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Abstract

Construction 3D printing is a form of additive manufacturing which

represents a process of fabricating buildings or construction compo-

nents from a digital file by depositing a building material layer by

layer without any formwork support. In this research work, an ap-

plication of the automated planning, which is an artificial intelligence

(AI) technique, to construction 3D printers is presented. On this ba-

sis, AI planners, expressed in Planning Domain Definition Language

(PDDL 2.1), are developed and employed to generate a sequence of

operations comprehensible to the control system of a robotic manip-

ulator system which is to perform specific concrete 3D printing tasks

to produce two spatial objects with different geometry specifications.

Accordingly, AI planners are executed based on requirements of print-

ability checking and prefabrication in robotic construction 3D print-

ers. The planned sequences will then be input to a robotic simulator

framework that will allow the user to monitor the whole 3D printing

process. Moreover, the performance of the approach has been exam-

ined and analyzed through scalability tests and the obtained results

demonstrated that incrementing edges and layers of an object causes

an increase in the planner runtime. The work described in this paper

addresses a new application of AI concepts to the robotic additive

manufacturing domain so far lacking in the scientific literature.
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Chapter 1

Introduction

1.1 Robotic Construction 3D Printing

Industrial automation and robotics are about the application of computers, con-

trol systems and information technology to drive industrial operations such as

and construction, manufacturing and machinery [2]. In industrial automation,

automatising of a process has been almost understood as a faster, cheaper and

more accurate and precise way of production. Nevertheless, the sector of automa-

tion in construction has not been been developed and automated in the same way

as other industrial automation sectors [3].

3D printing, also known as additive manufacturing technology, was first intro-

duced in 1987. Today there are many different domains and branches within this

technology but the basic principle is the same. 3D printing is an automated pro-

cess for creating 3D objects from computer-aided design (CAD) models. In this

technology, 3D models are subdivided into several layers which are used to be de-

posited layer by layer in order to construct the designed object [4]. Manufacturing

objects with complex geometry specifications in a fast and optimized way is the

main benefit of this technology [5]. Furthermore, 3D printing approaches reduce
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1.1 Robotic Construction 3D Printing

material waste and labor cost [6]. The key to a successful 3D printing process

highly depends on the printing system components, building material properties

and skills of users [7]. Nowadays, applications of 3D printers can be found in a

wide range of domains such as food processing, aerospace, bio-engineering and

constructions [8; 9; 10; 11].

3D printing technologies have been adopted to produce architectural and

building models since the early 2000s. In fact, construction 3D printing deals

with various technologies that employ 3D printing principals as the main core for

producing buildings or construction components [12]. One of technologies that

are widely used in Construction 3D Printing is Robotics. There are several types

of robotic construction 3D printing platforms in available. Cartesian robots [13],

robotic arms (manipulators) [14] and cable driven robots [15] are some examples

of robotic applications in construction 3D printers. An example of a robotic ma-

nipulator construction 3D printer is illustrated in Figure 1.1. The application of

the robotic science in Construction 3D Printing technology shows an autonomous,

simple, flexible and adaptive approach for construction purposes [16].

Another type of concrete 3D printers, used in the industry, is a framed printer.

This kind of construction 3D printers would suit only in factories as the trans-

porting and assembling of this kind of printers are very difficult. Larger frame of

the printer respect to the object to be printed is the main disadvantage of this

kind of 3D printers. An example of a framed 3D printer is shown in Figure 1.3

[1].

The various stages related to the traditional construction techniques of a struc-

ture is depicted in Figure 1.2. The various stages involve human resources in

different locations of the structure. While the traditional method involves hu-

man resources in different locations of the structure and it is time consuming and

expensive, The 3D printing process requires less involvements of the user [17].

2



1.1 Robotic Construction 3D Printing

Figure 1.1: An example of a robotic arm construction 3D printer with indications
to some main components, photo courtesy of INSA Rennes - LGCGM.

Figure 1.2: Traditional production process vs 3D printing.
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1.1 Robotic Construction 3D Printing

In the past few years, many robotic construction 3D printing (RC3DP) ap-

proaches have been developed and proposed to enhance the application of au-

tomation in construction industry. However, most of these methods are based

two principles i.e., extrusion-based and powder-based. The extrusion-based print-

ing technique is done layer by layer deposition of the building material, whereas

powder based printing is implemented by spreading the dry base materials in the

fist step and covering it selectively by cement-based material [18]. While he first

cement based additive operation was proposed by J. Pegna in 1997 [19] through a

free form construction method, the first popular 3D concrete printing technique

was developed and presented by Prof. Khoshnevis and his research group within

a series of works at the university of southern California and has been named

as ‘Contour Crafting method’ [20]. Contour Crafting method is, principally, a

layered-based printing method which uses different materials such as cement, ce-

ramic paste and polymer etc. to print and fabricate a structure with a smooth

surface.

Using of cement-base materials for 3D printing needs a special type of these

building materials. In fact, the cement-base materials should be flow-able like a

paste and should be harden once it has been extruded. The building materials

should not be harden fast while it is being used in the printing process. For the

building materials used in the 3D printing process, there are certain properties

which can be modified and adapted based on the application requirements [21].

Printability in additive manufacturing industry is defined as the ability to

reproduce closely a 3D model through a 3D printer [22]. Although 3D printers are

excepted to produce any 3D object, applications of 3D printers are still limited

because of geometrical specifications, time consumption and building material

properties.

In the present study, prefabrication also known as process planning is defined

4



1.2 Artificial Intelligence Planning

Figure 1.3: Framed 3D printer used by TU Eindhoven [1].

as the relation between design and manufacturing process [23]. In fact, process

planning defines a sequence of steps that should be implemented to create a

product. Evaluation of time consumption close to a real practical scenario and

consolidation of threshold control and print segments are the main problems in

prefabrication of a 3D model [24].

1.2 Artificial Intelligence Planning

Artificial intelligence (AI) is a formation of intelligence demonstrated by ma-

chines, also known as machine intelligence. AI gives the capability of learning,

acquiring information, planning and creativity to machines. On this basis, these

devices can perform and carry out advanced and complex tasks [25].

AI systems are able to be adapted to a certain degree by examining the ef-

fects of past actions and processing autonomously. AI has been developed and

applied to a wide range of domains, including robotics [26], computer science

[27], transportation [28], navigation [29], marketing [30], medicine [31], industrial

manufacturing [32] and so on.
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1.2 Artificial Intelligence Planning

Making plans is recognized an evidence of intelligence, on this basis, auto-

mated planning has been one of the goals of research in AI since its beginning.

Accordingly, AI planning can be specified as the study of computational models

and methods of producing, analysing, managing, and executing plans [33].

AI planning also known as planner is a branch of Artificial Intelligence which

investigate the process of using autonomous methods to solve planning and schedul-

ing problems in an efficient way. An AI planning system takes either the problem

formalisation or model as input and implement some problem solving methods,

such as heuristic search, propositional satisfability, etc, to obtain an efficient so-

lution [34].

The Planning Domain Definition Language (PDDL), is a standard language

for describing and expressing planning problems and domains. PDDL provides

the possibility to select a suited planner for describing the technical and epis-

temological prerequisite of planning domains and the abilities of planners in a

uniform and easy way. The model development of for PDDL requires the anal-

ysis of PDDL domain and problem files structures. The domain file consists of

the domain predicates and operators (also recognized as actions in PDDL). The

problem fie specifies an initialisation and a goal to be achieved [35].

There are different versions of PDDL and their extensions. Each version of

PDDL describes new prerequisites that should be supported and enhances the

functionality of PDDL language. PDDL 2.1 describes the possibility to imple-

ment numerical variables, plan-metrics, and durative actions which make the

conditional AI planning such as fuel consumption, time constraints and capacity

constraints possible [36].
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1.2.1 Numerical expressions

Numeric expressions are formulated, using arithmetic operators, from primitive

numeric descriptions. Numeric expressions can be represented as non-linear ex-

pressions and they can be applied to both in action preconditions, defining nu-

meric constraints as a comparison between pairs of numeric expressions, and in

action effects, renovating a numeric fluent value allocating it an updated value or

increasing/decreasing it. Numeric expressions allow increasing the expressiveness

of PDDL and permit a better definition of domains. They also provide the pos-

sibilities of planners which can keep track of numerical information and utilize

them during the AI planning process.

1.2.2 Plan metrics

Plan metrics specify the basis on which a plan has to be assessed through numeric

descriptions. Metrics can be represented in the problem description with any

arithmetic formulation with no requirements of linearity and they can need to

minimize or maximize the given definition.

1.2.3 Durative actions

This kind of action allows to define temporally annotated tasks. A durative action

is represented by duration constraints, and temporally annotated conditions and

effects.

1.3 Motivations

Additive manufacturing is a complicated process. For a high efficient 3D printing

process, numerous process parameters and variables should be pre-tuned and
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1.3 Motivations

monitored before and during the process which is almost impossible in practice.

On this basis, AI can improve remarkably the efficiency of 3D printing technology

[37].

As mentioned in Section 1.1, one of the important advantages of 3D print-

ing is the capability to produce customized components and objects. Principally

every 3D model is unique by design therefore it is very important to evaluate

the printability of the profile of the product to be printed to ensure that it can

be successfully fabricated with high quality. Furthermore, the quality of the fi-

nal structure can be predicted and processing errors be avoided that could also

result in time savings. Unfortunately, the methods, proposed so far for the print-

ability checking issue in additive manufacturing domains, have not yet proven

to be robust enough and cannot be considered as a conclusive solution. Hence,

a new approach is therefore needed such that users do not require dealing with

high complex tasks and data. Accordingly, to be able to feasibly solve the print-

ability checking issue in robotic construction 3D printing industry, it will be

demonstrated in next sections that AI planning methods can be considered as a

promising solution.

By increasing the complexity of the design, a challenging problem which arises

in this printing domains is the optimisation of prefabrication or process planning

[38]. The importance of the optimisation of prefabrication can be clearly seen in

shortening the process planning time and consolidation of the threshold problem

of print segment. In an ideal prefabrication process, the time consumption should

closely match to a practical scenario, which can provide high quality monitoring

services and optimal solutions for users in a real manufacturing process. On the

other hand, the high computational complexity is one major drawback of the

approaches proposed and developed so far for the prefabrication issue in additive

manufacturing domains. In order to be able to feasibly solve the prefabrication
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1.4 Context of the Study

(process planning) problem in robotic construction 3D printing systems, a method

to model the tasks necessary to enable the robot to carry out an concrete 3D

printing process is needed. Thus, it requires planning techniques that includes

both robotic construction 3D printing task planning and motion planning. In

this research work, it will be demonstrated that applying AI planning techniques

not only can be understood as a promising solution for the printability checking

issue but also can be considered as an appropriate and effective approach for the

prefabrication problem in construction robotic technologies.

Furthermore, an integrated parallel computing of printability checking and

process planning may accelerate computing time and reduce the time consump-

tion of the manufacturing process.

1.4 Context of the Study

AI is mostly defined and specified as machine capability to solve given problems

by itself in the absence of human intervention based on available data and expe-

riences of the past. Hence, applications of AI to additive manufacturing industry

could enhance the performance of 3D printer machines by decreasing the possible

printing errors and improving the automatic process. On this basis in this the-

sis, a methodology to apply some AI techniques to task of performing automatic

robotic concrete 3D printing operation is described. Thus, the task of AI is to

create a bridge between the physical and digital worlds.

In fact, the main focus of this study is on the planning algorithm expressed

in PDDL 2.1 to provide a intelligent module that can generate tasks required

by a robotic construction 3D printer to follow in order to perform a 3D printing

process. It will be demonstrated in next sections that the proposed AI module

can be understood as a promising approach for printability checking and process

9



1.5 Objectives and Contributions

planning issues in robotic construction 3D printers.

1.5 Objectives and Contributions

In this thesis, an AI planning framework is developed and proposed to generate

the commands that a robotic construction 3D printer platform will have to follow

in order to carry out an automatic operation. The commands by AI planning

system will then be input to a robotic simulator, that will provide the ability of

monitoring the whole 3D printing process for the user. Finally, the commands

will be executed by the robotic platform thus performing the additive manufac-

turing tasks, while meeting all the principal requirements concerning printability

checking and prefabrication of a concrete 3D printing operation. It should be

noted that the AI system proposed in this study is not intended to substitute

the existent robotic contraction 3D printer systems, but rather to integrate and

assist such systems. The work, described in this thesis, reports a high feature of

novelty, as no similar implementations of AI planning frameworks to a robotic

concrete 3d printer platform could be observed in the scientific literature.

1.6 Overview of the Thesis

This thesis consists of the following parts as described below:

1. Introduction: This section gives a brief introduction about the background

of additive manufacturing, robotic construction 3D printing, AI planning, re-

search aims, scope and contribution of this thesis.

2. State of the Art: This section gives a detailed view on previous research

on robotic construction 3D printing technologies, portability checking and pre-

10



1.6 Overview of the Thesis

fabrication in the additive manufacturing industry.

3. Related Works: This section overlooks the various the works carried out

on applications of AI to 3D Printing and planning techniques in additive manu-

facturing industry.

4. An Intelligent System for Planning RC3DP Operations: This section

describes rationale, assumptions, problem statement, reference scenario and the

formulation of the AI planning system.

5. Experimental Analysis: This section explains the procedures of simula-

tion scenario and scalability tests and reports the obtained results from these

procedures as well.

6. Conclusions: This chapter concludes the findings and analyses of devel-

opment of the proposed AI planner for robotic construction 3D Printers in the

present and future.

11



Chapter 2

State of the Art

Summary

Although the robotic technology is developing fast in the past decades, applica-

tion of robots in additive manufacturing industry is almost a new research topic

[39]. Given this, the presented literature covers various parts of the research in-

cluding two main issues in additive manufacturing domains, namely “printability

checking” and “prefabrication”.

2.1 Prior Work on RC3DP Technologies

Among the developed and presented methods and techniques for construction 3D

printers, the extrusion-based additive manufacturing approaches have been the

most investigated and studied [40]. In this technique, the cement-based material

is dispensed precisely at predefined locations by means of a printhead (extruder).

Accordingly, the printhead moves in a 3D space based on a predetermined path to

build up the predesigned object in a layer-by-layer way [41]. It is worth to mention

that the success of this process highly depends on the material structural build-

12



2.2 Prior Work on Printability Checking

up rate and the construction rate [42]. Nematollahi et al. in [43] report some

remarkable benefits of using extrusion-based additive manufacturing methods in

respect of reducing the construction cost and time, reducing the injury rates

and increasing architectural freedom. Several types of construction 3D printers

such as Cartesian robots [44], robotic arms (manipulators) [45], cable driven

parallel robots [46] and Delta robots [47] are currently in used and various objects

[41] have been produced by these robotic platforms. In a concrete 3D printing

process, printing speed, printhead shut-off system, stand-off distance (SOD) and

temperature are parameters which are needed to be controlled and predefined as

they affect the shape, quality and behavior of printed concrete objects [48; 49]

2.2 Prior Work on Printability Checking

In additive manufacturing domains, the term printability basically refers to the

ability to closely reproduce a 3D model by means of a 3D printer device [50]. The

printability of a 3D object depends on several factors such as consumption time,

manufacturing cost, building material, geometry specifications of the object, etc

[51; 52; 53; 54]. Fudos in [55] developed and proposed an approach to analyze

and evaluate the complexity of the geometrical features (vertices in polynomial

meshes, edges, faces, etc.) of the object to be printed. These characterization are

directly extracted from a computer-aided design (CAD) file. Nevertheless, in a

real practical 3D printing operation by dealing with a numerous features and a

high amount of data, there is a very high risk of failure for this technique. On the

other hand, various studies regrading to printability checking have been carried

out based on machine learning (ML) techniques [56; 57; 58; 59]. A challenging

problem which arises with such approaches is that current ML methods need a

large amounts of data for training models but in robotic construction 3D printing

13
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machines, obtaining high-fidelity data is a critical problem [60].

2.3 Prior Work on Prefabrication

Apart from printability, prefabrication or process planning is another issue in ad-

ditive manufacturing domains. In fact, geometry specifications of the 3D model

and time consumption time are the most important factors in a process planning

for a robotic construction 3D printer. While geometry specifications of the 3D

model can effect path planning and control approaches, consumption time should

closely match up to a real practical scenario [40; 61]. So far, various approaches

have been developed to solve the prefabrication problem in construction 3D print-

ing industry [62]. The proposed approaches are mostly based on converting 3D

model into a set of slicing planes, Graphic Processing Unit (GPU) schemes and

search algorithms for the optimal printing trajectory [63; 64; 65; 66]. However,

one major drawback of these methods is the The high computational complexity.

It is worth noticing that a few works can be found on the integration of

printability checking and process planning in the field of additive manufacturing

in the literature [67].

14



Chapter 3

Related Works

Summary

With the continuous development of AI and construction 3D printing at the same

time, how to integrate AI techniques into additive manufacturing industry in or-

der to drive the transformation of traditional construction and improve efficiency

of operation has become a hot research topic. Currently, robotic construction 3D

printing (RC3DP) is still immature, there are many issues in theory,approaches

and applications. AI provides new solutions for these problems by applying a

number of methods, such as machine learning and computer vision, to construc-

tion 3D printing.

3.1 Research on Applications of AI to 3D Print-

ing

In the last few decades, researchers and scientists have worked and published ar-

ticles as well on the application of AI and its domains to tackle construction spe-

cific issues and challenges. For example, machine learning has been applied and

15



3.2 Research on Planning in Additive Manufacturing

used for health and safety monitoring, cost estimation, supply chain and logistics

process improvements, possible risk prediction amongst others [68; 69; 70; 71].

Intelligent robots has been used and applied in site monitoring and performance

evaluation, virtual assembly, and the management of construction buildings, plant

and equipment [72; 73; 74]. Furthermore, knowledge-based systems have also

been used and applied for tender evaluation, conflict resolution, risk analysis,

waste management, sustainability evaluations, etc [75; 76]. Despite recent and

remarkable developments in automated and semi-automated AI-based optimisa-

tion of 3D printing operations, researchers have addressed many issues to solve

[77]. The main applications focused on parameter optimisation, and anomaly de-

tection, and may be classified into several kinds of machine learning techniques,

including regression, classification, and clustering [78].

3.2 Research on Planning in Additive Manufac-

turing

There have been a large mounts of research works on trajectory planning and opti-

mization for use on industrial robots in various fields such as welding [79], painting

[80], cleaning [81] and finishing [82]. Regarding to robotic additive manufactur-

ing operations, Ding et al. [83] proposed an adaptive path planning for wire-feed

additive manufacturing by using medial axis transformation. The proposed al-

gorithm was applied by a robotic wire platform and arc additive manufacturing

system and casused material savings, voidfree deposition, and improved accuracy

at the boundary. This research presented an advanced additive manufacturing

algorithm, however, not many works have been carried out on robotic trajectory

planning. Another research project was developed on a robotic additive manu-

facturing operation by Zhang et al through the direction of curved surfaces [84].

16
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In [85], a robotic additive manufacturing process is simulated by means of the

RobotStudio software and the fabrication process is performed accordingly.

17



Chapter 4

An Intelligent System for

Planning RC3DP Operations

Summary

Typically, AI planning systems are faced with following steps: given, i) a com-

plete description and specification of the initial state of the world (an application

domain), ii) a set of action schemas that identify how the world may change, and

iii) a goal condition, the system has to find a sequence of actions in such man-

ner when applied one after the other in the initial state, it transforms the state

into one which satisfies the goal condition [86]. In this study, the AI planning

system allows planning and execution of different tasks, assigned to a robotic

construction 3D printing process, based on orchestrating the behavior of different

modules. The data, structure and specifications formats of the intelligent system,

developed and proposed in this work, is described in this section.

18



4.1 AI System Principals

4.1 AI System Principals

Generally, AI planing systems are problem-solving algorithms that operate on

explicit propositional or relational representations of states and actions. These

definitions provide the possibility to obtain effective heuristics and the devel-

opment of powerful and flexible algorithms for solving problems [87]. As was

pointed out in Section. 1, the main goal of the work presented here is to develop

a planner allocated to automatic robotic construction 3D printing operations in

a “virtual reality” environment to conform the requirements of printability and

prefabrication in such systems. Hence, the task of the AI system is to make a

bridge between the physical and digital worlds (environments), namely the “real”

world of the additive manufacturing process and the simulation environment. Ac-

cordingly, a robotic arm has to follow the commands generated by the AI planner

in order to perform the 3D printing tasks based on printing requirements and ge-

ometry specifications of the object to be printed. Fig. 4.1 represents the phases

of the proposed AI planning system. Accordingly, the problem considered in this

work can be defined as follows: given the geometry specification of a 3D object to

be printed and printing process requirements, determining a plan as an ordered

set of actions:

A = {a1, . . . , ak, . . . , an;≺} (4.1)

where every action ak involves construction 3D printing operations to be executed

by a robotic arm platform. Hence, the 3D printing process consists of a sequence

steps that should satisfy the following conditions:

• The extrusion approach of the building material is based on the infinite

brick strategy [88];

• Each object to be printed consists of either one layer or a number of layers;
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• Each layer of the object to be printed is subdivided into edges (links) and

vertexes;

• The object to be printed contains only direct bar-shaped edges;

• The cross-section size of each printed layer is equal to the outlet dimension

of the printhead nozzle;

• Printing of layers should be done in a sequence way;

• Printing of each edge should be done with a specific constant velocity;

• The object to be printed has a uniform layer shape;

• The building material is cement-based;

• There is a resting time between printing two stacked layers;

• The height of the printhead above the layer to be printed during the printing

process is almost equal to the printhead nozzle outside width.
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4.1 AI System Principals

Figure 4.1: Phases in the intelligence system which starts from geometry specifi-
cations and printing requirements of a 3D object, through an AI planning frame-
work, carries out a simulation.

Based on above conditions, the geometry configuration of the 3D object to be

printed can be defined as a 2-ple α = (Υ,Γ), where Υ is the ordered set of the

object vertices (v) and Γ represents a set of function which refer to the angle (θ)

and length (ζ) of the object edges, i.e.,


Υ = {v00, . . . , v0j, vi0, . . . , vij}

Γ = {fl(v00, v01), . . . , fl(vij−1, vij)}
⇐⇒


i = 0, 1, . . . , Nβ − 1

j = 0, 1, . . . , Nγ − 1
(4.2)

where each vij ∈ Υ is characterized by its position in the x − y plane i.e.,

vij = (xij, yij). While Nβ and Nγ represent the number of layers and vertices

respectively, fl is a function referring to the angle (θij−1ij ) and length (ζ ij−1ij ) be-

tween two connected vertices (a link) in the x − y plane respect to the global
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Figure 4.2: A graphical representation of the layer of an object with two edges
(links) from top view.

reference frame as:

fl(vij−1, vij) = (θij−1ij , ζ ij−1ij ) (4.3)

To exemplify the mathematical formulations used to describe a 3D object in

this work, a top view of a graphical representation of an object with two edges

(links) is shown in Fig. 4.2. By knowing that the printhead has a cartesian motion

above and aligned with the layer to be printed during the printing process, the

robot configuration (Crobot) can be defined through the end-effector path in the

operative space (Coper) from a given start to a given goal state. For example, the

robot configuration space, Crobot ⊆ Coper, is the space where the robot does not

collide with the printed structure or itself and it can be mathematically expressed

as:

Crobot = B
(
u(t)

)
(4.4)
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Figure 4.3: An overview of the AI planning framework for robotic construction
3D printing applications.

in which u and t represent the motion law and instantaneous time respectively. B

can be any convenient parametrized form of the robotic arm based on the print-

head (end-effector) path. Accordingly, the time interval between two consecutive

vertices for the robot end-effector can be computed as:

∆tij−1ij =

∣∣vij − vij−1∣∣
ψij−1ij

=
ζ ij−1ij

ψij−1ij

(4.5)

where ψij−1ij is a constant linear velocity of the printhead during the printing

operation of an edge. It should be pointed out that one of the important criteria

to be considered for choosing a robotic manipulator for construction 3D printing

applications is the robot’s workspace (envelope). That is, the workspace structure

is important for assuring kinematic characteristics of the robot during the 3D

printing operation in a way that the robotic arm can reach any given point in

space, with any given orientation.

4.2 AI Planning Approach

A robotic construction 3D printing platform needs logical reasoning to determine

which actions (tasks) are required to achieve a given goal, and it also needs geo-

metric reasoning to know if and how these actions can be physically implemented.

On this basis, the main objective of the AI planning approach is to combine log-
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ical and geometric reasoning for carrying out an automatic robotic construction

3D printing process. An overview of the AI planning framework, used in this

work, is shown in Fig. 4.3. As it can be seen, the framework mainly consists of

two elements, namely task planning and motion planning modules. While at a

high-level control perspective, the task planner generates a sequence of discrete

or symbolic actions (tasks) from an initial state to a predefined goal state, the

motion planner determines corresponding paths through the robotic arm con-

figuration space characterized by numerical robot motion commands (low-level

control).

A wide range of problems such as 3D objects with different geometry specifica-

tions and printing requirements can be covered by the task planning to generates

AI plans. An AI plan, defined formally in Ex. 4.1, is as an order sequence of

n actions whose execution changes the initial state from sI to sG (goal state)

through a finite set of states:

S = {sI , . . . , se, . . . , sG;≺} (4.6)

In a plan, each action may correspond to one or more scripted robot behaviors;

in other words, each action ak in an AI plan is assumed to transform a state se into

a state se+1. In accordance with the definition of AI plan and problem description

file, a task domain model can be defined as a 5-ple Λ = (S,A, γ, sI , sG) where

γ : S × A → S is a deterministic state-transition function which gives one state

when applicable. Thus, the AI plan generated by the task planning is in the

string format (language) of Λ. As it is computationally difficult and infeasible

to represent all the states (S) in an explicit manner even for small task planning

problems, the Planning Domain Definition Language (PDDL), which benefits

from various compact and symbolic representations, has been used to formulate

the domain model in this work.
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Assuming that, a 3D object (α) is aimed to be printed based on a plan (ac-

tions) by the task planning module. A motion planing module for the robotic

arm is needed to find valid paths through Coper from an initial configuration

(qI ∈ Coper) to a goal configuration (qG ∈ Coper). Hence, the motion plan can be

defined by restating Eq. 4.4 as an ordered set of robot configurations:

Crobot = {qI , . . . , qr, . . . , qG;≺}, ‖qr+1 − qr‖ ≤ ε (4.7)

in which every qr ∈ Coper corresponds to joints position vector for the robot.

Consequently, Eq. 4.7 can also be inferred as a continues trajectory τ : [0, 1] →

Coper for the manipulator during 3D printing operation such that τ(0) = qI and

τ(1) = qG.

As it was mentioned in Section.4, the robot moves in a planar dimensional

worlds (W = R2) during the printing edges of a 3D object. It should be noted that

the MoveIt software [89], which is a widely-used motion planning package, has

been used in this work to model the configuration space of the robot manipula-

tor. Furthermore, robotic construction 3D printing commands such as switching

on/off the printhead (opening and closing the nozzle) have been considered as

independent robot configurations (qr ∈ Coper).

4.3 AI Planning Formulation

In order to address the issue introduced in this work, Planning Domain Defi-

nition Language (PDDL) has been exploited to formulate the AI task planning

explained in Section. 4.2. PDDL was introduced by Drew McDermott in 1988

to represent planning problems. PDDL is a language which is influenced by the

STRIPS formulations of AI planning problems and it is widely used in the aca-

demic planning community. In PDDL, the description of the predicates, functions
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and action schemas is separated from the definition of the initial state and the

goal condition. While the first part is principally referred to the planning domain

model (planning domain), the second part is involved in the problem description

(planning problem) of the AI planning system. Such type of structuring that

not only provides the use of variables to parameterize actions but also to reclaim

and reuse a single domain file with various problem description files [34]. In

particular for a robotic additive manufacturing application, functionalities of a

robotic platform that may be available at different times are specified in a plan-

ning domain. By using this planning domain, different geometry specifications

and printing requirements for 3D objects to be printed as well as goal conditions

for the corresponding robotic additive manufacturing tasks can be represented in

planning problems.

Several extensions of PDDL have been introduced so far. Every version of

PDDL defines new necessities that should be supported and enhances the flex-

ibility and functionality of PDDL language. One of the most practical PDDL

versions is PDDL 2.1, which is used in this work, specifies the possibility to use

numerical variables, plan-metrics, and durative actions which allow planning with

conditions [? ]. The syntax of PDDL 2.1 is formed based the logical represen-

tation of literals with the use of a prefix notation. As an instance, the positive

literal initial vertex(vij) may be represented as (initial vertex ?vtx) where

the variable is denoted with a preceding question mark (?). Correspondingly,

the initial state is described as a set of positive ground literals. This provides

an entire identification of the state based on a closed-world assumption, i.e., for

all the ground literals not included in the set, the negative version of the literal

is supposed to hold. Regarding to action schemas, in the case of preconditions

and conditions, a set of positive literals describe what requires to be specified in

the state representation of an action to be executable, and for the effects of an
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action, a set of positive and negative literals describe how the states should be

changed and transformed after the action execution: all the positive literals in

the set of effects are added in the set specifying the state, and all negative literals

are removed. A goal condition in PDDL also includes a set of positive ground

literals. Basically once all the literals listed in the goal condition are involved in

the set that defines the state, the goal will be satisfied. In PDDL 2.1, the spe-

cial prefixes like (:predicates ...), (:functions ...), (:action ...) and

(:durative-action ...) are used to specify of the planning domain. Accord-

ingly, a planning problem components are specified through the special prefixes

(:objects ...), (:init ...) and (:goal ...). This notation will become

more clear in this section by explaining the basics of the planning domain and

problem files for a robotic construction 3D printing process in the following.

The predicates of the AI planning domain file essentially represent properties

of the state of the robotic construction 3D printing process at any time. In

particular, the following predicates describe information regarding to the status,

motion paths, position and rotation of the available robotic manipulator end-

effector (printhead nozzle):

• (valid move ?vtx from - vertex ?vtx to - vertex)

• (visited ?vtx - vertex)

• (nozzle at ?vtx - vertex)

• (nozzle is open)

• (nozzle is close)

• (on same way ?vtx from - vertex ?vtx to - vertex)

• (not on same way ?vtx from - vertex ?vtx to - vertex)
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By way of illustration, the predicate (visited ?vtx - vertex) specifies that the

printhead has been already located on the top of the vertex vij. The following

predicates specify the 3D geometry of the object to be printed:

• (printed link ?vtx from - vertex ?vtx to - vertex)

• (not printed ?vtx from - vertex ?vtx to - vertex)

• (above on ?vtx from - vertex ?vtx up - vertex)

• (initial vertex ?vtx - vertex)

As it was mentioned in the former sections, both the robot configuration

and geometry specifications of the 3D object are characterized based on propri-

eties of the object vertices and the relationships between them. For example,

the predicate (nozzle at ?vtx - vertex) indicated that the robot end-effector

(printhead) is located on the top of the vertex vij with a dedicated distance. The

printhead path during the printing process as well as object links (edges) are spec-

ified via (valid move ?vtx from - vertex ?vtx to - vertex). It should be

noted that some literals such as (nozzle is open) are served as book-keeping

information for modeling the robotic platform actions and their corresponding

effects.

Numeric expressions (numeric fluents) are defined through functions in the

domain description file. The functions are declared similar to predicates and

their values may vary when an action is executed. A list of functions used in this

study is given as:

• (layer tickness)

• (nozzle angle)

• (nozzle height)
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• (rest time)

• (relocate time)

• (change layer)

• (link length ?vtx from - vertex ?vtx to - vertex)

• (printing velocity ?vtx from - vertex ?vtx to - vertex)

• (motion angle ?vtx from - vertex ?vtx to - vertex)

• (link height ?vtx from - vertex ?vtx to - vertex)

The functions as same as predicates are used to encode state variables of the

robotic additive manufacturing operations. For instance, (link length ?vtx from

- vertex ?vtx to - vertex) indicates to the length of the object edges (ζ ij−1ij ).

An action schema in a domain file describes an approach that can effect the

state of the world. PDDL 2.1 supports both simple and durative action schemes

which are defined in terms of their parameters, duration (for durative-action

schemata), preconditions (for action schemata), conditions (for durative-action

schemata) and effects which may include either positive or negative predicates

and also numeric and conditional expressions. The action schemes, developed

and used in this research, are as follows:

• print (?from - vertex ?to - vertex)

• switch off (?from - vertex ?to - vertex)

• switch on (?from - vertex ?to - vertex)

• rotate nozzle (?from - vertex ?to - vertex)

• go to init (?from - vertex ?to - vertex)
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• waiting (?from - vertex ?to - vertex)

• increase nozzle height (?from - vertex ?to - vertex ?up - vertex)

Each aforementioned actions schemes has an intuition meaning. For example,

the following statement is a classical instantaneous action schema for switching

on the printhead (opening the nozzle) during a 3D printing process:

1 ( : a c t i on switch on

2 : parameters (? from − ver tex ? to − ver tex )

3 : p r e cond i t i on ( and

4 ( n o z z l e a t ? from )

5 ( val id move ? from ? to )

6 ( v i s i t e d ? from )

7 ( no t p r in t ed ? from ? to )

8 ( on same way ? from ? to )

9 ( n o z z l e i s c l o s e ) )

10 : e f f e c t ( and

11 ( not ( n o z z l e i s c l o s e ) )

12 ( n o z z l e i s o p e n ) )

13 )

The intuition is that a ground instance of the action schema switch on

(?from - vertex ?to - vertex) is performed once the switched-off printhead

(closed nozzle) (nozzle is close) is located at the beginning of an edge, i.e., the

robot end-effector is on the top of vij−1, (nozzle at, visited and valid move).

The edge has not been printed yet (not printed) and the printhead is properly

aligned with the direction (θij−1ij ) of this target edge (on same way). As the result

of performing the action is that the prinhead receives a signal to be switched-on

(nozzle is open and not (nozzle is close)).

The main difference between actions in classical planning and temporal plan-

ning is that in the latter it must be specified if an effect takes place at the start
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or end of an action as well as if a condition is for the start, end, or entire dura-

tion. From the modelling perspective, a durative action is distinguished from a

classical instantaneous action by using the prefix (:durative-action ...) to

describe it in the domain description file. An example for a durative action in

this work is the one for concrete 3D printing of an edge which is defined as:

1 ( : durat ive−ac t i on p r i n t

2 : parameters (? from − ver tex ? to − ver tex )

3 : durat ion (= ? durat ion (/ ( l i n k l e n g t h ? from ? to ) (

p r i n t i n g v e l o c i t y ? from ? to ) ) )

4 : cond i t i on ( and

5 ( at s t a r t ( n o z z l e a t ? from ) )

6 ( at s t a r t ( val id move ? from ? to ) )

7 ( at s t a r t ( n o z z l e i s o p e n ) )

8 ( at s t a r t ( no t p r in t ed ? from ? to ) )

9 ( at s t a r t (> ( n o z z l e h e i g h t ) ( l i n k h e i g h t ? from ? to ) ) )

10 ( at s t a r t ( on same way ? from ? to ) ) )

11 : e f f e c t ( and

12 ( at end ( not ( n o z z l e a t ? from ) ) )

13 ( at end ( not ( no t p r in t ed ? from ? to ) ) )

14 ( at end ( n o z z l e a t ? to ) )

15 ( at end ( v i s i t e d ? to ) )

16 ( at end ( p r i n t e d l i n k ? from ? to ) ) )

17 )

The intuition is that the duration of a ground instance of this durative ac-

tion schema is the printing time between the initial vertex vij−1 and final vertex

vij of an edge which is obtained from Eq. 4.5. This action schema can be per-

formed after locating the switched-on nozzle (nozzle is open) in correct orienta-

tion (θij−1ij ) (on same way) and position (nozzle at and (> (nozzle height)

(link length))) respect to the first vertex of the edge to be printed (valid move

and not printed). Conversely, at the end of the action, the target edge will be
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printed (printed link and not (not printed)) and the nozzle will be located

in the top of the second vertex (nozzle at, not (nozzle at) and visited) of

the printed link.

Note that the difference from a classical instantaneous action’s :precondition

section, there is the :condition section in a durative action schema. Further-

more, predicates or expressions with at start prefixed to them, imply that the

condition must be true at the start of the action in order for the action to be ap-

plied. In like manner, predicates and expressions with at end prefixed to them,

mean that the expected effects must be true at the end of the action execution.

In this work in order to allow maximum compatibility with available planners,

only positive literals in the preconditions of actions have been used.

A problem file is what an AI planning system tries to solve. A problem file is

formalized with the :objects section , specifying all the available objects (e.g.,

here an object of vertex is specified), :init and :goal sections to describe the

initial state and the desired final state, using positive ground literals. While the

initial state is defined as a list of literals, the goal condition is formalized as a

logical sentence.

The complete domain model file as well as problem description files, developed

and used in this work, are reported in Appendix. A.

32



Chapter 5

Experimental Analysis

Summary

In this section, the robotic simulator framework, developed in this work, for

converting action sequences by the AI planner to numerical motion control com-

mands of a manipulator (from high- level to low-level control [90]) as well as the

3D printing results of two objects are described in details. Moreover, in order to

evaluate the performance of the AI algorithm, scalability tests have been carried

out and the obtained results have been discussed accordingly.

5.1 Simulations

The target 3D objects to be printed in this work are depicted in Fig. 5.1 and

Fig.5.2 where every vertex is represented with vtxij. Subsequently, the problem

description files have been developed based on geometry specifications and 3D

printing necessities of the target objects.
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Figure 5.1: The closed-shape 3D object to be printed. The object consists of two
layers and direct edges.

Figure 5.2: The open-shape 3D object to be printed. The object consists of two
layers and direct edges.
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Figure 5.3: The robotic simulator framework for converting AI plan tasks to
robotic numerical motion control commands and 3D printing operations.

In order to obtain the plan for a robotic additive manufacturing process,

the ROS module ROSPlan [91] has been used. ROSPlan solves the resulting

planning problem using heuristic forward search planners such as the Partial

Order Planning Forwards (POPF) planner [92] which is a temporal planner based

on PDDL 2.1. Accordingly, the initial conditions as the preliminary data must

be taken into account as follows:

• The coordination of all vertexes of the target object and the relation be-

tween them are known;

• The edges and links between vertexes that printhead can move toward are

known;

• The printing velocity for each edge is known;

• The thickness of each layer, as well as the dimension of the nozzle cross-

section, is known;

• The resting time between stacked layers and the time that the printhead

requires to be relocated in the start point of each printed surface (layer) are

known;

• The initial position, orientation and on-off status of the printhead are

known.
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The actual concrete 3D printing operation is then carried out in a step-by-step

manner as follows:

1. While the printhead is switched-off, it is located at the start point (above

the first vertex of the first layer) and its direction is in the same direction

of the first edge;

2. The printhead receives a signal (command) to be switched-on (switch on);

3. While the printhead is switched-on, it starts to move along the predefined

trajectory with a dedicated constant velocity and during the same period

of time the first edge is being printed (print);

4. While the first edge is printed and printhead is located above the second

vertex, the printhead receives a command to be switched-off (switch off);

5. While the printhead is switched-off, the manipulator end-effector starts to

rotate in a way that the printhead direction be in the same direction of the

second edge (rotate nozzle).

6. The steps 2, 3, 4 and 5 will be repeated for non-printed vertexes and edges

until the printing termination of the first layer;

7. If the object to be printed has a closed geometric shape, the printhead is

located at the start point and it remains fix until satisfying the resting

time condition between two stacked layers. Otherwise, the object has an

open geometric shape and the switched-off printhead first moves from the

above of the last vertex to the start point (go to init) and then it remains

constant based on the resting time condition between two stacked layers

(waiting);
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8. With the passing of the resting time, the robot end-effector goes up verti-

cally in a way that the printhead be located in the start point of the second

layer (increase nozzle height);

9. While the printhead is located in the start point of the second layer and it

is in the switched-off mode, the robot end-effector starts to rotate in a way

that the printhead direction be in the same direction of the second edge of

the second layer (rotate nozzle);

10. The rest of the printing process contains the repetition of the presented

procedure for non-printed layers from step 2 until the printing termination

of the 3D object.

The robotic manipulator chosen to perform the 3D printing operation under-

going the simulation test phase is a commercial Universal Robot (UR10), whose

kinematic features are well known; however, the simulation can be implemented

with other standard robotic manipulator based on the user’s application and

dimension of the 3D object to be printed. Figure. 5.3 shows the overview of

the simulation procedure built in the Robot Operating System (ROS - Noetic)

environment [93]. As it can be seen and previously mentioned, the AI plan is

generated and executed with the ROSPlan planning framework tool based on the

defined domain and problem files. Then, the corresponding actions (tasks) by

the AI plan are dispatched to the MoveIt software through a ROS node. Ac-

cordingly, the angle and speed information of the robot joints for creating the

motion plan are calculated by the MoveIt. Figure. 5.4 shows a screenshot of

the MoveIt graphical interface panel for the simulation operation. It is worth

to mention that all programs related to the MoveIt software are developed with

C++ programming language.

In the next step, the information generated by the MoveIt including the ma-
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Figure 5.4: A screenshot of the motion planning configuration developed and
displayed in the MoveIt control panel.

nipulator kinematics data and switch on/off signals of the printhead are trans-

ferred to the CoppeliaSim robotics simulator [94] through ROS nodes for visu-

alizing robotic construction 3D printing operations. Example frames from the

simulation scenario for the closed-shape and open-shape 3D objects in the Cop-

peliaSim simulator are shown in Figure. 5.5 and Figure. 5.6 respectively. On

this basis, the operator is able to check the manipulator motion in a virtual envi-

ronment prior to the execution of additive manufacturing operations in the real

world in terms of robot motions and corresponding 3D printing actions.

Overall, the results of the simulation found clear support for the printabil-

ity checking and prefabrication in robotic construction 3D printing applications.

In fact, important and explicit information can be extracted from the obtained

results regarding to the robot motion, trajectory constraints, process time, man-

ufacturing cost, actions executed by the robotic platform and possible collisions

between the robot and printed structure.
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It is worth to point out that the real operation will have to be executed by

using standard devices based on safety protocols, so as to have a secure and safe

operation.

The generated plan for the 3D printing of the closed-shape and open-shape

3D objects are given in Appendix. B.

5.2 Evaluations

In order to evaluate more task-level actions and escalating the task level com-

plexity of the proposed approach, the scalability tests [95; 96] have been carried

out. The tests are implemented on fifteen 3D objects with different geometry

specifications (printing scenario). In fact, we intend to examine the impact of

increasing the number of the object edges and the complexity of the 3D printing

process on the proposed AI planning system. A top view of objects used in the

tests are illustrated in Figure 5.7 where each shape represents 3D objects with

one, two and three layers.

All the tests are conducted on a computer with Intel i7-7500U CPU, 8 GB

of RAM and Linux operating system (Ubuntu 20.04 LTS) by means of POPF

(via ROSPlan) and Local search for Planning Graphs (LPG) [97; 98] planners.

Correspondingly, the planners have been run 10 times to take into account the

randomness associated with the employed heuristics. Subsequently, planners gen-

erate plans for the robotic concrete 3D printing operation of each target object

and the execution time of each iteration has been recorded. The obtained results

from these tests are shown graphically in Figure 5.8 where mean, minimum and

maximum of solution times for different problem instances are shown through

box plots. It can be clearly seen that when the number of links increase, plan-

ning time significantly increases as well, and thus the means. Furthermore, it can
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(a) Printing process of the first layer.

(b) Printing process of the second layer.

Figure 5.5: The simulation scenario of the robotic concrete 3D printing operation
for the closed-shape 3D object in CoppeliaSim.
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(a) Printing process of the first layer.

(b) Printing process of the second layer.

Figure 5.6: The simulation scenario of the robotic concrete 3D printing operation
for the open-shape 3D object in CoppeliaSim.

Figure 5.7: A top view of objects used in scalability tests. Each depicted shape
represents 3D objects with one, two and three layers.
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Figure 5.8: Execution times (runtime) for robotic concrete 3D printing scenarios
of target objects including mean, minimum and maximum of solution times.

also be inferred that the LPG planner is rather faster than the POPF planner.

It is worth noting that the AI plans are also evaluated and generated with the

Temporal Fast Downward (TFD) planner [99], but the results are not reported

in this manuscript due to the high calculation time by this planner.
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Chapter 6

Conclusions

In this thesis, an application of the AI to robotic construction 3D printing sys-

tems is presented and described. Namely, AI planners expressed in PDDL 2.1

have been developed to obtain sequences of operations to be input to the control

system of a robotic manipulator in order to perform specific tasks for creating spa-

tial objects with different geometry specifications according to the requirements

of printability checking and prefabrication in robotic construction 3D printing

applications.

The AI techniques, including domain and problem files and generated plans,

employed in this work have been described both in their theoretical approach

and in their implementation. In continue, a robotic simulator framework has been

built and explained so as to be able to test and evaluate the developed approach in

a virtual environment by monitoring two concrete 3D printing processes within

trajectories generated for the robot and 3D printing actions by the intelligent

planners. The results of the simulation scenarios have been satisfying, in the sense

that the concrete 3D printing operation can be effectively reproduced in a virtual

environment by meeting all the essential requirements concerning printability

checking and prefabrication. Moreover, the performance of the approach has

been examined through scalability tests which show that incrementing edges and
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layers of a 3D object increases the execution time of the AI planner.

The present findings confirm the combination of 3D printing with AI can

increase the performance of 3D printers through the reduction of errors and au-

tomation of production process by reproducing efficiently the robotic commands

in a virtual environment. Furthermore, AI planning techniques can be understood

as a promising solution for problems of prefabrication and printability checking

in construction robotic technologies.

Further developments of the work will be aimed at implementing the concrete

3D printing operation in a real operating environment and using an existent

industrial robotic manipulators, so as to get a working prototype of the whole

additive manufacturing system, that will then be thoroughly tested.
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Appendix A

Domain Model and Problem
Description Files

An excerpt of the PDDL 2.1 domain file for a robotic concrete 3D printing pro-

cesses, used in this thesis, is given as follows:

1 ( d e f i n e ( domain c o n c r e t e p r i n t e r )
2 ( : requ i rements : typing : durat ive−a c t i o n s : f l u e n t s )
3 ( : types
4 ver tex
5 )
6 ( : p r e d i c a t e s
7 ( val id move ? vtx from − ver tex ? vtx to − ver tex )
8 ( p r i n t e d l i n k ? vtx from − ver tex ? vtx to − ver tex )
9 ( above on ? vtx from − ver tex ? vtx up − ver tex )

10 ( v i s i t e d ? vtx − ver tex )
11 ( i n i t i a l v e r t e x ? vtx − ver tex )
12 ( n o z z l e a t ? vtx − ver tex )
13 ( n o z z l e i s o p e n )
14 ( n o z z l e i s c l o s e )
15 ( no t p r in t ed ? vtx from − ver tex ? vtx to − ver tex )
16 ( on same way ? vtx from − ver tex ? vtx to − ver tex )
17 ( not on same way ? vtx from − ver tex ? vtx to − ver tex )
18 )
19 ( : f u n c t i o n s
20 ( l a y e r t i c k n e s s )
21 ( n o z z l e a n g l e )
22 ( n o z z l e h e i g h t )
23 ( r e s t t i m e )
24 ( r e l o c a t e t i m e )
25 ( change laye r )
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26 ( l i n k l e n g t h ? vtx from − ver tex ? vtx to − ver tex )
27 ( p r i n t i n g v e l o c i t y ? vtx from − ver tex ? vtx to − ver tex )
28 ( mot ion angle ? vtx from − ver tex ? vtx to − ver tex )
29 ( l i n k h e i g h t ? vtx from − ver tex ? vtx to − ver tex )
30 )
31 ( : durat ive−ac t i on p r i n t
32 : parameters (? from − ver tex ? to − ver tex )
33 : durat ion (= ? durat ion (/ ( l i n k l e n g t h ? from ? to ) (

p r i n t i n g v e l o c i t y ? from ? to ) ) )
34 : cond i t i on ( and
35 ( at s t a r t ( n o z z l e a t ? from ) )
36 ( at s t a r t ( val id move ? from ? to ) )
37 ( at s t a r t ( n o z z l e i s o p e n ) )
38 ( at s t a r t ( no t p r in t ed ? from ? to ) )
39 ( at s t a r t (> ( n o z z l e h e i g h t ) ( l i n k h e i g h t ? from ? to ) ) )
40 ( at s t a r t ( on same way ? from ? to ) ) )
41 : e f f e c t ( and
42 ( at end ( not ( n o z z l e a t ? from ) ) )
43 ( at end ( not ( no t p r in t ed ? from ? to ) ) )
44 ( at end ( n o z z l e a t ? to ) )
45 ( at end ( v i s i t e d ? to ) )
46 ( at end ( p r i n t e d l i n k ? from ? to ) ) )
47 )
48 ( : a c t i on s w i t c h o f f
49 : parameters (? from − ver tex ? to − ver tex )
50 : p r e cond i t i on ( and
51 ( n o z z l e a t ? to )
52 ( val id move ? from ? to )
53 ( v i s i t e d ? from )
54 ( v i s i t e d ? to )
55 ( p r i n t e d l i n k ? from ? to )
56 ( on same way ? from ? to )
57 ( n o z z l e i s o p e n ) )
58 : e f f e c t ( and
59 ( not ( n o z z l e i s o p e n ) )
60 ( n o z z l e i s c l o s e ) )
61 )
62 ( : a c t i on switch on
63 : parameters (? from − ver tex ? to − ver tex )
64 : p r e cond i t i on ( and
65 ( n o z z l e a t ? from )
66 ( val id move ? from ? to )
67 ( v i s i t e d ? from )
68 ( no t p r in t ed ? from ? to )
69 ( on same way ? from ? to )
70 ( n o z z l e i s c l o s e ) )
71 : e f f e c t ( and
72 ( not ( n o z z l e i s c l o s e ) )
73 ( n o z z l e i s o p e n ) )
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74 )
75 ( : durat ive−ac t i on r o t a t e n o z z l e
76 : parameters (? from − ver tex ? to − ver tex )
77 : durat ion (= ? durat ion 1)
78 : cond i t i on ( and
79 ( at s t a r t ( val id move ? from ? to ) )
80 ( at s t a r t ( n o z z l e a t ? from ) )
81 ( at s t a r t ( v i s i t e d ? from ) )
82 ( at s t a r t (> ( n o z z l e h e i g h t ) ( l i n k h e i g h t ? from ? to ) ) )
83 ( at s t a r t ( n o z z l e i s c l o s e ) ) )
84 : e f f e c t ( and
85 ( at end ( on same way ? from ? to ) )
86 ( at end ( a s s i g n ( n o z z l e a n g l e ) ( mot ion angle ? from ? to

) ) ) )
87 )
88 ( : durat ive−ac t i on g o t o i n i t
89 : parameters (? from − ver tex ? to − ver tex )
90 : durat ion (= ? durat ion r e l o c a t e t i m e )
91 : cond i t i on ( and
92 ( at s t a r t ( n o z z l e a t ? from ) )
93 ( at s t a r t ( val id move ? from ? to ) )
94 ( at s t a r t ( n o z z l e i s c l o s e ) )
95 ( at s t a r t ( v i s i t e d ? from ) )
96 ( at s t a r t ( v i s i t e d ? to ) )
97 ( at s t a r t ( on same way ? from ? to ) ) )
98 : e f f e c t ( and
99 ( at end ( not ( n o z z l e a t ? from ) ) )

100 ( at end ( n o z z l e a t ? to ) ) )
101 )
102 ( : durat ive−ac t i on wai t ing
103 : parameters (? from − ver tex ? to − ver tex )
104 : durat ion (= ? durat ion r e s t t i m e )
105 : cond i t i on ( and
106 ( at s t a r t ( n o z z l e a t ? from ) )
107 ( at s t a r t ( p r i n t e d l i n k ? from ? to ) )
108 ( at s t a r t ( i n i t i a l v e r t e x ? from ) ) )
109 : e f f e c t ( and
110 ( at end ( a s s i g n ( change laye r ) 1) ) )
111 )
112 ( : durat ive−ac t i on i n c r e a s e n o z z l e h e i g h t
113 : parameters (? from − ver tex ? to − ver tex ?up − ver tex )
114 : durat ion (= ? durat ion 1)
115 : cond i t i on ( and
116 ( at s t a r t ( n o z z l e a t ? from ) )
117 ( at s t a r t ( n o z z l e i s c l o s e ) )
118 ( at s t a r t ( above on ? from ?up) )
119 ( at s t a r t (> ( change laye r ) 0) )
120 ( at s t a r t ( i n i t i a l v e r t e x ? from ) )
121 ( at s t a r t ( p r i n t e d l i n k ? from ? to ) )
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122 )
123 : e f f e c t ( and
124 ( at end ( i n c r e a s e ( n o z z l e h e i g h t ) ( l a y e r t i c k n e s s ) ) )
125 ( at end ( not ( n o z z l e a t ? from ) ) )
126 ( at end ( n o z z l e a t ?up) )
127 ( at end ( a s s i g n ( change laye r ) 0) )
128 ( at end ( v i s i t e d ?up) ) )
129 )
130 )

The PDDL 2.1 problem file created for the 3D printing of the closed-shape 3D

object based on its geometry specifications and 3D printing necessities is given

as follows:

1 ( d e f i n e ( problem c o n c r e t e p r i n t e r t a s k )
2 ( : domain c o n c r e t e p r i n t e r )
3 ( : o b j e c t s
4 vtx00 − ver tex
5 vtx01 − ver tex
6 vtx02 − ver tex
7 vtx03 − ver tex
8 vtx04 − ver tex
9 vtx05 − ver tex

10 vtx10 − ver tex
11 vtx11 − ver tex
12 vtx12 − ver tex
13 vtx13 − ver tex
14 vtx14 − ver tex
15 vtx15 − ver tex
16 )
17 ( : i n i t
18 ( val id move vtx00 vtx01 )
19 ( val id move vtx01 vtx02 )
20 ( val id move vtx02 vtx03 )
21 ( val id move vtx03 vtx04 )
22 ( val id move vtx04 vtx05 )
23 ( val id move vtx05 vtx00 )
24 ( val id move vtx10 vtx11 )
25 ( val id move vtx11 vtx12 )
26 ( val id move vtx12 vtx13 )
27 ( val id move vtx13 vtx14 )
28 ( val id move vtx14 vtx15 )
29 ( val id move vtx15 vtx10 )
30 ( no t p r in t ed vtx00 vtx01 )
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31 ( no t p r in t ed vtx01 vtx02 )
32 ( no t p r in t ed vtx02 vtx03 )
33 ( no t p r in t ed vtx03 vtx04 )
34 ( no t p r in t ed vtx04 vtx05 )
35 ( no t p r in t ed vtx05 vtx00 )
36 ( no t p r in t ed vtx10 vtx11 )
37 ( no t p r in t ed vtx11 vtx12 )
38 ( no t p r in t ed vtx12 vtx13 )
39 ( no t p r in t ed vtx13 vtx14 )
40 ( no t p r in t ed vtx14 vtx15 )
41 ( no t p r in t ed vtx15 vtx10 )
42 ( on same way vtx00 vtx01 )
43 ( above on vtx00 vtx10 )
44 ( v i s i t e d vtx00 )
45 ( n o z z l e a t vtx00 )
46 ( n o z z l e i s c l o s e )
47 ( i n i t i a l v e r t e x vtx00 )
48 ( i n i t i a l v e r t e x vtx01 )
49 (= ( p r i n t i n g v e l o c i t y vtx00 vtx01 ) 0 . 0 8 )
50 (= ( p r i n t i n g v e l o c i t y vtx01 vtx02 ) 0 . 0 6 )
51 (= ( p r i n t i n g v e l o c i t y vtx02 vtx03 ) 0 . 0 8 )
52 (= ( p r i n t i n g v e l o c i t y vtx03 vtx04 ) 0 . 0 6 )
53 (= ( p r i n t i n g v e l o c i t y vtx04 vtx05 ) 0 . 0 8 )
54 (= ( p r i n t i n g v e l o c i t y vtx05 vtx00 ) 0 . 0 6 )
55 (= ( p r i n t i n g v e l o c i t y vtx10 vtx11 ) 0 . 0 8 )
56 (= ( p r i n t i n g v e l o c i t y vtx11 vtx12 ) 0 . 0 6 )
57 (= ( p r i n t i n g v e l o c i t y vtx12 vtx13 ) 0 . 0 8 )
58 (= ( p r i n t i n g v e l o c i t y vtx13 vtx14 ) 0 . 0 6 )
59 (= ( p r i n t i n g v e l o c i t y vtx14 vtx15 ) 0 . 0 8 )
60 (= ( p r i n t i n g v e l o c i t y vtx15 vtx10 ) 0 . 0 6 )
61 (= ( l i n k l e n g t h vtx00 vtx01 ) 1 . 4 )
62 (= ( l i n k l e n g t h vtx01 vtx02 ) 0 . 2 )
63 (= ( l i n k l e n g t h vtx02 vtx03 ) 0 . 5 )
64 (= ( l i n k l e n g t h vtx03 vtx04 ) 0 . 1 )
65 (= ( l i n k l e n g t h vtx04 vtx05 ) 0 . 9 )
66 (= ( l i n k l e n g t h vtx05 vtx00 ) 0 . 3 )
67 (= ( l i n k l e n g t h vtx10 vtx11 ) 1 . 4 )
68 (= ( l i n k l e n g t h vtx11 vtx12 ) 0 . 2 )
69 (= ( l i n k l e n g t h vtx12 vtx13 ) 0 . 5 )
70 (= ( l i n k l e n g t h vtx13 vtx14 ) 0 . 1 )
71 (= ( l i n k l e n g t h vtx14 vtx15 ) 0 . 9 )
72 (= ( l i n k l e n g t h vtx15 vtx10 ) 0 . 3 )
73 (= ( mot ion angle vtx00 vtx01 ) 0)
74 (= ( mot ion angle vtx01 vtx02 ) 90)
75 (= ( mot ion angle vtx02 vtx03 ) 0)
76 (= ( mot ion angle vtx03 vtx04 ) 90)
77 (= ( mot ion angle vtx04 vtx05 ) 0)
78 (= ( mot ion angle vtx05 vtx00 ) 90)
79 (= ( mot ion angle vtx10 vtx11 ) 0)
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80 (= ( mot ion angle vtx11 vtx12 ) 90)
81 (= ( mot ion angle vtx12 vtx13 ) 180)
82 (= ( mot ion angle vtx13 vtx14 ) 90)
83 (= ( mot ion angle vtx14 vtx15 ) 0)
84 (= ( mot ion angle vtx15 vtx10 ) 90)
85 (= ( l i n k h e i g h t vtx00 vtx01 ) 0 . 025 )
86 (= ( l i n k h e i g h t vtx01 vtx02 ) 0 . 025 )
87 (= ( l i n k h e i g h t vtx02 vtx03 ) 0 . 025 )
88 (= ( l i n k h e i g h t vtx03 vtx04 ) 0 . 025 )
89 (= ( l i n k h e i g h t vtx04 vtx05 ) 0 . 025 )
90 (= ( l i n k h e i g h t vtx05 vtx00 ) 0 . 025 )
91 (= ( l i n k h e i g h t vtx10 vtx11 ) 0 . 0 5 )
92 (= ( l i n k h e i g h t vtx11 vtx12 ) 0 . 0 5 )
93 (= ( l i n k h e i g h t vtx12 vtx13 ) 0 . 0 5 )
94 (= ( l i n k h e i g h t vtx13 vtx14 ) 0 . 0 5 )
95 (= ( l i n k h e i g h t vtx14 vtx15 ) 0 . 0 5 )
96 (= ( l i n k h e i g h t vtx15 vtx10 ) 0 . 0 5 )
97 (= ( n o z z l e h e i g h t ) 0 . 0 5 )
98 (= ( n o z z l e a n g l e ) 0)
99 (= ( l a y e r t i c k n e s s ) 0 . 025 )

100 (= ( r e l o c a t e t i m e ) 0)
101 (= ( r e s t t i m e ) 35)
102 (= ( change laye r ) 0)
103 )
104 ( : goa l ( and
105 ( n o z z l e a t vtx10 )
106 ( n o z z l e i s c l o s e )
107 ( p r i n t e d l i n k vtx00 vtx01 )
108 ( p r i n t e d l i n k vtx01 vtx02 )
109 ( p r i n t e d l i n k vtx02 vtx03 )
110 ( p r i n t e d l i n k vtx03 vtx04 )
111 ( p r i n t e d l i n k vtx04 vtx05 )
112 ( p r i n t e d l i n k vtx05 vtx00 )
113 ( p r i n t e d l i n k vtx10 vtx11 )
114 ( p r i n t e d l i n k vtx11 vtx12 )
115 ( p r i n t e d l i n k vtx12 vtx13 )
116 ( p r i n t e d l i n k vtx13 vtx14 )
117 ( p r i n t e d l i n k vtx14 vtx15 )
118 ( p r i n t e d l i n k vtx15 vtx10 )
119 ) )
120 )

In the same manner, the PDDL 2.1 problem file corresponding to the geometry

specifications and printing conditions of the 3D open-shape object can be written

as follows:
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1 ( d e f i n e ( problem c o n c r e t e p r i n t e r t a s k )
2 ( : domain c o n c r e t e p r i n t e r )
3 ( : o b j e c t s
4 vtx00 − ver tex
5 vtx01 − ver tex
6 vtx02 − ver tex
7 vtx03 − ver tex
8 vtx04 − ver tex
9 vtx05 − ver tex

10 vtx06 − ver tex
11 vtx07 − ver tex
12 vtx10 − ver tex
13 vtx11 − ver tex
14 vtx12 − ver tex
15 vtx13 − ver tex
16 vtx14 − ver tex
17 vtx15 − ver tex
18 vtx16 − ver tex
19 vtx17 − ver tex
20 )
21 ( : i n i t
22 ( val id move vtx00 vtx01 )
23 ( val id move vtx01 vtx02 )
24 ( val id move vtx02 vtx03 )
25 ( val id move vtx03 vtx04 )
26 ( val id move vtx04 vtx05 )
27 ( val id move vtx05 vtx06 )
28 ( val id move vtx06 vtx07 )
29 ( val id move vtx07 vtx00 )
30 ( val id move vtx10 vtx11 )
31 ( val id move vtx11 vtx12 )
32 ( val id move vtx12 vtx13 )
33 ( val id move vtx13 vtx14 )
34 ( val id move vtx14 vtx15 )
35 ( val id move vtx15 vtx16 )
36 ( val id move vtx16 vtx17 )
37 ( val id move vtx17 vtx10 )
38 ( no t p r in t ed vtx00 vtx01 )
39 ( no t p r in t ed vtx01 vtx02 )
40 ( no t p r in t ed vtx02 vtx03 )
41 ( no t p r in t ed vtx03 vtx04 )
42 ( no t p r in t ed vtx04 vtx05 )
43 ( no t p r in t ed vtx05 vtx06 )
44 ( no t p r in t ed vtx06 vtx07 )
45 ( no t p r in t ed vtx10 vtx11 )
46 ( no t p r in t ed vtx11 vtx12 )
47 ( no t p r in t ed vtx12 vtx13 )
48 ( no t p r in t ed vtx13 vtx14 )
49 ( no t p r in t ed vtx14 vtx15 )
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50 ( no t p r in t ed vtx15 vtx16 )
51 ( no t p r in t ed vtx16 vtx17 )
52 ( on same way vtx00 vtx01 )
53 ( above on vtx00 vtx10 )
54 ( v i s i t e d vtx00 )
55 ( n o z z l e a t vtx00 )
56 ( n o z z l e i s c l o s e )
57 ( i n i t i a l v e r t e x vtx00 )
58 ( i n i t i a l v e r t e x vtx10 )
59 (= ( p r i n t i n g v e l o c i t y vtx00 vtx01 ) 0 . 0 5 )
60 (= ( p r i n t i n g v e l o c i t y vtx01 vtx02 ) 0 . 0 6 )
61 (= ( p r i n t i n g v e l o c i t y vtx02 vtx03 ) 0 . 0 5 )
62 (= ( p r i n t i n g v e l o c i t y vtx03 vtx04 ) 0 . 0 6 )
63 (= ( p r i n t i n g v e l o c i t y vtx04 vtx05 ) 0 . 0 5 )
64 (= ( p r i n t i n g v e l o c i t y vtx05 vtx06 ) 0 . 0 6 )
65 (= ( p r i n t i n g v e l o c i t y vtx06 vtx07 ) 0 . 0 5 )
66 (= ( p r i n t i n g v e l o c i t y vtx10 vtx11 ) 0 . 0 5 )
67 (= ( p r i n t i n g v e l o c i t y vtx11 vtx12 ) 0 . 0 5 )
68 (= ( p r i n t i n g v e l o c i t y vtx12 vtx13 ) 0 . 0 6 )
69 (= ( p r i n t i n g v e l o c i t y vtx13 vtx14 ) 0 . 0 5 )
70 (= ( p r i n t i n g v e l o c i t y vtx14 vtx15 ) 0 . 0 6 )
71 (= ( p r i n t i n g v e l o c i t y vtx15 vtx16 ) 0 . 0 5 )
72 (= ( p r i n t i n g v e l o c i t y vtx16 vtx17 ) 0 . 0 6 )
73 (= ( l i n k l e n g t h vtx00 vtx01 ) 1 . 4 )
74 (= ( l i n k l e n g t h vtx01 vtx02 ) 0 . 3 )
75 (= ( l i n k l e n g t h vtx02 vtx03 ) 1 . 1 )
76 (= ( l i n k l e n g t h vtx03 vtx04 ) 0 . 2 )
77 (= ( l i n k l e n g t h vtx04 vtx05 ) 0 . 8 )
78 (= ( l i n k l e n g t h vtx05 vtx06 ) 0 . 1 )
79 (= ( l i n k l e n g t h vtx06 vtx07 ) 0 . 6 )
80 (= ( l i n k l e n g t h vtx10 vtx11 ) 1 . 4 )
81 (= ( l i n k l e n g t h vtx11 vtx12 ) 0 . 3 )
82 (= ( l i n k l e n g t h vtx12 vtx13 ) 1 . 1 )
83 (= ( l i n k l e n g t h vtx13 vtx14 ) 0 . 2 )
84 (= ( l i n k l e n g t h vtx14 vtx15 ) 0 . 8 )
85 (= ( l i n k l e n g t h vtx15 vtx16 ) 0 . 1 )
86 (= ( l i n k l e n g t h vtx16 vtx17 ) 0 . 6 )
87 (= ( mot ion angle vtx00 vtx01 ) 0)
88 (= ( mot ion angle vtx01 vtx02 ) 90)
89 (= ( mot ion angle vtx02 vtx03 ) 0)
90 (= ( mot ion angle vtx03 vtx04 ) 90)
91 (= ( mot ion angle vtx04 vtx05 ) 0)
92 (= ( mot ion angle vtx05 vtx06 ) 90)
93 (= ( mot ion angle vtx06 vtx07 ) 0)
94 (= ( mot ion angle vtx10 vtx11 ) 0)
95 (= ( mot ion angle vtx11 vtx12 ) 90)
96 (= ( mot ion angle vtx12 vtx13 ) 0)
97 (= ( mot ion angle vtx13 vtx14 ) 90)
98 (= ( mot ion angle vtx14 vtx15 ) 0)
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99 (= ( mot ion angle vtx15 vtx16 ) 90)
100 (= ( mot ion angle vtx16 vtx17 ) 0)
101 (= ( l i n k h e i g h t vtx00 vtx01 ) 0 . 025 )
102 (= ( l i n k h e i g h t vtx01 vtx02 ) 0 . 025 )
103 (= ( l i n k h e i g h t vtx02 vtx03 ) 0 . 025 )
104 (= ( l i n k h e i g h t vtx03 vtx04 ) 0 . 025 )
105 (= ( l i n k h e i g h t vtx04 vtx05 ) 0 . 025 )
106 (= ( l i n k h e i g h t vtx05 vtx06 ) 0 . 025 )
107 (= ( l i n k h e i g h t vtx06 vtx07 ) 0 . 025 )
108 (= ( l i n k h e i g h t vtx10 vtx11 ) 0 . 0 5 )
109 (= ( l i n k h e i g h t vtx11 vtx12 ) 0 . 0 5 )
110 (= ( l i n k h e i g h t vtx12 vtx13 ) 0 . 0 5 )
111 (= ( l i n k h e i g h t vtx13 vtx14 ) 0 . 0 5 )
112 (= ( l i n k h e i g h t vtx14 vtx15 ) 0 . 0 5 )
113 (= ( l i n k h e i g h t vtx15 vtx16 ) 0 . 0 5 )
114 (= ( l i n k h e i g h t vtx16 vtx17 ) 0 . 0 5 )
115 (= ( n o z z l e h e i g h t ) 0 . 0 5 )
116 (= ( n o z z l e a n g l e ) 0)
117 (= ( l a y e r t i c k n e s s ) 0 . 025 )
118 (= ( r e l o c a t e t i m e ) 10)
119 (= ( r e s t t i m e ) 30)
120 (= ( change laye r ) 0)
121 )
122 ( : goa l ( and
123 ( n o z z l e a t vtx10 )
124 ( n o z z l e i s c l o s e )
125 ( p r i n t e d l i n k vtx00 vtx01 )
126 ( p r i n t e d l i n k vtx01 vtx02 )
127 ( p r i n t e d l i n k vtx02 vtx03 )
128 ( p r i n t e d l i n k vtx03 vtx04 )
129 ( p r i n t e d l i n k vtx04 vtx05 )
130 ( p r i n t e d l i n k vtx05 vtx06 )
131 ( p r i n t e d l i n k vtx06 vtx07 )
132 ( p r i n t e d l i n k vtx10 vtx11 )
133 ( p r i n t e d l i n k vtx11 vtx12 )
134 ( p r i n t e d l i n k vtx12 vtx13 )
135 ( p r i n t e d l i n k vtx13 vtx14 )
136 ( p r i n t e d l i n k vtx14 vtx15 )
137 ( p r i n t e d l i n k vtx15 vtx16 )
138 ( p r i n t e d l i n k vtx16 vtx17 )
139 ) )
140 )
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Appendix B

Generated Plan Files

The generated plan for the 3D printing of the closed-shape 3D object is given as:

1 0 . 0 0 0 : ( switch on vtx00 vtx01 ) [ 0 . 0 0 1 ]
2 0 . 0 0 1 : ( p r i n t vtx00 vtx01 ) [ 1 7 . 5 0 0 ]
3 1 7 . 5 0 2 : ( s w i t c h o f f vtx00 vtx01 ) [ 0 . 0 0 1 ]
4 1 7 . 5 0 3 : ( r o t a t e n o z z l e vtx01 vtx02 ) [ 0 . 0 0 1 ]
5 1 7 . 5 0 4 : ( switch on vtx01 vtx02 ) [ 0 . 0 0 1 ]
6 1 7 . 5 0 5 : ( p r i n t vtx01 vtx02 ) [ 3 . 3 3 3 ]
7 2 0 . 8 3 9 : ( s w i t c h o f f vtx01 vtx02 ) [ 0 . 0 0 1 ]
8 2 0 . 8 4 0 : ( r o t a t e n o z z l e vtx02 vtx03 ) [ 0 . 0 0 1 ]
9 2 0 . 8 4 1 : ( switch on vtx02 vtx03 ) [ 0 . 0 0 1 ]

10 2 0 . 8 4 2 : ( p r i n t vtx02 vtx03 ) [ 6 . 2 5 0 ]
11 2 7 . 0 9 3 : ( s w i t c h o f f vtx02 vtx03 ) [ 0 . 0 0 1 ]
12 2 7 . 0 9 4 : ( r o t a t e n o z z l e vtx03 vtx04 ) [ 0 . 0 0 1 ]
13 2 7 . 0 9 5 : ( switch on vtx03 vtx04 ) [ 0 . 0 0 1 ]
14 2 7 . 0 9 6 : ( p r i n t vtx03 vtx04 ) [ 1 . 6 6 7 ]
15 2 8 . 7 6 4 : ( s w i t c h o f f vtx03 vtx04 ) [ 0 . 0 0 1 ]
16 2 8 . 7 6 5 : ( r o t a t e n o z z l e vtx04 vtx05 ) [ 0 . 0 0 1 ]
17 2 8 . 7 6 6 : ( switch on vtx04 vtx05 ) [ 0 . 0 0 1 ]
18 2 8 . 7 6 7 : ( p r i n t vtx04 vtx05 ) [ 1 1 . 2 5 0 ]
19 4 0 . 0 1 8 : ( s w i t c h o f f vtx04 vtx05 ) [ 0 . 0 0 1 ]
20 4 0 . 0 1 9 : ( r o t a t e n o z z l e vtx05 vtx00 ) [ 0 . 0 0 1 ]
21 4 0 . 0 2 0 : ( switch on vtx05 vtx00 ) [ 0 . 0 0 1 ]
22 4 0 . 0 2 1 : ( p r i n t vtx05 vtx00 ) [ 5 . 0 0 0 ]
23 4 5 . 0 2 2 : ( s w i t c h o f f vtx05 vtx00 ) [ 0 . 0 0 1 ]
24 4 5 . 0 2 2 : ( wa i t ing vtx00 vtx01 ) [ 3 5 . 0 0 0 ]
25 8 0 . 0 2 3 : ( i n c r e a s e n o z z l e h e i g h t vtx00 vtx01 vtx10 ) [ 0 . 0 0 1 ]
26 8 0 . 0 2 4 : ( r o t a t e n o z z l e vtx10 vtx11 ) [ 0 . 0 0 1 ]
27 8 0 . 0 2 5 : ( switch on vtx10 vtx11 ) [ 0 . 0 0 1 ]
28 8 0 . 0 2 6 : ( p r i n t vtx10 vtx11 ) [ 1 7 . 5 0 0 ]
29 9 7 . 5 2 7 : ( s w i t c h o f f vtx10 vtx11 ) [ 0 . 0 0 1 ]
30 9 7 . 5 2 8 : ( r o t a t e n o z z l e vtx11 vtx12 ) [ 0 . 0 0 1 ]
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31 9 7 . 5 2 9 : ( switch on vtx11 vtx12 ) [ 0 . 0 0 1 ]
32 9 7 . 5 3 0 : ( p r i n t vtx11 vtx12 ) [ 3 . 3 3 3 ]
33 1 00 . 8 64 : ( s w i t c h o f f vtx11 vtx12 ) [ 0 . 0 0 1 ]
34 1 00 . 8 65 : ( r o t a t e n o z z l e vtx12 vtx13 ) [ 0 . 0 0 1 ]
35 1 00 . 8 66 : ( switch on vtx12 vtx13 ) [ 0 . 0 0 1 ]
36 1 00 . 8 67 : ( p r i n t vtx12 vtx13 ) [ 6 . 2 5 0 ]
37 1 07 . 1 18 : ( s w i t c h o f f vtx12 vtx13 ) [ 0 . 0 0 1 ]
38 1 07 . 1 19 : ( r o t a t e n o z z l e vtx13 vtx14 ) [ 0 . 0 0 1 ]
39 1 07 . 1 20 : ( switch on vtx13 vtx14 ) [ 0 . 0 0 1 ]
40 1 07 . 1 21 : ( p r i n t vtx13 vtx14 ) [ 1 . 6 6 7 ]
41 1 08 . 7 89 : ( s w i t c h o f f vtx13 vtx14 ) [ 0 . 0 0 1 ]
42 1 08 . 7 90 : ( r o t a t e n o z z l e vtx14 vtx15 ) [ 0 . 0 0 1 ]
43 1 08 . 7 91 : ( switch on vtx14 vtx15 ) [ 0 . 0 0 1 ]
44 1 08 . 7 92 : ( p r i n t vtx14 vtx15 ) [ 1 1 . 2 5 0 ]
45 1 20 . 0 43 : ( s w i t c h o f f vtx14 vtx15 ) [ 0 . 0 0 1 ]
46 1 20 . 0 44 : ( r o t a t e n o z z l e vtx15 vtx10 ) [ 0 . 0 0 1 ]
47 1 20 . 0 45 : ( switch on vtx15 vtx10 ) [ 0 . 0 0 1 ]
48 1 20 . 0 46 : ( p r i n t vtx15 vtx10 ) [ 5 . 0 0 0 ]
49 1 25 . 0 47 : ( s w i t c h o f f vtx15 vtx10 ) [ 0 . 0 0 1 ]

The AI plan for the robotic concrete 3D printing of the open-shape object can

be found as follows:

1 0 . 0 0 0 : ( switch on vtx00 vtx01 ) [ 0 . 0 0 1 ]
2 0 . 0 0 1 : ( p r i n t vtx00 vtx01 ) [ 2 8 . 0 0 0 ]
3 2 8 . 0 0 2 : ( s w i t c h o f f vtx00 vtx01 ) [ 0 . 0 0 1 ]
4 2 8 . 0 0 3 : ( r o t a t e n o z z l e vtx01 vtx02 ) [ 0 . 0 0 1 ]
5 2 8 . 0 0 4 : ( switch on vtx01 vtx02 ) [ 0 . 0 0 1 ]
6 2 8 . 0 0 5 : ( p r i n t vtx01 vtx02 ) [ 5 . 0 0 0 ]
7 3 3 . 0 0 6 : ( s w i t c h o f f vtx01 vtx02 ) [ 0 . 0 0 1 ]
8 3 3 . 0 0 7 : ( r o t a t e n o z z l e vtx02 vtx03 ) [ 0 . 0 0 1 ]
9 3 3 . 0 0 8 : ( switch on vtx02 vtx03 ) [ 0 . 0 0 1 ]

10 3 3 . 0 0 9 : ( p r i n t vtx02 vtx03 ) [ 2 2 . 0 0 0 ]
11 5 5 . 0 1 0 : ( s w i t c h o f f vtx02 vtx03 ) [ 0 . 0 0 1 ]
12 5 5 . 0 1 1 : ( r o t a t e n o z z l e vtx03 vtx04 ) [ 0 . 0 0 1 ]
13 5 5 . 0 1 2 : ( switch on vtx03 vtx04 ) [ 0 . 0 0 1 ]
14 5 5 . 0 1 3 : ( p r i n t vtx03 vtx04 ) [ 3 . 3 3 3 ]
15 5 8 . 3 4 7 : ( s w i t c h o f f vtx03 vtx04 ) [ 0 . 0 0 1 ]
16 5 8 . 3 4 8 : ( r o t a t e n o z z l e vtx04 vtx05 ) [ 0 . 0 0 1 ]
17 5 8 . 3 4 9 : ( switch on vtx04 vtx05 ) [ 0 . 0 0 1 ]
18 5 8 . 3 5 0 : ( p r i n t vtx04 vtx05 ) [ 1 6 . 0 0 0 ]
19 7 4 . 3 5 1 : ( s w i t c h o f f vtx04 vtx05 ) [ 0 . 0 0 1 ]
20 7 4 . 3 5 2 : ( r o t a t e n o z z l e vtx05 vtx06 ) [ 0 . 0 0 1 ]
21 7 4 . 3 5 3 : ( switch on vtx05 vtx06 ) [ 0 . 0 0 1 ]
22 7 4 . 3 5 4 : ( p r i n t vtx05 vtx06 ) [ 1 . 6 6 7 ]
23 7 6 . 0 2 2 : ( s w i t c h o f f vtx05 vtx06 ) [ 0 . 0 0 1 ]
24 7 6 . 0 2 3 : ( r o t a t e n o z z l e vtx06 vtx07 ) [ 0 . 0 0 1 ]
25 7 6 . 0 2 4 : ( switch on vtx06 vtx07 ) [ 0 . 0 0 1 ]
26 7 6 . 0 2 5 : ( p r i n t vtx06 vtx07 ) [ 1 2 . 0 0 0 ]
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27 8 8 . 0 2 6 : ( s w i t c h o f f vtx06 vtx07 ) [ 0 . 0 0 1 ]
28 8 8 . 0 2 7 : ( g o t o i n i t vtx07 vtx00 ) [ 1 0 . 0 0 0 ]
29 9 8 . 0 2 8 : ( wa i t ing vtx00 vtx01 ) [ 3 0 . 0 0 0 ]
30 1 28 . 0 29 : ( i n c r e a s e n o z z l e h e i g h t vtx00 vtx01 vtx10 ) [ 0 . 0 0 1 ]
31 1 28 . 0 30 : ( switch on vtx10 vtx11 ) [ 0 . 0 0 1 ]
32 1 28 . 0 31 : ( p r i n t vtx10 vtx11 ) [ 2 8 . 0 0 0 ]
33 1 56 . 0 32 : ( s w i t c h o f f vtx10 vtx11 ) [ 0 . 0 0 1 ]
34 1 56 . 0 33 : ( r o t a t e n o z z l e vtx11 vtx12 ) [ 0 . 0 0 1 ]
35 1 56 . 0 34 : ( switch on vtx11 vtx12 ) [ 0 . 0 0 1 ]
36 1 56 . 0 35 : ( p r i n t vtx11 vtx12 ) [ 6 . 0 0 0 ]
37 1 62 . 0 36 : ( s w i t c h o f f vtx11 vtx12 ) [ 0 . 0 0 1 ]
38 1 62 . 0 37 : ( r o t a t e n o z z l e vtx12 vtx13 ) [ 0 . 0 0 1 ]
39 1 62 . 0 38 : ( switch on vtx12 vtx13 ) [ 0 . 0 0 1 ]
40 1 62 . 0 39 : ( p r i n t vtx12 vtx13 ) [ 1 8 . 3 3 3 ]
41 1 80 . 3 73 : ( s w i t c h o f f vtx12 vtx13 ) [ 0 . 0 0 1 ]
42 1 80 . 3 74 : ( r o t a t e n o z z l e vtx13 vtx14 ) [ 0 . 0 0 1 ]
43 1 80 . 3 75 : ( switch on vtx13 vtx14 ) [ 0 . 0 0 1 ]
44 1 80 . 3 76 : ( p r i n t vtx13 vtx14 ) [ 4 . 0 0 0 ]
45 1 84 . 3 77 : ( s w i t c h o f f vtx13 vtx14 ) [ 0 . 0 0 1 ]
46 1 84 . 3 78 : ( r o t a t e n o z z l e vtx14 vtx15 ) [ 0 . 0 0 1 ]
47 1 84 . 3 79 : ( switch on vtx14 vtx15 ) [ 0 . 0 0 1 ]
48 1 84 . 3 80 : ( p r i n t vtx14 vtx15 ) [ 1 3 . 3 3 3 ]
49 1 97 . 7 15 : ( s w i t c h o f f vtx14 vtx15 ) [ 0 . 0 0 1 ]
50 1 97 . 7 16 : ( r o t a t e n o z z l e vtx15 vtx16 ) [ 0 . 0 0 1 ]
51 1 97 . 7 17 : ( switch on vtx15 vtx16 ) [ 0 . 0 0 1 ]
52 1 97 . 7 18 : ( p r i n t vtx15 vtx16 ) [ 2 . 0 0 0 ]
53 1 99 . 7 19 : ( s w i t c h o f f vtx15 vtx16 ) [ 0 . 0 0 1 ]
54 1 99 . 7 20 : ( r o t a t e n o z z l e vtx16 vtx17 ) [ 0 . 0 0 1 ]
55 1 99 . 7 21 : ( switch on vtx16 vtx17 ) [ 0 . 0 0 1 ]
56 1 99 . 7 22 : ( p r i n t vtx16 vtx17 ) [ 1 0 . 0 0 0 ]
57 2 09 . 7 23 : ( s w i t c h o f f vtx16 vtx17 ) [ 0 . 0 0 1 ]
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