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Abstract
With the recent rise of 3D-printing as a form of manufacturing and
their advantages for quick prototyping there is an interest for 3D-printed
optical components. This thesis tests how well 3D-printed quasi-optical
components preform and verify measurements with electromagnetic simulations. Measurements were made using a 60GHz FM-CW radar as well
with a trihedral reflector, and tested on 3D-printed PLA lenses printed
using an Ultimaker 2+. The measurements made are of the refractive
index of the material, as well as the focal length of the lenses. Results
showed PLA having a refractive index close to n = 1.654 in the 60GHz
region. Results also showed the lenses having consistent properties like
focal length and gain, two lenses having focal length of 23.7 and 23.9 mm
which are close to the simulation of 24.05 mm. These findings shows 3D
printed quasi-optical components have sufficient performance for use of
prototyping or production depending on use. There are also some questions that have arisen like how does crystallisation in the plastic affect
the components properties? And how does the PLA degrading affect the
quality of the lenses over time?
Sammanfattning
På grund av framgångar inom 3D-utskrivning på senaste tiden som en
form av tillverkning och dess fördelar med snabb framtagande av prototyper finns det ett intresse för utskrivna optiska komponenter. Detta examensarbete testar hur väl 3D-utskrivna kvasioptiska komponenter fungerar och verifierar testresultat med elektromagnetiska simuleringar. Mätningarna gjordes med en FM-CW radar och en trihedral reflektor, och testade PLA linser utskrivna med en Ultimaker 2+. Mätningarna gjordes på
materialets brytningsindex samt linsernas brännvidd. Resultaten visade
att PLA har ett brytningsindex nära n = 1.654 i 60GHz området. Resultaten visade även hur linserna har konsekventa egenskaper som brännvidd
och förstärkning. De två slutgiltiga linserna hade en brännvidd på 23.7
and 23.9 mm vilket är nära simuleringen på 24.05 mm. Dessa resultat visar
att 3D-utskrivna komponenter har tillräcklig prestanda för användning i
framtagande av prototyper eller produktion beroende på användning. Det
finns en del frågor som kommit till, som hur påverkar plastens kristallisation komponentens egenskaper? Och hur påverkar PLAs nedbrytande
linsernas kvalité?
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1
1.1

Introduction
Background

Recently, there has been an increased interest in being able to measure vital
signs without contact for increased flexibility and for it to be less intrusive on
the individual. While there already exist equipment that measures vital signs,
studies show that individuals are far more likely to accept such equipment if it
is non-intrusive and doesn’t force the individual to wear some kind of gadget.
Individuals are also more likely to agree to such tracking if the equipment does
not use a camera to capture images in any way[1].
Previous work has been done by Swedish Adrenaline AB to produce a radar
that measures vital signs[2, 3]. The radar used in the project operates in the
60GHz Industrial, Scientific and Medical band and uses a bandwidth of 7GHz
from 57GHz to 64GHZ. It also utilizes a quasi-optical 3D-printed lens to get
a more targeted signal to minimize unnecessary electromagnetic interference
and to increase the effect of the signal where it is needed. The work they did
established that it is possible to measure vital signs such as pulse and respiration
through thin clothes up to a distance of 2 meters. However the result was
obtained by manually analyzing the unfiltered raw data in the frequency domain
and no further signal processing was made[4]. Therefore harmonics along with
other kinds of noise such as interference from reflections from the lens can still
interfere with the measurements. To improve products made with 3D printed
optical components further there needs to be more research on the area.
This is a relatively new field of study, with a lot of possible applications
and more need for knowledge. A project to expand on optical systems with
3D printed components would be very beneficial. There is also need to develop
routines to simplify, optimize and verify measurements for optical systems.

1.2

Aim

This bachelor thesis is aimed to further develop this radar project by gathering
knowledge about 3D-printed materials and testing these to see if they are useful
in prototyping. The tests will also be compared to numerical electromagnetic
simulations to easier analyze the results. The project also establishes techniques
to give more precise measurements with limited resolution.

1.3

Problem definition

In this emerging scene of technology there are a lot of questions to be answered.
Like how usable and consistent are the 3D printing materials in the use of quasioptics? Will the 3D printer be able to produce sufficient optical components?
The answers to this depends on material characteristics such as refractive index
and how consistent the material is across prints. Once the refractive index has
been measured optical components can be designed and tested to see if the
method of production is sufficient. There is also the question of how to make
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a quick test and how to verify the results of these tests. This will be done by
comparing results with simulations of the system, this process is shown in figure
1.

Figure 1: The planned work flow.

1.4

Delimitations

This project is not aimed at further developing the electronic design of the
radar. Only poly lactic acid (PLA) was tested and other polymers could give
different results. Our simulations will be limited to testing the focal point of
our designed lenses since schematics of the radar system is not available.

2

2

Current Knowledge

The knowledge of quasi-optical physics that will be used as a base for the work
has not changed a whole lot in the last 30 years. To increase the directivity of
the antenna a lens is needed. Calculations on this will take knowledge of quasioptical techniques into account. The beam will interact with the lens based on
factors such as distance to the lens, the focal length of the lens, the radius of
the curvature of the lens and the refractive index of the lens material[5].
Studies in the late 20th century showed that it is possible to measure vital
signs by using microwave technology. The study utilized a horn antenna and a
frequency of 10GHz and was able to measure respiration from a distance of 30
cm[6].
Studies have shown that it is feasible to produce gigahertz and terahertz
frequency quasi-optical lenses with consumer grade 3D printers. This method is
superior in several ways to conventional subtractive methods where you take a
block of plastic and grind the block into shape. The use of 3D printers simplifies
the process of producing cheap but yet durable and effective lenses, it also makes
the manufacturing process much shorter for individual lenses[7–9].
The research of using microwave technology to measure vital signs is not yet
very well established and since research on vital sign monitoring with microwave
technology first begun in the late 20th century not much has been accomplished
all while optical and acoustical has been well entrenched in the medical field[4, 6].
There have been studies about the quasi-optical properties of 3D-printing
materials such as Polystyrene, PLA, Bendlay etc. where polystyrene proved to
have a good compromise between cost and performance when working with sub
1 THz wavelengths[10]. PLA is a good choice for an environmentally friendly
polymer because of it’s biocompatibility. PLA is a biodegradable polymer and
it’s median half-life is 30 weeks but this could be lengthened or shortened depending on need[11].
Studies have proved that 3D-printing is capable of complex quasi-optical
structures with diffraction grating which implies that anti-reflective lenses can
also be built[9].
A 60GHz Frequency-modulated continuous-wave (FM-CW) radar that sits
on a chip will be used in the testing, this chip contains several parts that are
used to control the radar. The chip also has a micro-USB port that is used for
external power and also used to interface with software such as Matlab[12] to
collect and analyze data from the radar[4].
The design of lenses depend on the used material’s refractive index which
is discussed further in the theory section. However, the refractive index of
the PLA does not have a consistent number among papers, instead a range of
different values from 1.49 at 60GHz to 1.75-1.89 at 200-500GHz[4, 9, 10, 13].
While 3D-printed components could have a different structure between different
3D-printers, software and settings. Refractive index might also vary between
3D-printed components when they are made with different manufacturing methods. This leads to a need to measure the refractive index of the 3D-printed
components used in the project.
3

3

Theory

This section will explain the theory behind different parts of the project. The
FM-CW Radar part explains what A FM-CW radar is and how it works. The
quasi optics part explains what quasi optics are and why it is problematic. The
refractive index part explain what the refractive index is since it is important
as previously mentioned. The lens design part shows how the geometry of the
lenses are generated, and how refractive index is used when designing the lens.
And last the method to measure refractive index using the FM-CW radar is
presented.

3.1

FM-CW Radar

For the tests a 60GHz frequency-modulated continuous-wave radar is used. FMCW is a type of radar that can both send and receive electromagnetic signals.
Frequency-modulated means the radar can send signals with different frequencies and continuous-wave means the radar sends a continuous signal. This type
of radar can be used to find the distance and/or velocity of objects. To find the
distance of an object the following calculations are used:
c0 |∆t|
(1)
2
Where R is the distance of the object, c0 is the speed of light, ∆t is the time
delay of the captured signal[14]. This is shown in figure 2.
R=

Figure 2: Shows the signal that was transmitted (blue) and the received signal
(pink) by the FM-CW radar. Where the vertical is frequency and the horizontal
is time.
When in use the radar will receive several signal frequencies as a result of
the sent signal bouncing of objects at different distances. These signals can
be measured in strength to show how much of the signal bounced back, and
plotted against their distance. The different peaks of the plot allows one to see
the different objects and their distance.

5

3.2

Quasi-optics

Quasi-optics is the study of electromagnetics when wavelengths become large
enough to be comparable to the optical components. Where comparable is
approximately when the beam diameter used becomes smaller than 100 wavelengths. For example in the frequency range of 300GHz where wavelength is
about 1 mm the beam diameter needs to be larger than 10 cm. At this point
the diffraction will become significant compared to traditional optics, as such
quasi-optics is the region of electromagnetic waves between optics and radiofrequency[5].

3.3

Refractive index

Light and other electromagnetic waves are refracted
when they enter a medium with a different refractive
index as is shown in figure 3. The refractive index n
of a material is dependent on the materials relative
permittivity r and relative permeability µr .
c0
√
n=
(2)
= r µr
cm
Where c0 is the light speed in vacuum and cm is the
light speed in the material. But for most materials
the relative permeability is µ ≈ 1 which simplifies Figure 3: Refractive in√
the equation to n = r . The relationship between dex visualized.
the angle of incidence and angle of refracted are described by Snell’s law.
sin (θ2 )
n1
=
(3)
sin (θ1 )
n2
Where n1 and n2 are the refractive indexes of the materials. θ1 is the angle of
incidence and θ2 is the angle of refraction.

3.4

Lens design

There are a number of different ways to design the geometry of lenses.
Hyperbolic approximation
r

f
n+1 r2
t(r) =
1+
−1
n+1
n−1f

(4)

Parabolic approximation
t(r) =

r2
2 (n − 1) f

(5)

Spherical approximation


s

t(r) = (n − 1)f 1 −


1−

6

r
f (n − 1)

2




(6)

Where 1 − t(r) is the thickness from the tip of the lens dependent on the radius
r. n is the refractive index. f is the desired focal length of the lens[5]. This is
shown in figure 4.

Figure 4: Shows visually how the lens equations decides the lens thickness.
Where f gives the lens focal length, r is the radius and t(r) is the lens thickness
at a given radius.
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4
4.1

Method
Method description

One of the problems faced when setting up a test environment is how to achieve
precision with all the parts, both in position and rotation. Using equipment
from Thorlabs will help solve this problem as they are made with high precision.
Their products also come with detailed documents that allows for calculations
of the placements for all parts in the system[15].
Measurements will also be carried out to evaluate noise and interference of
the environment. This can be done by running the radar alone without any
target to see how much reflection different objects in the room cause. Then
with the use of an absorbent or reflector one can isolate different parts to see
their contribution to the noise. Additionally when measuring the strength or
distance of a signal it is not constant, as such an average of the measured values
will be used.
4.1.1

Manufacturing of plastic components

To manufacture the plastic parts that were needed for the experiments PLA was
used. PLA is an environmental friendly polymer which is biodegradable with
a median half-life of 30 weeks. The main reason for degradation is hydrolysis
meaning it degrades by water reacting to it. PLA breaks down into safe biproducts which are naturally excreted from the body. This makes PLA a good
choice to use in the medical industry[11].
The components were manufactured with the 3D-printer Ultimaker 2+ with
the software Cura and the following settings were used[16]:
Table 1: 3D-printing settings
Material
Print Temperature
Build plate Temperature
Nozzle
Infill
Layer Height
Shell Thickness
Wall Thickness
Print Speed
Travel Speed
Enable Print Cooling
Enable Support
Build Plate Adhesion

PLA 2.85 mm
210 °C
50 °C
0.4 mm
100%
0.06 mm
0.72 mm
1.05 mm
50 mm/s
120 mm/s
On
On
Brim, 8 mm

Fusion 360[17], a cad program was used to create the various models that
were 3D-printed, although curve points for the lenses were generated in a matlab
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script and imported.
4.1.2

Measurement of refractive index

To design the lenses the refractive index of the material must be known. Therefore a series of measurements was made with a technique using the FM-CW
radar in order to measure the optical length through the PLA. In other words
measuring how long it takes for the signal to go through the material, reach the
target and reflect back as shown in figure 5.

Figure 5: Shows the configuration to measure the refractive index of a material.
Where Lm shows the thickness of the material and L0 shows the total real length
from the radar to reflective object.
The refractive index can then be calculated with equation 2 which gives the
following:
c0
c0
cm = √ =
r
n

(7)

Where cm is the speed of light through the material, c0 is the speed of light
in vacuum and n is the materials refractive index. Setting up the time it will
take for the signal to travel through the objects and to the target gives us:
(L0 − Lm ) Lm
+
c0
cm
L0 − Lm + Lm n
=
c0

t=

(8)

Where t is the time it takes for the light to travel to the target, L0 is the real
distance between the radar and the target and Lm is the length of the material
to be measured finally gives us:
n=

c0 t − L0 + Lm
Lm
10

(9)

Where c0 t is the distance measured by the radar and c0 t − L0 + Lm will
be defined as the optical length. The refractive index can in other words be
described as the optical length (O.L.) divided by the real length (R.L.) of the
material measured:
O.L
(10)
R.L
In the measurements several blocks of PLA plastic with varying thickness
was made. The blocks are 40 mm in width and height to make sure the signal
only goes through the polymer. The thickness of the blocks vary from 5 mm
to 50 mm however since there is a margin of error in the 3D-printer a caliper
with a resolution of 50 µm was also used to measure the actual blocks thickness.
These blocks were then used to measure the difference between the thickness
of the cube and the measured optical length of the blocks. This was used to
correlate the real thickness and the optical length of the blocks to give a better
measurement of the refractive index of the material.
Several blocks with the same thickness was also made to see how the refractive index varies between different prints. A more in depth measurement
was also made to eliminate nonlinearities. The method consists of moving the
radar while measuring the refractive index calculating the refractive index of
each point. The measurements was conducted by moving the radar along with
the block of PLA over a distance of 10 mm with 0.05 mm increments with a
micrometer screw translation stage with a resolution of 10 µm. As the measurements are all relative, the resolution of distances measured relies entirely
on the translation stage used while the distance from the radar to the reflective
object does not matter. At each point 100 measurements was made to eliminate
white noise. This was to evaluate the effect of nonlinearities of the radar. This
measurement technique is very time consuming in nature since the number of
measurements are high to be able to eliminate nonlinearities and because of
the need to measure each point with and without the block of PLA. Because
of time constraints the method was only used for similar blocks. The process
could be speed up by acquiring better measuring instruments with higher resolution leading to a smaller effect from nonlinearities and no need to take as
many measurements but would also be more expensive.
n=

4.1.3

Alternate way to measure refractive index

Another way of measuring the refractive index is by measuring the focal length
of a printed lens with the method mentioned in the method section 4.1.4. Then
conducting a series of simulations as described in section 4.1.5, of the same lens
with different refractive indices. Comparing the different focal lengths from the
simulations to the measured focal length will give the refractive index of the
material. This works since the only thing differing between the two test will be
the material characteristics of the lens, the refractive index.This technique in
contrast to the described in section 4.1.2 is not as time consuming since it does
not rely on the resolution on the measuring instruments. Instead it relies solely
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on measuring the signal strength received at varying distance between lens and
radar which is measured manually with optomechanics. This also means that
the measuring instrument does not need to be as expensive however it introduces
a need for simulation software such as FEKO.
4.1.4

Focal length of 3D-printed lens

To verify that the lens design theory described in section 3.3 holds up for 3Dprinted lenses a measurement of the focal length of the lenses was done. The
tests were conducted on an optical table where the parts can be moved with submillimetre precision. The radar was directed toward a highly reflective object
from Lun’tech[18] to measure the signal strength with respect to distance, and
the lens was be placed in front of the radar to focus the radar as shown in figure
6.

Figure 6: Schematic of the radar, lens and reflective object. Where f shows the
focal length, assuming f gives the greatest signal strength received by the radar.
The radar chip and reflective object should be static throughout the test
in order to only test one variable. Meanwhile the lens moves relative to the
radar chip in order to find the lens focal point, the point with highest signal
strength. In order to move the lens in precise steps it sits on top of a translation
stage that moves with the precision of 10 µm. The lens will also be held by a
“XY Translation Mount for Rectangular Optics” from Thorlabs, that will allow
placement of the lens in the XY plane with a resolution of 100 µm. As the radar
chip will not be moved between test it will be fastened to the table. Further
custom parts can be designed and 3D-printed for the radar in order to ensure it
holds a specific position. This test was done with several lenses with the same
design, material and manufacturing process to see if the results are reproducible.
The setup used is shown in figure 7. It uses the above mentioned parts as
well as some 3D Printed parts like a platform and a radar-holder. Figure 7b also
shows how a trihedral corner reflector is used to reflect the radar signal back.
This setup allows for moving the lens relative to the chip in sub-millimeter
increments. Before preforming the test all of the system is first adjusted to
12

(a) The radar and lens configuration

(b) The target, a trihedral reflector

Figure 7: The optomechanic testing set-up used for measurements.
maximize the signal strength. This is done in order to get as accurate results as
possible. More specifically the measurements were made by moving the lens as
close as possible to the radar and moving the lens further away in increments of
0.1 mm. At each point 100 measurements was made to get a better measured
value by eliminating white noise. The measurements continued until the signal
strength had fallen well below the maximum signal strength that had been
measured. The reflective object was also kept static between measuring different
lenses in order to not introduce any measuring errors.
Measurements of this method are dependent on the distance of the lens to
the radar. Therefore actual distance from the radar to the reflective object does
not matter, as long as the reflective object is not too close which can cause
standing waves. The distance from the radar to the lens however is important
and its original position was measured with a caliper and then moved relative
to that position with a micrometer screw translation stage.
4.1.5

Simulation of lens focal length

FEKO[19] was also used to simulate the focal point of the lens where the focal
point should match the measured focal point. This was done by letting the lens
refract incoming plane waves and the distance where the field strength is at it’s
maximum will be seen as it’s focal point as seen in 8.
FEKO use what is called “Method of Moments” (MoM), which essentially is
a partial differential equation solver using Maxwell’s equations. MoM is advantageous when working with large open region because of the lack of need to mesh
open space[20]. Evaluating our model analytically would be impossible as the
differential equations have to be solved numerically because of the complexity
of reality.

13

Figure 8: Schematic of the simulation showing the plane wave, the lens and the
focal point. Where f is marks the lens focal length.

4.2

Analysis of result

The refractive index measured on the material should be able to be replicated
between different prints. The refractive index n = 1.5 from the previous work
on the radar project was used as a starting point[4]. Measurements of focal
lengths compared with simulations in FEKO was used refine the value. The
new value was then used to generate new lenses and this iterative process was
continued until the refractive index of the material was close to the real value.
Meaning a value that makes it possible to produce lenses with a wanted focal
length.
The lenses are generated and have a fixed geometry dependent on the frequency and the refractive index on the material. This means that the only
variables that could lead to different results of the focal length on the lenses is
if the characteristics of the material or geometry of the lenses changes between
prints.
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5
5.1

Results
Refractive index of PLA

When first trying to measure the refractive index with the FM-CW radar and
the method of 4.1.2 it gave mixed results with indexes ranging from 1.2 to
1.8. This was due to insufficient resolution of the instrument which only could
measure distances with a precision of 1 mm. This problem could circumvented
by using a larger block of PLA however that leads to a weaker signal and a
longer printing time which already was long due to the required 100% infill and
smallest layer height. Also the distances given by the radar were not linear and
did not match the real distance when measuring by moving the radar as shown
in figure 9. While the measured refractive index of each point is shown in figure
10.

Figure 9: Plot shows the distance measured with the FM-CW radar. Horizontal axis is distance moved from initial position in mm and vertical axis is the
measured distance in mm. Where the orange shows the measured distance with
the cube, and blue shows without the cube.
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Figure 10: Plot of the calculated refractive index from the measurements in
figure 9 according to 4.1.2. Horizontal axis is distance moved from initial position in mm and vertical axis is the calculated refractive index for that position.
These values give a mean refractive index of n = 1.205.
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The measurements was also made on a thicker block and the same effect can
be seen. Although the refractive index does not vary as much with a thicker
block it still gives a wide range. Results of a measuring a distance with and
without a 40mm block as well as the measured refractive index is shown in figure
11 and 12 respectively.

Figure 11: Plot shows the measurements made on the thicker block of PLA.
This lead to finding the refractive index with the other method mentioned
in 4.1.3. First three lenses were printed and generated to have a refractive index
of n = 1.5. Measuring the lenses gave focal lengths of 16.4, 16.5 and 16.6 mm.
The values from the simulations are plotted in figure 13. When looking at the
average focal length of 16.5 mm and comparing them to the simulation values
it gives an approximation for the refractive index of PLA to be n = 1.63.
This process was then again repeated for the new refractive index, with new
lenses and simulations. This time giving a measured focal length of 22.9 mm
and simulation plot values seen in figure 14. This gives a refractive index of n
= 1.654, this process could be repeated to further improve the estimation of the
refractive index and also done with more simulations and lens measurements.

17

Figure 12: Plot of the calculated refractive index on the thicker block of PLA.
These values give a mean refractive index of n = 1.67.

Figure 13: Plot of simulation data for the lens generated with a refractive index
of n = 1.5. Where the horizontal axis is the refractive index of the lens and the
vertical is the lens focal length in mm.
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Figure 14: Plot of simulation data for the lens generated with a refractive index
of n = 1.63. Where the horizontal axis is the refractive index of the lens and
the vertical is the lens focal length in mm.
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5.2

Measurement of lens focal length

The first three lenses printed and tested were generated to have a refractive index
of n = 1.5 and a focal length of 25 mm. The first two lenses were also printed
with with a build plate heat of 40 °C in order to avoid possible crystallisation,
while the third one was made with a build plate heat of 50 °C. Measuring the
lenses showed focal lengths of 16.4, 16.5 and 16.6 mm for the lenses, a plot of
the result can be seen in figure 15. All other lenses were created with a build
plate of 50 °C as no significant difference could be seen.
Next two more lenses were generated with a refractive index of n = 1.63 and
focal length of 25 mm. Measuring them gave focal length measurements of 22.7
and 22.9 mm.

Figure 15: Plot of measurement data where the horizontal axis is the distance
from the lens in mm and the vertical axis is strength of the signal normalized.
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Lastly two lenses were generated with refractive index of n = 1.654 and focal
length of 25 mm were printed. The measurements gave the promising results
of 23.7 and 23.9 mm for focal length. Which is close to their simulated focal
length 24.05 mm figure 16 shows a plot of the measurements for the two lenses.
With these measurements a confidence interval for the mean focal length for
each lens generation can be calculated. Assuming a normal distribution with
an unknown variance and a confidence level of 95% the first generation with a
population of n = 3 gets the interval µ = [16.25, 16.75](α = 5%). Interval for
the other generations as well as all the measurements summarized are shown in
table 2.

Figure 16: Plot of measurement data where the horizontal axis is the distance
from the lens in mm and the vertical axis is strength of the signal normalized.

5.3

Simulation of lens focal length

Simulating the lenses refracting a plane wave gave results differing somewhat
from the theory. When generating a hyperbolic lens with refractive index of 1.5,
1.63 and 1.654 and focal length of 25 mm the simulation shows a focal lengths
of 23.89, 24.08 and 24.05 mm respectively. A plot of the simulation data for the
third and final lens is shown in figure 17. Figure 18 shows how the near field
simulation looks with a marking at the point with the highest field strength.
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Table 2: Table showing measurements of all the lenses
Lens iteration
Refractive index used
in lens iteration
Lens
Focal length (mm)
Confidence interval
focal length (α = 5%)
Gain (dB)

1
16.4

1

2

3

1.5

1.63

1.654

2
16.5

3
16.6

[16.25,16.75]
14.14

14.21

14.23

4
22.7

5
22.9

6
23.7

7
23.9

[21.53,24.07]

[22.53,25.07]

14.79

14.92

15.09

15.04

Figure 17: Plot of simulation data compared to the measured lenses where the
horizontal axis is the distance from the lens in mm and the vertical axis is
strength of the field normalized.
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Figure 18: Picture of FEKO near field simulation of a plane wave being focused
by a lens, where the cross is marking the point with highest field strength.
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6
6.1

Discussion
Problems encountered with 3d printing

A couple of problems arose when the refractive index tests were conducted which
3D-printing and the cause could be the material used. Many of the blocks
of plastic gave widely varying values and the values were randomly dispersed
among the blocks that were created. A study to find out what could be have
been the cause was made and article on crystallisation of PLA was found. The
article mentions that the glass transition temperature(Tg ) for PLA is at 55°C
and that by annealing PLA above the Tg it can be crystallised [21]. Another
study mentions that Tg is around 50-60°C [22]. Since the build plate was at
50°C and the time it took to print the different blocks varied around 10-50h
crystallisation might have occurred. Crystallisation might also have occurred to
different extents since the printing time was dependent on the thickness of the
block of plastic. The materials used were consumer products so the difference
in crystallisation in the material before and after printing could also have varied
wildly. No studies on the effect on refractive index that crystallisation has was
found and no conclusion could be drawn. A wider study on this is suggested.
Another possible problem with the material is how PLA, which is a common
3D-printing material degrades quickly with a half-life of 30 weeks. It is unknown
how this would may affect the optical properties of lenses, this is another possible
area of study.

6.2

Refractive index of PLA

While the relative distance measurements with the micrometer screw translation
stage has a good resolution of 10 µm the radar proved to have a to low resolution
and nonlinearities. Which led to the method of measuring the refractive index
of section 4.1.2 proving poor the alternate way was able to produce a better
refractive index. When generating and printing a lenses using the final refractive
index arrived at, n = 1.654 and a focal length of 25 mm they get a measured focal
length of 23.7 and 23.9 mm. The measurements are close to the value 24.05 mm
given from the simulations, indicating the PLA refractive index approximation
is good. While the results for this method are good it is time consuming to
perform the test and may need several iterations to get an acceptable result.
For this reason there are more efficient ways to measure the refractive index of
a material like the method described in 4.1.2. However such a method needs
a high resolution when measuring length which this more time consuming does
not need.

6.3

Measurement of lens focal length

The different lenses have some differences in both strength and focal length
although the difference is not great. Focal length between different prints varied
only with ±0.1 mm which is negligible since the signal strength around the focal
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length does not differ much from the maximum. Lenses that were generated
with a refractive index closer to the real value had a better gain when measured
at their focal lengths. These are promising results for the use of 3D-printed
quasi-optical components particularly for the use of PLA.
When looking at the plots for the measurements in figure 15 and 16 there
is an evident disturbance of a wave with a period of 2.5 mm. This is due to
the 60GHz radar waves having wavelength of 5 mm, causing standing waves at
an interval of the half wavelength. This phenomenon most likely caused our
assessment of the focal length to be slightly off.
When measuring the distance form the lens to the radar, the largest source
of measurement error is likely the measurement of the original position with the
caliper. The caliper had a resolution of 50 µm however there is most likely also
some human error involved in the measurement. This limitation could have
been perhaps have been avoided by using a laser rangefinder to measure the
distance instead. Additionally the exact position of the radar is not known
and therefore assumed to be at the surface of the radar chip. In contrast the
micrometer screw translation stage used to make relative movements of the lens
has a resolution of 10 µm and we consider it to have a smaller human error than
the original measurement.
For further study a useful test case that could be made is producing a lens
with n = 1.654 that has a different focal length. This is to see that the refractive
index is correct and not something that only works for the lenses that were
produced with a focal length of 25 mm.

6.4

Simulation of lens focal length

The small disparity between theory and simulation can be accounted for by how
FEKO does not give exact results due to being a numerical solver. Also the the
result depends on how accurate the lens model is and more curve points could
be generated to solve this. However adding more detail to the simulation leads
to greater amount of computing time.

6.5

Societal aspects

This work encompasses improvements to several societal aspects such as economical, environmental, integrity and security. The work shows how the cheaper
method of prototyping using 3D-printing is viable for quasi-optical components.
It also develops a way to find the refractive index of a printing material without
expensive equipment which provides economical benefits as well. Environmental
aspects of the work refers to the use of PLA as material which is environmentally friendly as it degrades quickly compared to other plastics. There are a
multitude of possible application of the work in radar systems, like a tool that
can measure the vital signs of someone or a radar to measure the velocity of
vehicles. As such this work will indirectly affect society in aspects of integrity
and security.
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7

Conclusion

With the results of this project we conclude that the performance of 3D printed
quasi-optical structures are sufficient for use. The printed lenses showed only
small variations in focal length and gain. And simulations of the lenses showed to
be useful in the prototyping. The results also showed an accurate way to measure
the refractive index of a printable material using an FM-CW radar without a
high resolution in length measurements, and electromagnetic simulations. There
are also some new questions that arise out of the work like what effect does the
crystallisation have on plastic. Also on how degradation of PLA affects the
quality of the lenses over time.
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