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Abstract 
The primary motivation behind this research was to determine whether 3D printed 

lenses printed out using the non-planar technique can help achieve better beam intensity 

for a 60 GHz printed-circuit-board based radar and consequently improve radar 

efficiency. Non-planar printing is a new development in the 3D printing industry. In the 

non-planar printing method, the printer is moving simultaneously in all X, Y and Z-

axis. This process prints with curved layers, which helps achieve a smoother surface. 

For this, a newly developed version of the Slic3r, specifically called non-planar Slic3r, 

was used. The modelled lens was imported into this Slic3r software. The G-Code was 

generated, and using it, non-planar lenses were printed along with planar lenses for 

comparison purpose. The lenses printed out using the non-planar technique were not 

perfectly smooth as was thought initially. Both planar and non-planar lenses 

measurements were taken in a watchful environment, and the measurements were later 

compared. The comparison of measurements showed that the non-planar lens did not 

show any noticeable gain in the intensity over planar lenses. The conclusion, however, 

is limited to the frequency range around 60 GHz, and in the case of higher frequencies, 

the result may change. 
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1 Introduction 

1.1 Background 
Three-Dimensional (3D) printing is the method of printing 3D models as tangible objects. 

Objects of complex geometry challenging to manufacture using traditional fabrication 

techniques can be printed without going through the complex, time-consuming traditional 

methods (1). The hype in 3D printing manufacturing is also because it is economical for small 

business and start-ups. Several materials can be printed simultaneously, and electronics can be 

inserted directly into the printed product (2). However, 3D printing is still an emerging 

technology with many new printing techniques to further refine the process and get the printed 

object to look as close to the model. With the recent emergence of 3D printing as a 

manufacturing method and its benefits for rapid prototyping, there is an increased interest in 

3D printed optical components. 

Lenses can be designed to optimize wave amplitude by projecting an incident wave into the 

radar antenna region using quasi-optical techniques (3,4). 3D printed lenses, compared to 

conventional methods, are more affordable to fabricate. It has been found that a millimetre wave 

radar system gives better results compared to systems without the lens. Further improvement 

can be achieved by coating the lens with an anti-reflective layer (5). AR coatings cause 

destructive interference in reflecting waves and constructive interference in entering waves. 

This AR coating can be achieved by applying a thin layer, or a graded structure with a different 

refractive index content or, as is common in nature, using wavelength specified physical surface 

structures (6). 3D printing can be done using many different materials, for example, PLA, ABS, 

ASA, nylon, and polypropylene, since every material has different properties like refractive 

index and transmittance. Much research is needed to get the best performance out of these 3D 

printed lenses. The quasi-optical properties of 3D printed lenses are a relatively new research 

area, with many potential uses and growing demand for expertise. A project to develop optical 

structures using 3D printing materials would be beneficial. 

1.2 Problem Statement 
Stair-stepping appears on surfaces where the slope is similar to horizontal due to the discretized 

layer composition of printed objects. These stair-step are a model approximation error. Stair 

stepping is noticeably much worse when low ramp angle surfaces than on high ramp angle 

surfaces. Stair stepping is formed because a conventional 3D printer rarely uses all three axes 

at the same time. Each layer is stacked over the previous layer. During the formation of these 

layers, only the X and Y axis move, and the Z-axis only moves up when the layer is complete, 

and the printer has to start the next layer. Since these flat layers are stacked upon each other, it 

creates a layer line like surface called stair-stepping. These stair steps look like a right angle 

triangle from the side. 

 

Figure 1 (a) exaggerated model to show stair-stepping on a curved surface; (b) stair-stepping 

on the surface of a lens 
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The vertical side of which is called usually the layer height selected for 3D printing. These stair-

steppings affect not only the look of the object but also the properties of the object. The lenses 

printed previously for research purpose had stair-stepping on them, and, in theory, a lens with 

not a smooth surface cannot have a focused focal point, which can reduce the efficiency of our 

radar system. It is suggested that curved structures on the surface of objects be used to eliminate 

stair-stepping (7). These curved layers are non-planar and match the object’s surface rather than 

spreading it over several layers and causing a stair-stepping effect. This is not an entirely new 

idea; example models have been printed in which curved layers were printed on top of the 

planar layers to get rid of stair-stepping (8,9). 

1.3 Aim 
This is progressive research; research is called progressive when new knowledge and 

methodologies are used to test the theories on which previous similar research are based. The 

research is aimed further to refine the 3D printing process of the lens. Which will ensure there 

is no stair-stepping on the surface of the lens. For this purpose, a non-planar 3D printing 

technique will be used. The objective is then to analyze the results of this lens with a lens printed 

without a non-planar technique and see if better results can be achieved. Another objective is 

to investigate if the artefacts that appeared on the surface of the lenses in previous research still 

appear on the surface of the lens while using the non-planar printing technique (5). 

 

Figure 2: Artefacts on the surface of the smooth and AR coated lens 

1.4 Delimitations 
An FM-CW radar with a 60 GHz frequency is used for this thesis work, and higher frequencies 

can give different results. The non-planar G-Code is generated by Slic3r, which is an open 

development tool. Newer versions of Slic3r can have different instructions for non-planar 

printing, affecting the results. 
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1.5 Outline 
Chapter 1 includes the introduction of the thesis. In the introduction, the background of the 3D 

printing, the problem statement, and the goals are described. Chapter 2 is the current knowledge 

where we analyzed the related work done by the researcher to set a proper baseline from where 

to start the thesis. Chapter 3 is the theory section in which concepts required to comprehend 

this work are briefly presented and the software used to get the result. Chapter 4 shows the 

methodology that we followed from the start till the end to get the results. Chapter 5 presents 

the results we got and the comparison between them. Chapter 6 includes discussing the 

problems encountered during the printing phase and the reason behind the results achieved. 

Finally, chapter 7 sets out the conclusion of this thesis and what future research can be. 
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2 Current Knowledge 
The thesis work is built on the foundation of quasi-optical science. The science of 

electromagnetics, where wavelengths become long enough to be equivalent to optical 

components, is quasi-optics. A common understanding is that an antenna/radar requires a lens 

to maximize its directivity (10). The distance to the lens, the focal length of the lens, the radius 

of the lens’s curvature, and the refractive index of the lens’s material will all determine how the 

beam interacts with the lens (11). 

Several studies have shown that consumer-grade 3D printers can develop gigahertz and 

terahertz frequency quasi-optical lenses. This approach outperforms traditional subtractive 

procedures in specific ways, such as taking a plastic block and shaping it into shape. The use 

of 3D printers simplifies producing inexpensive yet durable and reliable lenses and making the 

production process for individual lenses considerably shorter  (12,13). In the development 

phase, especially 3D printing is cheaper than traditional ways because it cuts down the cost of 

making new moulds the design of the object can go through minor improvements that change 

the dimensions of the object and the mould. In similar ways, 3D printing is also less time-

consuming. A change in 3D printing can be made in minutes using CAD software. Making a 

new mould takes much time. 

Since this thesis is progressive research of the work that has already been conducted, we will 

use PLA material for the 3D printing of the lens so that when we compare our lenses, there is 

no refractive index difference (14). Previous research has shown that PLA has a relative 

permittivity (εr) of 2.74 at 60 GHz and a refractive index (n) of 1.655 (n) at 60 GHz (15). One 

of the main reasons for using PLA is its Biocompatibility, It an ideal fit for environmental 

sustainability. PLA is a biodegradable polymer with an average half-life of 30 weeks, which 

can be extended or decreased depending on the situation (16). 3D print from different 3D 

printers can have a slightly different structure due to the difference in settings, meaning that the 

refractive index can vary slightly. In order to make sure there is no change in the refractive 

index, all prints will be from the same 3D printer and settings. All samples should also be 

printed simultaneously to make sure there is no ambient temperature and moisture level 

difference, leading to a difference in the refractive index of the lens. During the 3D printing 

process, melted plastic is pushed into a funnel to create an object. Printed artefacts have 

approximation errors from the original model due to the discretized layer structure, such as 

stair-stepping. These objects are most common on surfaces with a near-horizontal slope. The 

stair-stepping artefacts’ intensity can be reduced by reducing the layer thickness, as shown in 

figure 3 (17). However, this is not a proper solution since the layer thickness is still thick enough 

to cause stair-stepping. 

 

Figure 3: Models showing if the layer thickness is small stair-stepping effect can be reduced 
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A 60GHz frequency-modulated continuous-wave (FM-CW) radar mounted on a circuit will be 

used; this circuit includes many sections that monitor the radar. A micro-USB port connected 

to this circuit is used for external control and to communicate with a computer (18). MATLAB 

application is used for this purpose (19). 
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3 Theory 
In the theory section, all the components and software are explained and the science that’s 

taking place. The theory of quasi optics, what is a lens, refractive index and focal length is 

explained. What are 3D printing and the processes that take place generally to complete a 3D 

print? The software needed for modelling and generating the G-Code. The theory of radars and 

the radar used during the thesis is also explained briefly. MATLAB software will control radar. 

Hence the software is also briefly explained. 

3.1 Quasi Optics 
Quasi-optics is the study of the propagation of electromagnetic radiation where the wavelength 

is comparable to the length of the optical components (e.g., lenses, mirrors, and apertures); 

diffraction effects may become relevant. It is widely used to describe the emission of Gaussian 

beams with beam widths closer to wavelengths. In contrast, in geometrical optics, the 

wavelength is small in comparison to the related length scales. Quasi-optics is so-called because 

it describes a transitional regime between classical optics and electronics, and it is often used 

to describe signals in the far-infrared or terahertz/gigahertz regions of the electromagnetic 

spectrum 

3.2 Lenses 
A lens is an optical instrument that uses refraction to focus or scatter electromagnetic rays. A 

lens is an either translucent or opaque material that is typically spherical, with at least one or 

both sides curved and can be convex or concave. The curvature of a lens is often consistently 

uniform throughout the surface of the lens, which means that the radius of curvature is constant. 

 

Figure 4: Plano-convex lenses with a diameter of 15,14 & 13 mm with constant curve radius 

 Complex lenses can also be made up of more than one material having a different refractive 

index. They are called compound lens. The lens used in this thesis is a one-sided curved lens 

made up of one material only (PLA). 

3.2.1 Refractive Index 

When a wave enters from one material to another, depending on the angle it makes with the 

surface of the second material; it changes its direction (more information regarding angle 

dependency in the appendix: snell’s law). It is caused due to the change of speed of this wave 

with which it can propagate in different materials, which is called refraction. A material’s 

refractive index is defined as the ratio of the speed of a wave in a vacuum to the speed of this 

wave in the sample medium. As a result, RI values are never less than one. . Its chemical 

composition determines the refractive index (RI) of a medium since composition determines its 

electrical and magnetic properties under regulated conditions. Material’s relative permittivity 

(휀𝑟) and relative permeability (𝜇𝑟) determine the refractive index n of any material. 

𝑛 =
𝐶0

𝐶𝑚
= √휀𝑟𝜇𝑟 

Here 𝐶0 is the light speed in vacuum and 𝐶𝑚 is the light speed in the material. 
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3.2.2 Focal Length 

The focal length of a lens is the distance between the lens’s base and its focal point. A convex 

lens that converges waves has a positive focal length, while a concave lens that diverges the 

waves has a negative focal length. The lens used in this thesis is a one-sided convex lens. The 

convex lens’s focal length is positive and is the distance at which a collimated electromagnetic 

wave is centred to a single spot. The focal length of all the lenses can be measured by the 

material’s index of refraction, the radius of curvature of the surfaces, as well as the medium in 

which the lens is placed. 

 

Figure 5: Focal point of smooth surface vs rough surface (20) 

A lens with a smooth surface and constant radius of curvature have a more focused focal point. 

3.3 3D Printers 
There are different categories of 3D printers available in the market. However, only FDM 

printers are discussed in this section since this is the printer used in this thesis. FDM printers 

are very frequently used, primarily due to their low cost. These printers’ hardware is split into 

two parts: the motion system and the extrusion system. The motion mechanism in the 3D printer 

pushes the printhead to the correct spot while the extrusion system lays down the material. 

 

Figure 6: Flashforge Guider 2 3D printer (Left), Ultimaker 2+ 3D printer (Right) 
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The most frequent motion system is the cartesian motion system in 3D printers. A separate 

motor in these printers moves each axis of the printhead. The x-axis is generally oriented left 

and right, the y-axis is oriented front and back, and the z-axis is oriented up and down. Stepper 

motors drive belts or leadscrews to convert rotary motion into linear motion parallel to the axes. 

Belt systems are mainly used for the x- and y-axes because they are more manageable, whereas 

leadscrews are often used for the z-axis. Cartesian structures can be divided into two types. The 

first is the Cartesian xz head, which moves the printhead along the x and z axes while the print 

bed moves back and forth along the y axis. The other typical arrangement is the Cartesian xy 

head, in which the printhead travels along the x and y axes, whereas the print bed moves up and 

down the z-axis. 

An FDM printer’s extrusion mechanism is usually a stepper motor that moves filament through 

a heated nozzle. The component that drives the filament forward is referred to as the feeder, 

and the heated nozzle block is referred to as a hotend. A drive gear pushes against the filament 

string to force it into the feeder. The drive gear is driven directly from the stepper motor or 

transmission gear to maximize the pushing power. The filament is a very long, fixed-diameter 

plastic thread. The most common filament sizes are 1.75 and 2.85 mm. The filament may be 

fed directly into the hotend or a Bowden tube. The hotend’s function is to heat the filament and 

bring it to a defined width to print with a continuous filament route. A heating unit provides the 

heat, which is monitored by a thermistor. 

3.3.1 Printing Process 

3D printing is comparable to regular Two-Dimensional (2D) printing on paper. It simply 

provides a third dimension to create items. It is like paper printing that converts digital data 

from a device into an actual physical entity. The overall 3D printing process can be divided into 

three stages model generation, slicing and printing. 

3.3.2 Model Generation 

This step aims to determine what should be modelled. The model can be created by scanning 

an actual 3D object. The model could also be obtained from 3D object sharing platforms or can 

be designed on CAD software. After scanning or designing, the software generates a file that 

can be of different formats. The most commonly used format is the STL file. These files are 

then used in the next stage by different slicing software. 

3.3.3 Slicing 

Since printers cannot print models directly, they must be converted into a format that the printer 

can recognize and perform. This is comparable to paper printing, in which the text or picture to 

be reproduced converted into instructions for the printhead and its motions. Slicing is the 

process of converting a shape into a type that a 3D printer will print. Once this procedure is 

finished, a G-code is generated, which is a complete set of instructions in machine language 

needed by a 3D printer to print. There is a comprehensive variety of software that can be used 

for slicing. The slicing software used for this thesis is Slic3r. 

3.3.4 Printing 

The G-code produced by the slicer tool must be executed on the printer to obtain the desired 

print. The G-code can be transferred to the printer using an SD card or via a network. The 

printer performs the G-code commands in the same order as they appear in the G-code format, 

one by one. The printer prepares itself for the print job before beginning it. To calibrate the 

printhead position, both axes are driven to their home positions. The levelling process is started 

when the printer supports print bed levelling. The printer then heats the print bed and nozzle. 

The printer then begins printing the physical object by executing the G-code commands. 
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Typically, a print has hundreds of thousands of instruction points. Once the print is over, the 

printer turns off the nozzle and the print bed. The printhead is moved to the side in the end. 

3.4 Slic3r 
Slic3r is an open-source slicer created by Alessandro Ranellucci. It is not supported or produced 

by any corporation. It is distributed under the GNU Affero General Public License (AGPL). 

Slic3r was created in Perl at first. Most of the key features are now ported to C++, primarily for 

performance reasons. Slic3r can support models in many file formats. However, we only used 

the STL file since our lens model was saved in it. Since Slic3r is open source, mainly for 

developers, hence it is not a high-end tool. Slic3r is not suitable for beginners due to its 

complexities. Slic3r has two versions available on GitHub a stable version and a master version. 

The Master version was used during this thesis. 

 

Figure 7: Slic3r Interface 

3.5 STL 
STL is a format developed by 3D Systems. It is the de-facto standard for 3D printing and stands 

for Stereolithography. The STL file has all the required information regarding the dimensions 

and shapes; however, it does not include colour or different materials information if the object 

to be printed needs more than one material. The surface of STL models is made up of several 

facets. Three vertices and a facet regular characterize each facet. The model is formed by the 

facets lying next to each other. Each facet is distinct and has no direct relationship to the others. 

The STL format’s units are subjective, and there is no scaling detail. The most common 

measurements are millimetres, inches, and meters. A wide range of CAD programs can produce 

STL models. The files can be saved in either binary or ASCII (American Standard Code for 

Information Interchange). The figures of STL files used in this thesis are as under. 

 

 

 

 

 

 

 

Figure 8: STL file of the smooth lens (left) and anti-reflective lens (right) 
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3.6 G-Code 
G-code is a set of instructions from the start till the end in machine language. It has all the 

information like how to move the axis of the machine, in which direction and with what speed 

to move. The information like temperature is also within the instructions. The G-code is very 

machine specific and cannot be used on different types of machines. The G-Code we generated 

from our Slic3r has information like the temperature to heat the print bed and nozzle. Once the 

required temperatures are achieved, it starts instructing the servo motors in the 3D printer in 

which axis to move and with what speed. The instructions also contain information regarding 

the amount of material that comes out of the nozzle. 

3.7 MATLAB 
MathWorks’ MATLAB is a patented multi-paradigm programming language and numeric 

computing environment (19). Matrix manipulation, plotting of functions and data, application 

of algorithms, design of user interfaces, and interfacing with programs written in other 

languages are all possible with MATLAB. In this thesis, MATLAB is used to operate the radar 

and plot the saved data of all the lenses. 

3.8 Radar 
Radar networks can be classified in many ways. Based on the waveform, radars can be 

categorized as continuous wave (CW) and pulsed radars. CW radars send out a continuous 

signal and receive it with a separate antenna to prevent interrupting the continuous transmission 

of radar energy. Only the radial velocity and angular direction can be determined when the 

signal is unmodulated. On the other hand, Range scales necessarily require timing markers with 

modulation, such as FM-CW. As the name makes it obvious, a pulse radar emits signals in the 

form of a pulse. Using various modulation schemes, they can calculate both radial velocity and 

target distance. For vibration calculation, the Doppler effect in radar suffers from the null point 

issue, which occurs when the received signal and the local oscillator are either in-phase or 180 

degrees out of phase. Harmonic frequencies are produced around the null spot, reducing the 

system’s overall sensitivity. A solution to the null point problem is the quadrature FM-CW 

radar with a dynamic baseband design. In quadrature radar, in-phase (I) and quadrature (Q) 

channel outputs are created by applying a 90-phase shift to the oscillator frequency and then 

mixing with the obtained echo signal, dividing the signal’s power between I and Q. As already 

discussed, radars can be classified in many ways based on wavelength. The radar used in this 

project is millimetre wave radar which is discussed briefly after FM-CW radars. 

3.8.1 FM-CW Radar 

FMCW radar is a kind of radar sensor that emits and receives continuous transmission power. 

In addition to this basic CW radar functionality, FMCW radar can adjust its operating frequency 

during measurement, and the transmitting signal is modulated in frequency or phase. Radar 

measurements via runtime measurements are only technically feasible with these changes in 

frequency or phase. FM-CW radars can calculate both the distance and the relative velocity of 

an object to the radar itself. In this thesis, we are using the radar for distance calculation purpose 

only. The below-given formula can calculate the distance 
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Figure 9: Ranging with an FM-CW radar 

𝑅 =
𝐶𝑜. |𝛥𝑡|

2
=

𝐶0. |𝛥𝑓|

2 
𝛿(𝑓)
𝛿(𝑡)

 

Here 𝐶0 is the speed of light, Δt is the time delay, Δf is the measured frequency difference in 

Hz, R is the distance between the antenna and the reflecting object and δ(f)/ δ(t) is frequency 

shift per unit of time (21) 

While in use, the radar can receive multiple signal frequencies due to the transmitted signal 

reflecting off targets at various distances. These signals can be evaluated in intensity and plotted 

against distance to see how much the signal bounced back. The plot’s various peaks encourage 

one to see the various objects and their distances. Once the radar receives the reflected signal, 

it is combined with the transmitted signal in the mixer, where it goes through the IF operation. 

Then this signal is amplified to get the result. 

3.8.2 Millimetre Wave Radar 

A millimetre wave radars are devices that run at millimetre wavelengths, resulting in narrow 

antennas and small device component dimensions. In general, a millimetre wave is an 

electromagnetic wave with a frequency range of 30–300 GHz (wavelength of 1–10 mm). The 

millimetre wave has a frequency that is between that of the centimetre wave and the light wave. 

The radar used for this thesis has a frequency of 60 GHz and a wavelength of 5 mm (4.99 mm 

to be exact). 
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4 Method 

4.1 Overview 
The first step to this thesis is that we need to set up a PC for our Slic3r. The non-planar version 

of Slic3r is still not compatible with windows. The next step is to calculate the clearance height 

of our 3D printer nozzle and the non-planar angle allowed. These values are entered in the 

Slic3r settings, and a few other values are changed according to our 3D printer. Then G-code is 

generated, and we start our printing. To print a standard lens without non-planar settings, we 

turn off the non-planar settings and generate a G-code, keeping other settings Unchanged. These 

Lenses are then set at a distance equal to the focal length from our radar, and we then perform 

our experiment on using these lenses individually. The result we get using a non-planar lens is 

compared with the result of the standard lens. 

 

Figure 10: Flowchart showing methodology followed 

4.1.1 Setting up Slic3r 

The non-planar version of Slic3r is not a plugin to the standard Slic3r. This is a custom version 

of Slic3r and needs to be downloaded. The primary source of Slic3r software is 

https://manual.slic3r.org/. The windows version of the slic3r can be downloaded, for which the 

instruction is available on the website. However, after two unsuccessful attempts and not being 

able to debug the errors, the plan to download the Windows version was replaced by 
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downloading the Linux version of Slic3r. It is highly recommended to use a dedicated machine 

for Linux operating system; however, Linux can also be operated on a Windows operating 

system. During the thesis work, Linux was downloaded on the current system available, and 

for that, VirtualBox software was used since it is an open-source and free to use software that 

can help create and manage virtual machines on windows. 

After successfully downloading and installing VirtualBox, the system is ready to create a guest 

virtual machine. One thing to make sure is that all the addons while installing VirtualBox are 

selected. These addons will ensure that the VirtualBox can communicate with the USB 

connection and the network adaptor of the operating system. The Linux operating system 

selected was Ubuntu; however other Linux operating can also be used. Ubuntu was downloaded 

from its website, and the latest version available was selected. To install Ubuntu on the 

VirtualBox, first, a virtual machine is created, and for that, memory and hard disk space are 

allocated to the virtual machine. After this, the installation of Ubuntu can be started on the 

created virtual machine. The downloaded ISO file is selected, which will open the installation 

graphic user interface. Once Ubuntu has been installed, it will start itself; however, before 

installation, a few things like time zone, system name and password have to be configured.  

Once Ubuntu software is ready, a few prerequisites have to be installed before downloading the 

Slic3r software. The GitHub website has a list of instructions needed to install Slic3r. These 

instructions are different for every Linux operating system. First, the Sudo command was 

entered in the terminal of Ubuntu to uproot the privileges, which will enable to update of the 

libraries and install the Slic3r software. After that, the GitHub site accessed using terminal 

commands and install Slic3r. The most important thing is to select the non-planar version of 

Slic3r. Before starting the Slic3r, the Perl libraries of Ubuntu are updated, and the software was 

ready to use. 

Once the Slic3r was fully operational, the next step is to load the STL file on it. Since the STL 

file was in the host operating system and Slic3r was in the Linux operating by a VirtualBox, 

STL could not be loaded directly. For ease, a shared folder was created that can be accessed by 

both the host operating system, that is, Windows and the Linux software in the VirtualBox. To 

create a folder that both the hosts can share, a new folder was created in the host operating 

system, and then in the VirtualBox settings, the shared folder is selected. After selecting the 

add shared folder option, the full path of the shared folder created in the host operating system 

is entered with the folder name and the auto-mount option is selected. The automount option 

ensures that the folder is automatically mounted in the guest operating system. The shared 

folder was created in the guest operating system; however, in some versions of Ubuntu, the 

shared folder can not be accessed. To access the shared folder, the Sudo command to add the 

user for the shared folder is entered in the command terminal. This gives access to the user to 

access the shared folder. The STL file was then copied to the shared folder in the host operating 

system. To load the STL file in Slic3r, click the add option, and the STL file in the shared folder 

is opened. This loads the lens model in the Slic3r. 

Slic3r is a generic software, and to generate a G-Code specific setting had to be entered. The 

settings include print, filament, and printer settings. In printer settings, information regarding 

layers, non-planar layers, infill, brim, skirts, and the raft is entered. In the filament settings, the 

filament diameter and temperature are entered. In the printer settings, the bed shape, the number 

of extruders and G-Code flavour is selected. Once everything was optimized for the printer in 

use and the print settings wanted, the Slic3r did not show any non-planar part in the G-Code. 

The problem was that the nozzle length was too short to do any non-planar printer because it 

would collide with the print’s surface and damage the print. 
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4.1.2 Modifying 3D Printer 

The non-planar 3D print was not possible on any of the printers available in the university. The 

maximum clearance height of available 3d printers was 2 to 3 mm. The clearance height is the 

length between the shroud to the tip of the nozzle. In some cases, if the nozzle has enough 

length, the fan shroud is an obstacle. The clearance height can generally be the height difference 

between the tip of the nozzle to anything that is nearest, which can be a probe or a fan shroud 

or the lid that protects the hardware past the nozzle. The nozzle had to be changed to proceed 

with the 3D printing. Changing the nozzle that is not from the manufacturer is never 

recommended. However, none of the manufacturers of 3D printers available in the university 

had support for extended nozzles. Nozzles from a third party were ordered to modify the printer. 

While ordering the nozzles, the most important thing is to make sure the diameter of the nozzle 

is the same as the original nozzle of the printer. 

 

Figure 11: Nozzles of different lengths  

How to open the extruder of the printer is different for every printer. To open the extruder, help 

can be taken from the printed user manual that comes with the printer or from the videos 

available on the manufactures website. First, the cap of the extruder was removed. Once the 

cap is removed, the nozzle can be seen. The nozzle was removed using an L-key, and the new 

nozzle was fixed. 

 

Figure 12: (left) extruder covered by the bottom cap, (right) extruder with the cap removed 
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 Once the nozzle was replaced, all the wire connectors were connected again, and the cap was 

fixed. However, the clearance needed was still not achieved. Since there was no other way, the 

last thing left to do was taking off the cap. The cap protects the extruder and serves as a 

compartment to direct the fans’ airflow to the point where plastic is being deposited, so the 

plastic (PLA in this case) solidifies as soon as possible without deforming. The manufacturer 

never recommends this, but no other option was left. Once the cap was taken off, the clearance 

height was measured, which was 7.9 mm, and it turned out to be just enough for the Lens 

printing. The height was measured using a vernier calliper. 

 

Figure 13: Clearance height 7.9 mm and clearance angle 45° 

4.1.3 Lens Printing and different Parameters 

Since Slic3r is a general slicing software, as discussed, the parameters needed to be adjusted so 

the G-code is compatible with the printer being used. Other than this, the print settings also 

need to be adjusted. The print and filament settings can change the properties of the lenses. 

PLA heated at different temperature in the extruder can have different physical properties; 

similarly, the layer height can change the focal length and hence it is crucial to saving these 

settings, so all the prints have no difference in their properties. The following settings were 

used. 

Print Settings 

i. Layer Height 0.12 mm 

ii. First Layer Height 0.2 mm 

iii. Non-Planar Settings  

a. Maximum Non-Planar Angle 45° 

b. Maximum Non-Planar Collision angle 48° 

c. Maximum Non-Planar Collision Height 7.9 mm 

i. Infill 100% 

ii. Support Material  

a. Raft Layers 2 

b. Speed for Print Moves 50 mm/s 

c. Speed for Non-Print Moves 70 mm/s 

Filament Settings 

i. Filament Diameter 1.75 mm 

ii. Extruder Temperature 220°C 

iii. Bed Temperature 50°C 

Print Settings 

i. Bed Shape  

a. Size 280×250 mm 

b. Origin X=140mm & Y=125mm 

ii. G-Code Flavour Sailfish (MakerBot) 

iii. Nozzle Diameter 0.4 mm 

Most of these settings were taken from previous research to ensure the results can be related to 

previous studies if needed. Initially, six non-planar lenses were printed without a raft to compare 
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with the lenses with the raft. Since the lenses with raft showed no difference in the results, all 

the lenses were printed with the raft (result showed in figure 24 in the next section). The raft 

was preferred as lenses with raft had no problem coming off the print bed. The non-planar 

settings were turned off to print planar lenses, and the slic3r generated planar G-Code instead 

of non-planar. 

The comparison between planar and non-planar lenses with smooth surface showed that, unlike 

planar lenses, the non-planar lenses had no artefacts on the surface. However, after some 

observations, while the prints were in the process, it was visualized that the same artefacts that 

were on the planar lenses were also being formed during the printing of the non-planar lenses. 

However, the interesting fact is that first, the printer prints the object in a planar sequence; later 

in the final stage, when the printer starts the non-planar printing, these artefacts, and the stair-

steppings, were covered by the non-planar layers. These non-planar layers had no artefacts 

formation over them. The figure below shows that more than 90% of the print is done using 

planar printing, and non-planar printing gives a final touch. 

 

Figure 14: Preview of last steps for non-planar lens printing (Green colour shows raft, yellow 

colour shows planar print, and red colour shows non-planar print). 

The test print of the lens with an anti-reflective surface was inferior. It had an overhang printed 

deposit on the edges of the lens. During the anti-reflective surface printing, the PLA did not 

deposit well, causing an overhang and showed some overheating. This is because the fan airflow 

was not correctly cooling the deposited PLA. This over hanged deposit causes the density of 

the lens to change. For all the lenses, 100 per cent infill was kept to make sure there was no air 

trapped within the lens; however, this overhang on the lens was a problem, and hence it was 

not a suitable lens to collect our data. So, to print the rest of the lenses with an anti-reflective 

surface, some changes in the setting were made. 

 

Figure 15: Anti-reflective lens (test print) 



24 
 

The extruder temperature was decreased by five °C, and five mm/s also decreased the 

movement speed. The changes in these parameters were kept minimum so that it does not affect 

the physical properties of the lenses. However, while printing the anti-reflective lenses, the 

extruder and bed temperature did not change. This was because Sailfish G-Code’s temperature 

settings were not compatible with the Flash forge Guider Ⅱ printer, and the temperature 

remained to its standard that is 220°C. After doing some research, it was concluded that if the 

G-Code flavour is changed to MakerWare (MakerBot), the temperature settings will sync with 

the printer. Since the same company develops both Sailfish and MakerWare, there is not much 

difference in code generation, and this was important to make sure that it does not affect the 

rest of the settings. The settings changed for anti-reflective lenses are as under. 

G-Code Flavor MakerWare (MakerBot) 

Extruder Temperature 215°C 

Bed Temperature 45°C 

Speed for Print Moves 45 mm/s 

Speed for Non-Print Moves 65 mm/s 

 

One lens was printed again for testing. The lens anti-reflective layer was still not perfect; 

however, it was much better than the lens printed with previous settings. The overhang deposit 

was much less comparatively on the new lens, and there was no overheated PLA on the surface 

of the lens either. 

 

Figure 16: Test print (left) vs 1st sample using modified settings (right) 

While printing, when the G-Code was generated for more than three anti-reflective lenses, the 

printer did not print these lenses correctly. This could not be traced to which step would start 

messing things up since it takes hours to complete the print. To solve this issue, instructions 

were generated to print not more than three lenses. This technique resulted in the successful 

printing of anti-reflective lenses. All the non-planar AR lenses had exactly similar artefacts on 

the surface. 
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Figure 17: Non-planar anti-reflective lenses 

The printing process for AR coated non-planar was much complex. It was thought that since 

the code being generated has non-planar capabilities hence just like in the case of smooth lenses, 

the printing of lenses with AR coating would also first start printing planar section, and then, 

in the end, it will give the AR layer using the non-planar technique. However, that was not how 

it was expected, and the AR coating was generated in parallel with the printing of the rest of 

the lens structure. The printer printed some layers in planar form, and then it generated non-

planar AR coating over it. This process again continued. The printer again printed some planar 

layers and then printed non-planar AR coating over them. This process continued until the lens 

was printed entirely. 

 

Figure 18: G-Code preview of the anti-reflective lens (left) and anti-reflective lens being 

printed 

The process of connecting the AR coatings, again and again, resulted in an inferior lens finish. 

This is why unlike lenses with a smooth surface and AR coated planar lenses, the lenses with 

AR coating showed artefacts. Most of these artefacts shared the exact location on the lenses. 

Why these artefacts share the exact location is discussed in the discussion section. 

In total, twenty-four lenses were printed other than test lenses. Anti-reflective lenses took more 

time to print, and the initial prints failed; hence only three lenses for planar and non-planar were 

printed due to lack of time.  

Print Settings Lense Surface Raft Setting No. of lenses printed 

Planar Settings Smooth Surface With Raft 6 

AR Coated surface With Raft 3 

Non-Planar Settings Smooth Surface Without Raft 6 

Smooth Surface With Raft 6 

AR Coated Surface With Raft 3 

Total Number of Lenses 24 
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Figure 19: All the printed lenses 

4.1.4 Radar Setup for Measurement 

The setup for the measurement of these lenses was kept the same as per previous research. The 

radar mounted on a stand was first fixed on the table tightly. After that, the trihedral metallic 

reflector was fixed in front of the radar field. The trihedral acted as the object which was to be 

detected. The reason behind using this trihedral was that it is highly reflective and is 

independent of the relative direction. This means the reflected wave will always have a straight 

line of propagation parallel to the face of the trihedral. This trihedral is a product from Lun’tech 

France (22). The trihedral was first fixed on a stand and then tightly fixed on the table. It was 

made sure that the trihedral is in a straight line to the radar, and both radar and trihedral are at 

the same height to get better results. The lens stand was fixed on a rail. The rail was also fixed 

in a straight line between radar and the trihedral. Once the lens stand was fixed on the rail, a 

test lens was fixed on a holder, and this holder was mounted on the stand. This setup allows the 

stand to move in all directions. First, the height of the stand was aligned with the height of the 

radar then it was made sure that the lens is precisely in front of the radar. The stand has precision 

screws that were used to align the lens perfectly. 

 

Figure 20: Instruments for intensity measurement 
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Once the setup is complete, the radar is then connected to the computer and is operated via 

MATLAB software. A perfect setup is when all of the equipment is aligned perfectly so that 

the maximum waves are focused on the radar sensor. The final step to perfectly align the setup 

is to start the radar. The radar is connected to the computer through USB, and then the 

MATLAB code provided by the radar manufacturer is opened, and after few configurations like 

selecting the USB communication port and the range wanted at which the trihedral is fixed is 

selected. Once the radar starts giving feedback, the lens stand is first moved towards the radar. 

The intensity of the object being detected keeps increasing. This means the lens focal point is 

nearing the radar sensor. However, if the radar is moved more closer to the radar after a specific 

length, the intensity decreases. The lens is then moved back to the point where the maximum 

intensity was achieved. This shows that the lens focal point is exactly on the radar’s sensor. The 

stand’s screw is then tightened so that it can no longer move along this axis. Then the stand’s 

precision screws are adjusted, which are responsible for the movement against the Y and Z axis. 

The same procedure is then repeated for these axes as well, and where the maximum intensity 

is achieved, these precision screws are adjusted. One extra step is taken to ensure that the lens 

stand is precisely at the focal length from the radar sensor, and that is to use another lens, and 

then the stand is again moved along the rail if the intensity is not maximum at the position it 

was set at then it means the focal point for the lenses is changing. However, since the maximum 

intensity was achieved at the same position, the screw was again tightened, and after this step, 

it is crucial that none of these three objects moves during the measurement of all the lenses; 

otherwise, the data collected is not error-free. The focal length of all the lenses is the same 

because all the lenses are made up of the same material (PLA), and all the lenses have a similar 

geometry.  

4.1.5 Data Collection 

The data generated was stored in the text file. MATLAB is already being used to operate the 

radar. The same is used to convert the data of all these lenses. The measurement of all the 

different lenses was stored in a .txt file format. Once all the data was saved, it is compared to 

see the effect of different printing techniques. For this, again, MATLAB was used. The script 

used first imports the data needed to be compared and then plots them in one graph. Since the 

radar receives signals from everything in its range, we limit the distance in the plot as only the 

trihedral data was needed to compare the lenses. In the script, the colour of different plots can 

also be controlled. Plots of similar lenses are kept similar to make it easier to understand them. 

All the data generated was used regardless of any lens showing more deviation from the rest of 

the lenses. The filter is applied on the range to make sure the plot is explicitly showing the 

trihedral only. If the number of data samples per set is large, the data showing more deviation 

can be ignored. For this theses, only six samples for smooth lenses are printed with planar and 

non-planar settings, and three samples for AR coated lenses using planar and non-planar were 

printed; hence, no data was ignored. More samples are better to get accurate statistics. Other 

than intensity measurements, the weight of all the lenses was also measured using an electronic 

balance. Each lens was weighed three times, and then the average was taken to minimize the 

error while taking the readings. The radius and the height of all the lenses were also taken using 

a vernier calliper. The exact process of taking three readings for each parameter and then taking 

an average was used to minimize and error. 
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5 Results 

5.1 Lens Comparison 
All the lenses were printed out successfully at the end, even though initially some problems 

were encountered, especially in the case of lenses with an anti-reflective coating. The first point 

of interest was the surface of the non-planar lens compared to the planar lens. Contrary to what 

was thought before, the surface of the non-planar lenses did not come 100 per cent smooth. It 

had a mesh-like pattern on the surface 

 

Figure 21: Planar lens (left) vs non-planar lens (right) 

However, the reason for being not smooth is different in both cases, which is discussed in detail 

in the discussion part. One of the differences between these lenses was that the planar lenses 

had artefacts on the surface. All six planar lenses had artefacts in a similar location. The non-

planar lenses had no artefacts on any of the lenses. 

On the other hand, the difference between anti-reflective coated lenses was more observable. 

However, in this case, the planar lenses were far smoother compared to non-planar lenses. The 

reason is that where non-planar lenses had artefacts on them, the planar lenses had close to no 

artefacts on the surface other than very fine stair-stepping and that too on the AR coating only. 

 

Figure 22: AR coated planar lens (left) vs non-planar lens (right) 
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The second comparison in lenses is between the lenses printed with and without the raft. The 

lens without raft had a very smooth back; however, it was much harder to take them off the 

printer bed. The lenses printed with a raft had a rough back but came off the print bed 

effortlessly. One of the lenses printed without raft was damaged while taking off the bed and 

the outer rim came off; that lens was discarded. 

 

Figure 23: Back of lens printed without a raft (left) vs lens printed with a raft (right) 

For a better comparison of the lenses printed with different techniques, parameters like weight, 

diameter, and height were measured. The data of all the lenses are given below in the table. 

No. 

 

Planar Lenses Non-Planar Lenses 

Smooth Surface AR Coated Surface Smooth Surface AR Coated Surface 
Weight 

(gram) 

Diameter 

(mm) 

Height 

(mm) 

Weight 

(gram) 

Diameter 

(mm) 

Height 

(mm) 

Weight 

(gram) 

Diameter 

(mm) 

Height 

(mm) 

Weight 

(gram) 

Diameter 

(mm) 

Height 

(mm) 

1 8.43 48.90 8.05 9.83 49.60 7.97 8.58 49.10 7.97 10.53 50.15 8.13 

2 8.43 48.80 8.03 9.88 49.73 8 8.57 49.13 8 10.40 50.20 8.08 

3 8.43 48.80 8.02 9.87 49.63 7.99 8.55 49.31 8.01 10.45 50.21 8.05 

4 8.48 48.87 8.03  8.60 49.25 7.98  

5 8.46 48.98 8.03 8.61 49.47 8 

6 8.48 48.89 8.03 8.61 49.42 8.01 

 

It can be seen that there is a difference between planar and non-planar lenses. The interesting 

point is that for both print settings same STL files were selected to print, which means this 

difference is caused during the different printing styles. This goes without saying that these 

difference in the parameters will affect the intensity measurement. This is further discussed in 

the next section. 

5.2 Intensity Measurement 
It is needless to say that lenses affect the gain of a system. It has already been discussed in the 

current knowledge section. The intensity data of with and without lenses was still compared; 

more detail is in the appendix section. 

The first comparison was made between the lenses printed with and without the raft. This 

comparison is made to check if the raft affects the lens capacity to amplify the intensity or not. 

Figure 21 shows the plot of 6 lenses printed without raft and six lenses with the raft, all 12 

lenses were non-planar. It can be concluded from the given plot that printing lenses with rafts 

and then taking them off did not affect the lenses properties. 
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Figure 24: Data comparison of the system using lenses with and without the raft 

The final comparison is between the planar and non-planar lenses. All eighteen of the lenses 

used to get the data were printed with a raft, out of which nine lenses are planar, and nine are 

non-planar. In each of these nine lenses per set, six lenses were smooth surface lenses, and 3 

were AR coated lenses. Figure 22 shows the intensity comparison of the reflected signal for 

both smooth surface and AR coated lenses side by side. 

 

Figure 25: Data comparison of smooth lenses (left) vs AR coated lenses (right) 

The peak values of these plots were also extracted from the graph for a better comparison of 

the data. Some of the essential values are as under which are highest and lowest plot peak 

values. 

No. Type of Lens Peak Value of highest plot Peak Value of lowest plot 

1 Smooth surface planar 5.807 4.826 

2 Smooth surface non-planar 5.874 5.152 

3 AR coated planar 5.80 5.489 

4 AR coated non-planar 6.308 6.104 
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The comparison of the average values showed that in the case of smooth-surfaced lenses, non-

planar show around three per cent gain. This is contrary to what was thought before, as a 

smoother lens should give a better result, and a gain of less than three per cent is not enough to 

support the hypothesis. In AR-coated lenses, the average values showed that the non-planar 

lenses show a gain of around ten per cent compared to planar lenses. This is surprising since 

the print quality of non-planar lenses is not so good. 
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6 Discussion 

6.1 Problems Encountered with Non-Planar Printing 
A couple of problems were faced during the non-planar printing phase. The first problem, which 

is already discussed in the method section, is that normally 3D printers are not designed to print 

using the non-planar technique. The modification done is never recommended by the 

manufacturers. This is due to the fact that not only the nozzle is changed, but in some cases, the 

fan shroud or the extruder cap is also removed to get the extra clearance needed for printing. 

This dramatically affects the fans’ airflow in the extruder, which is responsible for cooling the 

deposited PLA. Since the PLA is not adequately cooled, it can affect the print quality because 

layers become too soft and flimsy. In the case of the printer being used, the fan’s airflow still 

some of its effect to cool the deposit down, but it varies from printer to printer. If in the worst 

case, to modify the printer, the fan shroud must be removed, the printed object can be dangling. 

The second thing that should be kept in mind is that not all non-planar prints can be printed 

with one modification. To do non-planar printing, it is essential to know that the clearance 

height needed is directly proportional to the maximum curve height of the object to be printed. 

In this case, a clearance of 7.9 mm could be achieved after modification, which was just enough 

to print out lenses. For research purpose, the height of 7.6 mm was entered in the Slic3r, and as 

a result, it did not show any non-planar printing layer because the clearance was not enough. 

Similarly, if a lens with more curve height were to be printed, this clearance of 7.9 mm would 

not have been enough to print that. This conclusion should be kept in mind that the more curve 

height of the object, the more clearance height in the extruder is required. 

6.2 Artefact Formation 
Nearly all of the artefacts formed on the smooth surface planar lenses and AR coated non-planar 

lenses were on the exact location. The main reason behind the artefacts sharing the exact 

location is that the G-Code of all the lenses was generated using the same Slic3r. The G-Code 

is the set of instructions for the 3D printer to follow. It determines where each step starts its 

printing from and where it ends it. Since the exact instructions are followed for each lens type, 

the location of the artefacts on the lenses is also the same. The precise reason why the artefacts 

are formed is still unknown. However, it is an observation that in the case of smooth surface 

planar lenses, the location of the artefact is where the circular outer layer printing of each layer 

ends. In AR coated non-planar lenses, as has been already discussed in the methodology section, 

the printing process is too complex. The software reason behind this complex printing technique 

is that the non-planar version of Slic3r is open-source and open development software. The 

developers are still constantly bringing improvements in the software, and new versions come 

out due to better slicing techniques. If the slicing is done so that the lens is first printed just like 

a lens with a smooth surface and then in the final stage, it adds this AR coating using the non-

planar technique, the result of the print will be much better. 

6.3 Planar vs Non-Planar Intensity Results 
The result achieved was contrary to what was expected. As discussed in the theory section, a 

lens with a more levelled surface has a more focused focal point, and this means it should give 

a better intensity result. However, we did not achieve that result when we compared smooth 

surface planar lenses with non-planar lenses. This is because even though the non-planar 

technique helps eliminate the stair-stepping and other artefact formation on the surface of the 

lens. The surface was still not 100% levelled. A mesh-like pattern can be seen on the surface 

on closer inspection of the lenses printed with the non-planar technique. The non-planar layers 

cause this mesh-like pattern on the surface. These layers help the printed object achieve its 

actual height as per the model. These layers, in the case of the lenses, were a total of three 

layers. Once the planar printing is done, the first non-planar layer is generated along the x-axis 
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while the bed moves along the z-axis to help achieve the non-planar layer. After this, the second 

layer is deposited on the surface along the y-axis, the final layer is again deposited along the x-

axis in the same way. As seen in the figure below, even the preview of G-Code can show the 

mesh-like surface. 

 

Figure 26: (a-c) Last three non-planar printing instructions, (d) Non-planar lens with mesh 

pattern on the surface 

Since none of the lenses, whether planar or non-planar, had a 100% levelled surface, there was 

no significant change in the intensity of the reflected signal. The difference between the lenses 

was that the planar lenses had stair-steppings which can be said that its roughness of lens surface 

along the z-axis (height), and in non-planar lenses, the pattern caused roughness along x y plane. 

This goes without saying that comparatively, non-planar lenses had more levelled surface. The 

only thing is that the difference was not enough to cause a significant increase in reflected signal 

strength, and hence only a three per cent gain was achieved comparatively. One other thing that 

should be considered is that only 60 GHz radar is used for this thesis. Hence the result only 

speaks for this specific frequency. Considering there is an insignificant difference in the 

smoothness of the lenses comparatively, there is a chance that higher frequency radars might 

give better results. However, to prove this, further research needs to be done using radars with 

higher frequencies. 

The comparison between AR coated lenses printed using planar and non-planar settings showed 

much better intensity gain, even though the print quality of the non-planar lens was not good at 

all. The non-planar lens had artefacts all over the surface. On average, the comparison of AR 

coated lenses showed a gain of around ten per cent. However, it should also be kept in mind 

that in the case of non-planar AR coated lenses, the weight of the lenses was much more 
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compared to other lens types. The diameter of these lenses was also more than the other lenses. 

This difference in the physical parameter of the lenses should not exist as the same STL file 

was being used to print both planar and non-planar lens. This means that there is a difference 

between the density of planar lenses and non-planar lenses. Hence we can say that the gain in 

the intensity was not only caused due to planar and non-planar AR coated lenses but also due 

to the change of density of the lenses. The Slic3r generates the G-Code in nearly the same way 

for both planar and non-planar lenses. No difference was made other than turning off the non-

planar settings to print out the planar lenses. 

 

Figure 27: G-Code preview of AR lens using planar (left) vs non-planar (right) settings 

No reasonable cause was found as to why the AR coated non-planar lense has more weight and 

diameter than planar AR coated lenses. 
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7 Conclusion and Future Work 
This thesis is a first-time comparative study conducted on the quasi-optical properties of non-

planar 3D printed lenses vs traditional printing technique. The non-planar lenses compared to 

planar lenses showed different results. In smooth-surfaced lenses, the difference in intensity 

was negligible, and in the case of AR coated, the difference was significant; however, it was 

affected by the difference in other physical parameters. The data of both planar and non-planar 

smooth lenses were within the same range. This is mainly because the lenses printed with non-

planar settings did not have a 100% levelled surface as was expected. The FM-CW radar 

generated 60 GHz frequency; hence this conclusion is verifiable for frequencies near 60 GHz 

only. In theory, a slight difference to achieve better surface smoothness of a lens can affect the 

result if the frequency is increased. Hence further research needs to be done using higher 

frequency radars. One fact to keep in mind is that Slic3r is an open development tool with new 

developments constantly being introduced for better results. Newer versions of Slic3r might 

affect these results. The version used during this thesis is 1.3.0. 
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8 Appendix 
 

8.1 Snell’s Law: 
Snell’s law can describe the relationship between the angle of incidence and the angle of 

refracted light. 

sin 𝜃

sin ∅
=

𝑛2

𝑛1
 

 

Figure 1: Refraction and Snell’s law (23) 

Where n1 and n2 are the materials’ refractive indices, 𝜃 is the angle of incident and ∅ is the 

angle of refraction. 

8.2 Lens vs No Lens Graph: 
All the lenses in this comparison are non-planar lenses without the raft. The magnitude 

difference in the intensity of the signal clearly shows that using quasi-optical lenses drastically 

increases the intensity of the system (already discussed in section 2). 

 

 

Figure 16: Data comparison of system with and without a lens  
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