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degree of Doctor of Philosophy

Abstract

The future vision of advanced manufacturing is one of connected smart manufacturing

equipment that takes advantage of data capture and analysis systems to optimise oper-

ations. Australia’s manufacturing sector is a vital component of the economy. A key to

progress is the application of advanced manufacturing technologies, systems and processes.

Additive Manufacturing (AM), also known as 3D printing, is an advanced manufacturing

technology that plays a significant role in the fourth industrial revolution (Industry 4.0).

In recent years, manufacturers in the mining sector have been looking to leverage advanced

manufacturing technologies to help improve productivity, efficiency and safety. Gravity

Separation Spirals (GSS) are vital to mineral processing operations in the mining sec-

tor for separating mineral-rich slurry into its different density components, particularly

when high throughput is required. GSS have traditionally been manufactured in moulds,

using a manual process that is subject to numerous inherent drawbacks, including signif-

icant tooling costs, limited customisation, and the risk of worker exposure to hazardous

materials.

A multi-partner project is underway to develop a bespoke 3D printer to print an upgraded

and customisable GSS. By embedding Internet of Things (IoT) sensors inside the GSS, it is

possible to remotely determine the operation conditions, perform predictive maintenance,

and use the collected data to optimise the production output. The research in this thesis
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is focused on developing the required sensors that can be embedded in the printed spiral.

These sensors can be either 3D printed or conventional sensors. Research also focuses on

the sensor placement problem to determine the ideal location to place sensors so as to

maximise the information gain whilst simultaneously considering the 3D printing process,

and the required structural integrity. In order to print the structure with the sensors

inline, a novel radial slicing algorithm has been devised to slice helical objects, along with

a path planning algorithm for radial robot-based 3D printing.

Experiments using conductive filament have shown how the devised 3D printed sensors

can be used to measure, with acceptable accuracy, the required physical quantities, such

as strain, temperature, and vibration. The design of the traditional 3D strain sensor has

been improved to compensate for temperature changes. A partial pipe flow meter has

been developed based on ultrasonic velocity measurement and capacitance level sensing.

Experimental results showed that this sensor performed better than a conventional flow

meter. The devised voxel-based sensor placement approach has been shown to propose

ideal locations that consider various competing objectives. Then, in combination with the

proposed radial slicing algorithm, the proposed cost-based path planning approach is able

to print the structure accurately in the developed simulation environment.

This thesis presented novel sensors and approaches, verified by experiments, for the strate-

gic placement of 3D printed sensors combined with conventional sensors, in radially 3D

printed objects, which are sliced for robot path planning, and hence furthers the new era

of large-scale smart, connected, bespoke manufactured equipment.
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Chapter 1

Introduction

Advanced manufacturing technologies are transforming industries around the world. They

can enhance output, increase value and flexibility, while reducing the time-to-market, ma-

terial waste and under-utilised equipment. Advanced manufacturing can accommodate

the varying production and mass customisation that is increasingly important to many

companies, even without large capital investment. It encompasses all aspects of the value

chain from concept to end-of-life considerations and, relies on information and communica-

tion technologies to integrate business activities and manufacturing processes for seamless

operation [13].

Over the next 20 years, Australia’s manufacturing industry is set to transform into an

integrated, collaborative and export-focused industry, providing customised, high-value

solutions within global value chains. Australian manufacturing will be a thriving compo-

nent in the economy through advanced manufacturing technologies, systems and processes.

The advanced manufacturing sector will focus on pre- (R&D, design) and post-production

value-adding, customised manufacturing with high margins, low volumes and sustainable

manufacturing [14].

Additive manufacturing has started to gain popularity because of its many advantages over

traditional manufacturing methods. Embedding sensors inside 3D-printed equipment and

gathering data is essential for applications like predictive maintenance. This thesis focuses

on developing sensors that can measure various parameters of 3D printed equipment, and

1
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on the optimal placement of 3D printed sensors to increase their information gain while

considering the constraints. It also presents a method of slicing and optimal print-head

path planning for radial 3D printing of objects that can incorporate the sensors.

Placing 3D printed sensors directly into the equipment rather than embedding conventional

sensors has many advantages. Most significantly, 3D printed sensors are low-cost and can

be integrated into the large volume of the structural material without compromising the

equipment’s mechanical integrity. Therefore, the development of 3D printed sensors to

measure the required parameters—such as strain, wear, vibration and temperature using

conductive filaments—has been investigated.

In this research, radial printing has been used for an industrial application. As distinct

from traditional vertical slicing, a novel radial slicing algorithm has been developed specif-

ically for the application. To reduce print failures, an optimal path planning method for

3D printing has also been proposed. Identifying optimal locations in a 3D printed object

in which to place sensors is vital to collecting quality information. Therefore, an opti-

mal sensor placement algorithm for placing 3D printed sensors in a 3D printed object has

been developed and tested. This algorithm considers factors like information gain and the

ability to print a sensor in a given location and it penalises areas in which sensors should

not be placed for a variety of reasons, including an undesirable impact on the object’s

structural integrity.

1.1 Background

Additive Manufacturing (AM), widely known as 3D printing, is the process of the con-

version of Computer-aided Design (CAD) to a printed physical object. AM has evolved

from a prototyping tool to manufacture finished products [15]. The main advantage of

AM, in contrast to other manufacturing methods, is the ability to readily achieve mass

customisation. Since the shape or the dimensions of the physical printed object depend

on the CAD model, by changing a CAD model, it is possible to change the printed ob-

ject as required. Additionally, AM can be used to manufacture optimised components,

which would otherwise be difficult to produce using traditional manufacturing methods.
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Therefore, many industries have begun to adopt AM into their manufacturing practices.

Examples of such industries include the construction, medical and aerospace sectors. The

construction industry uses AM for customised parts, in situ repair and topology optimisa-

tion [16]. AM enables the creation of sophisticated and intricate components; the medical

industry uses it in various applications, such as customised airway stents [17]. The ability

to print hollow structures with stronger materials has made it possible to improve the

power-to-weight ratio in aerospace applications [18]. Another crucial advantage of using

AM in the aerospace industry is the ability to combine multiple components into one,

reducing the complexity of the assembly process.

The number of IoT-based applications has undergone a significant increase over the past

decade. In 2017, there are approximately 6.4 billion IoT devices and that number is

increasing rapidly [19]. The combination of Cyber-Physical Systems (CPS) and IoT has

been applied to the industrial domain and led the fourth industrial revolution, also known

as Industry 4.0. This new industrial revolution has resulted in smart products, smart

production and smart services [20]. This thesis and project are aligned with smart products

and the smart production components of Industry 4.0. Using IoT for industrial automation

has made the collaboration of automation and heterogeneous systems more fault-tolerant,

real-time and closed-loop [21]. Device collaboration and the exchange of data will reduce

the requirement of manual labour to configure the equipment and the connection of many

such units will provide valuable data that can be used to make smart applications [21].

Because of these advancements, many organisations have already started to consider IoT

as a valuable addition to their businesses by combining interconnected machines and data

analytics.

A combination of components manufactured using AM techniques with IoT-enabled sen-

sors embedded into 3D printed components will produce smart industrial units that have

advantages in both areas. This will help to develop IoT-enabled 3D printed products with

greater customisation capabilities and complexity.

GSS comprise vital equipment in the mining industry for separating mineral-rich slurry

into its components of different density. When the slurry is poured into the top, the spiral

slope naturally separates the slurry according to its different particle densities. The sizes
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(a) (b)

Figure 1.1: a) GSS manufacturing factory floor. b) Bank of GSS in the field.

of these GSS vary, depending on the application and, ideally, the spiral profile can be

modified slightly for every single customer, depending on the composition of their slurry

and their desired outcomes. Images of GSS are shown in Fig. 1.1. These GSS are used

in various mining locations all around the world, such as in South Africa, the US, India,

Brazil and Australia.

This thesis is part of a project conducted at University of Technology Sydney (UTS)

with UTS Rapido and supported by the Innovative Manufacturing Cooperative Research

Centre (IMCRC) and the industry partner, Mineral Technologies, a subsidiary of Downer

EDI Limited (MT). The objective is to use AM to develop a bespoke 3D printer for GSS

and to embed the required sensors inside it that will monitor its operational condition

remotely and use the collected data to make decisions about, for example, predictive

maintenance, online control and design improvements.

1.2 Motivation

At the moment, GSS are manufactured using moulding techniques. There are drawbacks

inherent in this method. Mainly, the manufacturing cost of the spiral comprises 60% labour

and 40% material. Therefore, to achieve a competitive price point in the international

market, reducing manufacturing costs is crucial. Upgrading moulding techniques would

result in expensive tooling costs and could impact lead times. The production output of a

GSS is a measure of the spiral’s ability to separate slurry into the important constituent
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parts, and this depends greatly on the spiral’s shape [22]. Therefore, to separate particular

minerals from a variety of different slurries, the spiral’s shape needs to be customised for

each customer and location to obtain the optimal separation. Currently, when a new

mineral type needs to be separated from the spiral, workers change the shape of the

helix and test it. Based on the test results, workers tweak the shape to create the best

separation, and this is stored in a limited database of designs. This process is difficult

using the mould-based manufacturing method since different moulds must be created for

different spiral shapes, which is expensive and time-consuming. Additionally, during this

manufacturing process, toxic chemicals such as fibreglass and polyurethane need to be

manually handled, risking the exposure of workers to hazardous chemicals. Therefore,

transitioning to a new manufacturing method and up-skilling the labour force is vital.

Currently, all manufactured GSS are passive devices that are observed and operated man-

ually. This is a labour-intensive process. Since these spirals operate in various remote

mining locations worldwide, manual inspection is difficult and time-consuming. Inspec-

tion and maintenance often require equipment downtime, which interferes with production

and, ultimately, leads to profit loss. Thus, the remote monitoring of GSS operation condi-

tions has many advantages. Such monitoring enables the measurement of wear and creep

in the GSS over time and opens up the possibility to address these issues accordingly.

In situ and real-time monitoring will help with understanding improper use of the spiral,

which can permanently damage the GSS—for example, via creep—and cause them to re-

quire replacement, costing both time and money. Additionally, collected data, especially

concerning the wear of the spiral, can be used to refine the future design and manufacturing

by refining the material or printing properties.

For these reasons and to increase production efficiency, there is a strong need to transform

traditional manufacturing methods in the mining industry to more advanced manufac-

turing methods, while enabling manufactured equipment IoT to undertake monitoring,

predictive maintenance and centralised control.
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1.3 Scope

This research project’s overall aim is to move towards a 3D-printed GSS, which is IoT

enabled so that its operating conditions can be monitored remotely. To achieve this,

various types of 3D printed and conventional sensors have been developed. These sensors

can be used with any type of 3D printed object since they are not specific to GSS.

To print the GSS, it is necessary to slice the 3D spiral model. Therefore, a novel slicing

algorithm has been developed to specifically slice helical shaped objects. The path planning

algorithm for 3D printing has been developed specifically for use in robot-based 3D printing

and is not generalisable to other 3D printers. Similarly, the sensor placement methodology

developed to place 3D printed sensors is also for 3D printers that use a robotic arm.

1.4 Contributions

The main objective of this thesis is to present 3D printable and conventional sensors that

have been researched and developed to measure the parameters that are important to GSS

operation. Contributions 1-3 are related to this. Since the developed bespoke printer is a

radial printer, it was necessary to develop a radial slicing algorithm and a path planning

algorithm to print the spiral and these elements are related to Contribution 4. After

developing 3D printable sensors, and developing algorithms to slice the object and plan

the robot path, it was important to identify ideal locations to place the sensors, which is

covered by Contribution 5.

The contributions of this thesis are as follows:

1. The design and testing of a 3D printable wear sensor that can measure the location

and the depth of the wear, as well as a temperature sensor, a strain sensor and a

sensor that integrates the strain, and temperature sensors to produce a temperature-

compensated strain sensor [4–6, 8].
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2. The design, simulation and characterisation of a 3D printed vibration sensor based on

electromagnetism. The sensor consists of a 3D printed coil with a moving permanent

magnet [7].

3. The design and testing of a partial pipe flow meter using a sensor fusion approach,

which combines level sensing from the capacitance sensor and velocity measurements

from an ultrasonic sensor [9].

4. A radial slicing algorithm for helical 3D printing as opposed to traditional horizontal

slicing and an optimal path planning algorithm for robot-based radial 3D printing

using print space sampling [10, 11].

5. A voxel-based method to optimise 3D-printed sensor placement in 3D printed objects,

that considers sensor design, information gain, printability and placement constraints

[12].

1.5 Publications

1. Munasinghe, M.I.N.P., Miles, L. and Paul, G., 2019. Direct-write fabrication of

wear profiling IoT sensor for 3D printed industrial equipment. In Proceedings of

the 36th International Symposium on Automation and Robotics in Construction,

(ISARC) 2019.

2. Munasinghe, N., Woods, M., Miles, L. and Paul, G., 2019. 3-D printed strain

sensor for structural health monitoring. In 2019 IEEE International Conference

on Cybernetics and Intelligent Systems (CIS) and IEEE Conference on Robotics,

Automation and Mechatronics (RAM) (pp. 275-280). IEEE.

3. Munasinghe, N. and Paul, G., 2019. Advanced Manufacturing of Spirals for Min-

eral Separation with Integrated Smart Sensing. IEEE UNITE 2019.

4. Munasinghe, N. and Paul, G., 2020. Ultrasonic-Based Sensor Fusion Approach

to Measure Flow Rate in Partially Filled Pipes. IEEE Sensors Journal, 20(11), pp.

6083-6090.
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5. Munasinghe, N., and Paul, G., 2020. Radial Slicing for Helical-Shaped Ad-

vanced Manufacturing Applications. International Journal of Advanced Manufac-

turing Technology, 112(3–4), pp. 1089–1100.

6. Munasinghe, N., and Paul, G., 2020. Path Planning for Robot Based Radial

Advanced Manufacturing Using Print Space Sampling. In International Conference

on Control, Automation, Robotics and Vision (ICARCV).

7. Munasinghe, N., and Paul, G., 2020. Integrated 3-D Printable Temperature Sensor

for Advanced Manufacturing. In Australasian Conference on Robotics and Automa-

tion (ACRA).

8. Munasinghe, N., Masangkay, J., and Paul, G., 2021. Temperature Compensated

3D Printed Strain Sensor for Advanced Manufacturing Applications. In IEEE Inter-

national Conference on Robotics and Automation (ICRA).

9. Munasinghe, N., Romeijn, T., and Paul, G., 2021. Voxel-Based Sensor Placement

for Additive Manufacturing Applications. Journal of Intelligent Manufacturing.

10. Masangkay, J., Munasinghe, N., Watterson, P., and Paul, G., 2021. Simulation and

Experimental Characterisation of a 3D-Printed Electromagnetic Vibration Sensor.

Sensors and Actuators: A. Physical, Under review.

1.6 Thesis Outline

This thesis is structured so that the first two chapters provide the background, outline

and related literature. Chapters 3 to 6 offer details about various 3D printable sensors

and the conventional sensors developed. Chapter 7 presents the slicing algorithm, which

results in the optimal path planning for 3D printing. Chapter 8 describes the sensor

placement algorithm for 3D printed sensors. Finally, Chapter 9 draws conclusions and

suggests possible future work. The detailed outline of each chapter is as follows:

Chapter 2 presents the related work on AM in industrial applications and discusses

sensors in 3D printed objects, 3D printed sensors used to measure various parameters,
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flow measurements in partially filled pipes, slicing and path planning for 3D printing and

optimal sensor placement.

Chapter 3 presents the design, development and testing of a wear sensor that can be used

to measure the depth as well as the location of the wear. This sensor was printed using a

conductive filament, and its accuracy can be changed according to the requirements. This

work has been published in [4].

Chapter 4 presents a 3D printable strain sensor that can be embedded inside a 3D printed

object. It provides details about a strain sensor that can measure tensile strain and about

another design for a 3D printed strain sensor, which is temperature compensated. This

work has been published in [5, 6].

Chapter 5 presents two sensors that enable the monitoring and measurement of acute

damage-causing characteristics. These embedded sensors can help to identify potential

problems that were not anticipated during design, or damage caused by incorrect oper-

ation of the GSS equipment. The first is a vibration sensor that uses the principle of

electromagnetic induction and details of the design, printing and testing of an embedded

3D printed temperature sensor printed inside a Polylactic Acid Base (PLA) base. This

vibration sensor consists of a conductive coil printed with copper filament and a perma-

nent magnet. This work is under review in [7]. The second monitoring sensor is a 3D

printed temperature sensor which was printed using a carbon-based conductive filament

and tested in a temperature-controlled insulated box. This work has been published in

[8]. This chapter presents details of the design and characterisation of both the sensors.

Chapter 6 presents details of an improved flow meter that can measure the flow rate in

a partially filled pipe, such as those that transfer slurry into or out of a GSS. This sensor

fuses ultrasonic velocity measurements and capacitance-based liquid level measurements

to calculate an accurate flow rate. This work has been published in [9].

Chapter 7 presents a novel algorithm for slicing 3D objects in a radial direction as opposed

to traditional slicing, which occurs in the vertical direction. This chapter introduces the

idea of using manipulability distribution for 3D printing to measure the dexterity of robot-

based 3D printers. Then it builds on the idea of manipulability to propose a path planning
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algorithm for robot-based 3D printing to overcome print failures. The proposed method

depends on print space sampling and a multi-objective cost function to determine the

optimal path. This work has been published in [10, 11].

Chapter 8 presents a voxel-based sensor placement methodology considering the infor-

mation gain and the ability for printing and excluding areas where sensors should not be

placed. This method uses the printability defined in Chapter 7. This work is under review

in [12].

Chapter 9 summarises the research work presented in this thesis and discusses the lim-

itations of the presented work. Conclusions are drawn from the research and potential

future work is outlined.



Chapter 2

Review of Related Work

Advanced manufacturing refers to the technologies, processes, and systems used to trans-

form current manufacturing methods by adding more value to the entire supply chain [23].

AM, widely known as 3D printing, is the process of creating 3D geometries from successive

material addition [24]. AM has been applied to advanced manufacturing applications to

reduce the manufacturing costs and allow advanced business models, such as customer-led

design and just-in-time production [23]. AM has already been transformed from a rapid

prototyping technology to an end-product manufacturing method [15]. The Australian

Commonwealth Scientific and Industrial Research Organisation (CSIRO) states that the

cost of manufacturing can be reduced by up to 70% by eliminating the tooling require-

ment [23]. Therefore, various industries, such as aerospace [18, 25], medicine [17] and

construction [16, 26], have already started to adopt AM technologies.

2.1 Additive Manufacturing in Industrial Applications

AM has evolved beyond its use as a technology for rapid prototyping, and many indus-

tries are following the early trends for its adoption. The construction industry is one such

industry. Potential applications of AM in the construction industry are in topology opti-

misation, customised parts, in-situ repair and tolerance matching. However, many of these

11
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applications are still in a state of infancy because of a lack of standard quality assurance

and testing [16].

AM has many applications in the field of medicine, for example, in neurosurgery [27],

orthopaedics [28] and oral and maxillofacial surgeries [29]. The capacity to change the

design quickly and to test it again, along with the ability to make sophisticated and

intricate designs, has made AM suitable for medical applications. Cheng et al. [17] describe

possible ways to use AM in developing customised and personalised airway stents. They

show how a 3D printer is able to print the stent directly or the 3D printed model can

be transformed into silicone using injection moulding. Further, 3D printing can be used

to print moulds for soft tissue prostheses parts in the human body, such as ears, eyes

and noses. These moulds and medical-grade silicone can then be employed to create

soft prostheses. This method is cheaper than traditional approaches, with ear prosthesis

fabrication costing around $30 [30].

In the area of autonomous aerial vehicles, researchers can now use AM to print UAV struc-

tures. They have used AM to develop a double structure for an outer shell, making the

unit more lightweight and allowing it to be manufactured without any seams. Moreover,

they were able to create internal trusses to make it more robust. Ultimately, they improved

the UAV’s power-to-weight ratio and performance by employing AM techniques [18]. Sim-

ilarly, the aerospace and automobile industries also leverage the advantages of AM. These

industries use AM to print aircraft engine components and specific automobile engine

components. General Electric used 3D printed fuel nozzles in its LEAP engine, with each

engine containing 19 of the nozzles. Without 3D printing, it would be necessary to com-

bine 20 components to build a single fuel nozzle. Using 3D printing in these industries has

achieved a 43% cycle time reduction and a 48% saving in costs [25].

2.2 Internet of Things in Industrial Applications

Industrial automation and industrial process management face a tremendous transforma-

tion with the introduction of IoT and CPS. The application of these technologies into the

manufacturing and automation domain has led to the emergence of the 4th generation of
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manufacturing: Industry 4.0. This 4th industrial revolution, which originated in Germany,

has made it possible to manufacture smart products, to undertake smart production and

to produce intelligent services [31]. Industrial IoT sensors and inter-machine collaboration

techniques, incorporated with many other data collection and analysis methods, have been

used to provide optimised operations and better services. IoT-based applications have gen-

erally shown significant improvement over the past decade and there are around 6.4 billion

IoT-enabled devices worldwide as of 2017, a number that is increasing significantly [19].

With such advancements in the field, many organisations have begun to consider IoT as

a value addition to their business strategies by combining advanced data analytics with

interconnected machines. Primarily, in the industrial domain, the IoT can be used for

remote location machine monitoring and operation, which is the primary focus of this

research. Device collaboration to exchange the data will lead to reduced costs in manual

engineering labour in terms of configuring the equipment and swathes of collected data

from different units may be used to develop smart applications [32].

2.3 Embedding Sensors into 3D Printed Objects

Since AM can be used to manufacture sophisticated and customised objects, it is valuable

to integrate sensing and actuator capabilities to achieve a tailored experience. Research

work by Ota et al. [33] describes how they were able to develop a form-fitting glove,

embedded with a heater and a temperature sensor, as well as other required electronics.

To connect the different electronics, they used liquid metal-filled microchannels. Moreover,

they were able to create a 3D printed resistor and capacitor, which could be integrated

with other electronics. The resistor was developed using silicone oil and 20% carbon black

and a condenser was formed using a cylindrical structure, where the inner and the outer

conductive areas were filled with Galinstan material. They also developed a Galinstan-

based dipole antenna and demonstrated how this antenna could be used to transmit video

content in real time. Additionally, they used AM to print an embedded photodetection

platform, which resembled the Sather Tower of the University of California, consisting of

a current sensing circuit and the processed output from an external phototransistor.
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In metallic AM, fibre sensors can be used to measure the temperature and strain in 3D

printed profiles. In [34], IVG fibre was coated with electroplated nickel to withstand higher

temperatures of around 1,600 ℃. Sandblasting was performed to improve the bonding be-

tween the sensor fibre and the 3D printed object. To test the sensors, an Laser Engineered

Net Shaping (LENS), which is a powder-based AM process, was used to deposit a 50 x

120 x 2 mm3 IN718 metal layer on a component in which the fibre sensors were embedded.

An optical backscattering reflectometer was used, which utilised Rayleigh backscattering

in the frequency domain to determine the temperature and the stress accumulated in the

3D printed object. It was possible to measure these parameters in the spatial resolution

of 5 mm [34]. Another way of creating a strain sensor is by using straightforward printing

that leverages conductor relations related to mechanical loading, geometry changes and

piezoresistive effects. However, when this type of strain sensor is considered alongside

metallic strain sensors, it becomes apparent that these are subjected to hysteresis, creep

and non-linear responses [35].

Currently available technologies for embedding and connecting sensors can be categorised

into the following three main areas:

1. Hybrid approaches that combine 3D printed parts with non-3D printed components,

such as printed circuit boards or complete sensors.

2. Conductor infusions, which use printed channels filled with conductive ink.

3. Multi-material printing, which uses both conductive and non-conductive materials

mainly in Fused Deposition Modelling (FDM).

The first method provides straightforward connections to components, but the potential of

AM is not fully realised. Method 2 is challenging because it is difficult to fill the channels

in a homogeneous manner with conductive ink, especially those channels that start to

diverge. The main ways to infuse conductive material are suspension, for which the carrier

remains in the liquid state; carrier solidified after infusion; and carrier evaporation after

injection. The advantage of Method 3 is that it uses direct integration. However, the

main disadvantage would be the lack of suitable material combinations. In both Methods
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2 and 3, there can be a significant deviation in contact resistance, predominantly caused

by temperature, mechanical loading and humidity changes. A combination of AM with

the electronic component assembly can have benefits since conductors can be developed

with materials suitable for the application. An example would be copper wiring being

used to minimise losses by resistive heating. The main disadvantage of this method would

be that it requires complicated mechatronic devices that can combine wire routing with

the AM. Moreover, it does not provide full freedom to place the conductors [35].

Directly embedding Direct Wire (DW) into 3D printed components, as mentioned above,

has disadvantages: the thermal sintering process of conductive material can degrade the

polymeric 3D printed components; ink can spread because of the capillary effect; and the

pausing required for the DW process in printing can weaken the bondings between layers

and may create structural weak points. However, the use of print-stick-peal does not

require any fabrication on the 3D printed object. Therefore, this process does not affect

the surface finish of the 3D printed object or the temperature of the sintering. In this

process, conductive lines are printed on lower surface energy substrates, which have higher

glass transition temperatures. After that, they are sintered to the required temperature to

obtain the optimal conductivity before the printed conductor pattern is then transformed

into an actual 3D printed object. Rather than directly applying the conductive liquid

to the 3D printed surface, the thin structure of the metal is transferred. This process

has been used to embed one 3D printed stain sensor within another 3D printed object.

However, this method has drawbacks, for example, the non-linear resistance response of

the strain sensor and the occurrence of microcracks during the stretching can lead to an

increase in resistance [36].

Researchers have utilised fibre optic sensors based on Fibre Bragg Grating (FBG) technol-

ogy, which can be used to measure temperature, stress and strain in complex 3D printed

objects using the powder bed-based AM method [37]. They carried out conventional 3D

printing to place the fibre sensor until the plane in which the sensor should be embedded

had been reached. Then they opened the printing chamber and placed the fibre. To ensure

the correct placement of the fibre sensor, they printed an additional placeholder to hold the

sensor. After the completion of the printing, this placeholder was then carefully removed.
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(a) (b)

Figure 2.1: A smart screw developed using a multi-layer printing process [1]: a) Flex
screw with an integrated sensor foil element; b) Screw sheared off at the position of the

sensor and strain sensing resistor is marked with a white circle.

However, this method of placing sensors has disadvantages, for example, when the cham-

ber is open, the printing object tends to curl because of the temperature difference on the

surface. Studies found that when the fibre does not have enough tension, interference can

occur with subsequent powder deposition [37]. The same technology-based strain sensors

were also used in an FDM-based 3D process. The advantages of using this kind of sensor

include its integration into locations where other sensors are difficult to place or that are

inaccessible. The FBG sensor can be placed using glue on a slot shaped according to the

sensor. In this method, the base of the groove of the sensor is printed first and then the

printing process is paused and the FBG sensor is placed inside the groove with epoxy.

Then, the printing process continues until the printing is finalised [38].

2.4 Smart 3D Printed Industrial Components

Joining the industrial components developed using AM and the technologies related to

embedding sensors into 3D printed components will enable smart industrial components

that combine the advantages of both areas. It is possible to develop IoT-enabled 3D

printed products that have extensive customisation capabilities and complexity.

To combine 3D printed objects and sensors, one method is to print the component and the

sensors in a single process. Despite having many advantages, using a single process will

create many limitations in terms of scope and the materials that are viable to produce a
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single part. This kind of limitation will affect the performance of the product and may,

therefore, be unsuitable for certain applications [39].

Small industrial components have been developed by combining AM and sensor technolo-

gies. A smart screw was developed using AM and integrated sensors using a multi-layer

printing process [1] as shown in Fig. 2.1. By integrating a thin foil resistive strain gauge

inside the head of the screw, it was possible to determine the torsional moment by measur-

ing the change in resistance. The fabrication of this screw involved three steps: preparing

the strain gauge, 3D printing the screw and combining the sensor and screw during the

printing process. The strain gauge was developed using carbon-based ink and foil. These

two materials were combined using silver ink printed tracks. The screw was printed using a

micro stereolithography printer. To place the sensor foil, the printing process was stopped

and the sensor was manually placed on top of the washer disk [1].

Robots play a vital role in modern industrial manufacturing and the integrated sensor

applications applied in this area. 3D printed tactile sensors were developed to detect

contact and slips in robot grippers [40]. These sensors were developed using a mould

and a customised printing approach called a direct print process. The material used was

carbon nanotube-polymer composite. The fabricated sensors were of the resistance type

and were attached to the robot gripper fingers; the generated signals were processed by

collecting the analogue signals and converting them to digital signals. These signals were

amplified, cleaned to reduce the noise and used to control the robot grip [40].

The automobile industry has many applications for AM-based smart components. Re-

searchers developed 3D printed model tires with embedded 3D printable pressure sen-

sors [41]. The “sensor” is a piezoresistive pressure sensor, capable of measuring the loca-

tion of a force and the amount of force applied to the tire. It was developed using screen

printing and moulding. An array of sensors was embedded inside the inner lining of the 3D

printed tire, which was developed using flexible as well as a rigid material. These smart

tires are capable of monitoring tire health as well as road conditions in real time. It is

possible to measure various parameters, such as pressure, load, speed and location, and

the tires can be used in robots and self-driving vehicles [41].
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2.5 3D Printed Wear Sensors

The in-situ measurement of wear in industrial equipment has many advantages, including

facilitating the capacity to make educated decisions about the adaptive control of different

speeds and feeds to achieve the maximum production rate [42]. Additionally, detection

of sudden equipment failure and the scheduling of planned maintenance [42]. Different

methodologies have been used to detect wear in industrial equipment, such as radioactive

techniques, optical scanning, temperature measurement and mechanical vibrations/sound

analysis [42].

The Acoustic Emission (AE) is elastic wave propagation in the frequency range of 0.1

- 1 MHz, which is generated as a result of friction [43]. The AE of a part will change

depending on the corrosion. Thus, capture and analysis has been used to identify wear in

tools [44]. An AE-based wear sensor was developed by Douglas et al. [43] for piston rings.

A vibration-based wear sensor that detects low-frequency range micro-mechanical resonant

vibrations was developed by Fritsch et al. [45]. A micromachined silicon structure was used

to develop this sensor, which was applied to the anti-friction bearings of calendar rolls to

characterise the vibrations used in the textile industry.

Electrical-based methods have been used for wear measurement in industrial components.

To measure wear in the cylinders of engines, a resistance-based wear sensor was devel-

oped by Bödecker et al. [46]. This sensor helps to inspect the engine wear in situ without

decommissioning the engine or expending significant resources. A conductive layer com-

posed of resistive loops between insulating layers was used to manufacture the sensor. The

wear was ascertained by measuring the change in resistance in these loops as they were

worn away. A vacuum deposited wear sensor was developed by Ruff and Kreider using

thin films [47]. This sensor consists of two conductive layers that lie on a thermocouple,

separated by insulating layers. The same sensor can also be used for temperature measure-

ment. Holger et al. [48] used a thin coated film-based wear sensor developed for cutting

tools to measure wear in real time. This sensor was also based on the parallel resistors.

Dyck et al. [49] developed a wear sensor that can measure the coefficient of friction for

various coated geometries.
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(a) (b)

Figure 2.2: Printed wear sensors developed by Dardona et al. [2]: a) Printed wear
sensor with commercial resistors; b) Printed wear sensor with printed resistors.

A high-resolution wear sensor was developed by Shen et al. [50] based on silver traces.

To achieve the full performance, the printing process required post-heat treatment. In

this sensor, when the wear occurs, conductive traces, which are connected to resisters,

are progressively removed, resulting in a change in the resistance. Therefore, the amount

of wear can be identified by measuring the resistance. The same method has been used

in both printed (Fig. 2.2b) and commercial resisters (Fig. 2.2a) by Dardona et al. [2].

The drawbacks inherent to these methods require additional post-treatment steps and can

result in an inability to identify the wear location and the requirement to embed traditional

resistors.

For different applications in AM, various allotropes of carbon have been used. The main

advantage of carbon is that it is low cost and, therefore, suitable for large-volume appli-

cations [51]. For the printing of GSS, material use should be more economical than in

traditional methods. Therefore, using expensive silver-based material, such as that em-

ployed by Dardona et al. [2] or Shen et al. [52], is not desirable. Carbon-based material

has advantages over metal-based material, including ease of printing, thermal annealing

and longer shelf life (years) [53].

2.6 3D Printed Strain Sensors

It is important to collect information about strain and the stresses associated with struc-

tural components to monitor their health and performance [54–56]. Various types of strain

gauges have been developed with different characteristics for different applications, such
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as assessing postures in textiles [57, 58], measuring elbow flexing [59], contact detection

and measuring bending in soft actuators [60, 61].

Mainly, strain gauges are developed using conductive material encapsulated within the

structural base material, which will deform under strain. The amount of deformation can

be gauged using either resistance or capacitance measurements. The sensor’s capacitance

will change in response to the change in layer thickness based on the applied load [62]. A

multicore-shell fibre printing-based wearable strain sensor, which depends on capacitance

measurement, was developed by Frutiger et al. [63]. The capacitance value increases

because of the reduction of internal layer distance in this sensor when strain is applied.

Conversely, strain gauges that depend on resistance measure the resistance changes in

response to the strain-induced geometry changes [64]. In this application of GSS, a design

consideration is that the slurry will change the dielectric constants; therefore, resistance-

based methods are more applicable.

Different 3D printing techniques have been used to develop strain gauges. Nag et al. [65]

developed a 3D printed mould-based method to produce a strain sensor for low-force

applications. In this mould-based method, a graphite powder cast was used to create

strain sensor traces. The metallic paste extrusion 3D printing method and viscoelastic

ink printing were also used to print the strain sensors [60, 66]. Michael et al. [54] used

FDM-based printing to determine the relationship between resistance and strain for the

Acrylonitrile Butadiene Styrene (ABS), which was filled with carbon black.

Since GSS operate in various parts of the world with significant temperature differences,

research has focused on developing a temperature-compensated 3D printed strain sensor.

An FBG technique was used in a different type of sensor development because of its

advantages, including its smaller size, lower cost, simpler structure and lack of interference

from electromagnetic waves [67]. A temperature-compensated strain gauge using this

technology was developed by Tanaka et al. [68] using two fibre sensors, one of which

measured temperature and the other, strain. A four-wave mixing-based high-resolution

temperature-compensated strain sensor was developed by Ghosh et al. [69] and, in this

method, two chirped FBGs were utilised, so that the effect of the second temperature FBG

compensated for that of the first. In this developed sensor, one FBG was oriented in a
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different direction to make it immune to the internal strain. The sensor, developed using

a four-wave mixing method, has an operating temperature in the range of 25-100 ℃. A

tunable FBG temperature-compensated strain sensor was developed by Yuan et al. [70]

using a dual-FBG sensor in a poly (methyl methacrylate) single-mode microstructured

polymer optical fibre.

A surface acoustic wave sensor, which was temperature compensated, was utilised as the

basis for a passive wireless strain sensor [71]. Because of its temperature stability, quartz

was used as the piezoelectric substrate. Gu et al. [72] used two cascading Sagnac interfer-

ometers to develop a temperature-compensated strain sensor. This method used maximum

strain sensitivity and robustness for crosstalk and used solid hybrid photonic crystal fi-

bre, including stress-induced birefringence. The experimental results showed that this

developed sensor exhibited high sensitivity for strain and low sensitivity for temperature.

In civil engineering, thick-film resistor-based strain sensors are used mainly because of their

low manufacturing cost, sensitivity, long service life and stability. Unfortunately, these

strain sensors are sensitive to temperature changes and to solve this problem, Wen et al. [73]

developed a method to manufacture a thick-film strain sensor with lower temperature

sensitivity. In this method, researchers used resistance-temperature curves with different

materials to identify the effects of the temperature.

Due to their tunable properties, carbon nanomaterials are widely used in sensing applica-

tions. However, this material is affected by temperature changes and, to overcome these

issues, Ramalingame et al. [74] proposed a new hybrid sensor, based on two materials

with positive (graphene) and negative (multi-walled carbon nanotubes) temperature coef-

ficients. Using this method, the new hybrid material becomes insensitive to temperature

variations but retains its strain-sensing abilities.

To monitor the structural health of bridges, Zymelka et al. [75] developed a printed low-

cost strain sensor array, which helps to identify and localise cracks and damages in the

structure in different seasons throughout the year. A screen-printing method was used to

manufacture the sensor, which required post-curing in a heated chamber. Additionally, the

sensors were printed in arrays of 16 and entailed a full Wheatstone-bridge setup. Graphite-

based material was used to manufacture the sensor, meaning that the development process
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(a) (b)

Figure 2.3: Hydrogel-based sensors developed by Lei et al. [3]: a) A photo of the 3D
printing process ; b) A photo of the printed flexible hydrogel film.

was low cost. Further, the size and shape of these arrays can be changed as required by

each application.

Different materials have different thermal coefficients of resistance and, by using two ma-

terials, Daniel et al. [76] developed a temperature-compensated strain sensor. In this

proposed method, they used platinum and titanium in a silicon substrate and arranged

the sensors close to each other to subject them to the same temperature.

Different 3D printing methods have been used to manufacture strain sensors. The aerosol

Jet® printing method was used to print strain sensors by Maiwald et al. [77]. A metal

layer was printed on top of a polymer isolation layer, which was encapsulated to protect

the sensor. This method helped to improve the density of the printed material and allowed

it to achieve a high electrical conductivity. The aerosol printing method used by Thomp-

son et al. [78] atomises a material solution into microscopic particles that are deposited

onto the required surface. A water-based conductive polymer is used to print the strain

gauge, which is then transferred onto a plastic base.

2.7 3D Printed Temperature Sensors

Embedded temperature sensors are widely used in various equipment. In Computer Nu-

merical Control (CNC) machines, IoT-based temperature measuring systems have been

embedded to monitor the manufacturing process [79]. Mohammad et al. [80] developed
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fibre optic-based embedded temperature sensors for electrical coils to identify their oper-

ational integrity. To improve robustness and serviceability in turbine engine components,

thermocouples have been directly fabricated into the components [81].

Lei et al. [3] developed a hydrogel-based temperature sensor in sub-millimetre resolution

that is 3D printed and skin-like as shown in Fig. 2.3. This sensor works based on the

difference in capacitance when hydrogel fibres are subjected to various temperatures. This

sensor has a range of 25-50 ℃ and, additionally, the same sensor can be used to measure

both touch and pressure. Uses for this type of sensor would be in personal healthcare

applications, such as watches and wearable devices. Further, the same sensor can be used

in soft robotics applications.

Micrometre-sized temperature sensors have been developed using 3D direct laser writing

and these can be placed lithographically. Wickberg et al. [82] used this method to add

temperature sensors to an electronic chip. During testing, in which the data recording

frequency was 1 Hz, the sensor showed an accuracy of 0.5 K. This micrometre-sized sensor

is valuable when quick, accurate local temperature measurements are required.

A 3D printed inverted-F antenna was developed using microfluidic and liquid metals to

measure temperatures that depend on the resonant frequency [83]. Volume expansion

occurs when the temperature and the antenna length change, altering the resonant fre-

quency of the antenna. The resonant frequency decreases with the increased temperature

and a near-linear relationship between these factors was observed [83]. A sensitivity of

2.54 MHz/℃ was evident during the simulated experiments. Another microfluidic and

liquid metal-based wireless passive temperature sensor was developed by Traille et al. [84].

In this proposed method, several antennas are altered dynamically using liquid metal in

a linear relationship along with the temperature. In the sensor, there are gaps filled by

liquid metal and short circuits with temperature expansion, resulting in a change in the

radar cross-section. The developed sensor is tunable to at least 20 K and has a resolution

of 4 K.

A resistance-based temperature and humidity sensor was developed using the inkjet print-

ing of silver nanoparticles by Courbat et al. [85]. Printed silver structures in the sensor

are affected by the temperature, changing the humidity and electrical properties. The
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tested temperature range of this printed sensor is -20-60 ℃ and a near-linear relationship

between the resistance and the temperature was observed [85]. During the experiments, it

was possible to observe a Temperature Coefficient of Resistance (TCR) of 0.0011 ℃-1. The

humidity measurement depends on the capacitance change of the traces and was observed

in an exponential relationship to the humidity level.

Temperature sensors have been developed from latex and exfoliated graphite-conductive

paint to measure the temperature on a surface area [86]. A stencil was used and the paint

was sprayed on to it in multiple layers. During the experiments in the temperature range

of 20-60 ℃, a TCR of between -0.75x10-1 ℃-1 and -0.97x10-1 ℃-1 was observed.

Harada et al. [87] proposed using printable nanocomposite ink to print temperature sensors

and strain sensors. These sensors were printed on a flexible substrate and were shaped

like the whiskers of animals, mimicking the function of detecting obstacles and measuring

temperature. This sensor was tested at between 25.8-53.2 ℃ and a sensitivity of 0.63% ℃-1

was evident. Further, mechanical and electrical reliabilities were characterised to ascertain

whether the bending of the sensor had any effect. These sensors are used in robotics and

artificial skins.

2.8 3D Printed Vibration Sensors

Monitoring vibrations is important in industrial applications. FBG sensors have been

widely used to monitor vibrations [88, 89]. There are two different methods for devel-

oping FBG vibration sensors: including the FBG sensor inside the elastic material [90]

and pasting the FBG sensor on the surface [91]. A miniaturised FBG vibration sensor

was theoretically analysed by Wei et al. [92], and the simulation identified its structural

parameters. The simulated sensor had a mass of 5 g and dimensions of 27 mm x 11 mm x

22 mm. The experimental results showed a range of 0-800 Hz and a sensitivity of 12 pm/g

(picometre per gram), making it ideal for mid-high frequency range mechanical vibrations.

A 3D printed optic vibration sensor, based on modulating light intensity using a blade at-

tached to a flexible layer, was developed by Igrec et al. [93]. The sensor showed a linear

relationship between bandwidths from 10-150 Hz.
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Sinar et al. [94] developed a flexible piezoelectric vibration sensor, the flexibility of which is

based on interdigitated electrodes printed on top of a paper, coated with a polymer. This

sensor measures the impact force and prints using inkjet printing. During the experiments,

an impact force of 6.3 N was applied at a frequency of 1-2.37 Hz and created up to

541 mVp-p. Further, low-amplitude vibrations within the range of 50-2.5 kHz created an

output from 25 mVp-p to 452 mVp-p.

The 3D printed smart eyeglasses developed by Zhang et al. [95] are embedded with a

vibration sensor used to identify the signals from chewing various types of food to monitor

dietary intake. The sensor integrated inside the 3D printed eyeglass frame is a commercial

conventional sensor (Model 352C22, PCB Piezotronis, USA). The experimental results

showed that the vibrations were immune to environmental noise.

Wu et al. [96] developed a skin-inspired tactile sensor designed for a prosthetic arm with

giant magneto-impedance material inside, buffered by an air gap. The sensor showed a low

detection limit of around 10 µN. This tactile sensor was integrated with an inductance-

capacitance oscillation circuit that allowed the transduction of force to a digital frequency

signal. This sensor can be used in smart prosthetics, enabling natural limbs to be replaced.

Godard et al. [97] developed a vibration energy harvester with an ability to generate around

1 mW from vibration using printed polymer. This sensor was printed with ten layers of

piezoelectric polymer printed on a polymer substrate. The experiment results showed that

the sensor could generate up to 0.97 mW at 33 Hz in an area of around 2.4 cm2.

Yang et al. [98] proposed a permanent magnet energy-harvesting device based on electro-

magnetic energy. This sensor had resonant frequencies of 1,184 Hz, 938 Hz and 369 Hz.

The observed power generation was 0.6 µW and 3.2 µW for an amplitude of 14 µm with

a 0.4 mm gap for the first and second vibration modes.

Zhang et al. [99] developed a magnet array energy harvester that can produce a 0.25 W

output in a submillimeter vibration amplitude. The same device was able to produce

263 mW of power when it was subjected to 65 Hz vibrations.

An inkjet 3D printed vibration energy microgenerator that can produce power in the mW

range and has a resonant frequency of 250 Hz was developed by Kawa et al. [100]. The
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device relies on the electromagnetic induction in a coil and a vibrating permanent magnet

suspended on 3D printed micro springs. For this device, a pre-manufactured surface mount

coil was used.

2.9 Partially-filled Pipe Flow Meters

To understand the condition of the GSS, it is important to measure the slurry flow rate in

the spiral. The flow rate inside the pipe was observed to be partial. Therefore, the goal of

this research is to develop a flow meter that can measure flow in partially filled pipes. In

devices that have material flows, such as water desalination plants [101] and boilers [102],

it is important to remotely measure the flow rate, especially when the devices operate in

dangerous and remote locations. It is challenging to measure the flow rate in a partially

filled pipe, so flow meters are generally calibrated by assuming that the pipe is full [103–

105]. When this assumption becomes invalid, measurements become erroneous.

Flow meters can be categorised into two groups: non-intrusive flow meters, using exter-

nally mounted transducers without obstructing the flow; and intrusive flow meters, util-

ising inline transducers connected with the flow. Examples of non-intrusive flow meters

include the optical flow meters, ultrasonic flow meters and electromagnetic flow meters,

whereas paddle-wheel sensors and turbine flow meters are categorised as intrusive flow

meters [106–109]. Different flow characteristics, such as pressure, conductivity, velocity

and temperature determine the flow meter type that is most suitable for the specific ap-

plication.

The electromagnetic principle has been used to develop industrial flow meters to measure

partial flows in pipes using capacitance to determine the flow height. The induced current

generated when the liquid flows through the magnetic field is used to determine the velocity

of the flow. The TIDALFLUX 2000 flow meter [110] is an example of an electromagnetic

partial flow meter. ABB Automation and Toshiba have also developed flow meters based

on the same principle [111, 112]. The main issue with this type of flow meter is that the

fluid running through the flow meter needs to be conductive [103, 110]; moreover, these

flow meters are heavier and impractical to use as IoT sensors in every GSS.
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The Doppler velocity method has been used to develop flow meters for partial filled pipes.

In this setup, the ultrasonic wave is transmitted along with the flow and the reflection of

the wave from the particles travelling in the liquid is used to measure the flow rate via the

frequency difference. The MACE XCi device [113] is an example of this type of flow meter,

in which it is necessary to have an intrusion type transducer, which is a disadvantage since

it might clog the material deposition, requiring maintenance. Another partial flow meter

developed based on the Doppler ultrasonic method is called the 2150 Area Velocity Flow

Module and can measure the liquid level using a pressure transducer submerged under

the liquid [114]. The FLO-DAR flow meter was developed based on Doppler radar veloc-

ity measurement and used to measure partial flow in open channels [115]. Additionally,

LaserFlow is a subsurface laser Doppler flowmeter [116]. A summary of different partial

flow measurement techniques and their limitations is provided in Table 2.1 [9].

Different liquid properties, such as buoyancy, electrical permittivity, pressure at a given

depth and surface reflection of light or sound, have been used to measure liquid height.

These properties have been utilised in different level sensors, including capacitive probes,

displacers, floats and pressure sensors. These level sensors can be separated into two

categories: the contact type and the non-contact type. Non-contact sensors normally have

a longer life span because there is no chemical or physical reaction with the liquid [117].

Ultrasonic sensors are one of the common non-contact flow height measurement methods.

The reason for this is that these sensors are easy to install, readily available and contact-

less. However, this method is affected by debris and air temperature fluctuations, floating

foam and ripples [118]. Ultrasonic sensors mounted inside pipes that are vertically sub-

merged in open water streams have been used to measure water levels [119]. Additionally,

surface reflection-based methods use laser triangulation to measure the liquid height [120].

Radar-based level sensing can also be used to measure liquid height [121]. An acoustic

sensor connected to a small diameter pipe is immersed in the liquid and used to measure

height [122]. In this method, by analysing the frequency of the stationary waves created

between the liquid level and the top of the pipe, the liquid level can be measured.

Image sensors have been used to measure liquid levels [123]. Water level measurement using

edge detection was developed by Y. Jaehyoung et al. [124]. However, one limitation of this
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sensing modality is that measurement accuracy might be affected by the environment’s

lighting.

The primary requirement for measuring slurry height is that the measurement method

should be contactless. Capacitance has been used as a non-contact method for mea-

suring liquid levels [125, 126]. A capacitance-based level sensing method proposed by

Bera et al. [127] can be used to measure both non-conductive and conductive liquid levels

in a non-metallic or metallic container. Capacitance-based level sensors for tanks have

been used to measure liquid [128]. The advantage of this method is that it can be used

without calibration.

In some cases, measuring a particular parameter using a single sensor is not enough to

provide the required level of robustness or accuracy. One solution for this problem is to

use sensor fusion, which employs multiple sensors to provide a more accurate and reliable

estimate than would be possible with a single sensor [129, 130]. The sensor fusion approach

has been used to combine information from multiple sensors to undertake remote health

assessment/monitoring and fall identification [131]. The same approach has been applied

to measure the accurate flow rate in a Venturi channel, combining three ultrasonic level

sensors as well as other sensors [132].
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Table 2.1: Comparative summary of partial flow measurement methods [9].

Technology Examples Accuracy (Error) Limitations

Electromagnetic
TIDALFLUX 2000 [110]
Toshiba LF502 [112]
ABB FXP4000 [111]

1% full scale [110]
2% full scale [112]
3-5% of rate [111]

Only work with conductive liquids,
Does not support small pipe diameters
(70-100mm) required (�189mm [110],
150mm [112] and 212mm [111]), Heavy
(40kg [110], 8kg [112] and 29kg [111])

Velocity (Doppler ultrasonic),
Depth (Ultrasonic)

MACE XCi [113] 0.2-1% full scale
Heavy (5kg), Insertion type transducer
will clog

Velocity (Doppler ultrasonic),
Depth (Submerged pressure transducer)

Teledyne ISCO 2150 [114] ±2% of reading Submerged transducer will clog

Velocity (Doppler radar),
Depth (Ultrasonic)

FLO-DAR AV Sensor [115] ±5% of reading
Heavy (4.8kg), Only works for open
channel

Velocity (Doppler laser), Depth
(Ultrasonic)

LaserFlow [116] ±0.5% of reading
Heavy (8.7kg), Only works for
open channel

Using U-shaped communication pipe [133] No commercial product 2% of reading The 2mm communication pipe will clog
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2.10 Slicing for 3D Printing and Printability Analysis

GSS are helical-shaped objects and the printer under development can print radially

around a central column. Conventional slicing occurs horizontally, which is not appli-

cable for this bespoke printer. Therefore, research was conducted to develop a slicing

algorithm for printing GSS with the bespoke printer.

Generally, there are two types of widely used slicing methods in AM: direct slicing and

Standard Triangulation Language (STL) slicing. Different CAD software packages have

a variety of data formats. The main advantage of direct slicing is that since it uses the

original CAD model, it avoids any approximation that can affect the robustness [134].

A direct slicing method was suggested by Cao et al. [135], which slices solid models in

AutoCAD. Another direct slicing method was developed by Chang [136] to slice models

from the PowerSHAPE CAD application. The disadvantage of these direct slicing methods

is that they can only be used with their specific CAD software or specific machines, so

that it is not possible to guarantee its compatibility with multiple CAD software [137].

Hence, STL-based slicing is widely used in AM.

The first step in STL-based slicing is to use a CAD program to create a 3D model of the

object and then export it to an STL file. Unlike direct slicing, in which slicing occurs in

various CAD applications using their own data formats, in STL-based slicing, different

CAD applications export models to a common STL format and a special program called

a slicer slices the model. In the STL files, the surface of the object is approximated with

small triangular facets, which is widely known as tessellation. The STL file format has

been accepted as the de facto standard in the AM industry, mainly because the process is

robust and simple. STL-based slicing makes slicing and AM processes independent from

the CAD software. Therefore, STL files have been used in different 3D printing processes,

including Selective Laser Sintering (SLS), Stereolithography Apparatus (SLA), Laminated

Object Manufacturing (LOM) and FDM [138]. In STL-based slicing, the file is sliced, layer

by layer; in general, the slicing intersects the STL file on horizontal planes and each plane

provides the piecewise linear contours of a slice. Then, generated contours are filled with

an appropriate infill and, as the last step, toolpaths are calculated to generate the printer

machine instructions [139].
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Different types of slicing methods have been used for slicing STL files. The uniform slicing

method creates layers with a consistent thickness, whereas adaptive slicing will create slices

of varying layer thickness [139, 140]. Kirschman et al. [141] developed a simple uniform

parallel slicing method that will intersect triangles in the Z plane and connect segments

of lines into closed polygons from the top to the bottom of each slice [140]. Conversely,

adaptive slicing creates slices with varying spacing that can be programmatically changed

based on parameters such as capacity and geometry. The main advantage of adaptive

slicing is the build time reduction and the improved surface finish. Yang et al. [142] used

this method to slice a point cloud. The proposed method was based on the moving of least

squares surfaces. A combination of direct and adaptive slicing is called hybrid slicing [143].

The aforementioned methods rely on the plane-triangle intersection to generate contour

geometries. However, these methods can cause issues such as singularity-case problems,

including isolated points and dangling edges [144].

In order to develop a slicer for a robot, it is important to consider how the robot can

move. Limitations in the movements that a robot can make will effect its ability to print,

or printability [26]. A robotic manipulator’s ability to perform different tasks depends on

the location in physical space, the kinematic model and the environmental restrictions.

To achieve the desired performance in a particular task, manipulability and reachability

information can be used to design the process [145]. A capability map represents the

workspace, showing the ability to move in the surrounding space of the robot manipula-

tor. These capability maps can be used to identify the places that can easily be reached

by the robot manipulator. Hence, objects can be moved to a place where more versa-

tile manipulability is available or the manipulator can be reconfigured or repositioned to

enable a higher degree of manipulation [146]. For assembly tasks that use planar robot

arms and adaptively modify planar 3D printing, dexterity measures have been applied by

researchers [147, 148].

The previously mentioned slicing methods are unsuitable for printing GSS since the print-

ing operation occurs around a central column, oriented using robot arms. Gang et al. [149]

developed a slicing method that is non-planar for stationery printing, which differs from

normal horizontal plane slicing [150–152]. However, this non-planar slicing algorithm
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was developed for smaller objects. Additionally, when printing the GSS, printing hap-

pens in a non-stationary manner around a rotating central column. A curved layer LOM

method, which increases the speed and reduces the waste, was developed by Kloster-

man et al. [153]. However, this is a specific manufacturing method and is not suitable for

other AM processes. A parametric, surface-based path generation method was developed

by Chakraborty et al. [154], adapting curved layer accumulation for thin AM components.

2.11 Path Planning for 3D Printing

In this research, during the print simulation, it was observed that there were some print

failures. Therefore, the research focused on developing an optimal print path planning

algorithm.

The dexterity of a robot arm, which enables it to move easily, is referred to as manipula-

bility [155]. A robot arm can easily perform more actions if it has greater dexterity, which

enables added assembly or printing, resulting in better use of the robotic manipulator. As

mentioned, it is desirable to the print embedded sensors inline while printing the GSS.

Therefore, it is advantageous to retain high levels of manipulability throughout the print.

The manipulability measure can be used to optimise the plans for 3D printing.

To improve the effectiveness of robots, the manipulability measure has been used by nu-

merous researchers. Chiacchio et al. [156] showed that dynamic manipulability could be

used to improve the results of redundant manipulators. For mobile manipulator path

planning, Nagatani et al. [157] proposed a method to maintain the manipulability thresh-

old. Manipulability area plots have been used as a tool by researchers to determine areas

that have high levels of manipulability [157]. To assist humans in conducting operations

remotely, Amir et al. [158] proposed a method that uses a cost function, considering task-

oriented velocity manipulability. A cost function that includes a measure of distance from

the limits of the joint and task-oriented manipulability has been used to determine the

optimal grasping pose of the needle for suturing during surgery [159]. Tommaso et al. [160]

utilised the optimal manipulability-based path planning for cutting in nuclear power plant
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equipment decommissioning. In their research, to maximise the robot’s manipulability,

they used a multi-objective optimisation method while minimising the travel distance.

In robotics, cost-based path planning has had various applications, such as in underwater

autonomous vehicles [161]. This method was shown to enable the underwater robot to

avoid obstacles and to utilise current data to obtain greater speeds while minimising energy

expenditure. Lin et al. [162] used both library-based planners and discrete planners for

humanoid navigation in uneven terrain. In this case, a graph search method, based on

cost, was used to determine the path for the torso pose.

For humanoid robots, quality distribution maps of the workspace have been used to deter-

mine the most suitable grasp depending on the current state [163]. The same method is

useful for redundant manipulators, considering joint limits and self-distance. Probabilistic

Road Maps (PRM) algorithms have been used to plan collision-free paths for robots.

Manipulability has also been used as a sampling factor to generate PRM, taking fewer

samples when manipulability is high and more samples where manipulability is low [164].

Menasri et al. [165] proposed a genetic, algorithm-based path planning method for redun-

dant manipulators by maximising the manipulability. By utilising mechanical properties

and avoiding singularities, this manipulability-based optimisation allowed the robot system

to move with less effort.

2.12 Optimal Sensor Placement

This thesis focuses on developing various sensors that can be placed in the GSS. Addi-

tionally, determining a method for placing sensors in the optimal location is important.

Developing methods to identify damage to various structures in mechanical, civil and

aerospace applications is called Structural Health Monitoring (SHM) [166–168]. To ensure

sustainability and serviceability, SHM plays a vital role in detecting damage in complex

and large structures [166]. Therefore, it helps to identify the status of the structure so that

information can be used to undertake planned maintenance without causing disruptions

to the operations [169]. GSS operate continuously in various locations around the world
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and determining maintenance issues early will facilitate this continuous operation. A crit-

ical aspect of SHM is the Optimal Sensor Placement (OSP), which directly influences the

quality of the collected data [166]. Unnecessary closure for maintenance might be caused

by a high risk of a false-positive, incurring operational costs without OSP [169]. With-

out OSP, arbitrary sensor placement might result in false damage detection [170]. More

sensors placed in the structure will provide more data. However, this will cause the total

cost of the set of sensors to increase and will inhibit data acquisition systems that limit

using a large number of sensors [171]. Without compromising the quality of the data, OSP

will reduce the cost of SHM systems [169]. Moreover, OSP can be used to identify the

minimum number of sensors that will provide the required amount of information [171].

The optimal sensor array layout for SHM was developed by Robert et al. [172] and includes

Finite Element Analysis (FEA) in the face of uncertainty. Robert et al. [172] included

FEA, reliability-based optimisation and damage-detection concepts. An FEA-based sensor

placement was used by Ting et al. [173] to place sensors in the Dalian World Trade Building

using a simplified multi Degrees of Freedom (DOF) system since the DOF were high. For

Large Space Structures (LSS) sensor placement, Kammer [174] used collected data from

the sensors to validate LSS Finite Element Model (FEM). The modified FEM described

the real structure more accurately. A methodology to identify the most relevant DOF

monitored by sensors was proposed by Stephan [175]. This method depends on selecting

the sensor set that will maximise the Fisher information matrix norm for a large FEA.

Using information gain for sensor placement has been investigated before. Information

Entropy (IE) was used by Costas et al. [176] to measure the performance of the sensor

setup. They have framed this as an optimisation problem that includes discrete-valued

variables. This is solved by using a sequential sensor placement algorithm to identify the

optimal sensor configuration. Optimal sensor configurations have been selected by choosing

the sensor configuration that minimises the IE [177]. Paul et al. [178] characterised a multi-

modal sensor setup and used multi-location sensor placement, adopting information theory

for the exploration and mapping of bridge structures. Meo et al. [179] employed an OSP

method using energetic approaches and covariance matrix coefficients to maximise the

information.
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Different types of algorithms have been developed for sensor placement. These sensor

placement algorithms that address problems such as observability, reliability, diagnosabil-

ity and detectability are NP-complete and computationally expensive. Therefore, opti-

misation methods based on constraints have been used [171]. Traditional gradient-based

optimisation methods have difficulty in determining the global minimum because of the

multiple local optimums and, therefore, biological optimisation methods have been applied

in recent years [171]. Gao et al. [180] used a biologically inspired method called Genetic

Algorithms for OSP to determine the number of sensors as well as the damage misdetec-

tion rate. Ant colony and particle swarm optimisation is another similar method used for

OSP [181, 182]. A further systematic and computationally efficient algorithm is sequen-

tial sensor placement, which is more efficient at determining sensor configurations [169].

However, this method does not guarantee the most optimal sensor configurations [183]. In

the sequential sensor placement method, a given number of sensors are sequentially placed

one at a time, which results in the greatest reduction of the objective function [171]. For

structural damage identification, a damage-detection sensor placement method was devel-

oped by Lin et al. [184] considering the type of sensor, the number of sensors and the

spatial locations.

Hwang et al. [185] developed a sensor placement method for 3D printed prosthetic hands

that use tactile objects covered with ink to identify the areas in which sensors should be

placed. In this experimental method, the objects were touched with ink-covered, gloved

hands and the ink strains were identified by image processing and used to recommend

sensor placement.

2.13 Conclusion

3D printing large scale industrial equipment and monitoring operating conditions are the

main objectives of this research and development project. Using traditional sensors in

cavities in 3D printed objects can compromise the structural integrity due to the different

material properties. Generally, the 3D printed sensors found in the literature use printing

techniques that require post-processing steps like sintering and require expensive material

like silver. Table 2.2 shows a summary of the limitations if currently available sensors
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were employed to measure the required parameters in the 3D printed GSS. Therefore,

further research is needed to develop low-cost complementary sensors that can be easily 3D

printed inline without post-processing, and that can be used in large scale manufacturing

to address specific application requirements. Compared to existing 3D printers that have

been reviewed, the bespoke 3D printer that is under development is novel in that it needs

to print helical objects in vertical layer additions, which poses new challenges in slicing and

robot path planning. This presents the need for an integrated radial slicer and robot path

planning method. As well as a way to incorporate and optimise the placement of 3D printed

sensors within 3D printed objects. This is a new aspect of research since it introduces

new challenges and requirements compared to traditional sensor placement methodologies,

including the need to simultaneously consider structural integrity, information gain, and

the design and printability of the sensors.
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Table 2.2: Comparative summary of sensor types and their limitations if employed for 3D printed GSS.

Sensor Technologies Limitations relating to printed GSS

Wear
Acoustic emission [43, 44], Micro-mechanical resonant
vibrations [45], Electrical-based methods [46–49],
Printed silver traces [2, 50]

For tools and piston rings only [43, 44], Require silicon
structure [45], Require conductive layers and vacuum
deposition [46, 47], Developed for cutting tools [48],
Require connected resistors and post treatment [2, 50],
Work with coated geometries [49]

Strain

Capacitance-based [63], Using 3D printed mould [65],
Ink printing [60, 66], FDM-based [54], FBG techniques
[68–70], Acoustic wave [71, 72], Thick-film resistor-based
[73], Screen-printing [75], Aerosol jet printing [77, 78]

Flexible material and suitable for wearable [63], Requires
creation of a mould [65], Used different type of printing
methods [60, 66, 75, 77, 78], Used ABS material [54],
Require placement of external sensors [68–72], For civil
engineering structures [73]

Temperature

Fibre optic-based [80], Hydrogel-based [3], Direct laser
writing [82], Microfluidic and liquid metals [83, 84],
Inkjet printing [85], Conductive paint [86], Nanocomposite
ink [87]

Require placement of external sensors [80], Require
different type of material [3, 83, 84, 87], Suitable for
electronic chips [82], Uses different type of printing [85],
Paint can be removed from abrasion [86]

Vibration

FBG or optical sensors [90, 92, 93], Inkjet printing
[94, 100], Magneto-impedance material [96], Piezoelectric
polymer [97], Magnet-based energy harvesters
[98, 99]

Require placement of external sensors [90, 92, 93, 98, 99],
Uses different type of printing methods [94, 100], Require
different type of material [96, 97]





Chapter 3

Direct-Write Fabrication of Wear

Sensor

The in-situ measurement of wear in 3D-printed components has many advantages, such

as the enabling of informed decisions, including a) the identification of equipment failure

and planned maintenance and b) the changing of various feeds and speeds to achieve an

optimal production rate [186]. Regarding GSS, the monitoring of wear in situ in real-time

and remotely is important. Monitoring both the location and the extent of wear makes

it possible to improve the future 3D printing of GSS by optimising printing properties or

materials.

3.1 Methodology

3.1.1 Design of the Sensor

The design of the conductive traces is shown in Fig. 3.1a and is printed using carbon-based

proto-pasta conductive PLA material [187]. The selected dimensions for the traces are

20 x 40 x 2 mm. The dimensions are chosen based upon the number of traces necessary

for the target resolution, the thickness and resistivity of the conductive material, and

the need to embed the printed traces in a package that fits within the spiral profile.

39
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(a) (b)

Figure 3.1: Printed traces [4]: a) A single layer of traces; b) Multiple layers of traces
embedded in the base material.

The required wear resolution is determined by the number of traces. The minimum and

maximum number of traces for an optimum resolution depends on the nozzle dimensions

and how accurate the printer is. The closer that the conductive traces can be printed

without electrically connecting them, the higher the sensing resolution becomes. However,

depending on the printer accuracy, in the real-world printing traces only a single layer apart

may lead to them being electrically connected. Multiple conductive traces are printed

vertically, as shown in Fig. 3.1b and those layers are separated using insulating PLA

material. The number of layers can be adjusted according to the desired wear resolution.

The resistance of each trace, RX ; the total individual resistance of each layer, RLX ; the

length of each trace, LX ; and the different locations at which wear can occur are given by

WX where X ∈ [1, 4]. The resolution and coverage of the wear sensor can be configured

to suit the application by increasing or decreasing the number of traces.

3.1.2 Measurement and Localisation of Wear

All the traces in one single layer are electrically parallel with the terminals, and (3.1)

shows the total resistance of Layer 1. Similarly, the same equation, (3.1), is applied to

each trace component in each layer.

1

RL1
=

1

R1
+

1

R2
+

1

R3
+

1

R4
(3.1)
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Table 3.1: Wear location and resistance in one layer [4].

Wear Line (WX) Total Resistance (RL1) Wear Location (x)

W1 ∞ x < L1

W2 R1 L1 < x < L2

W3
R1R2
R1+R2

L2 < x < L3

W4
R1R2R3

R2R3+R1R3+R1R2
L3 < x < L4

The resistance of all four layers will be similar without any wear. Thus, we assume that

the wear occurs along the line W2 in the first layer and is only thick enough to cut Layer 1

without affecting the conductive traces in Layer 2. In this scenario, RL1 is equal to R1.

Since each trace has a known resistance, it is possible to predict that the location of the

wear is greater than L1 but less than L2. In a scenario in which the wear occurs along

the line W3, the resistance of RL1 will be equal to the combined resistance of R1 and R2.

Therefore, by measuring the resistance, it is possible to predict the location of the wear

is greater than L2 but less than L3. Similarly, the location of the wear in each layer can

be predicted by measuring the resistance. A summary of the wear location based on the

resistance in one layer is shown in Table 3.1.

Each layer’s resistance is measured independently. Hence, it is possible to ascertain the

depth of the wear. Since the wear distance can be predicted using Table 3.1, the details

of the wear profile can also be estimated.

L1

RL3

RL2

RL1

RL4

L2

L3

L4

Figure 3.2: Cross-section of the sensor with an example wear profile [4].
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A vertical cross-section of the sensor with an example wear profile is shown in Fig. 3.2.

The possible resistance values for this specific wear profile and predicted wear location are

shown in Table 3.2.

Table 3.2: Wear location according to the measured resistance in each layer [4].

Resistance (RLX) Wear Location (x)

∞ x < L1

R1 L1 < x < L2
R1R2
R1+R2

L2 < x < L3
R1R2R3

R1+R2+R3
L3 < x < L4

R1R2R3R4
R2R3R4+R1R3R4+R1R2R4

No Wear

3.2 Experimental Results

3.2.1 Printing the Sensor

There were multiple techniques to print the sensor using a extrusion printer and those are

assembling separately printed components, pausing prints, printing using a multi-material

printer, and embedding printed components into a print. Irrespective of the selected tech-

nique of printing, the functionality of the sensor is the same since the material, dimensions

and the arrangement of the sensor is the same. Therefore, to reduce material waste and

reduce print time, the sensor was printed and assembled separately. The reason for select-

ing this technique was to reduce the material waste from printing a purge tower (printed

volume to clear the nozzle from previous material type) and to remove the requirement to

pause the print to embed parts. The assembled wear sensor is shown in Fig. 3.3.

Twenty-five conductive tracers were printed, as shown in Fig. 3.4, to determine the varia-

tion of resistance across multiple conductive prints. According to the measurements taken,

the standard deviation of the traces was 0.1005 kΩ, and the results are shown in Fig. 3.5.

From these results, it can be concluded that the resistance is relatively consistent across

multiple printed traces.
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3.2.2 Resistance and Wear Location

As shown in column 2 of Table 3.1, the resistance values must be measured to determine

the wear location. To simulate the wear, conductive traces were disconnected, as shown in

Fig. 3.6, and the resistance values were measured. The results are summarised in Table 3.3

and the trend is depicted in Fig. 3.7. A very small crack across the traces might reduce

the electrical conductivity, and thus more experiments are needed to identify the effects

of cracks, as opposed to complete wear.

Table 3.3: Wear location and resistance in one layer [4].

Wear Line (WX) Total Resistance (RL1kΩ) Wear Location (xmm)

No Wear 4.17 None

W4 4.83 25 < x < 33

W3 5.41 17 < x < 25

W2 7.23 9 < x < 17

W1 ∞ x < 9

3.2.3 Wear Profiling

A summary of the test results conducted for various wear profiles and predicted and actual

wear locations is provided in Table 3.4.

Figure 3.3: 3D printed and assembled wear sensor [4].
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Figure 3.4: Multiple printed conductive traces [4].

The dashes in Table 3.4 indicate “no wear”. There was no predicted or actual wear for

Layer 4 and, therefore, it was excluded from the table. The various wear profiles that were

tested are shown in Fig. 3.8. The location of the wear was predicted by comparing each

layer’s resistance values to Table 3.1 and choosing the closest location. The dash lines in

Fig. 3.8 depict the length of the traces (LX) that were measured from left to right and Wx

Figure 3.5: Total resistance against sample number [4].

file:///C:/Users/Nuwan/OneDrive - UTS/UTS/Project/Documents/Papers/ISARC Canada/Pictures/SVG/ResistanceAgainstSampleNumber.svg

Figure 3.6: Samples prepared for the experiment relating resistance measurement to
different wear lines [4].
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reveals the wear line locations, as shown in Fig. 3.1a.

3.3 Discussion and Conclusions

This chapter presented a wear sensor that can be directly printed to a 3D printed object.

Sensor was printed as multiple layers of conductive traces with carbon-based filament and

resistance measurement used to determine the depth and the location of the wear. The

proposed design enables the measurement of the distance to the location of the wear,

relative to one axis and parallel to shown wear lines. Using these measurements, the wear

profile can be determined relative to the datum axis. However, in the tested configuration,

it is impossible to determine the wear profile from the opposing side. An arrangement with

stacked sensors would be interesting to investigate. Rather than one datum axis, such a

design contains two datum axes, facilitating the measurement of the wear location from

Figure 3.7: Resistance relative to broken wear lines [4].

Table 3.4: Predicted and actual wear locations according to the measured resistance in
tested wear profiles [4].

Test
Resistance After Wear Actual Wear Line Predicted Wear Line
RL1 RL2 RL3 RL4 Layer1 Layer2 Layer3 Layer1 Layer2 Layer3

1 5.45 4.82 4.29 4.10 W3 W4 - W3 W4 -

2 5.49 5.48 5.43 4.13 W3 W3 W3 W3 W3 W3

3 ∞ ∞ 4.14 4.10 W1 W1 - W1 W1 -

4 ∞ ∞ 7.66 4.13 W1 W1 W2 W1 W1 W2

5 7.20 4.18 4.11 4.16 W2 - - W2 - -

6 7.28 7.25 4.20 4.14 W2 W2 - W2 W2 -
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(a) (b) (c)

(d) (e) (f)

Figure 3.8: Wear profiles [4]: a) Test 1; b) Test 2; c) Test 3; d) Test 4; e) Test 5; f)
Test 6.

either side. This new configuration would allow a complete 2D cross-sectional profile of

the wear. The same configuration can be extended by stacking multiple sensors adjacent

to each other, enabling a complete 3D map of the wear location.



Chapter 4

3D-Printed Strain Sensor with

Temperature Compensation

For GSS, measuring strain has various advantages for several reasons. One is to monitor

and confirm that the operators of the GSS follow the given guidelines and do not load the

GSS unnecessarily. An excessive load might damage the GSS permanently by deforming

it, which may result in it needing to be replaced. This replacement process costs both

time and money. Integrating strain sensors to the GSS will help to identify these kinds of

incidents and will allow for the alerting of operators to imminent issues, encouraging them

to follow proper guidelines. Additionally, strain measurement will help in understanding

the long-term creep of the GSS and predicting when replacement is necessary. The profile

of the GSS determines the production output [22]. With time, the material will slowly

deform (i.e., creep), and this change in the profile will affect the production output. It

may be possible to redesign the GSS to reduce the observed creep behaviour in future by

understanding this behaviour in the long term. It is imperative to develop a strain sensor

that is temperature compensated because the GSS operates in locations where there are

significant temperature variations throughout the year. This chapter presents the details of

the developed strain sensor, which was printed using a carbon-based conductive material,

mainly because of its corrosion resistance, low cost and widespread availability.

47
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4.1 Methodology

4.1.1 Principle of Strain Gauges

Strain can be defined as the ratio between an initial length and an elongation of it resulting

from an applied force. There are four types of strain: torsional, bending, shear and axial

[188]. The gauge measures strain based on electrical resistance, which varies in proportion

to the applied strain. The basic components of a strain gauge are shown in Fig. 4.1.

Traditionally, strain gauges have wires or thin metallic foil in a grid pattern to maximise

the amount of axial strain. 3D-printed conductive carbon-based traces have been used in

this research to replace the wire or metallic foil. Since the traces are printed inside the

base material, strain is transferred directly to the traces.

When the material is subjected to deformation, the material’s resistance is given by

Eq. (4.1), where the resistance is R, the resistivity is ρ, the length is l and the cross-

sectional area is A. When the load is applied, it will increase the l and decrease the A,

which will accelerate the resistance in the terminals A and B in Fig. 4.1. As shown in

Eq. (4.2), the ratio of the fractional change in resistance, ∆R/R, is proportional to the

strain. The sensitivity of the gauge to the strain ε is called GF .

R = ρl/A (4.1)

∆R/R = GF × ε (4.2)

Force (F)Force (F)

A

B

Conductive grid 
pattern

Carrier material 

Figure 4.1: Components of a strain gauge [5].
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4.1.2 Temperature Compensation

The Wheatstone bridge-based method has been used to measure minor changes in the

resistance. The mechanism of the Wheatstone bridge can be explained as two voltage

divider circuits arranged in parallel. One circuit contains R1 and R2 and the second circuit

contains R3 and R4, as shown in Fig. 4.2a. Using the input voltage, VE , the voltage of the

bridge, V0, can be calculated as shown in Eq. (4.3).

V0 =

[
R3

R3 +R4
− R2

R1 +R2

]
·VE (4.3)

Different types of available arrangements for strain sensors are full-bridge, half-bridge and

quarter-bridge. In the quarter-bridge setup, which has one single strain gauge, R4 acts

as the active strain gauge that measures bending strain or axial strain. However, this

arrangement does not compensate for the temperature. There are two configurations for

the half-bridge. For the bending strain measurement, the arrangement shown in Fig. 4.2b

has been chosen. The active strain gauge in this arrangement is R4 and measures tensile

strain (+ε), while a compressive strain is measured by (−ε) [189]. For the temperature-

compensated strain gauge in this chapter, half-bridge and quarter-bridge configurations

were contrasted to understand the effectiveness of temperature compensation.

(a) (b)

Figure 4.2: Proposed Wheatstone bridge configurations [6]: a) Full Wheatstone bridge;
b) Half-bridge setup.
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4.1.3 Sensor Calibration

The calibration of the strain gauges can be performed by applying a known load to the

gauge and measuring the resistance. When the strain gauges are mounted to the equip-

ment, the best calibration method is to load the equipment with a known load distribution

and measure the output [190]. A tensile-testing machine that can apply a known strain

value can be used to calibrate the printed strain gauges. By measuring the electrical resis-

tance with that known strain, the gauge factor can be calculated. After determining the

gauge factor, the sensor is considered calibrated, and future measurements of the resistance

will be used to determine the strain.

4.2 Experimental Setup and Results

An Instron E10000 tensile-testing machine was used to test the 3D printed pure material as

well as the printed strain gauge. This machine has up to ±10 kN dynamic load capacity and

±7 kN static capacity [191]. Standard dog bone-shaped test specimens were 3D-printed in

different material and with various raster angles to identify the material’s properties. The

3D-printed strain gauges were then tensile tested to investigate the relationship between

strain and resistance. Since it is difficult to create a temperature-controlled area around

the Instron machine, a new testing rig was developed by the author to overcome this

limitation. This new rig is shown in Fig. 4.3b.

4.2.1 Materials and Printing Process

A proto-pasta conductive PLA has been chosen for conductive traces. This is a composite

material based on conductive carbon black and Natureworks 4043D PLA. The resistivity

of this material is rated at 15 Ω.cm before printing. After printing, along the X–Y plane,

it is rated at 30 Ω.cm and, on the Z-axis, at 115 Ω.cm. First, samples were printed with a

thermoplastic polyurethane base material. However, these samples had low layer adhesion,

and traces become detached. Therefore, to improve the adhesion between conductive traces
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Figure 4.3: Experimental setups [6]: a) Components of the temperature testing rig; b)
Temperature testing rig setup; c) Displacement testing rig setup.

and the base, non-conductive PLA was used as a comparable material with similar printing

parameters.

To print the specimens, a Prusa i3 MK3 printer was used with the Multi-Material Unit 2.0

[192]. This is a popular and open source FDM printer that can print up to five filaments,

having a build volume of 250 x 220 x 215 mm, print speed up to 60 mm/s and resolution

of 0.02 mm. This printer was used because of the variety of low-cost material available.

Table 4.1 shows the parameters for the printing specimens.

Specimens for tensile testing were printed with a layer height of 0.15 mm and a 100%

infill. Two types of dog bone specimens were printed for each material with 45-degree

raster angles and 100% infill. All printed strands were oriented parallel to the tensile load

with 100% infill. The 45-degree raster specimen was offset from the tensile load by 45
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Table 4.1: Print parameters for the sensors used in the experiment [6].

Print Parameter Value

Nozzle diameter 0.4 mm
Bed temperature 65 oC
Nozzle temperature for PLA 210 oC
Nozzle temperature for conductive PLA 240 oC
Printing speed PLA 60 mm/s
Printing speed conductive PLA 25 mm/s
Purge volume 700 mm3

degrees. In this sample, each alternating layer was oriented by -45 degrees. For the strain

gauge tested for tensile strain, conductive traces were printed with a single strand in each

layer, and the base was printed with a 45-degree raster angle.

To test the standard tensile properties of the material, the printed dog bone dimensions

adhered to the ASTM D638 standard, which dictates the tensile-testing method for plastics

[193]. Fig. 4.5a shows these printed dog bones. To improve the adhesion between traces

and the base PLA, printing speed was reduced. The strain gauge printed using this method

is shown in Fig. 4.5b. The dimensions of the specimens are shown in Table 4.2.

For the temperature-compensated strain gauge, the different sensors were printed, two

of which were embedded inside the PLA base. A 3D model of the sensor is shown in

Fig. 4.4a. The dimensions of the sensor were 150 mm x 60 mm x 3 mm for length, width

and thickness, respectively. The trace width of the sensor was 1 mm. In this design, the

half-bridge configuration was used with two sensors, as shown in Fig. 4.2b and Fig. 4.4a,

which provide a closer view of the printed sensor. The same conductive filament and

based material used to print the tensile strain gauge were used to print the temperature-

compensated strain.

4.2.2 Standard ASTM Testing

To understand the difference between non-conductive and conductive PLA material, tensile

testing of the 100% infill was conducted. These three specimens were tested with an

elongation rate of 0.5 mm/min in the Instron E10000 tensile-testing machine until they
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(a) (b) (c)

Figure 4.4: Sensor setups [6]: a) Temperature-compensated strain sensor design; b)
Close-up view of the sensor; c) Close-up view of the arrangement of the LVDT sensor.

Table 4.2: Strain gauge dimensions [6].

Dimension Value (mm)

PLA base depth 0.8
Trace depth 0.4
Trace width 0.4
Individual trace length 40
Total trace length 869
Trace offset distance 3
Length of strain surface 90
Width of strain surface 69.5
Tab thickness 2.4

broke. The 45-degree raster angle specimens were also tested using the same method to

understand the raster angle’s effects.

The results of the dog bone testing are shown in Fig. 4.6a. From the testing, it was observed

that PLA has a higher ultimate tensile strength than conductive PLA. Conductive PLA

has an ultimate tensile strength of 30.45 MPa, while PLA has a tensile strength of 53.69

MPa for 100% infill specimens. Unlike the 100% infill dog bones, the 45-degree raster angle

dog bones showed lower strength with a reduction of 15.6% (4.75 MPa) for conductive PLA,

while normal PLA showed a reduction of 19.11% (10.07 MPa).
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(a)

(b)

Figure 4.5: a) ASTM D638 standard dog bones [6]. b) 3D printed strain gauge [6].

4.2.3 Tensile Testing

Initially, destructive tensile tests were conducted to understand the load required to plasti-

cally deform the specimen. The strain gauges were subjected to the tensile-testing method

with an elongation rate of 0.25 mm/min until breaking point. To identify the relationship

between the strain and the resistance, the specimens were tested in the elastic region. The

strain gauge was tested by staggered loading and unloading, with a constant load of 50 N

held for 30 seconds while the resistance and strain were recorded. The load was held to

establish whether any hysteresis effects were present as a result of creep or viscoelastic

material effects.
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Figure 4.6: Experimental results [6]: (a) Standard tensile tests for conductive (C) and
non-conductive (NC) PLA with 90o and 45o raster angles; (b) Load and strain data for
loading and unloading tests; (c) Resistance and strain data for loading and unloading

tests.

Testing was conducted until the strain gauge failed. This showed that plastic deformation

occurred after 0.6 kN of applied load with an ultimate tensile strength of 1.3 kN. The

test results with the load and strain plotted against the time are shown in Fig. 4.6b. No

significant increase can be observed in the strain as a result of the plastic deformation.

This shows that the applied 500 N is within the elastic range of the material.

A strain gauge was loaded and unloaded, and these test results are shown in Fig. 4.6c.

From these results, a near-linear relationship can be observed between the elongation and

the resistance. A minor hysteresis of 6.05% was present between the initial and the end

resistance. Additionally, a resistance lag was evident in the strain measurement during

the unloading. This behaviour is believed to be a result of the viscoelastic property of the
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PLA, or since when the load is released, the specimen may take some time to settle back

to its original length.

4.2.4 Microscopic Analysis

Cracks may appear in carbon when the pure material is subjected to a strain. Over time,

resistance will be increased because of these cracks, which might affect the measurement

of the strain. The material used to print strain gauges is PLA mixed with carbon black

(in powder form), which reduces the chances of crack formation. Using a laser microscope

(LEXT OLS5000), traces of the tensile-tested strain gauge were observed to verify this

assumption. The tensile-tested strain gauge was used for microscopic analysis because

traces are on the surface and possible to observe using the microscope. The results of this

test are shown in Fig. 4.8. A strip of multiple traces is depicted in Fig. 4.8 and a close-up

view of the conductive traces is shown in Fig. 4.8b. No cracks were observed during this

experiment, therefore confirming that the traces can handle stress without fissure within

the tested strain range, as seen in Fig. 4.6c.

4.2.5 Temperature Testing Setup

For temperature testing, two variables need to be varied: strain and temperature. An

insulated box was used since it was necessary for the temperature to remain constant

Figure 4.7: Testing strain gauge using Instron E10000 machine [5].
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(a) (b)

Figure 4.8: Microscope images [6] of: a) Multiple traces; b) A single trace.

throughout the testing. A heating pad (RDK) with the ability to set the temperature was

used to control the temperature inside the box. To measure the temperature inside the

box, a thermocouple connected to a multi-meter was used. A set of weights (1 kg) was

used to change the bending strain, adding 200 g at each step. To test the effectiveness of

the temperature compensation, half-bridge and quarter-bridge configurations were tested.

A constant voltage of 5 V was supplied to the bridge using a lab power supply and was

measured using a 5½-digit multi-meter (PREMA 5017). An overall view of the components

used in the testing is provided in Fig 4.3a, and an image of the actual setup is presented

in Fig 4.3b.

4.2.6 Temperature Controlled Test Results

During the testing, for each weight change, the temperature was changed from 25 ℃

to 40 ℃ in 5 ℃ increments using the digital heat pad controller, and the voltages were

measured. In normal long-term operating conditions, the temperature of the slurry in

GSS will generally be at or above normal room temperature, (25 ℃). Therefore, 25 ℃

was selected as the lower bound. The material would warp if the temperature exceeds

40 ℃ and therefore, that would be the maximum recommended operating temperature,

which is why 40 ℃ was chosen as the upper bound. The box’s temperature was held for

2 minutes to propagate the heat inside the specimen before taking a voltage measurement.

To compare the temperature compensation, half- and quarter-bridge configurations were

tested using the same method. Test results from the temperature-controlled test are
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Figure 4.9: Experimental results of the sensor [6]: a) Voltage change in half-bridge and
quarter-bridge arrangement for different weights and voltages; b) Difference in internal

temperature and ambient temperature.

depicted in Fig. 4.9a. The graph shows that the quarter-bridge configuration has an

absolute average temperature gradient of 9.85 mV/℃, while the half-bridge configuration

has one of 3.16 mV/℃. The gradient represents an error; therefore, a higher gradient means

a greater error. Conversely, a lower gradient implies that temperature has a comparatively

lower impact on the strain measurement. The results indicate that the proposed half-

bridge configuration reduced the gradient by 68% in contrast to the configuration of the

quarter-bridge.

4.2.7 ANSYS Temperature Simulation Results

To measure the internal temperature of the traces, it is necessary to embed a temperature

probe. Placing a temperature probe with different mechanical properties against the sensor

will affect the structural integrity of the strain sensor and change its bending behaviour.

The ambient temperature of the box was measured for this reason. It is important to note

that, because of the temperature gradient in the material PLA, the actual temperature

of the conductive traces in the strain gauges was different from the ambient temperature.

An ANSYS simulation was conducted for each of the tested temperatures in the box to

investigate this difference in temperature. The results of these simulations are shown in

Fig. 4.9b. During the simulations, the sensor was subjected to the same temperatures as

the actual sensor—from 25 ℃ to 40 ℃—and, after two minutes, the maximum internal



Chapter 4. 3D-Printed Strain Sensor with Temperature Compensation 59

Figure 4.10: Simulation result of the internal temperature for the ambient temperature
of 40 ℃ [6].

temperature was measured. The simulated temperature distribution for the 40 ℃ is shown

in Fig. 4.10. The results show that the maximum temperature difference observable from

the simulation was around 9.7 ℃.

4.2.8 Displacement Testing

It was not possible to measure the sensor’s deflection when it was inside the box. There-

fore, the weight and the resulting voltage change were measured during the temperature-

controlled test. A separate rig was developed to overcome this limitation, as shown in

Fig. 4.3c. In this setup, to measure the deflection, a Linear Variable Differential Trans-

former (LVDT) (RDC group LDC2000A) was used. This LVDT sensor was mounted over

the strain gauge with a distance (d) of 85 mm from the lab bench, as depicted in Fig. 4.4b.

When the weights were applied to the strain gauge, vertical displacement resulted, and the

plunger in the LVDT sensor translated this displacement to a voltage change, measured

using a multi-meter. The actual deflection can be calculated using the calibration results

of the LVDT sensor.

There were two experiments carried out in this setup. The first was conducted to ascertain

whether there was any considerable hysteresis in the sensor. From these results, shown in
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Figure 4.11: Deflection vs weight change [5].

Fig. 4.11, it is possible to conclude that there was no significant hysteresis in the sensor.

The second test was conducted in the half-bridge setup by measuring the voltage and

deflection, since the previous temperature-controlled testing revealed the half-bridge setup

to be resilient to temperature variations. The results are given in Fig. 4.12 and demonstrate

that the 3D-printed sensor reveals the near-linear relationship between voltage and strain.
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Figure 4.12: Deflection testing result for half-bridge [6].
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4.3 Discussion and Conclusions

This chapter has presented the design and characterisation of a 3D-printable temperature-

compensated strain gauge that can be embedded inside the 3D-printed GSS.

First, a 3D-printed strain gauge was designed to be printed with a combination of con-

ductive and non-conductive PLA. The pure materials were separately 3D printed then

tensile tested. The results indicated an increase of approximately 73% in ultimate tensile

strength for the non-conductive filament. The raster angle effect was also tested and was

demonstrated to be able to affect the tensile strength. This understanding of the material

helps to improve the future design of the strain gauge and to predict its effect on the

structural integrity of the GSS.

From the tensile testing conducted using the Instron machine, it was possible to under-

stand the relationship between the electrical resistance and the mechanical strain. This

relationship is near-linear, indicating that the 3D-printed strain gauge can be used to

measure the strain. From the tensile testing, the viscoelastic behaviour of the PLA was

observed, whereby the resistance in the gauge delayed the strain change. However, this

lagging behaviour was not an issue for this application since this sensor’s objective was to

measure creep, which occurs over an extended period. Additionally, noticeable hysteresis

was not recorded, which indicates no permanent damage to the conductive traces. Printed

traces were also examined using a laser microscope to identify defects after subjecting the

sensor to testing. However, it was not possible to identify any observable defects.

One limitation of this tensile strain gauge is that temperature changes can affect the

strain measurement since printed carbon-based material increases its resistance in re-

sponse to temperature. Therefore, this research was focused on designing a temperature-

compensated strain sensor. The impact of the temperature on the strain measurement

was tested using two configurations. One was half-bridge, which is resilient to temper-

ature changes, and the other was quarter-bridge, which is not. The test results showed

that the half-bridge configuration was around 68% less prone to temperature variations

than the quarter-bridge configuration. Theoretically, the temperature should not affect

the strain measurement in the half-bridge configuration. However, around 3.16 mV/℃
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of gradient was evident during testing. The reason for this behaviour was that, despite

the similarity of the two strain gauges in the half-bridge setup, at the printing stage, a

difference of around 90 kΩ of resistance was present. This additional resistance created

an unbalanced bridge as the temperature increased, resulting in the temperature gradi-

ent observed. When testing in a temperature-controlled environment, it is impossible to

measure the sensor’s internal temperature, as doing so would require compromising the

structural integrity of the sensor. Therefore, an ANSYS simulation has been created to

identify the difference between the internal and ambient temperatures. The simulation

results revealed the maximum temperature difference to be around 9.7 ℃.

Initially, the strain gauge was tested using the Instron machine for tensile strain. However,

the GSS is subject to bending strain. Therefore, a separate test was conducted to measure

the deflection with the same weight range used to test the temperature changes. An LVDT

sensor was used to measure the deflection, and five bend-and-release cycles were used to

determine the hysteresis. The test results showed that the hysteresis was insignificant.

Finally, the half-bridge setup was tested by measuring the voltage and deflection and

this revealed a near-linear relationship between voltage and bending strain. Therefore,

from these results, it is possible to conclude that the proposed temperature-compensated,

3D-printed strain gauge is resilient to temperature variations.



Chapter 5

3D-Printable Sensors to Monitor

Acute Damage-causing

Characteristics

Monitoring of industrial equipment, such as the GSS, forms an important part of the gen-

eral inspection and audit process of a work site. Monitoring can help to identify potential

problems that were not anticipated during design or task analysis, and damage caused

by incorrect operation or incorrect use of the equipment. Two important characteristics

have been identified as having the potential to cause acute damage to the GSS: vibration

and heat. In line with the motivation of creating an IoT-enabled GSS that can monitor

its own state, it is advantageous to incorporate the measurement of these vibration and

temperature parameters directly into the structure of the 3D printed object.

Vibration is an important parameter that is valuable to monitor since an excessive amount

of vibration can be damaging to the equipment. Therefore, research was conducted to

investigate and develop a printable vibration sensor. This proposed sensor is based on

electromagnetic induction, a printed conductive filament and a permanent magnet. The

initial plan was to print a thin coil to act as an electromagnet. However, the higher

resistance and the inability to print coils on top of each other made a permanent magnet

the better option.

63
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GSS operate in remote parts of the world that have significant temperature variations.

End-users have occasionally been found to misuse the equipment by feeding high-temperature

slurry or cleaning solutions into the GSS. For the 3D printing of GSS, new materials are

utilised that are different from those previously used. In the case of material failure, it is

important to monitor and record the temperatures to which the GSS is subjected. There-

fore, this research has focused on developing a 3D printable temperature sensor. During

the strain gauge testing, it was observed that the carbon-based conductive filament had

a resistance response to the temperature. As it was deemed interesting to investigate this

property more, to test the ability to develop a temperature sensor, further research was

conducted.

5.1 Methodology

5.1.1 Theory of Electromagnetic Induction

According to Faraday’s law of motional emf, for a rigid coil moving at velocity, v, within

a stationary magnetic flux density vector field, B, the voltage (or emf), ε, sensed by the

coil is given by the line integral along the coil path of the electric field, E′, in the moving

coordinate system of the coil, as shown in Eqs. (5.1)-(5.2).

ε =

∫
E′ · dl (5.1)

ε =

∫
(v×B) · dl (5.2)

xh = A cos(ωt) (5.3)

v = vx̂ = (ẋh − ẋm)x̂ (5.4)

The vibration sensor body is cylindrical and the sensor is attached to a piece of heavy in-

dustrial equipment that is monitored, in which the housing is made to oscillate sinusoidally

along its cylindrical axis with amplitude, A, and angular frequency, ω, as in Eq. (5.3).
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Figure 5.1: 3D model of the sensor [7].

The permanent magnet located inside the housing will then acquire an axial displacement,

xm, through friction with the housing. The relative motion of the coil in the axial direction,

x̂, can be represented by Eq. (5.4).

For the coaxial, cylindrical, axially magnetised magnet in this application, the flux density

in the cylindrical coordinates (ρ,ϕ, x) is B = (Bρ, 0, Bx) and v×B = (0, vBρ, 0).

5.1.2 Design of the Vibration Sensor

The sensor was printed with two filaments and may be divided into several parts. Those

parts are the neodymium magnet (N40), located inside the sensor housing, and the coil,

which has been printed using carbon-based PLA with screw terminals to connect wires.

This design is shown in Fig. 5.1. The entire casing was printed using PLA and was designed

so that the case can be slotted into the base, which for the sake of experiments is then

screwed to the vibration exciter.

5.1.3 Principle of Temperature Sensors

Various physical attributes that change with the temperature, such as volume, resistance

and electrical resistance, are used to measure temperature. This relationship between the
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property R, the temperature coefficient α and the temperature difference dT is shown in

(5.5). For the 3D-printed strain gauge, R is the electrical resistance. A linear approxi-

mation can be used to calculate the value of RT for a given temperature T , as well as

the reference value of a property R0 at a reference temperature T0, assuming α does not

change considerably with the temperature. This relationship is shown in Eq. (5.6). How-

ever, this equation is valid under the assumption that the R varies linearly according to

the temperature. During the experiment for the conductive filament, it was observed that

the relationship between R and T is not purely linear. Hence, a non-linear approximation

of the polynomial of degree two has been used, as shown in Eq. (5.7), for the tempera-

ture range, where A,B and C are constants that are only valid for the temperature range

tested.

dR/R = α· dT (5.5)

RT = RT0(1 + α(T − T0)) (5.6)

R = AT 2 +BT + C (5.7)

5.1.4 Accurate Measurement of Resistance

When the temperature changes, it modifies the resistance of the 3D-printed traces. There-

fore, it is important to measure the resistance accurately to obtain a correct temperature

measurement. To achieve this, a Wheatstone bridge was used. Using this method, it was

possible to measure the sensor’s resistance by recording ∆V -a voltage relative to the re-

sistance. A Data Acquisition Device (DAQ) was used to measure the voltage accurately.

Fig. 5.2a shows this arrangement with different components, including sensor resistance

(RT ), input voltage (E), measured voltage (∆V ; calculated as in Eq. (5.8)) and other

bridge resistance values (R1, R2, R3).

∆V = (E+ − E−)·
(

R2

R2 +R3
− RT
R1 +RT

)
(5.8)
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Figure 5.2: Sensor designs [8]: a) Wheatstone bridge setup; b) Wire-frame view of the
sensor; c) 3D view of the sensor; d) Printed sensor.

Table 5.1: Temperature sensor dimensions [8].

Dimension Value (mm)

Trace width 1.00

Trace height 1.00

Trace length 1041.14

Terminal inner diameter 3.00

Terminal outer diameter 5.00

Terminal height 4.50

Total radious (r) 30.60

5.1.5 Design of the Temperature Sensor

The shape of the sensor is circular, and some traces start from the middle of the sensor,

which runs outwards in a concentric spiral pattern. As shown in Fig. 5.2b, there are two

terminals - one at the outside and one in the middle. Fig. 5.2c and Fig. 5.2d show a 3D

design of the sensor and the printed sensor, respectively. Table 5.1 shows the dimensions

of the sensor.
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Figure 5.3: Simplified diagram of the electromagnetic components in the sensor [7].

5.2 Experimental Setup and Results

5.2.1 ANSYS Simulation Setup of the Vibration Sensor

Initial simulation was conducted to identify the behaviour of the sensor. ANSYS Maxwell

from the ANSYS Electromagnetics Desktop Suite 2019 was employed for the simulation. A

simplified model was used for the simulation that comprised the actual physical dimensions

of the sensor, as shown in Fig. 5.3. Fig. 5.4 reveals that the magnet is coaxial with the coil,

and a linear motion along the x-axis was the chosen path for the magnet. The endpoints

of the coil were extended outwards and were connected to the ends of a set “region”,

encapsulating the entire setup in the shape of a rectangular prism with dimensions 80 mm

x 80 mm x 130 mm. This boundary region is depicted in Fig. 5.4 and was identified as

air with dimensions four times larger than the magnet diameter. As per the requirement

of ANSYS, the coil endpoints need to touch the end of the region to assign a current.

Therefore, the coil endpoints were extended by 40 mm along the positive and negative

sides of the z-axis. During the transient simulation, data were recorded every 0.01 seconds.

Two independent parameters were changed within the simulation model: the velocity of

the magnet and the number of coil turns. For the first test, two different velocities, which

can be achieved in practice, were simulated: 250 mm/s and 500 mm/s. The second test

was conducted at 500 mm/s in all its increments, increasing the number of coil turns by

two from one to seven turns. Simulation parameters are shown in Table 5.2.
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5.2.2 Simulation Results of the Vibration Sensor

Fig. 5.5 and Fig. 5.6 show the results of the simulation. The voltage induced against the

time for five turns for the aforementioned two speeds is shown in Fig. 5.5. The highest

voltage value recorded was around 22 mV for 500 mm/s and 11 mV for 250 mm/s. As

visible in Fig. 5.5, the induced voltage is proportional to the velocity with an inversely

corresponding time scale. The voltage can be generated from the time derivative of the

linked flux versus the magnet position ψ(x).

Fig. 5.6 shows the results for the number of turn simulations. According to the results, it

is evident that the maximum voltage exhibited by the five-turn coil was 23 mV and the

Figure 5.4: Simulated magnetic field (5-turn coil) [7].

Table 5.2: Simulation parameters [7].

Parameter Value

Magnet type Neodymium (N35)

Relative permeability 1.045

Bulk Conductivity 625000 S/m

Magnet diameter (2r1) 20 mm

Magnet axial length (l) 20 mm

Conductor diameter (d) 3 mm

Coil mid diameter (2r2) 26 mm

Coil pitch (p) 5 mm
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Figure 5.5: Voltage vs time for 5 turns at different speeds [7].

lowest voltage from the single-turn coil was about 9 mV. It is clear that the induced voltage

increased with the number of turns; however, the voltage per turn reduced in response to

the spatial extent of the coil, with only turns near the magnet end face experiencing the

peak Bρ.

5.2.3 Printing the Vibration Sensor Coil

The printer used to print the sensor was a Makerbot Replicator 5th Generation, a single

filament commercial 3D printer. Breakaway supports were used to print the coil vertically,

as shown in Fig. 5.8. After the printing, trimming and cleaning were required. The casing

also required further trimming and cleaning. However, the amount of printed support

material was minimal. Table 5.3 shows the print settings used.
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Figure 5.6: Simulated voltage vs time for 500 mm/s and different number of turns [7].
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Figure 5.7: Experimental setup [7]: a) Block diagram of components; b) Laboratory
setup.

Figure 5.8: Printed coil with supports [7].

5.2.4 Experimental Setup of the Vibration Sensor

There were five components in the test construction: the amplifier, the waveform genera-

tor, the oscilloscope, the vibration exciter and the sensor, as shown in Figs 5.7a and b. The

waveform generator was connected to the amplifier, which supplied the voltage required

Table 5.3: Print parameters used for the sensor coil [7].

Parameter Value

Nozzle diameter 0.4 mm

Bed temperature 60 oC

Nozzle temperature for PLA 215 oC

Nozzle temperature for conductive PLA 215 oC

Printing speed PLA 90 mm/s

Printing speed conductive PLA 20 mm/s
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(a) (b)

Figure 5.9: a) Moving coil with magnet setup [7]. b) Stationary coil setup [7].

to run the vibration exciter. The waveform generator was used to control the exciter’s fre-

quency and amplitude, whereas the oscilloscope measured the sensor’s signal. As shown

in Fig. 5.9, a sensor was mounted on the vibration exciter horizontally, with terminals

connected to the oscilloscope for voltage measurements. Table 5.4 shows the specimen

parameters. The vibration exciter used for the experiment was the MB Electronics Model

PM50, with the amplifier MB Electronics Model 2250. The Tenma 72-3555 Function/Ar-

bitrary Waveform Generator [194] was the waveform generator employed. DSO-X 2004A

[195], by Keysight Technologies, was the oscilloscope used. There were two different ex-

perimental configurations, as described in the next two sections.

Table 5.4: Experiment parameters [7].

Parameter Value

Conductor diameter (d) 3 mm

Coil mid diameter (2r2) 26 mm

Coil pitch (p) 5 mm

Number of turns (N) 5

Magnet type Neodymium (N40)

Magnet diameter (2r1) 20 mm

Magnet axial length (l) 20 mm
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5.2.4.1 Moving Coil with the Magnet

In this arrangement, as shown in Fig. 5.9, the initial tests were conducted using the entire

specimen, with a magnet contained inside, mounted on the vibration exciter. The casing

vibrated along with the exciter because of its rigid attachment by bolts. The magnet

moved inside the cavity freely but with a limited range and, for certain amplitudes and

frequencies, the magnet rebounded against the “walls” at the ends of the casing. There

was a 30 mm maximum distance of travel.

5.2.4.2 Stationary Coil and Moving Magnet

The second type of tester was a moving magnet with an open-ended stationary coil fixed

in space, as shown in Fig. 5.9b. A non-magnetic clamp was holding the coil, and the

magnet was mounted to the exciter. The reason for conducting the second test was that

an occasional irregular shaking of the magnet inside the closed space was observed in the

first test, which may have interfered with the maximum travel of the magnet. The open-

ended coil allowed for the unobstructed vibration of the magnet, enabling comparisons with

the first test, to ascertain the effects of the magnet “rebound” and comparisons with the

simulation results. This second test was also conducted with the same vibration exciter,

under the same conditions as the first test, to remove the magnet’s motion uncertainty.

5.2.5 Material and Printing Process of the Temperature Sensor

Proto-pasta PLA material was used for the conductive traces, which contained carbon

black and PLA. Before printing, the resistivity of this material was rated at 15 Ω.cm and,

after printing, this increased to 115 Ω.cm along the Z-axis and 30 Ω.cm along the X–Y

plane. To print the sensor, a material extrusion printer [24] — Prusa i3 MK3 with the

Multi-Material Unit 2.0 attachment — was used. This printer has the ability to print using

five filaments with a single nozzle. During the printing process, the nozzle temperature

was set to 240 ℃ for the conductive filament and to 210 ℃ for PLA.
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5.2.6 Experiment Environment Setup of the Temperature Sensor

During the experiment, the DAQ (PicoLog 1000 series data logger) was used to supply

a constant voltage (5 V) to the bridge circuit and to measure and log data into a com-

puter. As shown in Fig. 5.10a, a variable resistor was used to balance the bridge and

set the resistance equal to the sensor. The sensor was placed inside a box, as shown in

Fig. 5.10b, to maintain a constant temperature without significant impact from the out-

side environment. A thermocouple, connected to a data-logging multimeter, which was

wirelessly tethered to a computer, was used to log the data. Fig. 5.11 shows this wireless

connection as an unbroken line to illustrate the connection. The thermocouple was placed

on the sensor and connected to it using a metallic tape. Then, the sensor was placed on

top of a temperature-controllable heat pad (RDK). This heat pad had a button that could

be used to set the temperature, and a display to show the current temperature. Further,

(a) (b)

Figure 5.10: Real-world experimental setup [8]: a) DAQ and the bridge circuit; b)
Sensor with a data logging multimeter.

Computer

DAQ

Bridge circuit

Sensor Heatpad

Heatpad
controller

Thermocouple

multi-meter

Figure 5.11: Data logging setup for the experiment [8].
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to create a strong thermal contact, the sensor was attached with metallic tape to the heat

pad. The setup of the experiment is shown in Fig. 5.11.

5.2.7 Results

5.2.7.1 Moving Coil Along With the Magnet

Two variables were tested in the first experiments, namely, frequency and amplifier input

amplitude. The RMS voltage generated was measured for varying amplifier input ampli-

tudes and frequencies adjusted by the waveform generator. The amplifier’s amplitude gain

was set to be 5x, and this amplification was kept constant throughout the tests. As the

peak-to-peak voltage can potentially fluctuate in response to extreme values, the maxi-

mum and minimum RMS voltages were instead measured to increase reliability. This was

achieved by allowing the specimen to oscillate for 20 seconds and recording the highest and

lowest RMS voltages over 2 second intervals within the 20 second duration. The amplitude

was raised from 2 Volts peak-to-peak (Vpp) in increments of 1 Vpp to 5 Vpp. At each of the

amplitude steps, the frequency was varied; it was initially set at 4 Hz and was raised in

increments of 2 Hz to 10 Hz. The results of the tests can be seen in Fig. 5.12a and b.

Only measurements up to the 4 Vpp range will be considered since the 5 Vpp range caused

the amplifier to “overcurrent”. The highest frequency (10 Hz) and amplitude (4 Vpp)

gave the greatest generated voltage at a maximum of 22.1 mV Root Mean Square (RMS)

(Fig. 5.12b) and a minimum of 5.4 mV RMS (Fig.5.12a). Comparing the maximum and

minimum graphs shows the erratic behaviour of the magnet. For example, as previously

stated, at 10 Hz 4 Vpp, the maximum induced voltage recorded was 22 mV RMS, while the

minimum was 5 mV RMS—a difference of 17 mV. At this frequency and amplitude, the

magnet rebounding off the casing walls introduces harmonics that cause short bursts of

oscillation at a higher or lower frequency, providing a large variation between the minimum

and maximum induced voltage in an inconsistent voltage induction.
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Figure 5.12: Moving coil (Type 1) results for the magnet’s maximum internal travel of
30 mm [7]: a) Minimum RMS; b) Maximum RMS.

5.2.7.2 Moving Magnet With Stationary Coil

As stated earlier, the second experiment was conducted for the same device components

but with the magnet fixed to the vibration exciter and moving within an open-ended case

for unobstructed oscillation. There were three variables tested: frequency, amplifier input

amplitude, and the number of coil turns. The initial amplitude was the same as in the

first arrangement: 2 Vpp, increasing in increments of 1 Vpp to 5 Vpp, with the frequencies

increasing from 4 Hz to 10 Hz in 2 Hz increments. The amplifier “Amplitude” dial was

set to five out of ten. As the readings were consistent and not fluctuating, there was no

need to measure for a minimum or maximum induced voltage.

As a result of the amplitude being measured in peak-to-peak voltage, a test was also

conducted to translate the relationship between the amplitude and the travel—that is, the

moving distance—of the vibration exciter. This was achieved by setting up a slow-motion

camera (240 fps) on a tripod facing the side of the vibration exciter, with a non-steel ruler

placed alongside the housing. The inferred travels, tolerance ± 1 mm, are shown for 10 Hz

in Fig. 5.14. In the graph, a near-linear dependence on the travel by the amplifier input

amplitude can be discerned.

A comparison of the videos for 5 Hz and 10 Hz indicated that the travel was approximately

independent (within tolerance) of the frequency for a given Vpp. Fig. 5.13a and Fig. 5.13b

plot the position and inferred velocity versus the time for the moving magnet (Type 2)
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Figure 5.13: Moving magnet tests (Type 2) [7]: a) exciter position versus time for 4 Vpp

with 10 Hz excitation and travel 12 mm; b) speed vs time of the exciter.
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Figure 5.14: Moving magnet tests (Type 2) travel of the vibration exciter vs input
amplitude for 10 Hz [7].

4 Vpp and 10 Hz test—with travel distance of approximately 12 mm—indicating that the

exciter motion deviates from the sinusoidal.

The sample coil voltage waveform (Fig. 5.16) exhibits features similar to the velocity wave-

form (Fig. 5.13b), indicating that the non-sinusoidal exciter velocity profile has contributed

to harmonics in the voltage waveform.

In Fig. 5.15a, we can see that the highest voltage (RMS) recorded was 10.66 mV, from

an amplitude of 4 Vpp at a frequency of 10 Hz, with the lowest at 2 Vpp at a frequency of

4 Hz, generating 3.19 mV.
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Figure 5.15: Moving magnet (Type 2) results [7]: a) output signal RMS for different
input frequencies for 5 turns; b) output signal RMS for different number of turns at 10 Hz

and 4 Vpp.

The coil turn test was conducted at an amplitude of 4 Vpp at 10 Hz for one, three, five and

seven coil turns. The results are shown in Fig. 5.15b, for which an increase in the number

of turns led to an increase in the voltage induced. One coil turn generated 3.89 mV (RMS),

increasing to 9.83, 10.66 and 14.34 mV for three, five and seven coil turns, respectively.

Table 5.5: Comparison of ANSYS simulation and experimental results (mV RMS) for
4 Vpp input amplitude [7].

Predicted (mV) Measured (mV) Pred./Meas.

4.69 4.9 0.96

7.04 7.02 1.00

9.38 8.93 1.05

11.73 10.66 1.10

Figure 5.16: Sample signal received from the sensor in oscilloscope at 6 Hz and 3 Vpp

[7].
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Figure 5.17: Calibration test results for a fitted polynomial to predict the voltage change
at a given temperature [8].

5.2.7.3 Calibration and Testing of the Temperature Sensor

Five tests were conducted to calibrate the sensor and the temperature and the voltage

change ∆V were recorded. Initially, the heat pad was at room temperature (24–26 ℃),

then its temperature was set to a constant temperature (38 ℃). The upper limit of this

temperature was chosen because PLA starts to deform at around 42 ℃. Therefore, the

maximum temperature was selected at slightly below 42 ℃. At the beginning of the test,

the heat pad was turned on and the voltage and the temperature values were periodically

logged at the same time until the heat pad had reached the set temperature. This was

considered a single testing cycle and, afterwards, the whole system was set to cool to

room temperature. After plotting the ∆V against the temperature, it was observed that

a polynomial of degree two was the best fit for the measured relationship. By fitting a

polynomial of degree two, the constant values of A = 0.0002, B = −0.0051andC = −0.0016

were obtained, as per Eq. (5.7). Fig. 5.17 shows the calibration test results.

After its characterisation in the calibration step, the sensor was tested by measuring the

voltage required to predict the temperature using the previously fitted polynomial. This

testing was conducted in the same way as before, using the heat pad and measuring

the voltage and the temperature. Fig. 5.18 shows the various test cases and predicted

temperatures using the fitted polynomial. Additionally, Fig. 5.19 shows the absolute error

for each test; from this graph, it is possible to observe that the maximum absolute error

was less than ±2 ℃ within the temperature range of interest (24–26 ℃).
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Figure 5.18: Temperature prediction test results [8].
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Figure 5.19: Absolute error in the temperature as the voltage changes for the 5 tests
[8].

5.3 Discussion and Conclusions

This chapter has presented two embedded 3D printed sensor designs that can enable GSS

to monitor characteristics that can cause acute damage to the equipment, either due to

unexpected use or misuse. To this end, this chapter works to understand the electromag-

netic induction properties in 3D printed material to develop a prototype vibration sensor,

and to extend extrusion printing techniques for carbon-based filament to 3D print a novel

temperature sensor.

The developed prototype vibration sensor allowed for the analysis of electromagnetic in-

duction in commercially available conductive filament. Initially, an ANSYS simulation was

conducted to understand the general design parameters, including velocity and number of

turns.
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The two experiment models generated for the vibration sensor gave significantly different

results. The first model proved capable of voltage induction (RMS); however, it displayed

results that were inconsistent as a result of the frequent “irregular shaking” experienced

by the magnet inside the specimen. This result is attributed to the components gaining

higher frequency motion by “rebounding” off the ends. The second test with the magnet

moving within a stationary coil involved no such rebounding. With a 12 mm magnet travel,

the second test was capable of an induced voltage of up to 10.66 mV (for a five-turn coil,

oscillating at 4 Vpp, at 10 Hz). In all experiments, as the number of turns increased, the

amount of induced voltage also increased.

When comparing the maximum induced voltage between the two experiment types, we can

see that the first setup exhibited an overall higher voltage induction. However, a more im-

portant concern when implementing this model is its reliability. The need to measure both

minimum and maximum RMS voltages means that the induction is unreliable and that

receiving a concrete reading would pose a challenge. Examining the graph in Fig. 5.12a,

the minimum RMS voltage can be as low as 2 mV. Matching each amplitude and frequency

of this graph to the maximum induced voltage in Fig. 5.12b, the jump can be as large as

17 mV in response to the same conditions. Further, as this occurs in short bursts, simply

averaging the results between the minimum and maximum would be inaccurate. Another

concern is the robustness of and the wear on the specimen. Continuous impact against the

magnet ends can cause failure as a result of fatigue and tensile stress. During the testing

of the first configuration, the end of the specimen actually broke off. The minimum RMS

voltage for 10 Hz and 4 Vpp was 5.4 mV RMS for the moving coil test (Type 1), half that

of the 10.66 mV RMS for the moving magnet test (Type 2). The voltage was lower in the

moving coil tests with no magnet rebounding because the motion of the magnet induced

by friction reduced the relative motion of the coil and magnet, v in Eq. (5.4).

FEA can be used to predict the RMS voltage of the Type 2 experiments as follows.

Approximating the motion as sinusoidal, for the maximum travel of 12 mm at 10 Hz

for 4 Vpp, A = 6 mm and ω = 62.83 rad/s in Eq. (5.3) and the maximum magnet

velocity would be ωA = 377 mm/s. From Fig. 5.6, the predicted amplitude of the sinu-

soidal voltage for a five-turn coil, if positioned to obtain the maximum voltage, would be

(377/500) × 22 mV = 16.59 mV . The ε waveform is not sinusoidal, even for sinusoidal
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motion, because the ε for a given speed falls away from the peak (Fig. 5.5). Thus the RMS

would be somewhat lower than 1/
√

2 times the amplitude of 11.73 mV. From Fig. 5.15a,

the measured RMS voltage in the moving magnet test (Type 2) was about 10.66 mV,

which was 10% lower than the prediction. Using this method, with the same travel dis-

tance of 12 mm applied at other frequencies, the voltages at 4, 6 and 8 Hz at 4 Vpp were

also predicted and are shown in Table 5.5, where we can see that the results accord with

the analysis.

Measuring vibration is an important factor in equipment monitoring since excessive vibra-

tion can cause permanent damage. Therefore, this research was conducted to design and

develop a printable vibration sensor. The proposed sensor was designed and developed

with conductive filament and a permanent magnet. Then simulations and experiments

have been used to show how a vibration sensor was created and modelled through an un-

derstanding of the behaviour of electromagnetic induction in a 3D printed material created

from a commercially available conductive filament.

From the temperature sensor test results, it can be observed that the developed 3D-printed

temperature sensor and the Wheatstone bridge-based voltage measurement method can

measure temperature with an error margin of ±2 ℃, which is less than the acceptable error

margin of ±5 ℃. The testing results show that the resistance and temperature have a rela-

tively linear relationship. However, to ensure greater accuracy, a polynomial of degree two

was used. The proposed sensor was developed and printed using inexpensive carbon-based

conductive material embedded in a PLA base. This sensor could be embedded inside any

3D-printed object with similar material composition to measure its temperature. The sig-

nificant advantage of using a printed sensor over the traditional temperature probe inside

a 3D-printed object is the ability to print the sensor in line with the object, eliminating

any post-processing involved. Otherwise, it is necessary to provide space for conventional

sensors in the object and, since conventional sensors are made with different material,

they might affect the structural integrity of the object. This becomes a crucial issue if

the sensor needs to be embedded deep inside the material. Conversely, an advantage of

traditional sensors would be that they do not require calibration since they are already

calibrated when they are manufactured.



Chapter 6

Partially-filled Pipe Flow Meter

During normal operating conditions, the slurry is continuously pumped into the top of

each GSS via partially filled pipes. The flow rate of the slurry is important since it affects

the mineral separation process. Although it is important to measure the flow rate, the

challenge is that a normal flow meter becomes erroneous when measuring the flow in this

sort of partially filled pipe. Therefore, research was conducted to develop a non-intrusive

flow meter to measure pipes with a partial flow.

In this research, an ultrasonic flow meter has been used to develop a flow meter for

partial filled pipes. The main reason is that this type of flow meter is non-intrusive

and can be mounted on different pipes of different diameter. Two measurements are

required to determine the flow rate inside a pipe: the cross-sectional area of the pipe

and the flow velocity. The temporal difference between and against the flow of ultrasonic

signals is used in transit time flow meters to calculate the fluid flow [196]. In a pipe

that has a uniform diameter, the cross-sectional area can be assumed to be constant.

In full pipes, the propagation path of the sound depends on the mounting method (i.e.

the “W-”, “Z-”, “V-”, “N-” methods) of the transducers [197]. With knowledge of the

time measurement, it is possible to calculate the flow rate. However, in a pipe that is

partially filled, the propagation path and the cross-sectional area are unknown. Therefore,

accurately measuring the flow rate using only the ultrasonic sensor is not possible.

83
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(a) (b)

Figure 6.1: Possible propagation patterns from the V-method in a partially filled pipe
[9]: a) When number of peeks are two; b) When number of peeks are three.

6.1 Methodology

6.1.1 Principle of Transit Time Flow Meters

Ultrasonic flow meters do not have any parts that are moving nor do they undergo any

pressure drop. This is one of the main advantages of this type of flow meter, in contrast

to the orifice, vortex or turbine flow meters [198].

Piezoelectric transducers have been used in ultrasonic flow meters to receive and transmit

acoustic pulses. These transducers can be mounted on to the pipe in different ways, for

example, the N-method, the Z-method, the W-method and the V-method [197]. In this

research, transducers are attached on the same side of the pipe, which is the V-method.

The reason for using this method is that transducers can identify sound waves bounced

back from the liquid’s surface, as shown in Fig. 6.1. Further, this V-method is applicable

to the pipes used in GSS in which the diameter ranges from 15 mm to 200 mm [197].

In Fig. 6.2, the pipe’s inner diameter is D, the velocity of the flow is V , the total travel

distance is L, the angle between flow velocity and the sound wave is α and A and B are

the transducers. The upstream sound propagation time is tup and the downstream sound

A B

L/2L/2 L/2L/2DD

Vα

Figure 6.2: V-method sound propagation pattern in a full pipe [9].

hh β

n=2
dd

n=3
dd
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propagation time is tdown. When there is no flow in the pipe, the difference between these

two values is zero and the travel time of the sound waves is affected when there is a flow.

The speed of the sound waves in the liquid is C; hence, the transit times can be calculated

as:

tup = L / (C − V cos(α)) (6.1)

tdown = L / (C + V cos(α)) (6.2)

V =
L

2 cos(α)

(
1

tdown
− 1

tup

)
(6.3)

Q̇ = AV (6.4)

For a given liquid at a given temperature, C is a constant. Therefore, Eq. (6.1) and

Eq. (6.2) can be combined and, from this, it is possible to derive Eq. (6.3) [199]. If

the cross-sectional area, A, represents a full pipe, the flow rate can be calculated using

Eq. (6.4). Additionally, in commercial flow meters, the thickness of the pipe and the

material of the pipe is also considered when calculating the propagation time.

6.1.2 Determining Sound Propagation Path

The distance over which the ultrasonic waves travel, L, is required to calculate the flow

velocity, as shown in Eq. (6.3). This distance is measurable when the pipe is full. When

commercial flow meters are initially set up, the pipe material, pipe diameter, pipe thickness

and the liquid type allow for the calculation of the distance between the transducers. Then,

the transducers are mounted onto the pipe according to this recommendation. When the

pipe is not filled, the reflection pattern is unknown and various propagation patterns might

occur, as shown in Fig. 6.1, where the number of peaks that can occur is n, the distance

between transducers is d, the set of positive integers is n (n ∈ Z+) and the horizontal

dashed line is the liquid level.

The propagation path can be computed numerically for the partial filled pipe. The goal is

to find a pattern that contains an incidence angle close to that when the pipe is full. By
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calculating the incidence angle, β, and then the travel time, t, the L can be calculated for

different n values.

β = tan−1(d / 2nh) (6.5)

L = 2nh / cos(β) (6.6)

t = L / c (6.7)

The following steps can be used to identify the propagation pattern:

1. Calculate β for a full pipe using (6.5), where n = 1 and h is equal to the inner

diameter of the pipe.

2. For different liquid heights, h, change n and calculate β.

3. For each liquid height, determine the n that offers the least deviation for a calculated

β and a full pipe β.

4. Use n to give the propagation pattern for that specific flow height.

5. Then use n to calculate the travel distance with (6.6) and the liquid velocity using

(6.3).

6.1.3 Measuring Height of the Liquid

If the liquid height is known, the propagation path can be determined and, eventually,

the velocity of the flow can be calculated. To calculate the flow rate, it is necessary to

have a cross-sectional area, as per Eq. (6.4). For GSS, the properties of the flow, such as

density, can change over time and, therefore, capacitance-based height measurement has

been used. However, environmental changes, such as humidity, can affect the capacitance

measurement; thus, using a single sensor might require calibration. Therefore, to make

the measurement independent of the liquid, air and dielectric constants of the container, a

three-electrode design has been used. This arrangement of the three electrodes—the level

electrode, liquid electrode and environmental electrode—is shown in Fig. 6.3.
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Level 
electrode

Environmental electrode

Liquid electrode

Figure 6.3: Electrode placement around the pipe [9].

The liquid height can be determined as follows [200]:

Level = href
CLev − CLev(0)

CRL − CRE
(6.8)

Here, href is the height in the desired units of the pipe, CLev is the current capacitance in

the level electrode, CLev(0) is the capacitance of the level electrode when empty, CRL is

the capacitance of the liquid electrode, and CRE is the capacitance of the environmental

electrode.

This method has been used to measure the liquid height in this research; then, using the

liquid height, the propagation path can be determined and, using Eq (6.9), the cross-

sectional area can be calculated.

A =
D2

4
cos−1

(
D − 2h

D

)
−
(
D − 2h

2

)√
Dh− h2 (6.9)

Here, the cross-sectional area of the liquid is A, the inner diameter of the pipe is D and

the liquid height is h.
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Ultrasonic 
flow meter

Capacitance 
sensor

Data acquisition 
device

Transducers

Sensor
pads Pipe

Figure 6.4: Proposed sensor fusion concept [9].

6.1.4 Determining Accurate Flow Rate

Using the capacitance-based method, the liquid height can be determined, which indirectly

helps to determine the correct flow rate, allowing the cross-sectional area to be calculated.

This arrangement is shown in Fig. 6.4, and the process is depicted in Fig. 6.5.

6.2 Experiment and Results

6.2.1 Experiment Rig Setup

A test rig was developed with a 4 m long pipe and a pump to pump the water into the

pipe, as shown in Fig. 6.7a. The TUF-2000M ultrasonic flow meter had two transducers

connected to the pipe and is shown in Fig. 6.7b. The Modbus protocol can be used to

communicate with the flow meter [197] and a python program was written to read the data

in real time. Fig. 6.8 shows the dimensions and setup of the rig. The flexible PCB was

mounted onto the pipe using tape and transducers were mounted using cable ties. The

Capacitance sensor Ultrasonic flow meter

Measure capacitance values Retrieve transit time 
measurements

Calculate liquid height

Determine propagation path

Use determined path 
and transit times to 
calculate flow rate

Figure 6.5: Steps to determine the correct flow rate [9].
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Figure 6.6: Capacitance sensor [9]: a) Multiple layers of flexible PCB; b) Flexible PCB
after manufacturing; c) Capacitance sensor testing with water level.

transducers were positioned according to the manufacturer’s specifications considering the

liquid inlet and outlet locations. The transducer distance (d1) was determined by the flow

meter according to the pipe’s diameter, material and thickness; the liquid type; and the

transducer mounting method (the V-method). The capacitance electrodes (d2) were in a

convenient location near the transducers.

6.2.2 Determining Ultrasonic Propagation Pattern

This experiment’s flow meter comprised TUF-2000M and an acrylic pipe with a 100 mm

outer diameter and a 3 mm thickness. As mentioned earlier, the first step in identifying

(a) (b)

Figure 6.7: a) Flow rate testing [9]. b) Ultrasonic flow meter [9].
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Pipe thickness: 3mm

Transducers
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=~100mm

  

    

  

Level
electrodes

Figure 6.8: Flow meter experimental rig setup [9]: a pipe-mounted flexible capacitance-
measuring PCB and strategically-positioned ultrasonic transducers.

the propagation path was to calculate the β for a full pipe according to Eq. (6.5), so that

βrad = 0.51 (d = 106.8mm, n = 1, h = 94mm).

The distance between the transducers does not change with the liquid level, and the

transducers will always transmit sound at this angle. Hence, the propagation patterns

that occur in the pipe at different liquid levels will have the same β as the full pipe.

Additionally, a different ∆β value can be calculated for each of the various propagation

patterns, and it is possible to predict the actual propagation pattern at that height. This

results in the correct flow rate calculation.

The difference between the angles, according to step 2, is shown in Table 6.1, which

explains how the propagation path is identified. The highlighted bold text shows the

lowest deviation. The propagation pattern is n = 2 for these water levels, according to

the calculated result. To verify this result using Eq. (6.7), the travel time was calculated

(see Table 6.2) and this was contrasted to the travel time measured for the different water

heights using the flow meter.

Table 6.1: ∆β values for different n and h [9].

Propagation Water Height (mm)
Pattern 40 45 50 55 60 65

1 0.420 0.362 0.310 0.263 0.219 0.180

2 0.080 0.027 -0.017 -0.055 -0.088 -0.117

3 -0.088 -0.130 -0.165 -0.194 -0.219 -0.240

4 -0.185 -0.219 -0.246 -0.269 -0.288 -0.305
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Figure 6.9: Measured and calculated times for values of n and h [9].

The computed travel time, according to Eq. (6.7), is shown in Table 6.2; the measured

results from the flow meter and the calculated results are shown in Fig. 6.9. According to

Fig. 6.9, the measured travel time is slightly higher than the determined reflection pattern,

which is n = 2. The reason for this difference is the thickness of the transducers (18.9 mm)

and the thickness of the pipe (3 mm). The extra time for these distances is 10.245 µs. In

Fig. 6.9, this transducer and pipe thickness travel time has been compensated by adding

extra time (i.e. +10.245 µs) to the predicted travel time, meaning that the measured travel

time matches the predicted pattern.

6.2.3 Liquid Level Measurement using Capacitance

A capacitance sensor with three channels is required to determine the liquid level connected

to the environmental, level and liquid electrodes. The capacitance sensor, the Texas

Instruments FDC1004 four-channel sensor was used, which has a full range of ±15pF

Table 6.2: Calculated travel time (µs) for different n and h [9].

Propagation Water Height (mm)
Pattern 40 45 50 55 60 65

1 90.1 94.3 98.8 103.5 108.5 113.6

2 129.9 141.4 153.1 165.2 177.4 189.9

3 177.4 196.1 215.1 234.3 253.7 273.2

4 227.9 253.7 279.7 305.9 332.2 358.6
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and high-resolution. An offset capacitance of up to 100pF can be handled by this sensor

[200].

In the real world, when measuring capacitance, there can be significant interference from

the environment. Hence, electrodes should be properly shielded. A flexible PCB was

developed with four layers wrapped around the pipe. To mitigate the parasitic capacitance,

the Out-of-Phase method was used. The liquid’s potential value was kept at a constant in

the excitation phase by using a differential capacitive measurement [201]. There were two

shield terminals and three channels used in this method, as shown in Fig. 6.10.

The designed PCB was flexible and had insulation layers. Additionally, it had soldering

pads. The middle layers contained the electrodes, as shown in Fig. 6.6a. The same figure

shows that the middle Layer 1 held the channels and Shield 1, while the middle Layer 2

contained Shield 2.

The top and bottom sides of the manufactured PCB are shown in Fig. 6.6b. The left

side of the PCB (i.e. the top side) shows the three electrodes in the mid-layers. Shorter

electrodes are used as liquid and environmental electrodes. The left side of the PCB (i.e.

the bottom side) shows the shielding in the mid-layer.

The level testing rig is shown in Fig. 6.6c. The pipe was filled with water and the PCB

was wrapped around the pipe. The capacitance values and water height were continually

measured. The raw capacitance values are shown in Fig. 6.11. The level and liquid elec-

trodes measured a sudden jump around the sample number of 1,100 when the water filling

begins. The jump was caused by the sudden replacement of air with water, which changes

the capacitance significantly. The level electrode capacitance value kept increasing since

the air inside the pipe is continually replaced with water. This changes the capacitance

while the air electrode capacitance values stay nearly constant after the filling begins.

Liquid
Pipe Wall

Channel 1/2/3 Shield 1
Insulation Layer

Shield 2 Shield 1

Figure 6.10: Sensor layout: Out-of-Phase technique [9].
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Figure 6.11: Raw capacitance values of the three electrodes and the green dashed line
shows when water filling begins.

There is a small decrease in the capacitance value measured by the liquid electrode com-

pared to other capacitance changes in the level electrode, although the the cause of this

is not fully understood. Similarly to the spike when water filling begins, at around the

sample number of 5,000, there was a spike when the pipe became full.

Using Eq. (6.8) and the raw capacitance values, it is possible to calculate the liquid height.

The computed liquid height in reference to the ground truth is shown in Fig. 6.14. A

window size with a moving average of 100 was used to reduce the outliers and noise.

The ratio values from Eq. (6.8) were normalised to be between 0 and 1 (i.e. empty and
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Figure 6.12: Flow rates at 40mm water height [9].
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Figure 6.14: Estimated liquid height and ground truth [9].

full). The test results showed that the proposed method can measure liquid height with a

maximum error of around 10 mm.

6.2.4 Calculate Accurate Flow Rate

Since the liquid height can be determined robustly, as mentioned in the previous section,

the propagation pattern can also be identified using the liquid height. The propagation

patterns for a given pipe can thus be calculated for different water heights and a mapping

can be created between the liquid and propagation patterns.

Testing was conducted at various water levels and, for each water level, a direct reading

from the flow meter was taken, as shown by the blue line in Fig. 6.12). The flow rate
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from the proposed method (the green line in Fig. 6.12) was also calculated and contrasted

to the actual flow meter reading. The ground truth of the flow rate was measured by

collecting water and weighing it for a certain amount of time. This weighing of collected

water was conducted several times during a test (as indicated by each red “x” in Fig. 6.12)

and interpolation was done to obtain the intermediate values (red line in Fig. 6.12).

A summary of the different test results for various liquid levels is provided in Fig. 6.13.

The graph shows the error compared with the ground truth and the top and bottom

whiskers represent q3 +w × (q3 − q1) and q1 −w × (q3 − q1), where q1 and q3 are the 25th

and 75th percentiles and w = 1. The mean error value is shown by the middle value in

the whiskers. According to the error bars, the flow meter performs poorly when the flow

is low. Additionally, there is a wide distribution in the flow meter errors when the flow

is low, unlike in the model. The acceptable error margin for this application is less than

0.5 m3/h. The flow meter error is around 1.4 m3/h when the liquid level is at 40 mm,

while the proposed model produced an error of less than 0.1 m3/h, indicating an error

reduction of around 92%. Due to the pump’s practical limitations, it was not feasible to

create a flow with a height of less than 40 mm.

From the test results, it is possible to observe that the flow meter performs poorly when

the liquid level is low. Conversely, when the flow is low, the suggested model performs

within the required error margin. The proposed model showed a slightly higher error rate

of between 60 mm and 80 mm. However, the model’s mean value was within the acceptable

maximum error (0.5 m3/h). It is possible to further reduce the error to under to 0.2 m3/h

for all water levels by switching between the model-based flow measurement and the flow

meter-based measurement when the water level is within certain predefined liquid height

ranges.

6.3 Conclusions

This chapter presented an easily extensible sensor fusion approach to improving a transit

time flow meter’s accuracy for the partial flows common to the feed pipes for GSS. Flow

rate measurement in a partially filled pipe is challenging. Common transit time ultrasonic
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flow meters perform poorly when a pipe is partially filled and the error increases when the

water level decreases. The novel method in this chapter extends transit time ultrasonic

flowmeters by measuring the liquid level using an inexpensive capacitance-based level sen-

sor. It proposed a methodology to identify the different propagation patterns in various

liquid levels and has proven its accuracy in several different scenarios. It accurately cal-

culated the flow rate using determined reflection patterns as proposed equations when the

pipe was filled partially. The experiments conducted showed that the method reduces the

error from 1.4 m3/h to 0.5 m3/h in low water levels, and that the model performs within

the required error margin for all water levels.



Chapter 7

Radial Slicing and Path Planning

for 3D Printing

Printing the GSS using the developed bespoke printer occurs around a rotating column

using robot arms. In contrast, printing the GSS using the traditional horizontal printing

method would require an unreasonable amount of support material. Additionally, it would

introduce stepwise bumps on the spiral surface, which are undesirable since they would

change the surface roughness, affecting the slurry’s separation. Therefore, printing should

be conducted perpendicular to the axis of the GSS. However, unlike in horizontal algo-

rithms, there is no single vertical or horizontal plane on which slicing can occur. Hence,

printing should occur parallel to the GSS central axis on concentric cylindrical surfaces.

Ideally, this printing should incorporate the limitations of the robot. The first section of

this chapter presents a radial slicing algorithm that can be used to achieve this goal and

introduces manipulability as a “printability” measure.

Using the developed slicing algorithm, it was possible to generate trajectories on which

GSS could be printed by moving the extrusion head in a spiral shape. However, there are

multiple possible options for progressing the print head towards the outer edge of the GSS.

Therefore, after trajectory generation an optimal path planning method was proposed to

move the extrusion head outwards using a combined cost function to print the spiral, which

will improve the overall robot manipulability.

97
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7.1 Methodology

An overview of the approach is shown in Fig. 7.1. Firstly, the 3D model is sliced using

the proposed slicing algorithm and tool trajectories are generated. Secondly, the radial

path planning for a robot is optimised by means of print space sampling. Finally, using

the trajectories generated, the object is 3D printed.

 
Print Paths Trajectories Printed 

Object 
Slicing and 
Trajectory 
Generation 

3D 
Model 

Radial 
Path 

Planning 
Printing 

Printing 

Figure 7.1: Overview of the proposed radial slicing and robot path planning approach
for 3D printing.

7.1.1 Radial Slicing and Trajectory Generation

7.1.1.1 STL Files

STL files are composed of a list of triangle facet data that describes the surface of the

object. Three vertices and a unit normal are used to uniquely identify a facet. Three

coordinates in R3 have been used to identify each vertex and each facet identifies the

boundary between the interior of the object and the exterior [139]. The triangles in the

STL files satisfy the following conditions: (i) every edge is common to at least two triangles;

(ii) any number of triangles can share a vertex; (iii) every triangle has at least a single

point in common with another triangle; (iv) if there is a common vertex with the second

triangle, it is also a vertex of the second triangle; (v) triangles do not intersect with the

interior of any other triangles [202].

7.1.1.2 Ray Line Generation

A top-down view of the spiral is shown in Fig 7.2. Using Eq. (7.1), the number of cylin-

ders, N , can be calculated with user-defined parameters, such as minimum radius, rs,

and maximum radius, re, to ascertain where the slicing should occur. Additionally, the



Chapter 7. Radial Slicing and Path Planning for 3D Printing 99

Outer edge
of the spiral

Inner edge
of the spiral

cylinder

Figure 7.2: Generated cylinders where slicing occurs [10].

gap between concentric cylinders, ∆r, is also user-defined and the centre of the spiral is

(Cx, Cy).

N = (re − rs)/∆r (7.1)

The length along the circumference of the cylinder, ∆C , is a user-defined value. A point

in the nth cylinder, (x0, y0, z), is defined in Eq. (7.2) and Eq. (7.3), where z is an arbitrary

constant value. The total number of points around the circumference, K, that are equally

spaced by ∆C, is calculated using Eq. (7.5). For each cylinder, a set of vertical lines,

Ln,k, parallel to the axis of the spiral going through the point, (xk, yk), is calculated as

per Eq. (7.9) for the nth cylinder using the parameters defined in Eq. (7.7) and Eq. (7.8).

These are shown in Fig. 7.3, in which n = 1 . . . N , and for the kth point, where k = 1 . . .K

x0 = Cx + rs + n ·∆r (7.2)

y0 = Cy (7.3)
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Figure 7.3: Generated points for ray lines [10].

rn = |x0 − Cx| (7.4)

K = b2 · π · rn/∆Cc (7.5)

∆θ = k ·∆C/rn (7.6)

xk = (x0 − Cx) · cos(∆θ) + (y0 − Cy) · sin(∆θ) + Cx (7.7)

yk = −(x0 − Cx) · sin(∆θ) + (y0 − Cy) · cos(∆θ) + Cy (7.8)

Ln,k =< xk, yk, z > +t < 0, 0, 1 > where t ∈ R (7.9)

7.1.1.3 Calculation of Intersections Between Rays and Model

The intersection points between the STL model and each ray line, Ln,k, was calculated.

The model was composed of triangles and calculating the intersection points between

the line and the triangles gave the intersection locations between the model and a line.

A heuristic method was used to improve efficiency. User-defined thresholds, (Tx and Ty),

were used to define a bounding box, as shown in Eq. (7.10) to Eq. (7.13). When calculating

the line–model intersection, the search was limited to only this bounding box.
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x+ = xk + Tx (7.10)

x− = xk − Tx (7.11)

y+ = yk + Ty (7.12)

y− = yk − Ty (7.13)

7.1.1.4 Generation of Intermediate Points

After identifying the intersection points between the mode and the lines, the points were

sorted by the Z-height (i.e. along the Z-axis). This step employed the user-defined layer

height, ∆h, to create a set of intermediate points. There were many intersection points

since the model was closed and the ray lines penetrated the triangles. Hence, a point with

the lowest Z value would be on the bottom surface and the next point would be at the top

surface. During the printing, this intermediate space would be filled (i.e. the infill). For

mechanical design reasons, a solid infill is desirable. Under this assumption, the intermedi-

ate points are computed as follows. The bottom and top points’ X-, Y- and Z-coordinates

are connoted by (Xb, Yb, Zb) and (Xt, Yt, Zt), respectively. The number of intermediate

points is m and depends on the thickness of the trough. Let the ith intermediate point,

Pi, and the X, Y and Z values of that intermediate point be (Pi,x, Pi,y, Pi,z), as calculated

in Eq. (7.15) to Eq. (7.17). The X and Y values in the intermediate points are equal to

the X and Y values in the bottom and top points, as shown in Eq. (7.15) and Eq. (7.16).

m = b(Zt − Zb)/∆hc (7.14)

Pi,x = Xb = Xt (7.15)

Pi,y = Yb = Yt (7.16)

Pi,z = Zb + i·∆h where i = 1 . . .m (7.17)
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Figure 7.4: a) Lines and intermediate points in a single cylinder [10]. b) Closer view of
the intermediate points [10].

These intermediate points are shown in Fig 7.4a in the overall view of a single cylinder; a

closer view of the same data is provided in Fig. 7.4b, such that the individual points are

clear. These calculations were applied to all cylinders and the results are shown in Fig 7.5.

7.1.1.5 Trajectory Creation

After generating the set of points, S, that included both the top and bottom points, as

well as the intermediate points for the complete cylinder, it was necessary to generate a

tooltip trajectory, which would map the points followed by the robot tooltip. Using the

points that were created for each cylinder, a set of trajectories were produced. To achieve

Figure 7.5: Lines and intermediate points of all cylindrical slices [10].
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Figure 7.6: Different methods of connecting clusters [10].

this, the lowest cluster of points were first identified for each cylinder. The point with the

lowest Z value, M , was selected. Consider X and Y values of M are Mx and My. The

set of points, N that has the same X and Y values (i.e. they are vertically above M as

calculated in (7.18)), are then sorted according to their Z values. Consider a point pi that

has a lower Z value, zi to pi+1. The lowest cluster of points, L1, which lie within the model

are identified with (7.19).

N = {p | x = Mx, y = My, p ∈ S} (7.18)

L1 = {p | (zi+1 − zi) < ∆h} (7.19)

N = N − L1 (7.20)

The difference between the Z values of pi+1 and pi is compared with ∆h to create the set

L1. It is added to the set if it is less than ∆h. The cluster is removed from the set N , as

shown in Eq. (7.20), once the condition is no longer satisfied. The next cluster is created

by applying the same method to the remaining points. This process continues until no

points remain, N = ∅.

The way connections were made between the points in each cluster or how the sequences

were created depending on the number of points in each cluster is shown in Fig. 7.6. An

arrow shows the tooltip travel direction and nc1 and nc2 represent the number of points in

each cluster. After connecting this cluster, the same process was continued for the clusters
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in sequence—(L1, L2, L3, · · · )—until N = ∅. The trajectories generated for a single spiral

are shown in Fig 7.7a and those generated for multiple cylinders are shown in Fig 7.7b.

7.1.1.6 Simulation of Printing Process

Fig 7.8a shows the developed simulation environment in Matlab, adhering to the real

physical dimensions of the printer. Denavit–Hartenberg (DH) parameters were used to

represent the industrial robot’s dimensions (ABB IRB 120). The robotics toolbox devel-

oped by Peter Corke was used to simulate the robot [203].

7.1.1.7 Robot Inverse Kinematics and Manipulability

The robot tooltip should track and follow the waypoints according to the generated Carte-

sian trajectories. To achieve this, it was necessary to determine the joint configurations

or each of the end-effector poses along the different trajectories. This process is known as

Inverse Kinematics (IK). The solution to the IK problem can be obtained numerically or

analytically.

A model of the robot can be created, which defines the relationship between the various

joints, and then this can be used to solve for the joint variables. However, when there is a

(a) (b)

Figure 7.7: The calculated tool trajectories [10]: a) One trajectory from in a single
cylindrical range; b) Trajectories in multiple cylinders.
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Figure 7.8: a) Simulation environment and robot model [10]. b) Three examples of
printhead movement paths [11].

high degree of freedom in a robot system, obtaining an analytical solution is exceedingly

difficult or sometimes impossible [204, 205]. There are six joints in each of the industrial

robots that are independently mounted on vertical linear rails for this application, and

so, predictably, it was difficult to find an analytical solution [206]. Hence, a numerical

solution was employed. For the numerical solution, Forward Kinematics (FK) was first

used to determine the end-effector location. FK mapped each joint configuration to an

end-effector Cartesian pose (i.e. a 3D point and orientation) [207]. It was possible to

determine the end-effector pose using FK, K(q). Then, given the desired pose, ξ∗, which

is a waypoint in a printing trajectory, the general problem (7.21) could be formulated as

an optimisation problem, and the error between the end-effector pose and desired pose

could be minimised, as shown in (7.22).

q = K−1(ξ∗) (7.21)

q∗ = argmin
q
‖K(q)	 ξ∗‖ (7.22)

A robot arm’s ability to move easily in any direction or its dexterity of a robot arm is

referred to as its manipulability [155]. Manipulability is a scalar measure on which the
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higher the score, the better. For each location along the tool path, this value can be

calculated. For a given location and a manipulator, this chapter evaluates how to use

this measure to calculate the ease with which a given tool path may be executed for 3D

printing. The manipulability measure depends on the Jacobian matrix of the manipulator.

The Jacobian matrix maps joint velocities, q̇, to end-effector Cartesian velocity, v, as

shown in Eq (7.23), wherein q is the joint angles [155]. For this research, Yoshikawa’s

manipulability measure [208] was used, as demonstrated in Eq. (7.24).

q̇ = J(q)−1v (7.23)

m =
√
det (JJT ) (7.24)

7.1.2 Radial Path Planning

The previously developed slicing algorithm created trajectories for printing GSS by moving

a printhead in the shape of the spiral. However, it is necessary to identify the optimal

path on which to move the extrusion head radially outwards by considering a combined

cost function to achieve a successful print and improve the overall manipulability.

In the printing process, the printhead starts to deposit the first layer of melted extruded

material onto the rotating column and then progressively adds layer upon layer, expanding

the printing process radially outwards. The printing commences at the bottom and ends

at the top and, in each layer, there are multiple trajectories. The robot arm moves along

a rail from the bottom to the top in a vertical line and the column at the centre rotates

to achieve the helical shape. A top-down view of the printer is shown in Fig. 7.8b and the

dashed lines depict these concentric vertical layers or cylinders. This section of the chapter

addresses the path that should be used when moving outwards from the central column.

To cover a large volume of the print space using relatively small industrial robot arms,

the robot arm’s base location changes and, along with it, the dexterity value of the robot

arm constantly changes as well. This has a major impact on print quality and can cause

print failures. A few examples of printhead paths are shown in Fig. 7.8b and, although,
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theoretically, there is a large number of possible paths that can be generated, some of them

are infeasible and this research addresses the problem of identifying the optimal path.

7.1.2.1 Proposed Cost Function

The objective of this research is to identify the best path along which to move the printhead

from the closest to the central column, i = 1, and then to the last cylinder, i = n, where

n is the total number of cylinders. A cost function was proposed for path planning,

which was a weighted combination of three cost values: inverse manipulability, Cm(p);

Euclidean distance error, Cd(p); and roll-pitch-yaw rotation error, Cr(p), where p is a

provided sample location and pc is the true location in which the printhead ends up when

the printer attempts to move it to p. To represent p, the coordinates can be used as (i, k),

where i is the cylinder number and k is the kth location in that cylinder. The weight of

the distance error, wd, the manipulability, wm, and the rotation error, wr, are used in the

cost function, as shown in Eq. (7.28).

Cm(p) = 1−m(p) (7.25)

Cd(p) = d(pc, p) (7.26)

Cr(p) = droll(pc, p) + dpitch(pc, p) + dyaw(pc, p) (7.27)

C(p) = wm · Cm(p) + wd · Cd(p) + wr · Cr(p) (7.28)

The manipulability value was between 0 and 1 (where a higher value is better) and this

value was converted to a cost, as shown in Eq. (7.25). The Euclidean distance between

p and pc is calculated by the function d(pc, p) in Eq. (7.26). The absolute values of roll,

pitch and yaw angle difference between the p and pc were calculated by the functions

droll(pc, p), dpitch(pc, p) and dyaw(pc, p), respectively. Improving the rotation error and

distance error will improve the print accuracy of the spiral’s original shape. Improving

the manipulability and the dexterity to avoid singularities while printing will help future

research to print sensors inline. Depending on the task objectives, such as the need to
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balance the manipulability versus the accuracy, it is possible to tune the weight values to

appropriately bias the cost function.

7.1.2.2 Sampling the Print Space

It was necessary to sample the print space to calculate the cost values before path planning.

Fig. 7.9a shows an example of a sampled area in which the robot arm can move easily

without getting into any poses that hinder its ability to reach. The number of samples and

the granularity of the samples depend on the requirements of the user. These generated

sample locations are shown in Fig. 7.9b and the user-defined parameters used to create

these sample locations are shown in Fig. 7.9a. The distance between two consecutive

sample locations in a single layer is ∆c and the distance between consecutive layers is ∆r.

Since it was assumed that the printhead was extruding material in the column’s direction,

the printhead orientation was set as constant throughout all locations. The robot arm was

moved to each of these sample locations using the IK solver and the different cost values

mentioned earlier were calculated after creating the sample locations.

Support structure

Sampled area
Consecutive
layers/cylinders

(a) (b)

Figure 7.9: Sampling print space [11]: a) Sampled area; b) Generated sampling points.



Chapter 7. Radial Slicing and Path Planning for 3D Printing 109

7.1.2.3 Path Planning

A path should be determined to navigate from one cylinder to another after computing the

cost values for each sample point. The minimum cost sample point, pmin,i, was selected

by Eq. (7.29) for each of the cylinders, i:

pmin,i = argmin
k

C(i, k) (7.29)

P = [pmin,1, pmin,2, . . . , pmin,n] (7.30)

The sequence of these points from pmin,1 to pmin,n gives the optimal path, as shown in

Eq. (7.30). This path was followed during the full spiral printing.

7.2 Experimental Results

7.2.1 Cylindrical Slicing Results

Fine-grained parameters were selected for the simulation and those were ∆r = 5 mm,

∆C = 5 mm, ∆h = 2 mm, rend = 65 mm, rstart = 330 mm and the full height of the spiral

was 1.3 m. All points were saved in the Polygon File Format (PLY) file format after slicing

to visualise and the trajectories were saved as Matlab data files for simulation purposes.

There were around 250,000 vertices in the final sliced output. All the waypoints in the

trajectories were also saved in the PLY file. The waypoints in the printing trajectories are

shown in Fig 7.10a, while Fig. 7.10b depicts these points overlaid with the STL model of

the spiral. The figure shows that the trajectories generated preserve the original contour

and shape of the spiral. Several other helical-shaped objects (other than a GSS) have been

sliced to test the presented method; examples include a uniform solid coil representing a

suspension spring used in large machinery (shown in Fig. 7.11a), and an arbitrary wavy

cross-section (shown in Fig. 7.11c). The slicing results are shown in Fig. 7.11b and

Fig. 7.11d. The STL model overlaid with the slicing output, indicate an accurate shape

approximation, as depicted in Fig 7.11a. The trajectories generated for the robot arm to
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follow are provided in Fig. 7.11b. Only every 5th slicing cylinder and every 5th trajectory

in a given cylinder (i.e. 4% of all trajectories) are shown since a plot of all trajectories

would result in the lines being too close for visualisation. These trajectories also conformed

to the original shape of the object. An arbitrary cross-sectional helical shape is shown in

Fig 7.11c, which is significantly different from a GSS. A closer view of the intersection

points is given in Fig 7.12a and Fig. 7.11d shows the sampled trajectories.

The GSS was sliced using the conventional Z-direction slicing and the difference between

the two slicing methods was noted. A large number of support structures were required,

as shown in Fig. 7.12b, because of the print direction. The brown indicates the spiral that

is to be printed and the green structures show the additional support material. Hence, if

the traditional Z-directional slicing and printing were used, all those printed green colour

support structures would need to be removed to obtain the final shape. Printing these

support structures (the green structures) alone takes significant time in contrast to printing

the required shape (the brown areas). Additionally, removing the support structures is a

difficult process after printing and it can reduce the smoothness of the surface, which will

adversely impact the spiral’s performance. Further, it may increase the cost of printing due

to the additional material required. The proposed radial slicing and printing eliminates

this problem because the printing process occurs perpendicular to the Z-axis.

(a) (b)

Figure 7.10: Visualisation of exported PLY files [10]: a) Exported PLY file from the
slicing algorithm. b) Exported PLY file (white) overlaid with original STL file (green).
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(a) (b)

(c) (d)

Figure 7.11: Slicing outputs [10]: a) Solid coil (green) overlaid with the slicing output
(white); b) Generated trajectories showing only every 5th slicing cylinder and every 5th

trajectory in a cylinder (i.e. 4% of all trajectories); c) Helical spiral with an arbitrary
cross-section (green) overlaid with intersection points (white); d) Generated trajectories
showing only every 5th slicing cylinder and every 5th trajectory in a cylinder (i.e. 4% of

all trajectories).

7.2.2 Manipulability Simulation for Robot Printing

The previously mentioned simulation environment has been used to simulate the printing

according to the created tool paths. The printing of the first trajectory is shown in

Fig 7.8a. The manipulability measure was calculated for each location through which the

print head moved during the printing process. These manipulability values were saved to

a file and analysed using CloudCompare software [209]. This allowed for the identification
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of potential print faults and for the manipulability to be visualised at the various locations

on the spiral, as shown in Fig. 7.13.

A manipulability map will enable the better planning of robot arm motions to increase

their ability and the likelihood that the sensors will be printed accurately and easily.

The robot arm can have many poses and locations during the execution of a printing

trajectory. Because of its limited manipulability and depending on the desired tool pose,

the output of the print might change significantly or only vary slightly. To print each

cylinder, transitioning from one cylinder to the next adjacent cylindrical layer (i.e. a

one “layer height” radius increase) can be achieved in various ways. Two such methods

are shown in Fig 7.14. In Case 1, the extrusion head moves from the innermost to the

outermost cylinder at an angle of 45°. Conversely, in Case 2, few inner cylinders (indexes

1-11) were printed in the −X direction. To print the rest of the cylinders, the extrusion

head was rotated 45°, as illustrated in Fig. 7.14b.

The results of these two cases are shown in Fig 7.13. The Case 1 results are shown in

Fig 7.13a and the Case 2 results are given in Fig. 7.13b; the histograms are provided in

Fig. 7.15b and Fig. 7.15a reveals the manipulability values. The intensity of the colours in

the aforementioned figures represent the manipulability values. Fig 7.13a shows the Case

1 results, revealing that the robotic arm was not able to print 3% of the 52 tool paths in

the middle because of an inability to find joint trajectories for the arm that would place

the end-effector at the required points along the trajectory. Fig. 7.13c and Fig. 7.13d show

(a) (b)

Figure 7.12: a) Close-up view of the intersection points at the bottom of the spiral
(inset image: macro view) [10]. b) Result from conventional Z-direction slicing showing

the support material (green) [10].
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(a) (b) (c) (d)

Figure 7.13: Examples of successful and failed prints [10]: a) Failed print - case 1; b)
Successful print - case 2; c) Failed 90° angle print; d) Failed 0° angle print (coloured points)
overlaid with trajectory waypoints (white points) showing a malformed failed print; The
colours represent the amount of manipulability where red, yellow, green and blue shows

the transition from high to low manipulability values.

a few failed print scenarios for different cases. A malformed print is shown in Fig 7.13d,

wherein the white dots represent the waypoints of the tool path the printer should follow,

and the coloured points represent the printed spiral. The reason for this failure is that the

robot arm was not able to move to the furthest layers. Conversely, a successful print from

Case 2 is shown in Fig. 7.13b, wherein the overlay of the trajectory output from the slicer

appears to be accurate. Case 2 was determined by the heuristic analysis of observations

from other prints with similar shapes. When the manipulability value reached near-zero

(depicted by the blue colour in the histogram), the arm’s dexterity or the ability to print

with the robotic arm was low. Therefore, this figure’s depiction of manipulability is useful

for identifying and predicting the possible print output (i.e. how likely it is to succeed)

and the dexterity of the robotic manipulator as it moves through the tool path . This is

important for future research, in which sensor placement will need to be simultaneously

considered along with the printing process.

The radial manipulability values were plotted to understand the relationship between

print success and robot manipulability, as shown in Fig. 7.13 and Fig. 7.16. There were

two sudden drops observable in manipulability along the radius, that correlate with the

two failed areas in Fig. 7.13a. For the successful print case in Fig. 7.13b, there was no
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Figure 7.14: Two examples of print head movements [10]: a) Moving printhead directly
at a 45o angle; b) Moving printhead partially at a 0o angle and then 45o angle.

sudden change in manipulability, apart from a change in the print direction, as mentioned

earlier and revealed by Case 2 in Fig. 7.14. Like in Case (a), there were two sudden

drops in manipulability value in Case (c). However, the severity of the second drop in

manipulability value (down to almost zero) effectively removed the robot arm’s ability

to move within a single degree of freedom. For Case (d), in Fig. 7.16, it can be seen

that manipulability reached zero towards the outer cylindrical layers, indicating that the

robot arm had lost a degree of freedom and resulting in the misshapen print depicted in

Fig. 7.13d.

To consider manipulability as a printability measure, the likelihood of the success of the

Manipulability
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t
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t

(a) (b)

Figure 7.15: a) Manipulability histogram of successful print [10]. b) Manipulability
histogram of failed print [10].
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print should be determined using the local manipulability rather than the overall average

manipulability during the printing. Even though the robot arm exhibits high manipulabil-

ity throughout most of the trajectory, if a situation arises in which the robot arm reaches

near-zero manipulability, it will cause the print to fail. This is because, with a near-zero

manipulability measure, the robot arm is near a singularity and is incapable of moving in

one or more directions (X, Y or Z) or orientations (roll, pitch or yaw). Fig. 7.16 shows

Case (d), which highlights this effect whereby the arm becomes unable to move outwards,

resulting in a malformed and failed print. Table 7.1 shows this more clearly, including

the average cross-section of manipulability value for each print. With the second-highest

average manipulability, Case (b) was the most successful print. Even though Case (d) had

a higher average manipulability than Case (b), towards the end of the print trajectory,

it had a near-singular configuration that caused its failure, reinforcing the need to use a

localised rather than global average manipulability measure.

7.2.3 Radial Path Planning Results

The same simulation environment shown in Fig 7.8a was used to test this path planning

method. The outputs of the printing simulation were saved as a point cloud in which each
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Figure 7.16: Radial manipulability distribution in different spiral prints [10].

Table 7.1: Average cross-section manipulability in spiral prints [10].

Case Average Manipulability

(a) 0.0057

(b) 0.0061

(c) 0.0031

(d) 0.0068
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location had a manipulability value to assist in visualising the print easily. The sampling

was conducted for all the experiments using the parameter values of ∆c = 5mm and

∆r = 5mm.

7.2.3.1 Results Without Path Planning

This section shows the different failed prints that occurred without optimal path planning.

The colour of the print shows the manipulability value and the blue shades represent the

problematic values near zero. The next increments are shaded green, yellow and, finally,

red, as the values increase away from zero. Since higher values of manipulability are more

desirable, green, yellow, red indicate values that change from satisfactory to optimal. The

simulated printing results are shown in Fig. 7.17. There were minor failures in a few

trajectories, such as in Fig. 7.17c, and there were major failures, such as in Fig. 7.17b.

This latter figure shows a trend relating the level of failure to the low level of manipulability

values experienced by the robot arm. The use of a trial-and-error approach may uncover

a path that is capable of printing without failures, but this is a non-systematic and time-

consuming approach.

(a) (b) (c)

Figure 7.17: Example of failed prints from a näıve trial-and-error approach that did
not use path planning [11]. The colours represent the amount of manipulability where
red, yellow, green and blue shows the transition from high to low manipulability values.
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7.2.3.2 Results With Path Planning

The mesh plots of the various cost values are shown in Fig. 7.18. The manipulability

values were converted to cost values as per Eq. (7.25). The weight values of wm = wd = 1

and wr = 0.01 were selected for the combined cost function in Eq. (7.28). The sampled

locations that formed an arc are shown in Fig. 7.9b. A scattered interpolation method

was used to calculate unknown values using a 400-by-400 square grid and to generate the

mesh plots. A contour plot with the same mesh plot shown in 7.18d and with a generated

path is depicted in Fig. 7.18e. A path deviation analysis was conducted three times to

choose the weights (wm, wd and wr). In each test, only one weight was changed at a time

from 0 to 1 in 0.125 increments, as in Fig. 7.19. Three outcomes were considered when

choosing the weights: path deviation, length of the path and back-and-forth rotations

since these would reduce the print times. Low weights were selected for the rotation

error because higher weights caused a greater path deviation according to the sensitivity

analysis. Similarly, a high weight value was selected for manipulability to reduce the path

deviation. There was an unexpected observation that, according to Fig. 7.19, when the

distance weight changes, the rotation angle difference seems low and nearly consistent. The

reason for this was that the peak values in Fig. 7.18a and Fig. 7.18b were at approximately

the same location. Hence, the weight change in the distance error did not significantly

affect the path’s deviation, as such a consequence was already avoided by considering the

manipulability cost value.

The cost values and the path deviation behaviour are unique to the kinematic model of

the robot arm and the print dimensions. Therefore, different configurations will produce

different results. However, the same method can be used for any printing process, provided

that the manipulability can be calculated.

A successful print that was printed using the computed path is shown in Fig. 7.18f. When

this print was considered alongside the other failed prints observed earlier in Fig. 7.17,

it became apparent that there were no print errors and, overall, the spiral print was

completely green. This indicates that the manipulability values were higher and were not

close to zero (i.e. awkward poses), as was the case in the failed prints shown in Fig. 7.17.
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(a) (b)

(c) (d)

(e) (f)

Figure 7.18: Mesh plots [11]: a) Inverse manipulability; b) Distance error; c) Rotation
error; d) Combined error; e) Combined error contour plot with the generated path; (f)

Successful print with the generated path.

7.3 Discussion

This chapter presented a novel radial slicing and a path planning algorithms that can

be used to slice objects in the radial direction. The majority of the slicing algorithms

developed so far in the literature perform vertical Z-direction slicing [150–152]. Since an

excessive amount of support material is necessary, as shown in Fig. 7.12b, such Z-slicing

is undesirable in this application. This excess material will cause significant waste of

material and time and the removal of supports might damage the spiral’s surface quality,

which will affect its performance. Therefore, the proposed slicing algorithm can overcome

all such limitations when printing helical shaped objects around a rotating column. The

proposed slicing algorithm can slice helical shapes in a radial direction, generate tool paths
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Figure 7.19: Path deviation with weight change [11].
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and enable simulations to visualise the tool paths. This slicing algorithm’s limitations are

that it has not been designed to slice hollow structures since it is necessary to have infill

to print overhanging areas. Additionally, the relationship between manipulability and

print failures has also been demonstrated. Different radial start points affect the print’s

manipulability, which reveals the need to investigate an optimal path planning method

during printing. Therefore, a path planning methodology was proposed for radial printing.

The proposed method calculates the optimal path for a print head affixed to an industrial

robot mounted on a vertical rail. This path planning method samples the print space and

uses a cost function with weights, effectively maximising the manipulability, while seeking

to minimise any rotational and positional errors. This method has been shown to reduce

failures in printing and to improve the accuracy of the overall print. This path planning

method thus eliminates the requirement of trial-and-error error approach and provides a

systematic solution.

7.4 Conclusion

Printing a helical object in traditional horizontal layer addition has significant drawbacks

and therefore, radial printing has been chosen. Two step process has been proposed to

generate tool paths for printing helical objects by vertical layer addition. This process

consists of radial slicing and a path planning algorithm based on print space sampling.

A simulation environment has been created with the actual dimension of the printer.

Simulated results shown that this proposed process eliminates the print errors and improve

the manipulability during the overall printing process.





Chapter 8

Sensor Placement in 3D-Printed

Objects using Voxel-based

Optimisation

Determining where an embedded 3D printed sensor should be placed within a large 3D

printed object is a new and quite different problem from that found in traditional sensor

placement because, sensors are printed inline with the 3D printed object. Whereas tradi-

tional sensor placements, sensors are placed in the object separately. Several additional

factors must be considered for this application, one of which is the dexterity or ability of

the robot arm to print a sensor at a certain location or “printability”, as investigated in

chapter 7, which is quantified as the measure of normalised manipulability and ranges from

0 to 1. This printability measure can be used to quantify the ability to print a 3D printed

sensor in a certain location. Another factor to consider is the design of the sensor. Since

conductive traces in the sensor need to be printed inline, the way the traces are arranged is

important. This is because sensors with different designs printed at the same location will

require the robot arm to follow different paths, necessitating different dexterity levels. The

other factor that must be considered is discouraging, or even forbidding, the placement of

sensors in certain areas. There are different reasons to avoid placement in certain areas,

such as the impact to the overall structure, where sensing material types in a load-bearing

121
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(a) (b) (c) (d)

Figure 8.1: Voxel illustrations [12]: a) Set of voxels with one voxel shaded; b) 3D voxels
in a size of 3 x 6 x 3; c) Base voxels, Vl; d) Sensor voxels, Vs.

area might reduce the object’s structural integrity. This chapter proposes a novel sensor

placement method for 3D printed objects using voxels. Voxels are the 3D equivalent of 2D

pixels [210]. This chapter proposes extending 2D kernels, which have been used in image

processing, to 3D space for sensor placement [211].

8.1 Methodology

8.1.1 Voxels

Voxels, also known as volume pixels, are the 3D equivalent of 2D pixels [210]. Voxels

represent a value in a regular grid in 3D space. There are various applications of voxels,

including in medicine [212], computer graphics [213], and robot perception [214]. For com-

putationally expensive tasks, such as mapping, meshing, matrix-based solution methods

and volume integration, voxels reduce the complexity [215]. A set of voxels with one voxel

shaded is shown in Fig. 8.1a.

8.1.2 Extension of 2D Kernels into 3D Space

In image processing, a kernel is a 2D mask or a matrix used for various operations, including

sharpening, blurring and edge detection [216]. Fig. 8.2a shows such a matrix with the

weight of a cell, is Wi,j ∈ R, for the row index, j and the column index, i. This chapter

proposes extending the 2D kernel into 3D space where the weight in a voxel is Wi,j,k and
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the Z-index is k. A 3D kernel was created, as shown in Fig. 8.1b, when a 2D kernel is

extended into 3D space, as in Fig. 8.2a.

8.1.3 Inclusion of Sensor Placement Aspects Using Voxels

The proposed method is based on voxelising (converting the 3D object to voxels) the object

and the sensor that needs to be placed. This method is followed by identifying sets of

voxels in the size and shape of the sensor and placing them in the object while considering

different constraints. A single objective function has been proposed to represent all the

factors to evaluate a given location for the placement of sensors.

A sensor can have an arbitrary 3D shape. For example, consider a strain sensor with

“U”-shaped conductive traces and a cuboid shape. There are two types of voxels defined

within the cuboid. Base voxels, which surround the conductive traces (Fig. 8.1c), and

sensor voxels, which overlap with conductive traces (Fig. 8.1d). Figs 8.1c and d show

these voxels separately, despite their residing in the same cuboid. Two types of voxels

were defined so that it was possible to assign two separate values to each: the weight of a

sensor voxel, WS , and the weight of a base voxel, WB. The voxel size can be tuned based on

the required granularity and the minimum trace width of the conductive traces. Consider

an arbitrary distribution of a property, Xi,j,k ∈ R, in 3D space. Assume this to be the

property that the sensor is used to measure—strain, in this example. This research aims

to consider aspects of the sensor placement, such as printability, the design of the sensor,

information gain and the ability to discourage sensor placement in certain areas. The

following sections describe how voxels incorporate these various aspects. For simplicity

and clarity, a single-layer voxel set was used as an example. The selected kernels with

weight values are shown in Fig. 8.2b, in which WS = 2 and WB = 1. The grey-coloured

voxels are sensor voxels. An example of strain distribution (Xi,j) is shown in Figs 8.2c

and d in two different potential sensor locations.



In general, an integrated 3D printed sensor will occupy some volume within a larger object.

The sensor has a shape that depends on the arrangement of the conductive traces, which

are used to measure the parameters of interest, such as the temperature or strain. Addi-

tionally, since the sensor should be placed inside the object, within its physical dimensions

and, therefore, the sensor’s volume should also be considered. The shape and volume of

the voxel set were chosen to match the shape and sensor volume to address these factors.

8.1.3.2 Information Gain

For a given object, and a parameter of interest that is to be measured in that object, the

parameters value may be unequally distributed within the object. A rigid body exposed

to a heat or load source at one point will experience a range of temperatures and loads

throughout the body. Concentration points may exist, and there may only be a limited

number of places in the object wherein the parameter value is high enough to be measured.

Less effective measurements will be obtained if the sensors are placed without considering

the amount of information that can be gained at all points within the object. An FEM

was used in this research to compute the distribution of the parameters that needs to be
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Figure 8.2: Kernel illustrations [12]: a) General 2D kernel; b) Selected kernel; c) Loca-
tion A; d) Location B.

8.1.3.1 Design of the Sensor
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measured within the object. This allowed for the estimation of the amount of information

that could be extracted at a given location in a simulated model.

A more effective measurement of the parameter would be possible if the conductive traces

were placed closer to a high-value parameter distribution. To accommodate this, a weight-

ing method was proposed. Consider the 2D kernel (Wi,j) in Fig. 8.2b and the two different

2D distributions of the parameter of interest in Figs 8.2c and d. The kernel values in

Fig. 8.2b are denoted as Ai,j , and the kernel values in Fig. 8.2d as Bi,j . In both locations,

there are equal numbers of 3s and 1s; therefore, ΣAi,j and ΣBi,j are equal. However,

Σ(Bi,j ·Wi,j) has a larger value than Σ(Ai,j ·Wi,j). Therefore, the proposed weighting ker-

nel methodology favours Location B, even though both locations have the same number

of values.

8.1.3.3 Printability: Calculation of a Robot’s Ability to 3D Print

It is necessary to print internal traces inline with a conductive material using different

patterns that depend on the type of the sensor. Therefore, even though a selected location

may be ideal for the information gain, it might be difficult to print the required sensor at

this same location. In the developed printer, the robot manipulators were used to move the

extrusion head. To quantify the ability to print, a manipulability measure was employed

[10]. The measure of manipulability was explained earlier in Chapter 7 Section 7.1.1.7. For

the sensor placement, manipulability was used as a distribution in the three-dimensional

space and with the decided kernel to evaluate a given voxel location. If the manipulability

distribution in a voxel set is Mi,j , the ability to print at that location (i.e. the printability)

can be calculated using Σ(Mi,j ·Wi,j).

8.1.3.4 Penalties to Discourage Sensor Placement

3D printed sensors have a different material from the base material of the object; hence,

their mechanical properties differ from those of the base material of the structure. There-

fore, the placement of a sensor in a given location might adversely affect the object’s
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structural properties. In a large, load-bearing object such as the GSS, this can be an is-

sue. Further reasons, such as aesthetic concerns or attachment points might dictate other

places where the sensors should not be embedded. Hence, it is necessary to consider places

in which sensors should not be placed. Another distribution, Ri,j ∈ {0, 1}, was added to

the 3D kernel, whereby a 0 value allowed for the placement of a sensor in the grid location

and a 1 value forbade its placement. Eq. (8.1) shows the percentage of penalised voxels in

a selected location. The number of voxels in a given location at which sensors should not

be placed is nr ∈ [0, n(Vl)] the number of base voxels is nb ∈ [0, n(Vb)] and the number of

sensor voxels is ns ∈ [0, n(Vs)], where the notation n(A) denotes the number of elements

in set A.

nr/(nb + ns) (8.1)

8.1.4 Steps of Sensor Placement

To incorporate the aforementioned factors, the following steps were taken.

8.1.4.1 Voxelise the 3D Printable Object

The volume and the shape of the printed object were converted into a set of voxels,

Vobj . The sensor’s dimensions were user-defined and dependant on the actual physical

dimensions of the sensor (width 56 mm, length 69 mm, height 7 mm).

8.1.4.2 Calculate Printability and Information Value Distributions

A point cloud of manipulability values, mx,y,z, was generated, wherein x, y, z represented

the Cartesian coordinates using a printing simulation. This point cloud had a value

of manipulability and a Cartesian location. For each volume, the point cloud values

were averaged. There were lower and upper bounds for the x, y, z values, represented by

x−, x+, y−, y+, z−, z+, where x− < x+, y− < y+, z− < z+ for each voxel in the set. As
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shown in Eq. (8.2), for each voxel the manipulability values were averaged, subject to

lower and upper bounds. Here, nmv is the number of manipulability points within the

voxel. The normalised manipulability set, Xm, is composed with a collection of these av-

eraged manipulability values divided by the maximum voxel manipulability value, mmax,

as shown in Eq. (8.3) and Eq. (8.4), wherein the number of voxels is n. The distribution of

information, XI , can be calculated using FEA to create a point cloud of parameter values,

such as the predicted temperature and strain measurements.

mv1 =

∑
mx,y,z

nmv
(8.2)

mmax = max(mv1,mv2, . . . ,mvn) (8.3)

Xm = {mv1/mmax, . . . ,mvn/mmax} (8.4)

8.1.4.3 Select Sensor Location and Sensor Voxel Sets

The next step was to select the subset of the sensor location voxels, Vloc (Vloc ⊆ Vobj),

whereby each voxel set would encapsulate the overall sensor shape and volume and would

thus necessarily have dimensions at least as large as those of the sensor from Vobj . These

voxel sets were spread throughout the entire object in various orientations. The user

selected the orientations and locations for the sensors based on practical application. For

large-scale objects, this is important because it simplifies the computations. The best

locations were selected from these candidate sensor locations. Vl is the set of “base”

voxels that represent the volume that protects, encompasses and determines the physical

spacing between two consecutive sensors or traces that themselves are represented by the

voxels, Vs. From each voxel location set, Vl (Vl ∈ Vloc), a sensor voxel set, Vs (Vl ⊆ Vloc),

was selected in the shape of the conductive traces and the remaining base voxel set was

Vb (Vb = Vl − Vs).
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8.1.4.4 Calculate and Optimise the Objective Function Value for Each Loca-

tion

A set of voxels, Vr, was selected in the areas in which sensor placement was penalised or

forbidden for Vobj . Eq. (8.5) shows how the percentage of penalised voxels were calculated

for each Vl.

8.1.4.5 Calculating and Optimising the Objective Function Value for Each

Location

A set of objective functions were used as the final step to evaluate each potential location

while considering all these factors to select the best locations. A slightly different number

of voxels were present at each location because converting a sensor shape to a voxel requires

an approximation of the original shape. Therefore, for the sensor and base voxel sets, the

manipulability and information values were calculated on a per voxel basis as shown in

Eq. (8.6) to Eq. (8.9). The objective function is shown in Eq. (8.10), wherein WR is

the weight for the penalised voxels. These weight values can be tuned depending on the

importance of the factors for a given application.

Rl =
|Vl ∩ Vr|
|Vl|

(8.5)

IB =

∑
XI ∩ Vb
|Vb|

(8.6)

IS =

∑
XI ∩ Vs
|Vs|

(8.7)

MB =

∑
Xm ∩ Vb
|Vb|

(8.8)

MS =

∑
Xm ∩ Vs
|Vs|

(8.9)

Cl = WB · IB +WB ·MB +WS · IS

+WS ·MS −WR ·Rl
(8.10)
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To identify optimal sensor locations, researchers have used FEM-based methods [172–175],

information-based methods [176, 177, 179] and various optimisation methods [171, 180–

182]. The proposed optimisation method used in this chapter is similar to pareto-based

optimisation [217]. The voxel sets were ranked from the highest Cl value to the lowest

after calculating the value of the objective function for each voxel set. The most suitable

location was the one with the highest Cl, depending on the requirements; however, multiple

sensor locations could also be selected from the remaining ranked list.

8.2 Experimental Results

To perform the FEA, ANSYS was used. Then Matlab was employed for the voxel com-

putations and the Robotics Toolbox [203], developed by Peter Corke, was utilised for the

robotic simulations.

8.2.1 Voxelisation of the Object

The 3D printed object in this application was the GSS. The 3D model of the GSS was

exported to a STL file using a CAD program (SolidWorks). Fig. 8.3a shows this 3D model.

The width, length and height of the spiral were 0.7 m x 0.7 m x 1.4 m, respectively. Using

Matlab, the spiral was voxelised into around 100 x 100 x 200 voxels. The voxelised GSS

is shown in Fig. 8.3b and Fig. 8.3c provides a closer view of the voxels.

8.2.2 Calculating Printability and Information Distributions

The same simulation environment developed in Chapter 7 and Section 7.1.1.6 was used

to obtain a manipulability distribution (also representing printability [10]) for printing.

Manipulability values were calculated along all print trajectories and then exported as a

point cloud, as shown in Fig. 8.4a. This point cloud was subsequently voxelised and the

printability values were averaged and normalised into voxels.

To determine the strain distribution in the GSS as a result of the expected loads from

the weight of the slurry, an ANSYS software FEA method was used. Several modelling
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decisions were made in the execution of the FEA. For this example, the GSS was approxi-

mated by a swept profile. Fig. 8.3a shows the resulting 3D CAD model of the GSS, which

was divided into hexahedral mathematical volumes in a process referred to as “meshing”.

Two mesh elements were used to capture the strain distribution sufficiently through the

thickness of the spiral profile. Around 500 mesh elements were used to divide the length

of the swept profile. For simplicity, a zero-displacement boundary condition in the model

was used to replace the central column that supports the helical spiral-shaped part of a

real GSS. Note that this assumption has no impact on the real-world behaviour of the

GSS. A downward force of 10 kg, distributed over the spiral surface, was used to represent

the operational loads on a GSS. In the simulation, standard gravitational acceleration

was enabled. A Poisson’s ratio of 0.49, a Young’s modulus of 201.8 MPa and a yield

strength of 73.5 MPa were used in a linear-elastic material in the model, which are similar

to parameter values for the material used in the GSS.

Fig. 8.5 shows the elastic strain distribution of the ANSYS simulation. These results

were also exported to a point cloud and averaged and normalised into voxels, so that

they could be fused with previously calculated printability values, which is the normalised

manipulability measure between 0 and 1.

(a) (b) (c)

Figure 8.3: 3D models of the spiral [12]: a) A smoothed representation of the spiral
surface; b) A voxelised 3D model of the spiral; c) A closer view of the voxels.
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(a) (b)

Figure 8.4: a) Manipulability point cloud with the colours representing the value of
manipulability from orange to green and to blue indicating the transition from high to
low manipulability values [12]. b) An example of penalised voxels where sensors placement

is discouraged are shown in red [12].

8.2.3 Location Selection and Sensor Voxels

A voxel set, Vloc, in a rectangular shape (length: 9 voxels; width: 8 voxels) that was

similar to the base of the strain gauge was calculated using Matlab. A strain gauge was

selected for each Vl and Vs in a “U” shape (length: 4 voxels; width: 5 voxels; thickness: 1

voxel). All Vl that selected are shown in Fig. 8.7a and a bottom-up, closer view is shown

Figure 8.5: ANSYS strain simulation result [12].
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(a) (b)

Figure 8.6: Bottom-up viewpoints of the voxels showing the strain values relating to
the desirability of their placement [12]: a) Base voxels for strain, Vl; b) Sensor voxels for

strain, Vs.

in Fig. 8.6a. The strain point clouds exported from ANSYS became sparse at the end of

the spiral; therefore, some voxels sets were missing at the edge of the spiral, as shown in

Fig. 8.7a. These blank spots were caused by voxels without any averaged strain values

in Vl. The locations in Vl containing more than 80% empty voxels were removed in this

experiment. A more finely distributed point cloud may offer a plausible solution to this

problem. There was a slightly different number of voxels in the sensor encapsulation, as

visible in Fig. 8.6b. This is because of errors that occur when approximating the shape

with voxels.

8.2.4 Calculation of the Percentage of Penalised Voxels

Placing sensors in the outer diameter of the GSS is not ideal in this application; therefore,

a set of voxels closer to the inner diameter were selected, as shown in Fig. 8.4b, as penalised

voxels. The percentages were then calculated for each Vl, as explained in Section 8.1.4.4.
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(a) (b) (c)

Figure 8.7: Voxel sets in the spiral [12] with the colour legend representing the average
information per voxel: a) Vl for strain; b) Calculated combined values for Vl; c) Calculated

combined values for Vs.

8.2.5 Calculation of the Objective Functions and Best Location Selec-

tion

The weighting values were selected according to the importance of the different factors:

for the weight of the sensor voxels, WS = 3; for the weight of the base voxels, WB = 1.5;

and for the weight of the penalised areas WR = 1. A higher weight value was assigned to
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Figure 8.8: Histogram of the combined values [12].
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Figure 8.9: Six locations with the highest objective value [12].

Vs since the printed traces measure the strain to which they are subjected. Therefore, the

weights were selected to bias important conductive traces.

Each location was ranked and the top locations were selected depending on the required

number of sensors after calculating the objective function value of each Vl. The calculated

combined values from the objective function for Vl and Vs are shown in Figs 8.7b and

c. Fig. 8.8 shows a histogram of the distribution of the calculated combined values of

the objective function in around 316 sensor locations. The mean objective function value

was 2.13 and the minimum and maximum values were 0.41 and 5.65, respectively. The

areas near the centre of the spiral appear more suitable for placement since a higher

objective function value was observed there, as shown in Figs 8.7b and c. The weight

values for the six locations with the highest values are shown in Table 8.1, where WIB =

WB · IB, WMB = WB ·MB, WIS = WS · IS , WMS = WS ·MS , WIR = WR ·Rl.

As demonstrated in Fig. 8.4a and Fig. 8.5, this observation aligns with the way in which

the highest values of manipulability and strain are spread in this area. It is possible to

observe that there are no penalised voxels near the column (Fig. 8.4b), which concurs with
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Table 8.1: Weighted values of the selected locations [12].

Loc. WIB WMB WIS WMS WIR Cl
1 0.40 1.38 0.80 2.86 0 5.44

2 0.43 1.38 0.89 2.86 0 5.55

3 0.45 1.38 0.97 2.86 0 5.65

4 0.41 1.35 0.84 2.84 0 5.44

5 0.40 1.35 0.86 2.84 0 5.45

6 0.46 1.35 0.93 2.85 0 5.59

the absence of zero values in the WIR column in Table 8.1. A zero under WIR confirms

that the selected location is sensible.

According to the selected criteria, Fig. 8.9 shows the six highest objective value locations

or the most suitable positions for the sensors. A spider plot was created, as shown in

Fig. 8.10, comparing all five aspects of the objective function. The WIR was zero because

all the locations were outside the area in which sensor placements were discouraged. From

Fig. 8.10, the change in WIB = 0.06, WMB = 0.03, WIS = 0.17, WMS = 0.02 and

Cl = 0.21 hence, each location was determined to have similar values.
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Figure 8.10: Spider plot of the selected top six positions [12].
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8.3 Discussion and Conclusions

Sensor placement is a critical aspect of structural health monitoring. Sensor placement

optimisation will reduce instances of inefficient false positives and will improve the quality

of the data. In this application, several specific elements need to be considered. This

chapter has proposed a way to place 3D printed sensors into an object while considering

the information gain from the sensors; the shape; volume and design of the sensors; the

areas in which sensor placement should be discouraged; and the ability to print the sensors

in the given locations. The sensor and the object were voxelised to consider the volume

and shape of the sensor, which was demonstrated using a “U”-shaped strain sensor. A

FEM simulation was conducted to obtain a strain distribution in the GSS since one key

sensor that needs to be placed measures the strain. Manipulability measure was used

to measure the printability for the sensor placement and the Matlab environment was

used to simulate the 3D printing with a robot arm and generate an exportable point

cloud that encapsulates the manipulability measures. The penalising of certain voxels was

proposed to avoid placing sensors in certain locations. To combine all these aspects, a

weighted objective function was suggested, that could be tuned based on the application

requirements. A set of potential sensor locations with the highest objective function value

was selected in the final step. The experimental results showed that the manipulability and

strain distribution of the GSS had higher values near the central column area of the spiral,

as visible in Fig. 8.3a and Fig. 8.5. Hence, the locations near the central column of the GSS

were selected, as shown in Fig. 8.9. According to the information that can be gathered

by each sensor, and the predicted amount and distribution of information available, it

would be possible to determine the number of sensors that need to be placed. However,

in this research, the user selected the number of sensor locations. Since voxelisation

and manipulability calculations are applicable to any robot arm-based 3D printing, the

proposed method can be generalised and adapted to 3D printed sensor placement in any

3D printed object.
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Conclusions

This thesis presented 3D printable sensors that can measure various parameters, such as

temperature, strain, wear and vibration, which can be embedded in 3D printed objects

and non-3D printed sensors to measure parameters like flow rate. The overall objective

of the research is to make the spiral “smart” by measuring parameters that impact its

performance and lifetime. 3D printing sensors enables the inline printing of sensors in AM,

so that post-processing or the placement of sensors will not affect the structural integrity

of the object. Additionally, the developed sensors can be printed in any commercially

available extrusion-based 3D printer with inexpensive, readily-available filaments.

To achieve the printing of a GSS with various layers, materials and integrated sensors,

it was necessary to develop a novel radial slicing algorithm for the bespoke helical GSS

printer. Traditional Z-direction slicing cannot be used since it would require an undesirable

amount of additional support material and a considerable amount of extra time to print

the spiral. Further, the removal of such support material would reduce the spiral’s surface

quality. The radial slicing algorithm that was presented overcomes the limitations of

a traditional slicer, and integrates with a robot arm path planning method that uses

manipulability as a printability measure. For the radial slicing and printing, the path

planning from the spiral’s central column to the end of the spiral was conducted using a

weighted cost function. This planning method works to maximise the printability, while

137



138 Chapter 9. Conclusions

minimising the Cartesian error and the rotation error as the end effector tool executes the

radially sliced print trajectories.

After developing 3D printable sensors along with radial slicing and path planning algo-

rithms for 3D printing, the final step was to determine the ideal sensor placement loca-

tions. The method proposed in this thesis was specifically designed for 3D printed sensor

placement into 3D printed objects. The proposed method is based on voxels and considers

information gain, printability and the areas in which sensor placement needs to be discour-

aged. The experimental results revealed that the proposed methodology could incorporate

all these factors.

This thesis presented and covered the development of 3D printed sensors, the creation

of slicing and path planning algorithms for 3D printing and the identification of optimal

locations for the placement of the sensors.

9.1 Summary of Contributions

9.1.1 A 3D Printable Wear Sensor That Can Measure the Location and

the Depth of the Wear

The 3D printed wear sensor proposed can be used to measure both depth of the wear and

the wear location. The sensor was printed using carbon-based conductive filament, and

the experiment showed that the sensor is capable of measuring wear using the resistance

measurements in real-time. A cluster of such sensors with the proposed pattern will help

to get a three-dimensional view of the wear. This work was published in the International

Symposium on Automation and Robotics in Construction (ISARC 2019) [4].

9.1.2 A 3D Printable Strain Sensor with Temperature Compensation

The proposed 3D printed strain sensor can be printed onto real-world, large-scale equip-

ment, such as the GSS, to measure creep. From the experiments, a near-linear relationship

between resistance and strain with minor hysteresis was evident. Additionally, the testing
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showed the viscoelastic properties of the strain gauge. Apart from this, standard ten-

sile testing was conducted in non-conductive and conductive PLA with different raster

angles to identify the material properties. This work was published in the International

Conference on Cybernetics and Intelligent Systems and IEEE Conference on Robotics,

Automation and Mechatronics (CIS-RAM 2019) [5].

A temperature compensated strain sensor was developed using the same carbon-based

filament and employing the Wheatstone bridge design. This sensor was tested in an

insulated chamber. The proposed sensor was able to reduce the error significantly (by 68%)

for temperature changes. Additionally, the strain measurement revealed that the printed

sensor had low hysteresis and established the near-linear relationship between bending

strain and voltage. This work was published in the IEEE International Conference on

Robotics and Automation (ICRA 2021) [6].

9.1.3 A 3D Printed Vibration Sensor Based on Electromagnetism

The proposed 3D printed vibration sensor uses a carbon-based conductive filament based

on electromagnetic induction. An ANSYS simulation was conducted to establish con-

straints in the design and provide information on the relationship between several param-

eters, including velocity and number of turns. Physical testing was conducted, providing

an in-depth understanding of the capabilities of the material and prototype. This work is

under review in the Q1-ranked journal Sensors and Actuators: A. Physical [7].

9.1.4 An Integrated 3D Printable Temperature Sensor

The developed 3D printed temperature sensor is capable of being embedded into a 3D

printed object. The results showed that the sensor was capable of measuring the tempera-

ture within the acceptable error margin. This sensor will help to address the requirement

for embedding sensors inside objects, by ensuring that the sensor will not affect the object’s

structural integrity. The proposed method requires inexpensive material and a commonly

available 3D printer. This work was published in the Australasian Conference on Robotics

and Automation (ACRA 2020) [8].
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9.1.5 A Sensor Fusion Approach for Partially-filled Pipe Flow Meters

The proposed flow meter is an inexpensive and easily extensible sensor fusion approach to

improving the accuracy of the traditional transit-time ultrasonic flow meter in a partially-

filled pipe, such as those entering or leaving the GSS. When the flow level is low, common

transit-time flow meters fail to accurately measure the inadequate error margin. The

proposed method depends on measuring the liquid level using a capacitance-based level

sensor and on determining the sound propagation pattern to ascertain the accurate flow

rate. This method was tested with different flow levels and proved to calculate an accurate

error rate within an acceptable error margin. This work was published in the Q1-ranked

IEEE Sensors Journal [9].

9.1.6 A Radial Slicing Algorithm and Optimal Path for Helical 3D Print-

ing

The proposed radial slicing algorithm can be used to slice large-scale helical objects. This

method is different to traditional Z-direction slicing. Various helical shapes were sliced

and tool paths were generated. These tool paths were then executed in a simulation

environment that conformed to the developed printer’s physical dimensions. The proposed

slicing method overcame the limitations of the traditional slicing method for helical objects,

such as undesirable step-wise bumps on the surface and the waste of support material.

Additionally, the robot arm’s manipulability measure was shown to be a useful analogous to

printability. This work was published in the Q1-ranked International Journal of Advanced

Manufacturing Technology [10].

During the initial printing simulations, it was observed that the prints could fail if they

took certain outward radial paths. Therefore, an optimal radial path planning method was

developed and tested. This method sampled the print space, and then devised and utilised

a cost function that considered manipulability, the Cartesian error and the rotation error.

The approach improved upon the initial trial-and-error method, by providing a systematic

technique. This was shown to increase the robot’s overall manipulability during printing,

which in turn assisted with the embedded sensor placement research. This work was
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published in the IEEE International Conference on Control, Automation, Robotics and

Vision (ICARCV 2020) [11].

9.1.7 Optimal 3D Printed Sensor Placement in 3D Printed Objects

A method was proposed to address the important aspect of sensor placement for structural

health monitoring. The method focused on 3D printed sensor placement in 3D printed

objects considering the factors of information gain, printability, design and the sensor’s

dimensions using a voxel-based approach. The experimental results showed that for the

placement of a set of strain sensors, the identified locations were optimised for all the

factors considered in 3D printed sensor placement. This work is published in the Q1-

ranked Journal of Intelligent Manufacturing [12].

9.2 Discussion of Limitations

Advances in manufacturing are transforming the world’s manufacturing industry into its

next incarnation: Industry 4.0. This research and development project aimed to create

necessary technologies for applying AM to equipment manufacturing for the mining indus-

try. During this research, various sensors were developed. Since the fabrication method

of these sensors is independent of their application, these sensors can be used in any 3D

printed objects and are not specific to the GSS. Uncertainties in the design would mainly

depend on the physical parameters of the printer such as the print accuracy and the prop-

erties of the material used. This is also true of the developed partial flow meter. Therefore,

all the developed sensors presented in this thesis can measure various parameters of other

3D printable equipment.

The limitations are that the slicing method and the path planning method were developed

specifically for radial printing as opposed to traditional Z-direction slicing and vertical

layer printing. Therefore, these methods are not generalisable to traditional printing.

However, printhead path planning that considers manipulability, the Cartesian error and

the rotation error is applicable to any 3D printer that uses a robot arm for printing to

optimise the robot arm’s dexterity and to reduce print errors.
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The proposed sensor placement method for 3D printing considers printability, information

gain and the areas in which sensor placement is discouraged. Therefore, the proposed

method can be used in any robot-based 3D printing, as it considers all three factors.

However, since this method depends on the weighted cost function, it is possible to remove

or add various factors. If the printability aspect is removed, the proposed voxel-based

sensor placement can be used in any 3D printed sensor placement and is not limited to

robot-based 3D printing. Additionally, the proposed method is adaptable and could be

complemented by other aspects that need to be considered for the specific requirements

of other applications.

9.3 Future Work

In terms of the 3D printable wear sensor, an improved version of the sensor with a similar

pattern could be designed to help to obtain a three-dimensional view of the wear. Once

the printer is built, it will be possible to investigate the use of such a sensor to get a better

picture of the wear.

With the temperature compensated strain sensor, it is possible to investigate and test the

use of this sensor to identify the long-term creep of the spiral. Additionally, it is possible

to investigate the design of a single, self-contained sensor to measure strain in multiple

directions.

For the integrated 3D printable temperature sensor, it is necessary to do more testing

regarding the structural integrity if multiple sensors are to be placed closer to each other,

particularly if they are embedded in the base structure.

For the 3D printed vibration sensor, a permanent magnet was used. We were unable

to create a viable and efficient electromagnet since the 3D printed coil had considerably

higher resistance. This is a drawback, eliminating the ability to create a fully 3D printed

sensor. Therefore, future research should investigate novel AM techniques for metal and

the 3D printing of coils with alternative metal filaments, in pursuit of a viable 3D printed

electromagnet.
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Ideally, for all the 3D printed sensors that have been developed, the long-term (multi-

year) testing should be conducted in order to understand and characterise their long-term

performance.

The challenges to be solved to make customised 3D printed sensors feasible and available

to the general population in the near future are mainly related to the accessibility of high-

accuracy, low-cost, low-maintenance, multi-material printers, which can rapidly switch

between feed material without excessive material wastage.

Regarding the partially-filled pipe flow meter, it can be attached to the entry and exit

pipes before and after separation. This could make the GSS smarter and able to predict

and potentially automatically change the separation cuts and the operating parameters

based upon the measured flow entering and exiting the pipes for a GSS.

In terms of future work of the slicing algorithm, it needs to be extended so it can cater

to the different types of infills and overhangs. This is because, in some applications,

having a different infill will allow the object to be printed with less material in less time.

Additionally, improvements to the algorithm are possible so it can more optimally slice

complex structures that have overhanging parts.

It is possible to investigate the use of the proposed voxel-based sensor placement algo-

rithms for other sensor placement which are not 3D printed. Since the same concepts of

information gain and sensor discouraged areas can be used for conventional non-3D printed

sensors.

The next step of the research would be to undertake predictive maintenance using the

collected data. Engineers have already developed a digital twin for the GSS and the

data collected from various sensors can be used to predict short- and long-term failures.

This will include determining a suitable model for understanding the nature of the data

and predicting failures or planned maintenance. It will help to reduce the unplanned

downtime and, hence, to increase the production output. Additionally, monitored data

over long durations, such as for creep and wear, will help to identify potential material-

related issues and provide insights to improve the design.
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[48] Holger Lüthje, Ralf Bandorf, Saskia Biehl, and Birte Stint. Thin film sensor for wear

detection of cutting tools. Sensors and Actuators A: Physical, 116(1):133–136, 2004.

[49] Tobias Dyck, Philipp Ober-Wörder, and Andreas Bund. Calculation of the wear

surface and the coefficient of friction for various coated contact geometries. Wear,

368-369:390–399, 2016.

[50] Alan Shen, Dustin Caldwell, Anson W.K. Ma, and Sameh Dardona. Direct write

fabrication of high-density parallel silver interconnects. Additive Manufacturing, 22

(2017):343–350, 2018.

[51] Woo Jin Hyun, Ethan B Secor, Mark C Hersam, C Daniel Frisbie, and Lorraine F

Francis. High-resolution patterning of graphene by screen printing with a silicon

stencil for highly flexible printed electronics. Advanced Materials, 27(1):109–115,

2015.

[52] Alan Shen, Dustin Caldwell, Anson W K Ma, and Sameh Dardona. Direct write

fabrication of high-density parallel silver interconnects. Additive Manufacturing, 22:

343–350, 2018.

[53] Sen Wai Kwok, Kok Hin, Henry Goh, Zer Dong Tan, Siew Ting, Melissa Tan,

Weng Weei Tjiu, Je Yeong Soh, Zheng Jie, Glenn Ng, Yan Zhi Chan, Hui Kim

Hui, Kuan Eng, and Johnson Goh. Electrically conductive filament for 3D-printed

circuits and sensors. Applied Materials Today, 9:167–175, 2017.



Bibliography 151

[54] Michael Dawoud, Iman Taha, and Samy J Ebeid. Strain sensing behaviour of 3D

printed carbon black filled ABS. Journal of Manufacturing Processes, 35:337–342,

2018.

[55] Junhui Zhao, Kun Dai, Chenggang Liu, Guoqiang Zheng, Bo Wang, Chuntai Liu,

Jingbo Chen, and Changyu Shen. A comparison between strain sensing behaviors of

carbon black/polypropylene and carbon nanotubes/polypropylene electrically con-

ductive composites. Composites Part A: Applied Science and Manufacturing, 48(1):

129–136, 2013.

[56] G Georgousis, C Pandis, A Kalamiotis, P Georgiopoulos, A Kyritsis, E Kontou,

P Pissis, M Micusik, K Czanikova, J Kulicek, and M Omastova. Strain sensing in

polymer/carbon nanotube composites by electrical resistance measurement. Com-

posites Part B: Engineering, 68:162–169, 2015.

[57] Corinne Mattmann, Frank Clemens, and Gerhard Tröster. Sensor for Measuring
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