Rotation Range: 255�

Hand Motor

ˆ ! � 420deg
s (at 6 V)

ˆ M � 1:5 N m (at 6 V)

ˆ Rotation Range: 180�

Figure 2.37: Base Motor[24] Figure 2.38: Arm Motor [25] Figure 2.39: Hand Motor[26]

2.4.3 Square Tubes

Figure 2.40: Square Tubes[4]

50 mm

50 mm

30 mm

30 mm

2 mm

Figure 2.41: Cross-section of the Square Tubes[9]

The choice of square tubes was an important decision for the constructionof the robotic arm. Aluminum
was selected for its favorable properties: it is easy to work with, a�ordable, and lightweight. The 50 mm
square tube for the upper arm was chosen to accommodate the 48 mm high motor,allowing it to be
mounted such that it is integrated 
ush with one side of the tube and secured from the rear. The forearm
did not require such large tubes, as a smaller motor was installed there. The round servo arms have
a diameter of 30 mm, so the size of the forearm was chosen accordingly. The lengths of the arms were
determined rather arbitrarily. The upper arm has a length of 0:4 m and the forearm a length of 0:3 m.
However, the e�ective length, which is the distance between thejoints, is 0:35 m for the upper arm and
0:265 m for the forearm.
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2.4.4 OpenCV

Figure 2.42: OpenCV Logo[27]

OpenCV is an open-source library for computer vision and
machine learning. The library o�ers a wide range of functions
and tools for image and video processing, object detection,
feature extraction, camera calibration, and much more. The
library includes over 2500 optimized algorithms.[28] OpenCV is
written in C++ and was therefore well-suited for this project.
OpenCV tools were utilized for several key processing steps,
including reading and decompressing frames from the webcams,
detecting the ball within the images, and performing the 3D
triangulation of the ball's position.

2.4.5 AprilTags

Figure 2.43: Robots equipped with
AprilTags [29]

AprilTags are a visual reference system for robotics research. It
functions similarly to a 2D barcode, encoding a small amount
of information (a tag ID), while also enabling straightforward
and accurate 6-DoF (degrees of freedom: x, y, z, roll, pitch,
yaw) pose estimation of the tag itself.[30]

2.4.6 Unreal Engine

Figure 2.44: Landscape in Unreal
Engine[31]

Unreal Engine is a well-known game engine created by Epic
Games that provides developers with a wide range of tools to
create high-quality and realistic games. The engine is also well-
suited for other applications, �nding use in architecture and
the �lm industry. [32] Since it is written in C++, it was easy to
integrate with this project. The multimedia presentation for
this project runs within the engine. Similar to a conventional
slide-based presentation, users can switch between di�erent
scenes. Some scenes display static LATEX-generated slides, while
others feature dynamic animations or real-time visualizations
from the tracking system.
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2.4.7 Fusion360

Figure 2.45: Fusion 360 Splashscreen[33]

Fusion360 is a widely used, cloud-based CAD program
developed by Autodesk. It is used by designers and engineers to
create precise 3D models and technical drawings and simulate
their behavior under stress. The program also includes features
to generate toolpaths and G-code for CNC machines, laser
cutters, and 3D printers. For this project, the free version
was utilized, which includes the necessary 3D modeling and
toolpath generation functions, to create a detailed 3D model
of the robotic arm. From this 3D model, G-code was then
generated to manufacture the parts using an FDM 3D printer.

2.4.8 Blender

Figure 2.46: Blender Logo[34]

Blender is a free and open-source 3D design software used for designingand animating digital models,
characters, and visual e�ects. It can also be used for video editing and other multimedia projects. It
is very popular among artists and designers due to its versatility. Blender was used to create images
from the robotic arm model made in Fusion360, which appear in both the documentation, poster, and
presentation.

2.4.9 COLMAP

Figure 2.47: Sparse model of Rome's city center, created from 21K photos using COLMAP. [35]

COLMAP ( https://colmap.github.io ) is a universal Structure-from-Motion (SfM) and Multi-View
Stereo (MVS) pipeline with both graphical and command-line interfaces. It o�ers a comprehensive suite
of features for reconstructing 3D models from sequences of images.[36]

When creating a 3D model from an image sequence, the library can determine the intrinsic parameters
(focal length and distortion coe�cients) of the cameras used. This feature was used to calibrate the
project's cameras using an image sequence consisting of approximately 1000 images.
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2.5 Multimedia Presentation in Unreal Engine

To enhance the didactic presentation of this work and its results, certain aspects were illustrated using
3D models and animations within Unreal Engine. The following subsections describe several key elements
of this multimedia presentation and their development.

2.5.1 Physics Room Model

The classroom was recreated based on our own
measurements using Blender and exported to Unreal
Engine. This virtual classroom serves as the
background for the robot arm animations and
tracking system visualizations integrated into the
presentation.

Figure 2.48: Model of the classroom[37]

2.5.2 Robot Arm Model
The virtual model of the robot arm is positioned
within the simulated classroom, mirroring its
physical setup during the actual presentation. The
model was already created in Fusion 360, so it
only needed to be imported into Unreal Engine.
This virtual model proved extremely helpful during
troubleshooting, allowing movement sequences to be
tested and validated in simulation prior to physical
execution. Additionally, the simulation environment
enables collision detection, checking whether parts
of the virtual robot arm would collide with other
objects or self-collide during movement. If a
potential collision was detected, the corresponding
new pose would not be commanded to the physical
robot arm, preventing damage.

Figure 2.49: Model of the robot arm[37]

2.5.3 Presentation and Animations
Unreal Engine's scene management system
facilitated the creation of a main scene (the
classroom) and various sub-scenes incorporating
the robot arm, along with associated animations
and visualizations. By pressing the PgUp / PgDn

keys, the next or previous subscene can be loaded
and the currently displayed one removed. If a
presentation slide is to be displayed next, the
current 3D sub-scene is unloaded, and the slide is
rendered on screen. A similar mechanism applies to
animations, which are segmented and can be paused
at the end of each section. Then either the key
can be pressed to continue the animation, or the

key to play the last section of the animation
backwards.

Figure 2.50: Animated assembly of the hand[37]
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2.5.4 Camera Preview

Within the Unreal Engine environment, virtual
representations of the two cameras are positioned
to mirror their exact real-world locations. Selecting
one of these virtual cameras displays a real-time
preview of the corresponding physical camera's video
feed. The HSV (Hue, Saturation, Value) channels of
the image can be displayed individually. Color and
background �lters can also be turned on or o�.

Figure 2.51: Camera preview in Unreal Engine[37]

2.5.5 Electronics Visualization
Visualizing the electronics within the base housing
required two main elements: 3D models of the
electronic components and representations of the
connecting cables. The former were available online
and could be imported into Unreal Engine after some
minor modi�cations. Representing the cables proved
somewhat more challenging. Fortunately, Unreal
Engine has a spline system that allows 3D models
to be distorted along B�ezier curves. The endpoints
of these curves are updated each frame to ensure
they remain correctly connected to their respective
components, even if the electronic components are
animated or repositioned within the scene.

Figure 2.52: Electronics in the base[37]
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Chapter 3

Results

3.1 Measurements

3.1.1 Camera System

To illustrate the accuracy of the camera system and
the precision of the trajectory prediction, we can
visualize the expected catching position over the
course of a throw. The position is updated each
time a new ball position is detected by the camera
system. The graphic on the right illustrates the
deviation of the predicted catching positions from
the �nal, actual catching position, plotted against
the time of prediction during the throw. As depicted,
approximately 0:1 s after the throw, the positional
deviation is about 5 cm. This means the robot
arm can already be moved in this direction at this
time. Within the �nal 0 :2 s before impact, the
deviation drops to less than 1 cm, allowing for further
re�nement of the arm's target position.
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� 10
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� 10
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0:4
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Figure 3.1: Deviation of the catching position during
the 
ight path [9]

3.1.2 Ping Pong

To evaluate the robot arm's ping pong capabilities,
the length of individual rallies was recorded. The
ping pong ball was thrown to the robot arm from a
distance of 2 m, and then a human player, without
moving their feet, attempted to continue the rally
for as long as possible. The human player returned
the ball to varying locations within the robot arm's
reach. Sixteen consecutive rallies were conducted,
and their respective lengths (number of returns
by the robot) were documented. The robot arm
achieved an average of 9:75 successful returns per
rally, corresponding to an overall return success rate
of 89:7% for shots it attempted to play.
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Figure 3.2: Consecutive rallies and their lengths[9]
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3.1.3 Catching

To quantify how well the robot arm catches balls,
the catching success rate was measured. A foam ball
with a diameter of 6 cm was thrown to the robot arm
from a distance of 2 m. The hoop with a diameter
of 9 cm was used to catch the ball. The throws were
divided into three groups based on how far the robot
arm had to move. The catching success rate was
documented separately for these three categories.
Throws necessitating a base rotation exceeding 30�

were classi�ed into the corresponding 'left outer' or
'right outer' category. 30 throws were performed per
category. Unsurprisingly, the catching success rate
in the 'middle' category was slightly higher, as the
robot arm was not required to move as extensively.

93%
83%87%

Figure 3.3: Catch rate in the categories[9][4]

3.2 Product Development and Research Questions

The presented results demonstrate the successful developmentof the robot arm and camera system,
achieving the objectives outlined in the initial research questions.

The robot arm can maintain long rallies with good repeatability. However, the measurements are also
in
uenced by the playing style and abilities of the opponent.

A good catch rate was also achieved when catching a ball with a hoop.

This performance is attributable to the camera system's trajectory prediction, which furnishes a
reasonable estimate of the catching position after only a few measurements and re�nes this estimate as
more data becomes available.

3.3 Re
ection

Initially, the robot arm was not developed exclusively for playing ping pong. In the �rst design of the
robot arm, the base could rotate freely in any direction, which complicated cable routing. Even now, the
robot arm still has a fairly large range of motion, which is not necessary for playing ping pong.

For some components of the robot arm, excessive attention to aesthetics proved somewhat detrimental to
optimal functionality. For instance, the extrusion for the upper arm w as chosen in a size where the motor
for the forearm �ts perfectly inside, making it visually less noticeable. Unreal Engine was also partly
chosen for aesthetic reasons, as the engine o�ers high-�delity rendering capabilities. However, alternative
engines might have o�ered better computational e�ciency or simpler i ntegration of custom libraries.

Various debugging functions, such as recording the last trajectory andthe corresponding robot arm
movements, were only implemented towards the end of the development process. These functions would
have signi�cantly simpli�ed earlier optimization of the robot arm; in r etrospect, their implementation
should have been prioritized from the project's outset.
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3.4 Future Development

The robot arm and camera system developed within this thesis successfully achieved all de�ned goals.
Simultaneously, this work has highlighted numerous ideas and possibilities for future system
enhancements:

ˆ Further optimization of the robot arm speci�cally for playing ping pong, including its adaptation
for use at a standard table tennis table.

ˆ Recognizing the position and pose of the opponent, thus enabling variablyde�ned targets for
returns.

ˆ Automatically detecting the deviation of the returned ball relative t o the target using the cameras.

3.5 Costs

The material costs for the prototype amounted to approximately CHF 300 (excluding the control
computer). The motors and webcams, which can be reused for future projects, account for over 70% of
the material costs.

Item Price [CHF]
ELP Camera � 2 85.70
Base Servo Motor 38.73
Arm Servo Motor � 2 73.12
Hand Servo Motor � 2 10.10
Aluminum Extrusions 20.00
Turntable 16.56
Base Servo Arm 2.02
Buck Converter 0.73
Arduino Nano (AliExpress) 3.46
Cables 7.82
3D Printer Filament 14.78
Base Board 11.98
Ping Pong Bat 5.02
Total 290.02

Figure 3.4: Overview of the main components[24][25][2][38]

3.6 Public Reception

Figure 3.5: Twitter post from the
Arduino account[39]

To gauge public reception, a video demonstrating the robot arm
was uploaded to Reddit.[40] Despite showcasing an early software
version where the robot arm achieved a maximum rally length
of 10, the video garnered approximately 40000 views and 700
upvotes within one week. The video description mentioned an
Arduino being used to control the motors of the robot arm.
Subsequently, the o�cial Arduino account posted the video on
Twitter. Leveraging the company's signi�cantly broader reach,
the video subsequently amassed approximately 225000 views and
2000 likes on Twitter within a week. The Arduino account also
posts videos of other Arduino projects, but these typically receive
signi�cantly fewer views, usually only about 20k. Consequently,
the project garnered an overwhelmingly positive response on
social media.
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Chapter 4

Appendix - System Analysis

4.1 Design of the Robot Arm

A classic robot arm structure was chosen for the
basic design, as various applications were considered
at the beginning of the project, such as sorting
objects on a table. The robot arm was therefore
designed to be versatile. Only during the course of
the project playing table tennis was chosen as the
main application. The classic design of the robot
arm results in certain limitations for playing table
tennis, and as such, it did not appear suitable for
playing at a standard table tennis table. Therefore,
the decision was made to limit the robot arm to free
volley play, as this setup still allowed for e�ective
testing of all essential requirements and functions. Figure 4.1: Arm Design[4]

4.2 Selection of Appropriate Motors

Due to the requirements arising from the dynamic
application of playing table tennis, servo motors were
chosen for the robot arm. While less precise than
alternatives like stepper motors, servo motors o�er
greater speed and torque for a comparable price, and
are generally easier to control. The selected servo
motors proved suitable for the intended application.
The robot arm can achieve high dynamics during
play. The arm movements are fast and yet
su�ciently accurate. At the same time, some wear
of the motors occurred over time, particularly on
the internal gears. For a fully developed product,
these motors would require improvement or selection
of more robust alternatives to ensure a longer
operational lifespan.

Figure 4.2: Motor used in the lower and upper
arm[25]
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4.3 Neglecting the Moment of Inertia

Theoretically, several movement sequences are possible when transitioning the robot arm between
positions. Ultimately, the chosen approach was to move all motors to the new position as quickly as
possible. However, it might be faster to �rst retract the arm slightl y to reduce its moment of inertia,
then move the base, and only then extend the rest of the arm and move itto the new position. To
measure the e�ect of the arm position on the rotation time of the base, the rotational velocity of the
base was examined during a 180� rotation. For this purpose, a strip of paper with a black and white
pattern was stuck to the base. Then, using a light sensor and an LED, bothconnected to a Raspberry
Pi Pico microcontroller, the time between brightness changes could be measured, and from these
measurements, the angular velocity of the base could be calculated. The measurement was then carried
out for three arm positions. In one position, the arm was in an extended and completely vertical
position, representing the case with the minimal moment of inertia for base rotation. In another
position, the arm was in an extended and completely horizontal position, representing the case with the
maximal moment of inertia for base rotation. A �nal measurement was carried out in which the arm
was in the resting position, the arm's waiting position during ping pong play. In this resting position,
the lower arm forms an angle of 60� with the horizontal, and the upper arm forms an angle of 70�

relative to the lower arm.

Figure 4.3: Experimental Setup[11]
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Figure 4.4: Speed during 180� rotation (13 V) [9]

Figure 4.5: Arm Orientations: Vertical, Horizontal, Resting Position [4]

The question of whether it is better to �rst retract the arm slightl y, rotate it, and then extend it again
when moving the robot arm is thus answered. The small time di�erence, only 0:1 s in the worst-case
scenario (fully extended horizontal arm), suggests that maintaining the arm's extension is preferable, as
the actions of retracting and re-extending would likely consume moretime than is saved. In the more
typical scenario, where the arm starts from the angled resting position, the time di�erence is practically
negligible. The initial assumption of simultaneous direct adjustment of all joints therefore appears to be
the optimal strategy con�rmed by these measurements.
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4.4 Interpolation of Ball Detections
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Figure 4.6: Reprojection Error with and without Interpolation [9]

As detailed in Section 2.2.4, the 3D position of the ball is determined by triangulating the 2D positions of
the ball in the two camera images. To assess the accuracy and quality of the triangulation, the determined
3D position is projected back onto the two camera images and compared withthe original 2D positions.
To illustrate how much interpolating the ball detections (Chapter 2.2.5) a�ects the tracking of the ball,
the reprojection errors were examined over time. As can be seen in the graphic, the error is signi�cantly
larger when no interpolation was used. The temporal 
uctuations in reprojection error can be attributed
to the varying apparent speed of the ball across the image plane during its trajectory.
A more advanced system could employ cameras with an external trigger mechanism to ensure
synchronized image capture. However, these are usually signi�cantlymore expensive, which is why
they were not used here.

4.5 In
uence of Supply Voltage on Motor Speed
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Figure 4.7: Relationship between Voltage and
Average Base Speed[9]

To investigate the in
uence of supply voltage on
motor speed, the experimental setup described in
Section 4.3 was utilized. At each tested supply
voltage, the robot arm's base was accelerated, and its
average angular velocity was subsequently measured.
The arm was in a vertical position during this.
Multiple measurement runs were performed at each
supply voltage.
A linear relationship between angular velocity and
supply voltage is evident. Maintaining a stable
and adequate supply voltage is therefore crucial for
consistent motor performance.
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4.6 Power Source Reliability

Since motor performance decreases at lower supply voltage, the power source should maintain a constant
voltage, even under load. To test this, I connected a Raspberry Pi Pico microcontroller in parallel with
the robot arm to the power source. Since the microcontroller operatesat 3:3 V, while the power source
provides up to 13 V to the robot arm, the voltage had to be reduced with some resistors forming a voltage
divider. The microcontroller was thus able to measure the dividedvoltage every millisecond, infer the
original supply voltage, and transmit these readings to the computer.

The voltage was measured during a 180� rotation of the base, while the arm was in the angled resting
position (three measurement series). The data logged by the microcontroller, along with the
corresponding angular velocity of the base, are presented below. Thepower source was set to 13 V. As
illustrated, the voltage drops by more than 1 V below the setpoint for approximately 0:1 s during motor
acceleration. During the rotational movement, it also remains slightly lower. Conversely, when the
motor decelerates ("brakes"), the voltage momentarily rises approximately half a volt above the
setpoint, likely due to back EMF.

These voltage 
uctuations likely contribute to slightly longer acceleration times for the arm. It's also
worth noting that if another device were connected to this power source, it would have to deal with slight
voltage 
uctuations. These e�ects could probably be prevented with a capacitor of su�cient capacity or
a better power source.

Figure 4.8: Experimental Setup[11]
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Figure 4.9: Power Source Voltage (three measurement
series) and Angular Velocity (two measurement series)
during 180� Rotation over Time. [9]
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