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Manufacturing systems suffer from the limitation of the workspace. This limitation -due
dimensions of the available workspace- increases by enlarging the dimensions of
machine-tools for the volumnious or slender parts' fabrication in 3D printing or CNC
machining (i.e. aircraft fuselage, wind turbine propeller etc.). Regardless of the size of a
machine tool, an infrastructure on the shop-floor is another important constraint for
machining or 3D printing. Instead of striving to fabricate parts within these troubling
constrains, we conjured up an idea of an agile and bio-inspired robot. In order to keep the
solution simple and utilitarian, we plan our initial efforts as a semi-reactive and mobile
robotic system which requires computations to couple between the input geometry (e.g. a
computer aided design file) to the robot's control for utilizing the digital manufacturing.
This thesis presents a pre-computation and simulation tool for mobile digital
manufacturing platform. This software platform is specifically developed for a hexlegged robot –Siemens' Spiders [SiSpis]. In thesis, we also emphasize the details of the
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robot's design; mathematical and physical aspects for the main software algorithms. This
software produce Gcode output –fabrication commands– in order to move robot's body
center and the robot's arm as needed. We also highlight our future work about the robot's
operating system that imports the G-Code commands and use those commands to control
the body and arm; to locate the robot in global and local space.
Keywords:
Simulation, Robot Assisted Manufacturing, Manufacturing Planning, Bio-mimetic Robot
Design, Robot-robot collaboration, Mobile 3D Printing
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1.

Introduction

1.1.

The Description of the Problem

In areas from aerospace to automotive, as well as medical to dental, subtractive and
additive manufacturing play a key role for fabrication of a system or a part representation
before and after final release. In subtractive manufacturing, removing from the raw
material forms the desired part as a top to bottom approach. On the other hand, additive
manufacturing establishes the fabrication as a bottom to top approach, likely by means of
a layer-by-layer deposition of the material. For both cases, the users create the desired
geometries with Computer-Aided Design (CAD) packages (e.g. Siemens NX). CAD files
transfer into Computer Aided Manufacturing (CAM) packages to translate from user
defined settings and predefined parameters of the fabrication to machine-tool language
(G-Code). The machine controller interprets these commands to initiate necessary steps
during the manufacturing.
To transform the digital information (G-Code) into tangible objects, the designers
engineer and build the machine-tools (3D printers or CNCs) by considering the
fundamentals of precision machine design and its control system. While these
fundamentals guarantee the accuracy and repeatability of the fabrication, it limits: the
dimensions of the work piece; number of attached tools on the machine-tool; and the
manufacturing on the austere environments.
1.2.

Motivation, Background, and Challenges

There is no simple method of integrating current machine tools to utilize in an unlimited
workspace for manufacturing. The emerging desire across manufacturing industries to
deploy robots that handle manufacturing of large components (i.e. aircraft components,
turbine wings etc.) and foster the researchers to build an agile manufacturing systems [1],
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rather than having very large machine-tools that occupy a lot of space. Nevertheless, the
enormous machine-tools would be non-trivial for the micron level and high-precision
fabrication of large components due to the mechanics of the manufacturing process. In
the literature, this aspiration is easily seen with the aspects of a reconfigurable [2],
flexible [3], transformable [4], and collaborative [5], [6] manufacturing.
The stationary machine-tools, numerically controlled or conventional, guarantee the
precision, accuracy, and repeatability with stiffer, kinematically constrained structures,
and their control systems [7]. On the other hand, mobile manufacturing systems exploit
the structures such as a parallel kinematic manipulators (PKM) for solving problems of
locomotion and rigidity at once. PKMs, in general, have a great potential to provide a
high stiffness and motion dynamics, although these machine-tools suffer from the limited
operational workspace [8], [9]. In addition, these kinematic designs require some
preparations, on the shop floor or workpiece, these have the potential to incapacitate any
scheme of a manufacturing in the austere or hostile environments (i.e. disaster sites,
desert, space etc.).
Additive and subtractive manufacturing has different mechanics of fabrication which
results as additional forces and vibrations on the process (e.g. in a machining process).
The magnitude of the forces and the bandwith of the vibrations depends on the factors of
the raw material, the design of the machine-tool, the geometry of the cutting tool, depth
of cut, spindle speed, feedrate and the selected toolpath. Moreover, those parameters
would also attenuate accuracy of the manufacturing [10], as shown in Fig.1.1. On the
other hand, the forces and vibrations don't influence additive manufacturing -especially
fused deposition modeling- this much. The acceleration and the inertia of the extruder -on
the end-effector- are the main factors and the limits for the additive manufacturing.
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Figure 1.1 Cutting forces of optimized toolpath during machining of AL7039 with 12
[mm] ball-end mill [10]
Articulated robot arms, as in industrial robots, are known as being dexterous and flexible
pieces of manufacturing equipment in industries such as maritime, aerospace,
automotive, and electronics, has limited workspaces that surrounded by the fences for
safety reasons. Industrial robots, mounted on tracks or wheels, are harder to control
against the dynamics of the fabrication.
On the other hand, legged robots have the potential to compensate those effects due to
their fault-tolerant dynamics. Moreover, legged robots are adaptable to various type of
terrains. For example, they can climb over obstacles larger than the equivalent size of the
wheeled or tracked vehicle. In fact, the use of wheels or crawlers -more efficient on
suitable terrains- limit size of obstacle that can be climbed to half the diameter of the
wheels -except rocker bogie type [11]. On the contrary, legged robots can overcome
obstacles that are comparable with the size of machine leg [12].
From these points, we hypothesize a mobile robotic system that would potentially enable
the additive and subtractive manufacturing or maintanence on a single platform. We
foresee this method would enhance the fabrication of slender or volumnious parts (e.g.
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aircraft fuselage or wind-mill propeller) with a minimum effort on the infrastucture. By
bio-inspired robot design, from “social spiders” [13], one can eliminate the limited
number of tools and allow the collaborative fabrication via multiple robots or human
assistance. This collaboration would encourage the discussions about the efficiency of
human-robot and robot-robot team work and raises the questions of the likelihood on the
algorithms. This thesis explores one such an opportunity, which is to field a mobile
robotic software platform as well as relevant details on the factors of design,
manufacturing and its simulation –locomotion, control, and localization– for the robot.
We choose to design a robotic structure that can deposit the carbon-fiber imbued
polylacticacid (PLA) or Acrylonitrile Butadien Styrene (ABS) following by the
subtractive manufacturing (e.g. drilling) of those composite plastics whenever necessary.
This thesis is a result of the authors' grant –known as Siemens' seed-funding– from the
technology field of Autmation and Control in Siemens Corporate Technology, US region.
The seed-funding is an internal funding for the solid ideas of promising young engineers'
or scientist's to improve the level of technology with a valid intersection of the Siemens'
businesses (e.g. the digitalization - digital manufacturing in this case). Therefore, the
author can only share limited information within the context of the thesis. That exclude
the main source codes of the algorithms, detailed design of the robotic hardware
(electronic or mechanical design). During this work, the author collaborated with the
experts in the field of the numerical analysis and computer aided engineering.
Nevertheless, the author lead the project not only in technical context (execution of the
defined tasks) but also non-technical parts (preparation of the presentations for the
executives, documentation, selection of the interns, and other administrative tasks) with
the help of the PI (Principal Investigator - Dr Sanjeev Srivastava), PM (Project Manager -
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Dr Lucia Mirabella) and the head of research group (Livio Dalloro). As the reader may
understand from the earlier paragraphs in this chapter, the state-of-the-art only includes
robot design with its control structure. In literature, the author couldn't find any software
framework that targets the digital manufacturing (e.g. CNC machining or additive
manufacturing) for mobile robotic systems.
1.3.

Structure of the Thesis

The organization of the chapters is given in Fig.1.2. We provide a summary of each
chapter below.
Chapter 2 - Experimental Design emphasizes the details of the overall robot's design. We
inform the reader regarding the state of the art in the design of multi-legged robots with
an insight about body and the legs design. In addition, we describe how to control the gait
with the current design and how to balance the robot. At the end of this chapter, we
introduce the algorithm of fabrication in a way that explains how we plan the structure of
algorithms to accomplish the manufacturing for unlimited 2D scale.
Chapter 3 - Mathematics behind the Concept, addresses the aspects of mathematics to
understand and simulate a robotic system and control scheme. We detail the literature in
order to increase the discernment of the readers to link the state of the art with the
proposed methods. Here, we begin the chapter with standard robotic solution tools in
kinematics (homogenous transformations, inverse kinematics, and Jacobians) and
dynamics (Lagrange Equations), although we also combine conventional control and
motion planning techniques with this new approach of manufacturing.
Chapter 4 - Software Development, includes the explanatory details of algorithms for
pre-computation and robot's internal programming. This will emphasize the lower level
details of the applied algorithms in a bit less then programming context and the reader
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will get the chance to tie these up with the mathematical expressions from Chapter 3.
Moreover, the proposed structure of the algorithms are scalable for multiple or different
types of robots. In other words, we propose a scalable framework rather than proposing a
solution for singular robot's mechanism.
Chapter 5 - Simulation of Manufacturing shows some examples of limited fabrication and
unlimited 2D cases for a single robot. One of the examples is the G-Code generation for
some primitive geometries and “Siemens' Logo” in 1000x200x20 [mm] to proof the
concept.
Chapter 6 - Conclusion and Future Work discusses the current state of the project and its
future applications.

Figure 1.2 The Structure of the Thesis
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2.

The Design of the System

2.1.

The Description of the System

The robot –SiSpi [Siemens' Spider] from now on– are hybrid six-legged robot that has an
articulated robot arm on its body. The author designed this robots from scratch during his
internship in Siemens Corporate Technology, Princeton in the light of the given details in
Chapter 2 and 3. On the other hand, overall system –Siemens Agile Manufacturing
System– includes the physical hardware and software. SiSpi is used for the validations
and tests of the algorithms although SiAMS is not limited with SiSpi. Other industrial
robots (e.g. robot arm attached holonomic mobile robots such as Kuka omnimove with
Kuka arm or Kuka Youbot etc.) would be utilized within this framework.
SiSpi has some system specific features, such as increased friction at the tip of the legs, to
enhance traction; individual feedback (position or velocity) control of the actuators
combined with a sensor fusion (9 DOF) on the robot's body and arm; a myopic depth
camera and 2D laser scanner sensors for enabling robot's servo vision; a wirelessly
controlled computer that has an octa-core CPU (4 - 2GHz; 4 - 1.5 GHz) for robot's OS;
circular leg distribution for increased omnidirectional gait-stability and distributed
payload -as in the PKMs. Some of those features are shown in Fig 2.1.
By excluding from the context of the thesis, the overall system -mechanical and
electronic- is fully designed by the author of this thesis in order to validate the results for
the final demo of seed-funding.
2.1.1. Overall Description of robot's operations
SiAMS has two modes of operation. The first mode enables the mobility of the robot in
case the fabrication's volume needs to change to another location. This movement
requires a stable and fault-tolerant control which directly relates to the architecture of the
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robot and the control strategy. Axisymmetrically distributed legs have better longitudinal
stability margin and this robot would easily steer in all directions compared to
symmetrically distributed legs [14]. The choice of gait is a non-trivial problem for stable
movement which is useful to locate the robot's center of mass [CM] for further
computations. A Proportional-Integral-Derivative [PID] algorithm controls each actuator
independently while the redundant actuators diminish the control errors.

Figure 2.1 The physical system SiSpi Robot
In the second mode of the operation, SiSpi’s become a machine-tool with a robotic arm.
During this mode, the axisymmetrical legs are holding still the body on the preprogrammed height according to the pre-computations and on-board control algorithms.
An extruder or a spindle would attach on the arm's end-effector and the arm follows the
commands from the fabrication software. The control system guarantees the fabrication
that blends with a feedback of a sensor fusion. In order to eliminate the errors of drift for
the sensor fusion (9 DOF Inertial Measurement Unit and vision sensors), we implement a
drift compensation filter (e.g. for IMU a Madgwick, Mahony, or Kalman Filters || for
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vision system particle filtering with extended Kalman Filter) and fused all results to
foster the fabrication.
2.2.

The Architecture of the Robot's Body

The design of the robot is a non-trivial task that would affect the overall system. Some of
the important design issues and constraints would be: the mechanical structure of the
robot's body; the architecture of the legs; the dimensions of the robot; the actuators and
their drive mechanisms; the scheme of the control; the power source; the type of the gaits
and speed; detection of the obstacles and avoidance; maximum payload; the autonomy of
the robot; the features of the operation; and the cost. In the literature various sources
addresses those issues, although there are issues that remain unaddressed such as an
energy efficient and custom designed actuators or long lasting and sustainable power
sources.
In between different options of the body's design, the circular -axisymmetric- robots,
shown on Fig.2.2, demonstrate better performances than rectangular -symmetric- robots
for some aspects. As an example, an axisymmetrical robot can easily change direction
with different type of the gaits than symmetrical ones. Radial symmetry defines the
axisymmetrical distribution that the body has no true side as “front” or “back” due to
equal distribution of legs. The axisymmetric legged robots can easily steer in all
directions and they have a larger stability margin especially during the wave gait [14].
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Figure 2.2 The common structures of the legs for the robotic designs
Different options - in terms of joint-types, orientation, and configuration of legs- would
enable various functionalities for the leg and its dynamics. Herein, we choose a bioinspired aracnid configuration in order to control the height and orientation of the body.
The aracnid legs -leg_type- enable to position the body and change their extremities
without a difficulty.
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Figure 2.3 Types of the legs for multi-legged robots (*, ** [15])
Available actuators, such as rotary, linear, pneumatic, and hydraulic, are widely used in
the applications of the robotics. The pneumatic and hydraulic actuators require additional
equipment that would affect the overall design of a system. For example, pneumatic and
hydraulic actuators need an air or hydraulic source (e.g. compressor and pump) that
would require an engine to supply those requirements of high power [16]. All of these
points would call for a change of the design and increase the complexity of the system
from the start. Besides of these points, linear actuators will have relatively lower ratio
between the range of the movement and dimensions of the actuator compare to rotary
actuators.
2.3.

Gait

Maintaining balance is one of the most important challenges for legged robots. In
general, biped robots accomplished this task with the non-linear control of the dynamic
stability, although multilegged robots may preserve their balance via static balance. The
static method guarantees the balance by tripod contact of the legs which bounds the
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projection of the body's center of mass. On the other hand, the static method would have
a problem especially on uneven terrains -that requires the planning of the leg positions- or
the requirement of the power to actuate those legs. McGhee [17] and Song [18] provide
relevant examples for multi-legged robot locomotion.

Figure 2.4 The condition and types of stability with a support pattern (polygon)
In static balance, the robot maintains balance if the projection of the center of mass falls
inside the support polygon. We ignore the inertial effects due to limited speed and
acceleration of the robot's body and legs during locomotion. We can think the support
polygon as an imaginary plane or polygon within the three contact points of legs -tripod
structure. For example, a given configuration for tripod gait in Fig. 2.4 - a stability
margin (𝑆𝑀 ) defined as the minimum distance of the vertical projection of CM to the
boundaries of the support pattern on the horizontal plane. On the other hand, the
minimum distance from the vertical projection of the CM -along the direction of motiondefined as the longitudinal stability margin 𝑆𝐿 . Those parameters are important in terms
of stability with the direction and type of the gait and given on Fig.2.4.
2.4.

The Algorithm for the Fabrication

Here, we explain the steps of the fabrication and generic implementation of the
algorithms and relations with the robot's mechanism. As explained earlier, the robot holds
still at its position in which it can print on the target location. Printing requires prior
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planning of toolpath as in CNC machines or 3D printers. However, these computations
coupled with the fused sensor data -depth camera, laser scanner, inertial measurement
units, and encoders of the actuators. The computation of the fabrication starts with the
import of the geometry in STL format, which is the de facto standard of 3D printing. The
imported geometry is sliced and the seed points are generated according to the selected
strategy for the fabrication. The robot can print with a column first approach which it
moves to the adjacent point to build next column of the geometry. The robot can also
print with a layer-first approach. The first method -column first- requires smart planning
of the robot's body motion by using a sorting based networking algorithm. This way of
fabrication also needs the consolidation of the adjacent columns to form the complete
geometry. The layer-first printing needs to avoid any collision or stepping over of the
printed object and robot.

Figure 2.5 The steps of toolpath generation for primitive geometries (e.g. sphere, cube)
One of the primitive unit-test geometries is shown in Fig.2.5. The slicing algorithm slices
the geometry with the predetermined thickness. Then, the networking algorithm seeds
initial points for discretization. Here the seeds determine the starting points for the
selected discretization shape. Those cells need to fit in the dexterous region of the robot
arm to enable the fabrication. The networking algorithm also helps to order the seeds to
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realize the selected strategy of fabrication and compute the center of robot's location. The
distance between the center of the robot's location and the seed are known from the
design of the robot and the given size of the cells. For example, in Fig. 2.5, the robot's
body center is given -R1... R4- with respect to the cells and sorted with respect to the
order of the initiation of the seed points.
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3.

Mathematics behind the Concepts

In Chapter 2, we presented the overall system architecture in higher level and we
explained the general details for the agile manufacturing system. In this chapter, we will
realize how we utilize concepts of control, path planning, and motion planning with
mathematics to leverage a simulation and pre-computation environment.
We start to compute the mobility of the system which will give us the information
regarding the robot's degrees of freedom. We continue with the analytical calculations of
the arm and body. This split -in terms of the computations- is parallel with the robot's
functionality which is the movement of the body (Mode 1) and the movement of the arm
(Mode 2) and those modes are independent from each other. We assume the simulation
environment as a structured and planar surface to minimize the complexity for any
calculation. However, the framework allows the user to change the environments of the
simulation.
In literature, there is decent amount of publications and examples about the robot
navigation on the rough-terrains (e.g. Mars rover missions [19], DARPA Grand
Challenge [20]). For example on DARPA challenge's simulations, the participants are
required to fulfill tasks such as driving a vehicle, opening door, locating and closing a
valve, cutting through a wall, clearing debris or walking rough terrain, and climb stairs)
and those tasks are mostly related to the dynamics of the environment. The idea behind
those simulations is building an ecosystem for the seamless adaptation of the control
system to the robot and to have a software-in-the-loop system for validation of the control
algorithms. Otherwise, it would be expensive to test each robot with an hardware in-theloop paradigm. On the other hand, our goal for the simulations is a bit different and
depends on different factors -mostly physical and digital manufacturing related- those are
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hard to control under additional complexities such as rough terrain. The physical and
digital manufacturing need a robust gait algorithm and the control of the arm. Our initial
approach -periodic gait generation- would fail for the rough-terrains as explained on
section 3.2. The dynamics of those systems help to figure out which control algorithm to
apply and how to apply.
3.1.

The Analysis of the Arm

Without regard to any forces that cause the motion, we use the Denavit-Hartenberg [DH]
parameter to describe the position, velocity, and acceleration of the mechanism [21]. The
frame representation of the joints with this convention helps us to translate the problem
into matrix space. The representations of the frames and its DH Table are given in Fig.
3.1.

Figure 3.1 The frames of the transformation of the robot's arm and DH table for the
given frames of references
The transformation follows the following convention [22],
𝑎𝑖−1 : The distance from 𝑍𝑖−1 to 𝑍𝑖 measured along 𝑋𝑖−1
𝛼𝑖−1 : The angle from 𝑍𝑖−1 to 𝑍𝑖 measured about 𝑋𝑖−1
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𝑑𝑖 : The distance from 𝑋𝑖−1 to 𝑋𝑖 measured along 𝑍𝑖
𝜃𝑖 : The angle from 𝑋𝑖−1 to 𝑋𝑖 measured about 𝑍𝑖
where we use the following equation in order to compute the homogenous transformation
from frame {i-1} to frame {i},
𝑖
𝑖−1𝑇

= R x (αi−1 )Dx (ai−1 )R z (θi )Dz (di ) = Screwx (ai−1 , αi−1 )Screwz (di , θ𝑖 )

(1)

From Eq. [1], individual homogenous transformation each of the robot's joint becomes,
cos(𝜃1 )−sin(𝜃1 )0 0
sin(𝜃1 cos(𝜃1 ) 0(𝑟𝑎0 )𝑦
𝐶𝑂𝐵
1𝑇 = [
1 𝐶𝑀𝑧 ]
0
0
0 1
0
0

(2)

0
1 0
0 cos(𝜃2 )−sin(𝜃2 )00
0cos(𝜃1 )−sin(90)0 sin(𝜃2 ) cos(𝜃2 ) 00
1
][
2𝑇 = [0
10]
sin(90) cos(90) 0
0
0
0 0
01
1
0
0
0

(3)

cos(𝜃3 )−sin(𝜃3 )0a{3}
sin(𝜃3 ) cos(𝜃3 ) 0 0
2
3𝑇 = [
1 0 ]
0
0
0 1
0
0

(4)

cos(𝜃4∗ )−sin(𝜃4∗ )0a{4}
sin(𝜃4∗ ) cos(𝜃4∗ ) 0 0 ]
3
4𝑇 = [
1 0
0
0
0 1
0
0

(5)

cos(𝜃5 )−sin(𝜃5 )0a{5}
sin(𝜃5 ) cos(θ5 ) 0 0
4
5𝑇 = [
1 0 ]
0
0
0 1
0
0

(6)

3𝜋

where 𝜃4∗ = ( 2 − 𝜃3 − 𝜃2 ) to keep the 4th link always parallel to the surface (to
eliminate redundant link 4 between the joints of {4}-{5}). To change the tilt angle -fixed
on this transformation matrix- of the end-effector,
5
end𝑇

100 0
010 0
= [001𝑎{𝑜𝑓𝑓𝑠𝑒𝑡} ]
000 1

(7)
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The total transformation –from frame {1} will be (where we move the tip and {5} to
frame {4}): -symbolic solution is given in the Appendix 2 Matlab Codes1
𝐸𝑛𝑑 𝑇

= 12𝑇 × 23𝑇 × 34𝑇 × 45𝑇 × 𝐸𝑛𝑑5𝑇

cos(𝜃1 ) sin(θ5 )cos(𝜃1 ) cos(𝜃5 ) cos(θ1 ) {1}
sin(𝜃1 ) sin(θ5 ) cos(𝜃5 ) sin(θ1 ) −cos(θ1 ){2}]
5
end𝑇 = [
{3}
d2
−cos(θ5 )
− sin(𝜃1 )
{4}
1
0
0

(8)

(9)

where
{1} = 𝑎{𝑜𝑓𝑓𝑠𝑒𝑡} sin(𝜃1 ) + 𝑎{3} cos(𝜃1 ) cos(𝜃2 ) + 𝑎{4} cos(𝜃1 ) cos(𝜃2 ) cos(𝜃3 )
{2} = 𝑎{3} cos(𝜃2 ) sin(𝜃1 ) − 𝑎{𝑜𝑓𝑓𝑠𝑒𝑡} + 𝑎4 cos(𝜃2 ) cos(𝜃3 ) sin(𝜃1 )
{3} = 𝑑2 + 𝑎{5} + 𝑎{𝑜𝑓𝑓𝑠𝑒𝑡} 𝑑2 +𝑎4 sin(𝜃2 + 𝜃3 ) + 𝑎{3} sin(𝜃2 )
{4} = 𝑎{𝑜𝑓𝑓𝑠𝑒𝑡} + 1

(10)

The desired positions and orientations of the end-effector require either during the
fabrication or locomotion of the robot. These calculations refer to the use of kinematics
equations of a robot for determining the joints' parameter. Movements of the end-effector
specify the tasks as a part of the motion or toolpath planning. Our steps of the solutions
include the existence of the solution; reachability or dexterity for a given coordinate; and
checking the multiple solutions. In general, the closed-form (analytic) and numerical
solutions are available for the computations of the inverse kinematics. Here, for the sake
of the speed and accuracy of the computation, we follow the analytical solution approach.
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Figure 3.2 The representation of the robot arm for the geometric solution
After verification of the coordinates, X,Y, and Z becomes the arguments for inverse
kinematics computation (e.g. [ 𝜃1 , 𝜃2 , 𝜃3 , 𝜃4 , 𝜃5 ] = arm_ik (X, Y, Z)).
θ{1} = 𝑡𝑎𝑛−1 (

𝑋𝑤𝑟𝑖𝑠𝑡 = √(
If

{𝑡𝑖𝑝}
1𝑍

{4}
{𝑔𝑙𝑜𝑏𝑎𝑙}𝑍

If

{𝑡𝑖𝑝}
1𝑍

{𝑡𝑖𝑝}
{𝑡𝑖𝑝}
1𝑌 /
1𝑋 )

{𝑡𝑖𝑝} 2
1𝑋

+

(11)

{𝑡𝑖𝑝} 2
1𝑌 )

− (𝑙4 + 𝑙𝑡𝑖𝑝,𝑥 )

(12)

is above center of geometry (negative in gait convention -next section),
=(

{𝑡𝑖𝑝}
1𝑍

{𝐶𝑜𝐺}

+ 𝑙𝑡𝑖𝑝,𝑥 ) − (𝑙1 + {𝑔𝑙𝑜𝑏𝑎𝑙}𝑍)

(13)

is below Center of Geometry (positive in gait convention -described in detail in

the next section),
{4}
{𝑔𝑙𝑜𝑏𝑎𝑙}𝑍

{𝐶𝑜𝐺}

= −( {𝑔𝑙𝑜𝑏𝑎𝑙}𝑍 −

𝑋𝑤𝑟𝑖𝑠𝑡 = √(

{𝑡𝑖𝑝} 2

𝑑𝑠ℎ𝑙2𝑤𝑟𝑠𝑡 =

{4} 2
{𝑔𝑙𝑜𝑏𝑎𝑙}𝑋

1𝑋 +

{𝑇𝑖𝑝}
{1}𝑍)

{𝑡𝑖𝑝} 2
1𝑌

) − (𝑙4 + 𝑙𝑡𝑖𝑝,𝑥 )
{4}

+ {𝑔𝑙𝑜𝑏𝑎𝑙}𝑍 2

(14)
(15)
(16)

𝜃5 is set to a fixed value for initial applications, although we can change it with the
current inverse kinematics solution. The change of angle 𝜃5 ensures the dexterity of the
extruder that needs to reach the steep regions next to the adjacent printed objects. The
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global zero -body center of the robot- will add a transformation from the current base to
itself. However, the global zero is redundant to add for the arm's computation. We
combined the configuration of this frame -thorax- to a moving body on the robot's
operating system. Thorax is the center of the main body as shown in Fig. 3.3.

Figure 3.3 The development environment for the robot's operating system with its frame
of the references (e.g. {Thorax})
In the next step, we calculate the linear and angular velocities of the end-effector and the
robot's joints. Mathematically speaking, the forward kinematics is the transformation
from the space of the actuator joints to the cartesian space –or any predefined space. This
transformation is also useful in order to define the function of Jacobians which is the
vector version of the ordinary derivative of position matrices. The reader needs to realize
the use of the skew symmetric matrices for these computations from [23]. This method
fosters the vectorized computations that would potentially have faster implementation in
terms of programming and computation compare to other programming schemes. We
begin from the basics and give some of the definitions for skew-symmetric matrices,
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𝑆𝑇 + 𝑆 = 0

(17)

We define the skew symmetric matrices as SS(3) or SO(3). S∈SS(3) has arguments 𝑠𝑖,𝑗
where i,j=1,2,3 . A 3 by 3 skew symmetric matrix has the form,
0
𝑆 = [ 𝑆𝑧
−𝑆𝑦

−𝑆𝑧
0
−𝑆𝑥

𝑆𝑦
𝑆𝑥 ]
0

(18)

Likewise, for the unit vectors i,j,k the skew symmetric formation yields as,
0 0
𝑆𝑖 = [0 0
0 −1

0
0 0 1
0
1], 𝑆𝑗 = [ 0 0 0], 𝑆𝑘 = [1
0
−1 0 0
0

−1 0
0 0]
0 0

(19)

Jacobian – or Jacobian matrix – is one of the most important tools in the analysis and
control of the robots such as the planning and execution of coordinated motion, the
derivation of the dynamic equations of motion, and the transformation of the forces or
torques from the reference frame of the end-effector to the manipulator joints. For an nlink manipulator, the Jacobian represents instantaneous transformation between the nvector of joint velocities and the 6-vector consisting of the linear and angular velocities of
the end-effector. This Jacobian becomes as a 6 by n matrix. We can extend this to
compute the linear and angular velocities for any points. Let
𝑇𝑛0

𝑅𝑛0
= […
0

… 𝑂𝑛0 (𝑞)
…
0 ]
0
1

(20)

which shows transformation from the end-effector frame to the base frame, where
𝑞 = (𝑞1 , 𝑞2 , … , 𝑞𝑛 )𝑇 is the vector representation for the joint variables. As we
emphasized earlier, our goal is relating the linear and angular velocity of end-effector
with the joint variables 𝑞̇ (𝑡). Let,
𝑆(Ω0𝑛 ) = 𝑅𝑛0̇ (𝑅𝑛0 )𝑇
defines the angular velocity vector 𝜔𝑛0 of the end-effector. This result in

(21)
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𝑉𝑛 = 𝐽𝑣 𝑞

(22)

Ω0𝑛 = 𝐽𝜔 𝑞̇ 

(23)

where 𝑉𝑛0 and 𝜔𝑛0 are 3xn matrices. Eqs 22 and 23 may be written as,
[𝐽 ]
𝐽𝑛0 = [ 𝑣 ]
[𝐽ω ]
(24)
Our robot arm has 5 revolute joints. One of those, the 4th joint, is dependent on the 3rd
and 2nd joints as given in the homogenous transformations of Eq. 9. We will fix the angle
of 5th joint on these calculations.
Here

0 𝑛
𝑃𝐸

= 0𝑃𝑛 − 0𝑃𝑛  -- 0𝑃𝐸𝑛 are given in Appendix 1 28, where n and E are joint

number and end-effector, respectively. Here, we ignore 5th joint due to its fixed
orientation. In order to compute cross product we can use skew-symetric matrices, where
× 𝑏 = 𝑆(𝑎). 𝑏 . For example, 0̂
𝑍1 × 0𝑃𝐸1 will yield as,
0 1
0 1
0̂
𝑍1 × 𝑃𝐸 = [−1 0
0 0

( 0𝑃𝐸1 )𝑥
( 0𝑃𝐸1 )𝑦
0
0 1
0] ( 𝑃𝐸 )𝑦  = [−( 0𝑃𝐸1 ) ]
𝑥
0 ( 0𝑃1 )
0
𝐸 𝑧]
[

(25)

The derivation of the singular points is another important factor for the robot's tool-path
planning. The singular points are the locations in which the manipulator loses one or
more degrees of freedom and calculation of motion planning becomes prone to error.
The calculation of the singularities for our robot will be as following,
det(𝐽) = 0

(26)

In order to have articulation, our robot arm has the Jacobian Matrix which is J( Θ ) ∈ R
6x5 . The 5-link arm design mathematically requires to drop redundant actuators. This
will reduce the rank of the Jacobian matrix in order to find the inverse of that matrix.
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Please remember from Fig. 3.2, we only consider three frames and assume the arm is a
type of three-link articulated manipulator -{4} is dependent on {3} and {2} and {5} is
fixed.
The above relations lead to the following conclusions for the singularity of the robot's
arm. Whenever 𝑠𝑖𝑛(𝜃3 ) = 0 – 𝜃3 = 0 or 𝜃3 = 𝜋 – and ( 𝑎{2} 𝑐𝑜𝑠(𝜃2 ) +  𝑎{3} 𝑐𝑜𝑠(𝜃2 +
𝜃3 )) = 0 . We depict this condition as in Fig. 3.4.

Figure 3.4 The singular configurations of the robot's arm
Opposite to the singular points, the isotropic points refer to a transformation when the
principal axes are all equal of length. One may think, an isotropic point is a unit sphere in
the m-dimensional end-effector space maps onto a sphere in the n-dimensional joint
space as shown for 2 DOF RR serial robot in Fig.3.5. Mathematically, the condition
number of the Jacobian should be 1.
𝑐𝑜𝑛𝑑(𝐽(𝜃)) = 1

(27)
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Figure 3.5 The locus of isotropic points for a 2D robot arm
On the next step, we implement these results to derive the dynamic equations of motion
for the arm. This will be an important aspect while we are discussing the derivation of the
control structure. The equation for the complete mechanical system known as
manipulator Eq. (28) from [24] is,
𝑀(𝜃)𝜃̈ + 𝐶(𝜃, 𝜃̇ ) + 𝑔(𝜃) + τs = −𝐽𝑇 𝑓

(28)

where M is the inertia matrix, C -Christoffel Symbols- is the centrifugal and Coriolis
terms, and g is the gravity vector. For this case, we can use f in two forms of arm as
fabrication ( f ≠ 0 ) and motion-on-air ( f=0 ). We can utilize the following solution in
order to find the terms of the Eq. 28. The mass matrix has the form [24],
(𝑖)𝑇 (𝑖)
𝐽𝐿

𝑛
𝑀 = Σ𝑖=1
{𝑚𝑖 𝐽𝐿

(𝑖)𝑇

(𝑖)

+ 𝐽𝐴 𝐼𝑖𝑐 𝐽𝐴 }

(29)

The C terms will be,
1 𝜕𝑑

𝑛
𝑛
𝑐𝑘𝑗 = Σ𝑖=1
𝑐𝑖𝑗𝑘 (𝑞)𝑞𝑖 = Σ𝑖=1
{ 𝑘𝑗 +
2 𝜕𝑞
𝑗

𝜕𝑑𝑘𝑖
𝜕𝑞𝑗

−

𝜕𝑑𝑖𝑗
𝜕𝑞𝑘

}

(30)

The final term comes from the energy formulation -potential- and it will be,
𝜕𝑃

𝑔(𝜃) = 𝜕𝜃

𝑘

(31)
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3.2.

The Analysis of the Legs and Whole-Body

The mobility, also referred to as degrees of freedom, defines the number of independent
parameters in the configuration of the mechanism. The mobility dictates the number of
actuators for driving mechanism –not an obligation–, and verifies the existence of a
mechanism (M>0). We calculate the mobility using the [25].
𝑗

𝐹 = 𝜆(𝑛 − 𝑗 − 1) + Σ𝑖=1 𝑓𝑖

(32)

where F denotes the degrees of freedom of a mechanism, n the number of bodies, j the
number of joints, i the degrees of freedom associated with the i th joint and λ the order of
motion mechanism. Let us simplify the ground contact of each leg as spherical joint fixed
to the ground –for the mode of fabrication– the parameters for the computation of the
robot's mobility for the base becomes 9 where λ =3 , n=14 , j=18 , and f i =24 . However,
this result is correct if and only if the kinematic structure is closed-loop or as long as the
mechanism keeps its joint relations at any instance. In other words, we assume the tip of
the leg as a fixed spherical joint. Therefore, we can consider Eq. 32 during the mode of
the fabrication. Nevertheless, the second mode – crawling – requires different aspect than
the first one due to the disconnection of the tip of the legs during the walking and
dependence of the leg kinematics to the main body for the calculations. In other words,
this dependence represents the positions of the tip transformed with respect to the same
body center with a gait-specific phase. The robots main body has 24 DOF –6 DOF of
body and 18 from the joints– and 27 DOF for the arm – plus 3DOF from the articulated
arm. However, the robot doesn't utilize its arm during the locomotion.
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Figure 3.6 A gait diagram to describe the sequence of a hexapod multi-legged robot
We utilize different modes of gaits for the robot's controller to fulfill different
requirements. For example, the robot can move relatively fast -less stable- via tripod gait.
On the other hand, the robot's motion is more stable with a wave gait due to the increased
contact and less inertial effects. In addition to that, our design and algorithm allows us to
use the robot with four- (e.g. rectangular body structure) or six- legs (circular body). We
use periodic type of gaits those require synchronization between the expected and actual
times that legs make contact with the ground. This approach would raise some questions
for the robot's stability on uneven terrains. Crawling with a periodic gait on uneven
terrains would cause to unpredictable timing for swinging the legs and break the leg's
phase -periodicity. Therefore, especially for the uneven terrains, one of the solutions is a
free gait algorithm. However, the application of free gait is beyond the scope of this
thesis.
A quadruple (four) and hex (six) legged gaits are shown in Fig. 3.6 with a pipeline of the
algorithm for the gait generation. The main functions of the algorithm are gait engine,
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body forward kinematics, and leg inverse kinematics. Gait engine includes selection of
the type, sequence, and the initiation for the gait. The gait initiator function calls back the
body forward kinematics and leg inverse kinematics according to the gait that has the
sequence with the given gait diagram in Fig 3.6.

Figure 3.7 The Schematic of Body Forward Kinematics and Leg Inverse Kinematics
The body forward kinematics function,
[𝑇𝑜𝑡𝑎𝑙𝑥𝑦𝑧 ] = [𝑒𝑛𝑑𝑃𝑜𝑖𝑛𝑡𝑠𝑥𝑦𝑧 ] + [𝐺𝑎𝑖𝑡𝑃𝑜𝑠𝑥𝑦𝑧 ] + [𝑃𝑜𝑠𝑥𝑦𝑧 ] + [𝑂𝑓𝑓𝑠𝑒𝑡𝑥𝑦𝑧 ]

(33)

[𝐵𝑜𝑑𝑦𝐹𝐾] = 𝑅3×3 [𝑇𝑜𝑡𝑎𝑙𝑥𝑦𝑧 ]

(34)

𝑅3×3 = 𝑅𝑥(𝛽) × 𝑅𝑦(𝛼) × 𝑅𝑧𝛾

(35)

Afterwards, this solution is embedded into inverse kinematics function as a part of
InvIK() arguments,
[𝐼𝑛𝑣𝐾𝑖𝑛𝑥𝑦𝑧 ] = 𝐼𝑛𝑣𝐾𝑖𝑛([𝐵𝑜𝑑𝑦𝐹𝐾] + [𝑒𝑛𝑑𝑃𝑜𝑖𝑛𝑡𝑠𝑥𝑦𝑧 ] + [𝐺𝑎𝑖𝑡𝑃𝑜𝑠𝑥𝑦𝑧 ])

(36)

𝜃𝑐𝑜𝑎𝑥 = 𝑎𝑡𝑎𝑛2(𝐼𝑛𝑣𝐾𝑖𝑛𝑦 , 𝐼𝑛𝑣𝐾𝑖𝑛𝑥 )

(37)

𝜃𝑓𝑒𝑚𝑢𝑟 = −𝑎𝑡𝑎𝑛2(𝑍, 𝑇𝑟𝑢𝑒𝑋) + acos(

𝐿2𝑓𝑒𝑚𝑢𝑟 +𝐿2𝑖𝑚 −𝐿2𝑡𝑖𝑏𝑖𝑎
2×𝐿𝑓𝑒𝑚𝑢𝑟 ×𝐿𝑖𝑚

(38)
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𝜃𝑡𝑖𝑏𝑖𝑎 = 2 − acos(

𝐿2𝑓𝑒𝑚𝑢𝑟 +𝐿2𝑡𝑖𝑏𝑖𝑎 −𝐿2𝑖𝑚
2×𝐿𝑓𝑒𝑚𝑢𝑟 ×𝐿𝑖𝑚

)

(39)

All of these calculations completed according to the geometrical relationships in Fig. 3.7.
In addition to that, mathematical libraries [26] help with the pointed values of addresses.
If needed, the fixed point computations for trigonometry would increase the speed with
addressed memory values.
3.3.

The Motion Planning of the Robot's Body and the Path Planning of the Robot

Unlike other applications of motion planning algorithms in the robotics' literature, our
purpose is to build a simulation platform under a framework for additive and/or
subtractive manufacturing. Therefore, we don't need to consider generic solutions such as
rough-terrain motion planning or “The generalised piano movers” [27] based algorithms.
Before starting to detail from the literature, we need to avoid possible ambiguities. We
refer the motion planning as the motion of the body - while the robot is crawling in the
first mode of its operation- and the path planning refers to the path which the arm will
follow during the fabrication.
In the literature, motion planning algorithms started around 1970s with shortest path
geometrical solutions[28]. The robots were represented with polygons and this
representation changed from multiple-points (e.g. polygon) to primitives (e.g. points).
This method also reduced the computational complexities with respect to multiple-point
based approach [29]. On the other hand, point based solution of Nilsson leveraged one of
the most well-known planning strategy known as configuration space [30]. Nevertheless,
there was still a need for a path planning method which will avoid non-trivial solutions.
In other words, that approach limits the other solutions for the path generation and
support to build regulated -or ruled- planning.
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Cell decomposition algorithms with non-directed graph (connectivity graph) comes to the
use [31]. In addition to cell decomposition algorithms, Khatib brought another solution
by using energy method and this fostered the avoidance of collision and obstacle [32].
This methods -potential fields- extended into different spaces and becomes popular in
generic motion planning tasks. For example, Barraquand coupled potential fields with a
graph search algorithms and randomised the planners. Another example would be the
probabilistic motion planners. The common point of those examples is the dependency on
the samples which would arise the questions regarding the possibility of the sampling for
certain motion planning scenarios. However, potential field approaches can be efficient
relative to other solutions since they exploit the fast descent optimization that would
prone to trap in local minima.
Since this thesis proposes a solution for a single robot fabrication, we neglect the case of
the multiple-robots' task allocation. We give limited details of multi-robot approach in
Chapter 6- Future works part of the thesis. Our algorithm is similar to the traveling
salesman problem -additionally with a fusion of control, tracking, localization, and
mapping for the physical system. The traveling salesman problem (TSP) asks the
following problem: Given a list of points and the values between each pair, what is the
shortest possible route that visits each city exactly once and returns to the origin point -or
point that we assigned? Here the origin point is the point that we deploy the robot and the
points with values are as a result of discretization algorithm [33].
An integer linear program would formulate TSP as following, First we define the
quantity,
𝑥𝑖𝑗 = {

1
0

(40)
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i=0,...n or j=0,...n are the labels for the points. Then we can write the linear programming
scheme as following,
𝑚𝑖𝑛 ∑𝑛𝑖=0 ∑𝑛𝑖≠𝑗,𝑗=0 𝑐𝑖𝑗 𝑥𝑖𝑗

(41)

0 ≤ 𝑥𝑖𝑗 ≤ 1, 𝑢𝑖 ∈ 𝑍

(42)

∑𝑛𝑖≠𝑗,𝑗=0 𝑥𝑖𝑗 = 1

(43)

∑𝑛𝑖≠𝑗,𝑗=0 𝑥𝑖𝑗 = 1

(44)

𝑢𝑖 − 𝑢𝑗 + 𝑛𝑥𝑖𝑗 ≤ 𝑛 − 1

(45)

where 𝑢𝑖 and 𝑐𝑖𝑗 are an artificial variable and the value -distance- from point i to j,
respectively. In order to explain it in a better way, we present the points and distances in
Fig.3.8 below.

Figure 3.8 The Schematic of the robot's motion planning
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3.4.

The Control System of the Robot(s)

On the physical level, the control is both centralized and decentralized. That express, the
robot's OS computes the periodicity and patterns of the legs. However, each actuator on
the legs has their own PID controllers for their positions and velocity. In other words,
each leg has three actuators and three revolute joints. This approach requires less
computation on the main operating system and has a faster system response compare to
completely centralized systems.
In literature, it is common to find examples for legged robot control with PID and its
derivatives. For example, Shkolnik et al. has a PD position/ velocity based approach for
an underactuated quadruped robot -Little Dog, Boston Dynamics- [34]. Similar to their
whole-body Jacobian approach we implemented our control algorithm with the single-leg
IK solution.
From earlier implementations of Jacobians, we can show the relationship between the
rate of change of joint coordinates and the spatial velocity of the end-effector. In addition
to that, we are able to use different control schemes (e.g. resolved rate motion control or
quasistatic force control). Fig. 3.9 shows the relationship of the joints.

Figure 3.9 Representation of the Joints for the Hexapod Robot
If we assume the exerted force act directly on the center of the object, we can use the
force and moment vector due to the gravity and external forces acting over the hexapod.
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We represent that on the Fig. 3.9. We neglect the torques and take only forces at the tip of
the leg.
Before starting the details of computation, we need to calculate the Jacobian of the leg.
As shown in Fig. 3.9, this has similar joint structure with the arm. This yields as,
[𝐽𝑙𝑒𝑔 ]

[𝐽𝑙𝑒𝑔 ]

[𝐽𝑙𝑒𝑔 ]

[𝐽𝑙𝑒𝑔 ]2,1

[𝐽𝑙𝑒𝑔 ]2,2

[𝐽𝑙𝑒𝑔 ]2,3

1,1

𝐽𝑙𝑒𝑔 =

0
0
0
1

[

1,2

1,3

𝑙𝑓𝑒 cos(𝜃2 ) 𝑙𝑡𝑖 cos(𝜃2 + 𝜃3 )
sin(𝜃1 )
0
0
sin(𝜃2 )
]
0
0

(46)

[𝐽𝑙𝑒𝑔 ]

= −𝑙𝑐 sin(𝜃𝑐 ) − 𝑙𝑡𝑖 sin(𝜃1 ) cos(𝜃2 + 𝜃3 ) − 𝑙𝑓𝑒 cos(𝜃2 ) sin(𝜃1 )

(47)

[𝐽𝑙𝑒𝑔 ]

= −𝑙𝑓𝑒 cos(𝜃1 ) sin(𝜃2 )

(48)

[𝐽𝑙𝑒𝑔 ]

= −𝑙𝑡𝑖 cos(𝜃1 ) cos(𝜃2 + 𝜃3 ) (58)

1,1

1,2

1,3

[𝐽𝑙𝑒𝑔 ]

2,1

= 𝑙𝑐𝑜 cos(𝜃1 ) + 𝑙𝑓𝑒 cos(𝜃1 ) cos(𝜃2 ) + 𝑙𝑡𝑖 cos(𝜃1 ) cos(𝜃2 + 𝜃3 )

(49)

[𝐽𝑙𝑒𝑔 ]

2,2

=  −𝑙𝑓𝑒 sin(𝜃1 ) sin(𝜃2 )

(50)

[𝐽𝑙𝑒𝑔 ]

2,3

= −𝑙𝑡𝑖 sin(𝜃1 ) cos(𝜃2 + 𝜃3 )

(51)

𝐹 = [𝐹𝑥 𝐹𝑦 𝐹𝑧 ] ∈ 𝑅 3 and 𝑀 = [𝑀𝑥 𝑀𝑦 𝑀𝑧 ] ∈ 𝑅 3 are the body force and moment vectors.
We can use Eq. 46 in the further calculations. The quasi-static equilibrium equation
would be,
𝐹 = ∑𝑙𝑛=1 𝑓𝑘

(52)

𝑀 = ∑𝑙𝑛=1 𝑥𝑘 × 𝑓𝑘

(53)

where l is number of legs on the floor, 𝑓𝑘 is the force acting on the tip of leg k, and 𝑥𝑘 is
the position of the tip. We can rewrite into matrix form as,
𝐹 = 𝐽𝐹 𝑓

(54)
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where 𝐽𝐹 ∈ 𝑅 3×3 and 𝑓 ∈ 𝑅 3𝑙 . The moment vector becomes,
𝑀 =  𝐽𝑀 𝑓

(55)

where 𝐽𝑀 ∈ 𝑅 3×3𝑙 . The combination of Eq. 54 and 55 are,
𝐽𝐹𝑀 𝑓 = 𝑊

(56)

𝑇]
with 𝐽𝐹𝑀 = [𝐽𝐹𝑇 𝐽𝑀
∈ 𝑅 6×3𝑙  and 𝑊 = [𝐹 𝑇 𝑀𝑇 ] ∈ 𝑅 6. W denotes the wrench notation. In

order to compute the required forces at the tip of the legs we can use the pseudo-inverse
of the 𝐽𝐹𝑀 at the right hand side of the Eq. (56). This equation has several methods to
solve, one would be dynamic programming with additional constraints to solve the
redundancy, another -which implemented- is minimization of ||f|| with pseudo-inverse of
𝐽𝐹𝑀 through SVD (Single Value Decomposition) of 𝐽𝐹𝑀 [35].
Lastly, we need to find the required toques at each joint with a proper transformation mainly rotation- from the center of the body of the robot the the base of the leg. This will
result in,
𝐵
𝑇𝑘 = 𝐽𝑇 𝑅0,𝑘
𝑅𝐵𝑊 𝑓𝑘

4.

(57)

Development of the System's Software

In daily life, behind almost every model, prototype, and product lies a computer design
file which includes the results of the computer aided design software. The conversion
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from CAD file to tangible object is a long and one-sided process and this process requires
planning of manufacturing so called Computer Aided Manufacturing [CAM] packages.
In response, the people who make and work with 3D printers have software tools to
repair or change the design files. Some software tools such as Blender, Materialise
Magics, and Netfabb act as the free tools to help users [36].
The interoperability is the most important part to guarantee seamless operation between
design and fabrication software. For example, in the music industry, the MP3 file format
has leveraged to swap, sell, buy, and download music files, create advancements on
industry and consumer sides.

Figure 4.1 Software pipeline of the robotic system
The overall system, built in this thesis, has two separate software schemes as a precomputation and a robot operating system. The combination of software's infrastructure
illustrated on a pipeline for the robot and shown in Fig.4.1. On the pre-computation, the
user imports the geometry - as a stereolithography file- and sets the orientation and
position of this geometry. Afterwards, the software slices the geometry according to the
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parameters of the fabrication and allocates the single robot's task. Nevertheless, this
thesis only includes the algorithms for a single robot -limited and unlimited 2D
fabrication cases. In this respect, Fig. 4.2 is an example for a large-sized fabrication of
Ataturk – founder of the Republic of Turkey [37]– mask. Intuitively, for the operation of
the unlimited additive manufacturing, the robot needs to change its location after
finishing the tasks within its last workspace. Moreover, the fabrication strategy -or
allocation- shouldn't cause a self-locking or unreachable printing results.
On the robot software, the system imports the pre-computations as a universal and
human-readable format (G-Code). By using G-Code format, the user is able to change the
fabrication parameters manually whenever it is necessary. The software should work with
a framework which needs to have a capacity to import additional libraries or to scale with
different robotic systems. The software on the robot, Robot Operating System [ROS],
provides these requirements under Ubuntu Linux distribution and Berkeley Software
Distribution [BSD] license.
In the literature and in industry, there exist a vast variety of simulation software that
would be an alternative to this thesis. Some of those provide general solutions for
forward and/or inverse kinematics ( e.g. OpenRave [38], OROCOS [39]), sensor
simulations (MATLAB Robotics Toolbox [40], Vrep Correlia [41], Gazebo [42]) with or
without rendering environment. On the other hand, none of those packages have a
support for manufacturing computations for an input geometry, manufacturing process
(e.g. machining or additive manufacturing –except Siemens NX with RoboExpert), or
automated task allocation for multiple robots. We can easily integrate current algorithms
any type of robotic framework in order to scale it up.
4.1.

The Simulation Software
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The pre-computation software, its GUI shown on Fig. 4.2, has two main windows. One is
to render the robot and imported geometries and the other one is control settings. The
user can change the view from the main window with the rotation, pan, or zoom icons.
This window also shows the limit of the arm as a transparent hemi-sphere.

Figure 4.2 Pre-computation software of the robot
The robot automatically positions above the global reference frame (~50 mm along the
Z+ axis). Furthermore, the user will import the geometry to this view and placed
according to the global reference frame. The second window, Control Panel has three
tabs as the Robot Control Settings, Geometry Settings, and Fabrication Settings. Robot
Control Settings enables the manual control of the robot on the rendering window. This
tab also has an import option to load and simulate earlier G-Codes. Geometry Settings
control the transformations -position and orientation- of the imported geometry with
respect to the global reference frame. Fabrication Parameters enable to set the linear
velocity of the end-effector, settings of slicing (e.g. thickness, limits), toolpath options,
and options of exported G-Code file.
Every additive manufacturing [AM] system should read a geometry file in order to plan
the fabrication process. AM system's software prefers to use facet geometries in order to
render the designed geometries on the computer screen. The reasons behind that are easy
to represent the facets with available libraries (openGL, JOGL, etc.) compare to render
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other formats, effortless to parse or convert to other formats, and uncomplicated to apply
the path generation or other fabrication algorithms. In between different facet geometries,
Stereolithography Tessellation Language [STL] has wide acceptance compared to others.
STL files can be exported from standard CAD software (e.g. Siemens NX) as either in
binary or ASCII (text -human readable-) formats. This format generally labeled with
“.STL” extension that is case insensitive. There are other options –for example STL2.0,
Additive Manufacturing File [AMF]– than STL to solve the problems such as material,
texture, and curved surface representation [43].

Figure 4.3 A right-angled triangular pyramid as described by sample STL file
An STL file has a list of triangular facets that are uniquely identified by a unit normal
vector and three vertices or corners. The unit normal vector is a line that is perpendicular
to the triangle and has a length equal to 1.0. The file holds no dimensions, in other words,
the user needs to choose correct set of units for the fabrication before manufacturing. As
an example, a right angled, triangular pyramid structure shown in Fig.4.3. The bottom
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left-hand corner coincides with the origin and that every vertex coming out of the origin
is of unit length.
The user imports a geometry to fabricate and this geometry may need to be positioned in
a way to enable or increase the efficiency of the fabrication. Therefore our system
requires some manipulation tools in order to move, scale, or rotate the geometry. The
generic idea regarding the transformation is given in a block diagram in Fig.4.4.

Figure 4.4 The block diagram of the geometry transformation algorithm
Our system can read binary STL files. Since additive manufacturing works in layer basis,
the software should start by reading of the STL file. Thereafter, the geometry needs to be
sliced according to predetermined slice thickness. Direction of the slicing operation
should follow the direction of fabrication although an algorithm may fix other
conventions for the directions as well. In our example, the robot's arm is in a spherical
coordinate frame -due to the design of the arm- as default although we change spherical
coordinates to cartesian for the sake of our computations and to ease the understanding.
On the system, the direction of fabrication [+Z], shown in Fig. 4.2 and a block diagram of
the slicing algorithm is given in Fig.4.5.
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Figure 4.5 The block diagram of the slicing algorithm in pre-computation software
After the transformation and slicing of the geometry, the motion of the end-effector extruder- needs to be planned with respect to the geometry and parameters of the
fabrication. The toolpath planning refers to the computation of the position, orientation,
and velocity for the end-effector. In the literature, the toolpath generation has been deeply
investigated by considering different aspects (e.g. maximum mechanical strength,
minimum time, better surface quality etc.) of digital fabrication such as CNC machining
or additive manufacturing. Since our system is mobile, we include the body motion
planning as well. This means that we add into our algorithm a generic method of
computation for the position and velocity of single robot's body center.
While we are doing that, this algorithm shouldn't jeopardize the process of the fabrication
or the control of the robot. Therefore, we propose two strategies for the robot's motion.
On the first method, for the high aspect ratios, the toolpath will be generated in layer
basis which is similar to the current 3D printing algorithms. We should add the object as
a constraint to avoid the collision between the robot and the object. If the object is too
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wide, the robot would compute to move on the printed layer. In order to avoid that, we
have a cell basis of fabrication, as well. The cell basis fabrication involves the
discretization of the geometry's bounding box into cells that would fit in the robot's
workspace. The robot will print each cell within its workspace.

Figure 4.6 The block diagram of the path planning and body center representation
This column-based strategy leads to the questions regarding the order of the cell-column
fabrication, reachability of the deep sections of the geometry, and continuity of the
fabrication with respect to the same reference frame after the robot's movement from one
location to another. We solve the problem of the order with the algorithm of Traveling
Salesman Problem [TSP] –detailed on Chapter 3, [44]. As a result, this algorithm
generates the G-code according to the robot's body center. The rotary axis –frame {5}– of
the end-effector allows to the tip of the end-effector to reach the deep sections next to the
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printed column. The algorithms is shown in Fig. 4.6. Additive manufacturing [AM]
enables creation of objects with a partially filled internal structures for functional,
structural, and fabrication considerations. In other words, this approach reduces the build
time, the required energy to print, the material's cost, and the total mass of the final part
[45]. Therefore, the initial algorithms to solve this problem are based on 2D geometry
fitting – square, hexagon, or other closed polygons– in a contour. In this thesis, we
propose one of the available methods that uses the intersection between the ray –virtual
path of the extruder– and the contour of the geometry. In literature, there are more
efficient ways to create infill geometries such as skin-frame structures [46] or topology
optimization of lattice structures [47] as shown in Fig.4.7. The challenge is from the scale
of the input geometry since the additive manufacturing has limitless capacity to fabricate
in terms of the type of the geometry. Basically, this algorithms should automate the infill
–lattification– in a way to keep the required structural strength while it reduces the
aforementioned features (e.g. mass, build time etc.).

Figure 4.7 Lattice generation examples of a platform for solid engine cooler and bracket
model [47]
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5.

Simulation of the Manufacturing

From the earlier days of the machine-tools, a form of an interpretation from a design to
the commands of fabrication is always a need. Back in 50s, the stationary machine-tools mostly mills and lathes- utilized with punched-cards and its readers. After the integration
of the computers, the interpretation evolved into the digital text documents (in ASCII or
binary formats) which interpreted by machine-tool's Numerical Control Kernel [NCK]
[48].
Naturally, this text -or code- should have some standard to avoid differences in between
different machine-tools. The standard will also guarantee a commonality for different
platform of the operations (e.g. milling or turning). One can think this as grammar rules
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of a language which lacks of a semantic inside of it. National Institute of Standards and
Technology [NIST] standardized that grammar under RS-274NGC [49]. The logical flow
of the interpreter works in a sequential manner due to synchronized tasks (e.g.
coordinates and orientations of the end-effector, spindle speed, initiation of the cutting
fluid, feedrate setups etc.) in real-time. To that end, the interpreter ensures the translation
of required machine instructions for numerical control [NC]. In time, NC machines
changed in a way to combine design and its output. That requires a workflow from
Computer Aided Design to Computer Aided Manufacturing.
All of these points show us that, the industry has a solution for CNC tools (e.g. mills,
lathes, plasma or laser cutters, wired or sinker electric discharge machining, water jet
cutting etc.) in order to interpret the toolpath for the fabrication of the design to the
fabrication itself. However, these aren't directly applicable or practical to use in
articulated robotics systems because of the differences in between the kinematics of the
CNCs -cartesian in general- and robotic platforms -serial-joint open or parallel kinematic
mechanisms. In spite of the fact that code based fabrication is well adapted and known
approach for NC machine tools, this approach would limit the reactive control under
dynamic environments for the proposed robotic system due to its programming nature.
Therefore, our approach is buffering these commands as start and end points which we
can add reactive responses in between, whenever necessary. The reaction is based on the
algorithms inside the robot's operating system and it uses the sensory inputs such as
visual, inertial, and joints encoders. This approach would avoid the disturbances or
perturbation on the system whenever it exists.
In this chapter we will detail on the code structure with two examples that show the precomputations.
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5.1.

Command Structure of the pre-computation software

A part program contains the commands called blocks which represent the sequence of the
fabrication. The standard, RS-274NGC, each block starts with the N followed by the
block sequence number.

Figure 5.1 The structure of the part fabrication for CNCs and proposed machine-tool
We present a structure of a part fabrication both for CNCs and our robotic system. The
program consists of blocks which entails preparatory -G, V-, miscellaneous -M-, or robot
specific -Rob1- functions. As the part of the preparatory functions, the letter G, V, and [
X, Y, Z] represents the command for fabrication; velocity of the body or arm; and
coordinates of the end-effector's location, respectively. Due to the flexibility of this code
structure, we can extend its capacity to different features not only limited to task
allocations but also orientation of the end-effector wherever it is allowed. In spite of the
fact the generic CNC code structure is based on sequence, our system can utilize parallel
or sequential fabrication. Nevertheless parallel manufacturing also requires a mechanism
of sorting in terms of the time.
In general, G0 refers to the rapid motion of the end-effector and G1 is the motion of the
end effector with the linear interpolation. In Fig.5.1, the code on the left hand side has a
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modal feature which is a word on former line becomes as default parameter for the given
parameter until it is directly changed to another value. On the other hand, our
interpretation doesn't include a modal feature due to kinematic complexity and to ease the
debug of the code.
5.2.

Computer Aided Manufacturing [CAM] for NC Part Structure

It is almost impossible to generate the codes of the fabrication manually -except simple
operations (e.g. drilling, pocketing etc.). Therefore, we present a methodology which is a
generic method in computer-aided manufacturing. Computer Aided Manufacturing, in
short CAM, is a tool to generate commands for fabrication via the computation of the
graphics (or mechanics not industrial scale). The calculations heavily depend on
geometrical representations which would be represented with an analytical (b-splines or
nurbs) or discretized (facets).

Figure 5.2 The steps of the pre-computation for primitive shapes - sphere, cube, and
cylinder-
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Our solution, given the algorithm on Chapter 4, uses discretized representations of the
geometry in order to create the commands of the fabrication which includes parameters
of the manufacturing (e.g. feedrate, size of the workspace, slicing thickness, type of the
infill, number of the robot etc.). We present two demo cases in order to show the
capability of the pre-computation software. This software-in-the-loop simulations ensure
the preparation of the error-free codes for the fabrication. Beyond that, we also have
hardware-in-the-loop simulations -not covered in this thesis- that helps during the setting
up the joint offsets.
5.3.

Some Examples on the G-Code Generation

The first example shows a toolpath generation for primitive geometries in order to prove
of concept for the algorithm. Full G-code is also given on Appendix of this thesis.
Anyone would verify this code with one of the available G-code visualization packages
(e.g. CIMCO as shown in ).

Figure 5.3 The steps for the pre-computation for the simulation and physical fabrication Siemens Logo -
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When compared with the G-codes of the stationary machine tools, this approach has no
difference in the software level. Therefore the pre-computation and its G-code structure is
necessary but not sufficient in order to leverage mobile digital manufacturing. We add
some of the key technologies on Chapter 6 and we hypothesize those methods for
enabling the mobile digital manufacturing. We also present the G-Codes in the Appendix
part of this thesis.
In the second example, we present a code for the fabrication of unlimited 2D case. The
software imports the logo of 'Siemens' (as facet). It discretize the geometry into cells in
order to generate toolpath inside those regions. These cells are based on the specified
workspace of the robot. At the end, those coordinates translated into the form of the
SiSpi's NC structure. On simulation, the robot needs to move from the assigned point of
fabrication and its arm should follow the toolpath commands.
On the last step, the code is uploaded to the robot's operating system which an algorithm
parses it to initiate process. This code would be uploaded into the single or multiple
robot(s), although the robot(s) will execute only the corresponding block(s) in the code.
In addition to that, the same operating system utilizes linear -or circular- interpolation to
generate waypoints for the robot's body or arm's motion via the implemented kinematics
and dynamics library.
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6.

Conclusions and Future Studies for Agile Manufacturing System

In this thesis, we present a software framework for a mobile manufacturing system
defined as an Agile Manufacturing System. All of these details on future works are
ongoing project information those patented provisionally on Siemens Corporate
Technology, Princeton, NJ.
Chapter 2 reflects the big picture on the legged robots. We linked the details of the robot's
design with the algorithms and our project goals. That includes and not limited to leg and
body design for proposed algorithmic solutions for two modelities - crawling and
fabrication. Based thereon, the preliminary design for our simulation environment
accomplished.
We addressed various aspects of the algorithms in Chapter 3. Each subsection explains
the calculations with a vast amount of examples from literature. On this chapter, we also
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used these calculations that we concluded on Chapter 2 as the variables of software
platform.
We elaborate the software pipeline, graphical user interface of pre-computation software,
and the block diagrams of algorithms on Chapter 4. This chapter summarized the
implementation of mathematics with the given block-diagrams.
Chapter 5 shows the results from the pre-computations and simulations. This gives us a
chance to analyze each joint in frequency domain and adjust the control algorithm -PD
control- accordingly.
6.1.

Task allocation

Unlike our proposed thesis, another angle of motion planning algorithms would be for
multiple robots on the same task environment. Intuitively, this planning requires
coordination between the robot's actions those would have a solution with a centralized or
de-coupled approaches. In centralized motion planning, the robots are active on a single
domain and bring a combined solution. Centralized solution is an effective approach if
the dimensions of the combined configuration space has a limitation. Therefore the
solution would cause a “curse of dimensionality” [50]. On the other hand, de-coupled
method solve the motion planning for each robot independently. This leads to a high
independence to the robot although it would also cause deadlocks or the loss of
completeness. In algorithmic level, the planning paradigms have different solution
methodologies such as path coordination [51], D* [52], A*

[53], super-graph, or

dynamic robot networks [54].
6.2.

Localization and Tracking of the reference frame for the robot

Mobile robot localization is an important problem of determining the pose of a robot
relative to an independent map of the environment. On our system, the first mode of

50

operation for the robot requires the estimation and mapping of the positions due to its
mobility -while it is moving from the location of the deployment. Intuitively, during the
stage of the mobility, the robot needs the knowledge of the location of itself and the
target. The environment -structured, unstructured, dynamic, or static maps- described in a
global reference frame that is independent from the mobile robot's reference frame.
Therefore, for a basic understanding, the localization problem seems like a realization of
a coordinate transformation. In fact, it is a bit more complex than this operation because
of the fact that the sensors cannot sense the pose directly and the robots do not possess a
noise-free sensors to measure those poses. This results in an uncertain complexity that
will require probabilistic approaches to solve. Without getting into too much details of
mathematics on this chapter, we summarize this chapter as a current study of our robot.
We directly implemented one of the available SLAM approaches [55] and we locate the
position of the robot with respect to the global and fabrication frames.
As mentioned before, SiSPIs have two modes of operation. When the robot is mobile,
SLAM is very effective to locate the robot with respect to mapped frames. On the other
hand, during the fabrication -or after completing the first column of printing- the problem
changes. The robots need to translate sensor data (e.g. laser scanner, depth camera)
something more tractable and the algorithm needs to couple the digital data with respect
to already printed object. On SLAM, localization and mapping occur in a generic way
that concentrate to solve with respect to the global reference frame. On the other hand,
we need to focus only certain -interested- region in which the robot prints. In literature,
the researchers of augmented reality (AR) widely use the algorithms to track and
augment the image of the physical system with the virtual object. Herein, instead of
imprinting imaginary pixels on the captured frames, we reversed the digital information
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to translate the pre-computation data (e.g. G-Codes) to physical output by using the
tracked frame of the reference. One may see the resemblance of that with a sculptor who
directly sculpts a piece of an art. The sculptors' perception and the action of carving are
based on the his idea –pre-computation- and the frame of the reference with respect to the
carved piece [56], [57]. The steps of the direct sculpturing is given in Fig. 6.1. Likewise
to our algorithm, the sculptor doesn't care about his position with respect to global frame
of the studio as long as the object is within the sculpture's dexterious region -the region of
interests.

Figure 6.1 Photographing the original model to create frame of reference to carve the
model [57] and markerless tracking for the robot
Similar to the case of the SLAM, in literature, we can easily find different
implementations of tracking approach. By doing so, we manage to control the initial and
subsequent body center positions of the robot with respect to the printed geometry. One
may consider that as a visual servo mechanism that would increase the accuracy of the
position and orientation according to selected reference frames.
In a nutshell, we will switch between two algorithms – localization-mapping to trackingmapping and vice versa- to leverage the printing for a mobile manufacturing platform.
More importantly, we develop a robot framework that would be scalable and flexible for
different robot platforms. This has a great potential in the digital manufacturing with
mobile robotic platforms.
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Appendix 1 – Mathematical Parameters and Equations
The following parameters implemented in Chapter 3 to use in Eq. 28.
𝑎{4} cos(𝜃1 + 𝜃2 ) + 𝑎3 cos(𝜃1 ) + 𝑎{5} cos(𝜃1 + 𝜃2 + 𝜃3 )
−𝑎{𝑜𝑓𝑓}
1
𝐸𝑃 = 𝑑 + 𝑎
{4} sin(𝜃1 + 𝜃2 ) + 𝑎3 sin(𝜃1 ) + 𝑎5 sin(𝜃1 + 𝜃2 + 𝜃3 )
2
𝑎{𝑜𝑓𝑓} + 1
[
]
0
0
1
2𝑃 = [𝑑 ]
2
1
𝑎{3} cos(𝜃1 )
0
1
]
2𝑃 = [
𝑑2 + 𝑎{3} sin(𝜃1 )
1
𝑎{4} cos(𝜃1 + 𝜃2 )
0
1
]
2𝑃 = [
𝑑2 + 𝑎{4} sin(𝜃1 + 𝜃2 ) + 𝑎{3} sin(𝜃1 )
1
𝑎{4} 𝑐𝑜𝑠(𝜃1 + 𝜃2 ) + 𝑎{3}
1
1
]
2𝑃 = [
𝑑2 + 𝑎{4} sin(𝜃1 + 𝜃2 ) + 𝑎{3} sin(𝜃1 )
0

(58)

(59)

(60)

(61)

(62)
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Appendix 2 - MATLAB Codes
%————————————————————————–
% Description: Symbolic calculations of the transformations to
% validate Chapter 3.
% Author: H.Sinan Bank,
% Email: hasan.bank@siemens.com or sinanbank@gmail.com
%————————————————————————–
clear all, close all, clc
syms ra0 CMz a1 d2 a3 a4 a5 a_off the1 the2 the3 the5
the4 = (3*pi/2)-the3-the2;
% We can ignore the transformation of Tcgb21 for now.
Tcgb21 = [cos(the1) -sin(the1) 0 0; sin(the1) cos(the1) 0 0; 0 0 1 d2; 0 0 0 1];
T122 = [1 0 0 0; 0 cosd(90) -sind(90) 0; 0 sind(90) cosd(90) 0; 0 0 1 1]*…
[cos(the2) -sin(the2) 0 0;... sin(the2) cos(the2) 0 0;... 0 0 1 0;... 0 0 0 1];
T223 = [cos(the3) -sin(the3) 0 a3; sin(the3) cos(the3) 0 0; 0 0 1 0; 0 0 0 1];
T324 = [ cos(the4) -sin(the4) 0 a4; sin(the4) cos(the4) 0 0; 0 0 1 0; 0 0 0 1];
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T425 = [ cos(the5) -sin(the5) 0 a5; sin(the5) cos(the5) 0 0; 0 0 1 0; 0 0 0 1];
T52T = [1 0 0 0; 0 1 0 0; 0 0 1 a_off; 0 0 0 1 ];
% Ttot = Tcgb21*T122*T223*T324*T425*T52T;
P122 = Tcgb21*T122 ;
P123 = P122 * T223;
P124 = P123 * T324;
P125 = P124 * T425;
Ttot = P125 * T52T;
%% Jacobians for the arm
P01E = Ttot;
P02E = Ttot-P122;
P03E = Ttot-P123;
P04E = Ttot-P124;
P05E = Ttot-P125;
z_r = [0; 0; 1];
z_skew = [0 1 0; -1 0 0; 0 0 0];
J1 = z_skew * P01E(1:3,4);
J2 = z_skew * P02E(1:3,4);
J3 = z_skew * P03E(1:3,4);
J4 = z_skew * P04E(1:3,4);
J5 = z_skew * P05E(1:3,4);
J = [ J1 J2 J3 J4 J5; z_r z_r z_r z_r z_r];
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