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Additive manufacturing has grown considerably during the last couple of decades,
whether it comes to the printing of metal structure or living cells. Additive
manufacturing techniques relays on the successive addition of material to create the
wanted structure. Among the diversity of these many printing techniques,
electrohydrodynamic 3D-printing is of particular interest, as the technique has a
promising outlook for high-resolution printing on the microscale.
The technique is compatible with a myriad of thermoplastics, but its writing
resolution is limited due to the inherent affect the manufacturing process has on the
material. Electrostatic forces between already deposited fibres and the fibre inflight
affect the final position of printed fibre.
This thesis evaluates the possibility to increase the writing resolution in melt
electrohydrodynamic 3D printing by a closed-loop feedback system. Components
were built and added to an already existing printing setup to implement in-situ
measurements of the fibres position as well as active electrostatic guiding of the fibre.
The setup consisted of a camera that determined the position of the fibre; the
position was then used in a PID controller to calculate an appropriate potential. The
potential was forwarded to a high voltage amplifier, connected to a steering
electrode, mounted in the vicinity of the jet.
The setup built for one-dimensional steering of the fibre improved the printing
accuracy by 10 times through suppressing the repulsive/attractive forces, where the
process variable of the PID controller was measured. However, the precision
decreased roughly 4 times as it was deposited on the substrate. The limitations of the
system have been evaluated, and possible improvements for the two-dimensional
control of the fibre are further discussed.
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Förbättring av skrivupplösning vid additiv tillverkning på mikroskala
genom elektrostatisk styrning av skrivmaterial
Additiva tillverkningsmetoder förlitar sig på att succesivt tillsätta material, ofta lager på lager för att
bygga upp den önskade strukturen. Användandet av olika former av dessa tillverkingsmetoder har ökat
kraftigt det senaste årtiondet. Med tanke på de fördelar som additativ tillverking medför är detta inte
allt för förvånande. Fördelarna är många men mest attraktiv är möjligheten att eliminera flera
processteg som krävs vid konventionell subtraktiv tillverkning. När de geometriska dimensionerna är
små, närmare bestämt miljondelar av en meter, är kraftpåverkan mellan fysiska objekt vitt skilda mot
vad vi människor upplever till vardags i vår makrovärld. Detta kan förefalla som något negativt men
det behöver inte alltid vara fallet. Faktum är att den additiva tillverkningsmetoden som behandlas i
detta examensarbete – Elektrohydrodynamisk 3D printning – utnyttjar ett av dessa fenomen för med
elektrostatiska krafter dra ut en plastfiber från en smälta av plast som sedan deponeras på ett
underliggande substrat. Dessa plastfibrer är små och har ungefär samma diameter som en röd
blodkropp, ca 10 mikrometer. I dagsläget kan inte två fibrer kontrollerat placeras närmare varandra än
en separation motsvarande diametern av ett större hårstrå, 80 µm. Detta är ett resultat av den
tillverkningsteknik som används för att framställa fibrerna. Då fibrerna dras ut ur smältan laddas de
upp elektriskt. Denna laddning bibehålls vilket sedan repellerar eller attraherar nästkommande fiber,
vilket begränsar teknikens upplösning.
Vad som behandlats i detta examensarbete är möjligheten att öka teknikens skrivupplösning –
förmågan att kontrollerat kunna placera fibern på den önskvärda positionen. Detta avsågs att ske
genom att automatiskt styra fibern till en mer fördelaktig position genom att addera en elektrod för
att öka kontrollen av de elektrostatiska krafter som själva tekniken bygger på. En experimentell
uppställning byggdes för detta ändamål, anpassad för att passa befintlig labutrustning. Den
experimentella uppställningen bestod bl.a. av en kamera kapabel att registerar fiberns position, en
högspänningsförstärkare vars syfte var att påverka fiberns position genom elektrostatisk kraftpåverkan
samt en dator för att exekvera kod. Koden bearbetade kontinuerligt bilder från kameran för att
bestämma positionen hos fibern och genom en typ av återkoppling beräkna en spänning att skicka till
högspänningsförstärkaren för att så effektivt som möjligt försöka styra fibern till önskat läge. Kameran
var monterad på så sätt att dess synfält var strax ovanför ytan där fibrerna deponerades.

Resultatet antydde att vid den position som kameran mätte fibern, hade skrivkontrollen ökats tio
gånger. Emellertid försämrades upplösningen under den sträcka som fibern färdades från att läge på
fibern mäts till att den deponeras på substratytan. Systemet hann kompensera för fiberns läge
motsvarande 33 gånger per sekund med ett relativt fel i spänningen på ca 3%. Efter optisk förstorning
var kameran kapabel att upplösa positioner ner till 1,2 mikrometer. Systemet visade sig klara av att
delvis kompensera för de laddningsrelaterade störningar som existerade. Störningarna i kombination
med systemets egenskaper fick fibern att börja vibrera vilket orsakade svängningar hos det utskrivna
mönstret.
Det finns flera sätt att öka precisionen hos det system som presenteras i detta examensarbete.
Förutsättningarna bedöms dessutom som goda för att kunna skapa ett system som möjliggör
tvådimensionell styrning av fibern. Ett sådant systems komponenter skulle vara relativt simpla men
komponenternas samspel för att kompensera för diverse fenomen skulle bli mer komplext.
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Proportional Integral Derivate controller
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Position Sensing Device
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1 Introduction
1.1 Additive Manufacturing Overview
3D printing has become an increasingly popular method of manufacturing, as it offers many
advantages compared to conventional subtractive methods. The utilisation of 3D printing techniques
generally requires fewer process steps and has a broad selection of processing materials. Additive
Manufacturing (AM) offers a shorter time for prototyping than conventional methods as well as lower
cost in low batch production, high customisation within a batch, minimisation of material waste and
the ability to manufacture complex structures [1].
3D printing is an additive manufacturing technique where 3D Computer-Aided Design (CAD) files are
used to fabricate structures. The processes usually consist of forming successive layers on top of the
previous to create a 3D object. A broad range of different 3D printing techniques exists which build on
different working principles. The most common 3D printing process is most likely Fused Deposition
Modelling (FDM) also known as Fused Filament Fabrication (FFF), which has become increasingly
common since the patent covering the technology expired in 2009 [2]. The technique utilises a heated
nozzle where a continuous filament of thermoplastic polymer is heated until semi-liquid and extruded
on to an underlying substrate or previously printed layers. The technique has a resolution range from
50 µm to 200 µm depending on the printer[1]. However, it is limited to print thicker lines, typically
200 µm.
Other conventional 3D printing techniques are Stereolithography (SLA) and Digital Light Processing
(DLP). These printing processes utilise vat polymerisation, where a photopolymer resin is exposed to
light to polymerise locally. The light from a LASER is spatially controlled by a reflecting mirror using
galvanometers or a digital light projector with computer-driven stages. Conventional SLA has a
resolution of 10 µm [1].

1.2 Additive Manufacturing on Micro and Nano-scale
On the micro and nano-scale an AM technique resembling SLA exists. The difference is that a higher
wavelength of light is used, such that it requires two photons to crosslink the resin. Hence the name
of the technique, Two-Photon Polymerisation (2PP). The LASER light used is pulsed in sort durations,
typically femtoseconds. Both positive and negative photoresist can be used for this technique, thereby
it is possible to manufacture both subtractive and additive. The advantage is the exceptional
resolution, as small as sub 100 nm is possible to achieve; it is the highest resolution currently known
to produce 3D printed structure [3,4]. The downsides are the slow production speed; it requires more
than 104 days to fabricate a solid high precision microfluidic structure of a 1 mm3 [4]. The printing also
has to be conducted in cleanroom facilities.
Dip-Pen Nanolithography (DPN) is a method worth mentioning, even though it is considered as a directwriting technique, rather than 3D printing. It was first conducted by writing structures with an Atomic
Force Microscope (AFM) tip, in a manner similar to the working function of a dip-pen. The tip is coated
in liquid ink and brought into close contact with the surface. The molecules in the ink will travel onto
the substrate through a liquid meniscus [5]. With this type of pattering, it is possible to write with a
resolution of sub 50 nm [6].
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1.3 Melt Electro-Hydrodynamic Printing
In melt electrohydrodynamic printing, a polymer is heated until the viscosity of the polymer is lowered.
An external pressure source forces the polymer to the tip of a nozzle, known as a spinneret. At the
orifice of the spinneret, the polymer will form a meniscus. An E-field of several MV/m is generated
between the spinneret and substrate, also known as the collector. The E-field will induce a charge
injection to the polymer surface. If the electrostatic forces are stronger than the surface tension, the
polymer meniscus elongates while gradually narrowing down to form a cone – a Taylor cone. The
ejected polymer fibre has a diameter at least a magnitude smaller than the orifice of the spinneret,
although the diameter is highly dependent on the experimental parameters. The jet will continuously
be drawn from the Taylor cone and be deposited on the collector if the equilibrium of forces is
maintained. A schematic illustration of the described essential components is provided in Figure 1.

Figure 1. Crucial components for melt EHD printing. Reproduced from [7].

A closely related EHD technique is electrospinning. Main differences are the utilisation of solvents to
lower the viscosity and large spinneret to collector distance, typically a couple of centimetres [8]. With
electrospinning, it is possible to produce fibres down to 10 nm in diameter [9]. Unfortunately, the
repulsive forces combined with the large spinneret-collector distance creates a too unstable fibre
trajectory of use in controlled printing.
Electro-Hydrodynamic Printing (EHDP) has received considerable attention as it has the potential to
become a technique for high-resolution 3D-printing. One drawback with melt EHD printing is the low
production rate [7]. The printing conducted in this thesis has a production rate of 1mm3 in 20 min.
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1.4 Background and Goal
The major problem with EHDP, which decreases the possible resolution and industrialisation of the
EHDP techniques, is the attracting/repelling forces acting between fibres already deposited and fibre
in flight [10]. The charges in the polymer surface remain long after the fibre has been deposited.
Through coulombic repulsion, the fibre in flight – the e-jet, will be repelled. If sufficient time has passed
the fibres are instead attracted towards each other. The mechanism for the change’s behaviour is
debated and non-conclusive, anyhow the effect could very well be related to charges escaping the
polymer surface when sufficient time is given. These forces exerted on the fibre in flight will alter its
final position, resulting in lower accuracy. However, an expected phenomenon is a fibre-fibre
attraction due to the change in E-field that a resting fibre induces. If a deposited fibre has the same
potential as the collector, the jet will be attracted to the deposited fibre as it is slightly closer and
thereby provides a larger E-field.
An experimental setup has been designed and built at Uppsala University for developing EHD 3Dprinting. Several refinements have been made as well as optimisation of printing parameters [11],
previous to this thesis. Currently, the primary source of inaccuracy is due to electrostatic
repulsion/attraction between deposited fibres and e-jet in flight, as described earlier. A previous study
concluded that is it possible to influence the fibres trajectory in flight to alter its final position with a
slight modification of the current setup [12]. Thereby the goal of this thesis is to design, build and
evaluate a closed feedback system in order to automatically guide the fibre into the desired position
by counteracting the repulsing/attracting forces present. To limit the scope of this thesis, only 1D
controlling of fibres will be attempted.
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2 Theory
2.1 The Taylor Cone
The shape of the Taylor cone is a result of two competing forces: Surface tension, which favours the
spherical shape of the meniscus and the columbic forces, which promote a larger surface area.
Assuming that the fluid/polymer interface is equipotential, and the surrounding insulating gas medium
is unable to hold space charges; the following rewriting of the Young-Laplace equation can be applied
[9]:
1

ϒ∇ ∙ n − 2 𝜀0 (∇𝜙)2 = 𝛥𝑝

(1)

Where ϒ is the surface tension of the fluid, n is the normal vector of the interface surface pointed
outwards of the fluid, ε0 is the electric permittivity of the insulating medium, ϕ the electric potential
and Δp is the pressure of the fluid.
A Taylor cone will be formed once 𝛥𝑝 approaches zero-value [7]. With this condition, Eqn 1 can be
rewritten to calculate the critical potential, 𝜙𝑐𝑟𝑖𝑡 [13]:
𝜙𝑐𝑟𝑖𝑡 = [

2ϒ cos 𝜃0 1/2
]
𝜀0 𝑟𝑐

(2)

Where rc is the capillary radius and θ0 is the cones half-angle, which has been determined to be 49.3°
by Taylor back in 1964 [14].
With the high E-field, a surface charge will be introduced to the polymer droplet. According to [7] it is
an electric field-induced emission which is responsible for the induced charge. The Coulomb force
between the charged polymer surface and collector will draw the melt polymer towards the collector,
forming a cone. The conical shape will continue to elongate if a sufficient potential is applied, and
eventually, it will form a jet [7,15].
The stability of the jet has an intricate dependence on different parameters such as surface tension,
electric forces, rheology of the polymer in question and occasionally inertial along with gravitational
forces [16]. The fibre diameter is affected by a multitude of factors where the molecular weight of the
polymer is significant. For instance, a lower molecular weight results in thinner fibre diameter, a higher
applied voltage generally results in thinner fibre, shorter collector to spinneret distance generates a
thicker fibre as there is less time for the thinning of the fibre to take place [17]. Figure 2 gives a more
comprehensive view of the parameter’s intrinsic interplay.
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Figure 2 shows the parameters that affect the diameter of the printed fibre [17].

2.2 Coronial Discharge and Residual Charge
Due to the large dimension difference between the spinneret and collector, the tip effect will create a
high E-field on the surface of the spinneret. During printing of an insulating dielectric polymer, the
spinneret enclosed in polymer reaches a high electric displacement field. As a result, corona discharge
is often present in these systems. If the E-field exceeds the electric breakdown of air, E0, but the applied
potential is below the air gap breakdown potential, a corona discharge will be present. The value of E0
in air is [7]:
𝐸0 = 3.2 × 106 𝑉/𝑚
In the vicinity of the spinneret, the corona discharge will ionise molecules, resulting in a cloud of
charged species of both polarities surrounding the spinneret. The ions of opposite polarity will be
attracted towards the collector, and due to momentum exchange, neutral air molecule will be
accelerated as well. This forced convection increases the heat exchange by an order of magnitude [7].

2.3 PID Controller; a Short Summary
PID controllers are extensively used today for autonomous control in various appliances. A PID
controller continuously tries to minimalise the difference between the measured physical quantity and
the desired value. The measured value is referred to as process variable, y(t), and the desired value,
setpoint, r(t). The error value is then defined by:
𝑒(𝑡) = 𝑟(𝑡) − 𝑦(𝑡)

(3)

The PID controller uses three control terms to reduce the error value over time. A term proportional
to the error value (P), a term which is the integral of the error value since the PID was started (I) and a
term which is the derivative of the error value (D). The different terms are multiplied by constants
before summed up to give the control variable, u(t). An additional term, 𝐾𝐹 , was introduced, which in
this case is the feed-forward voltage, merely an added constant value.
5

𝑡

𝑢(𝑡) = 𝐶𝑝 𝑒(𝑡) + 𝐶𝑖 ∫0 𝑒(𝑡′)𝑑𝑡′ + 𝐶𝑑

𝑑𝑒(𝑡)
𝑑𝑡

+ 𝐾𝐹

(4)

The constants 𝐶𝑝 , 𝐶𝑖 and 𝐶𝑑 allow the PID controller to be tuned to get the desired behaviour.
Generally, a higher gain – a higher value of 𝐶𝑝 , reduces the error value but increases the risk for
overshooting. The integral part decreases the error value over time, although a too high value of 𝐶𝑖
will also result in overshooting and too low will not be able to reduce the error value. 𝐶𝑑 can be
decreased to reduce overshooting but presents problems if there is noise in the process variable.
When the PID controller has been applied to a physical entity, the P, I and D terms will have a physical
representation, that can be used to determine optimal PID settings. For instance, if a PID controller
regulates the speed of a car and the control variable is the force of the engine, the proportional term
can be set to create a proportional acceleration to the deviation in speed. Simply, 𝐶𝑝 can be set to the
inverse of the car's mass:
𝑢(𝑡) = 𝐶𝑝 𝑒(𝑡) + ⋯ ⇒ 𝐹(𝑡) = 𝐶𝑝 ∆𝑉 + ⋯ ⇒ 𝑎(𝑡) =

1
1
∆𝑉 + (… )
𝑚
𝑚

This can also be applied for the integral part, which corresponds to the covered distance due to a
deviation in speed and the derivative part that correlate to the acceleration.
These mathematic equations can describe the behaviour and response time of the PID controlled
system. Although such mathematical expressions could not be established for this system due to the
complexity of the problem, where the historical trajectory of the fibre will determine the tension, and
along with the coulombic force and the electric repulsion form the force equilibrium equation. To avoid
this complication, PID constants were determined experimentally.
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3 Experimental
Components that have been deemed especially relevant for the understanding of the thesis are further
explained under its corresponding section, here a short overview of the system follows. The system
consisted of a normal EHD printing setup with the addition of a feedback control loop. A CCD-camera
was responsible for measuring the position of the fibre with imaging processing through a MATLAB
script. The computer which ran the MATLAB script had a PID-controller implemented that calculated
the potential to send to high voltage amplifier through a microcontroller. An illustration of the essential
components for the experimental setup is displayed in Figure 3.
A more intricate relationship between the system’s components is provided in Figure 4. The physical
setup is shown in Figure 5 and a close up in Figure 6. A CAD-model of the system is presented in Figure
7, which provides better visibility of the system.

Figure 3. Schematic of the setup created during this thesis, the figure is a modification of reproduction from [7]. A camera
captures images of the fibre directly below the spinneret. The images are processed by a MATLAB script to determine the
position of the fibre with respect to the spinneret. The script calculates a suitable potential, which is digitally transmitted to
a microcontroller. The microcontroller reads the value and outputs an analogue signal after passing a RC-filter. The
analogue signal is then amplified by a high voltage amplifier before connected to an electrode in vicinity of the e-jet.
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Figure 4. A schematic illustration of the printer’s systems. Apart from was already been mentioned, a stereomicroscope was
used to magnify the e-jet before recording by the CCD camera. Furthermore, a resistor was placed in series with the HVA and
guiding electrode to protect the equipment. The motion control system and the EHD system had been built previously. The
red marked signal generator enabled one-way communication from the LabVIEW program to the MATLAB script.

Figure 5. An overview of the printing equipment with the most vital components marked.
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a

b

Figure 6. In a) showing the printer and essential components. A micrometre screw makes it possible to adjust the position of
the guiding electrode. A heat conductor transfers heat from the soldering iron to supply heat to the spinneret. b) a close up
of the printing area with guiding electrode and the 140 µm thick glass piece.
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Figure 7. A CAD model of the EHD printer.

3.1 Printing Equipment
The 3D printer with complementary electronics is shown in
Figure 5 and Error! Reference source not found.. The printer has three piezomotors (PiezoMotor LEGS
LT2010A), enabling translation of the xyz-motion stage in three mutually orthogonal dimensions while
the spinneret remains stationary. The utilisation of optical grating sensors enables printer software to
resolve positional changes as small as 5 nm. A LabVIEW program sends signals to the PiezoMotor DMC30019 controller in order to drive the piezomotors. Even though the resolution of the position is high,
the accuracy of the LabVIEW-controlled motion is less. A rough estimate of the position error is 0.1
µm, which arise mainly for the PiezoMotor controller and software regulation.
The printing setup rests on a TMC micro-g 63-521 vibration isolation table, and a fanless light source
has been chosen to reduce vibrations. The spinneret consists of the provided needle to the syringe
(VWR cat no. 549-0559 100µL microsyringe), which had been cut and sanded using sanding paper, until
a distinct shape of a truncated cone was present. This will reduce coronial discharge, although not
eliminate it. The spinnerets orifice is 180 µm in diameter.

3.2 Position Feedback System
Continuous Position Measuring
To measure the fibre’s position a CCD camera was utilised. The setup is explained in the following
section; “3.2.1.1 Position Measurements using CCD Camera”. Initial testing was conducted with a
10

Position Sensing Device (PSD), although it was proven to be insufficient for the current needs, due to
various reasons. The failed utilisation of the PSD and cause is shown in the appendix in chapter “A.4
Position Sensing using PSD”.

3.2.1.1 Position Measurements using CCD Camera
An Imagesource DMK 33UX264 5 megapixel CCD camera was mounted on the camera port of a Nikon
SMZ745T stereo microscope. The stereo microscope was able to magnify 5×, 4×, 3× 2×, 1× and 0.68×
using the camera port. The stereo microscope was mounted on a lab stand lift to enable height
adjustments. The camera was connected to a computer running MATLAB® through USB 3.0, enabling
faster transfer rate of data. MATLAB® acquired data through the image acquisition toolbox and the
tisimaq adaptor. The DMK 33UX264 has a resolution of 2448 x 2048 active pixels with a colour
resolution of 8 bit. With the highest magnification of 5X, the resolution is 1.18 µm/pixel. To increase
the transfer rate of the written MATLAB-script, the data that was captured was reduced to 20 pixels x
500 pixels (24 µm x 600 µm). How the image data was processed to obtain a position of the fibre is
explained in chapter “3.2.3 Software”.

3.2.1.2 Steering Electrode
An electrode was produced in order to control the fibre during printing. The electrodes geometry was
iteratively drawn in the CAD-tool SOLIDWORKS and evaluated by the Finite Element Method (FEM)
calculation in COMSOL until a suitable design was found. The COMSOL simulation of the final design is
further explained chapter “4.1.1.1 COMSOL Simulation”. The guiding electrode was connected to a
TREK MODEL 610E High Voltage Amplifier (HVA) and fixated in the vicinity of the spinneret.
Part of the CAD geometries (see Figure 8) were converted to the Printed Circuit Board (PCB) drawing
software KiCad. The process was simple as the board outlines could be converted to DXF-file and
imported in KiCad. Meanwhile, the drawing of the copper-layers was somewhat complicated, where
the geometry’s outlines were discretised into points and exported into 3D coordinates using a macro
in SOLIDWORKS and directly written in the Kicad PCB-file. The Gerber-files were sent to PCBway, a
company specialising in PCB prototyping, who manufactured the PCBs with 25 µm thick polyimide and
400 µm thick FR4 glass fibreboard. For the dimensions of the electrode, please refer to Figure 27,
Figure 28 and Drawing 1 in the Appendix on page 17.
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Figure 8. An exploded view of a CAD model of the electrode.

As there was a slight misunderstanding on how the drawings should be interpreted and the purpose
of the PCB, the board was redrawn by PCBway’s production engineers and manufactured with a cutout for the electrode leaving it exposed for arcing between the spinneret and electrode. To prevent
this, the PCBs were coated with Parylene using a “LAB Top 3000 Parylene Coater”. Wires were presoldered to the through-holes of the PCBs in order to isolate the solder joints after the deposition. The
PCB and wires were submerged in a solution of 3 mL silane, 300 mL isopropyl alcohol and 300 mL
deionised water for 30 min prior to deposition in order to improve the adhesion. 35 g of Galxyl
Parylene C was placed in the chamber of the Chemical Vapour Deposition (CVD) equipment and the
temperatures and treatment time was set to the values in Table 1 before the batch was started.

Table 1. The time and temperatures parameters used for the Parylene C deposition.

PROG
1
2
3
4

Time [min]
30
99
20
10

Temperature [°C]
135
145
150
165

Time [min]
30
40
30
5

After deposition, the thickness of the Parylene was measured using a Heidenhain MT 25 probe and
determined to be 57 µm.
The PCB design was intended to facilitate easy adjustment - where the PCB would be mounted on a
micrometre screw enabling it to be adjusted vertically. The spinneret can be threaded through the
small hole in the PCB (labelled “hole for alignment” in Figure 8) - where after the bottom screw
connecting the PCB to the micrometre screw could be tightened at the correct position. Finally, the
whole micrometre screw can be turned in its fixture, until the centre-hole (intended for the jet to pass
through) becomes concentric with the spinneret. COMSOL simulations of the final PCB and its setup
are presented in the chapter “4.1.1 Guiding Electrode”.

12

Microcontroller
As previously mentioned, the CCD camera was connected to a computer running MATLAB, where a
custom MATLAB script processed the images to obtain the position of the fibre. The position was used
in a PID-feedback system which calculated an appropriate potential to send to the guiding electrode
through the HVA. The HVA required an analogue signal to amplify, hence hardware was built in order
to convert the digital output of the Teensy to an analogue signal. The device is shown in Figure 9 and
mainly consisted of a Teensy 3.5 board and a low-pass filter.

Figure 9. Showing the Teensy 3.5 used to send signals to the HVA. The filter, consisting of resistors and capacitors, is seen to
the right of the microcontroller. The output signal is transmitted through the BNC connector, making it possible to connect
an input to the HVA as well as an oscilloscope to measure the signal.

The microcontroller received commands through USB 2.0 and output a Pulse Width Modulated
(PWM) voltage. The signal passed through a filter to convert the PWM signal into an analogue signal
by a simple RC-filter1. The signals amplitude was also reduced through a voltage divider (see Figure
10), to prevent damage to any equipment if the capacitors would malfunction. Thereby the maximum
voltage that the circuit can output is 1.890 V. At this point the signal was fed into the HVA and amplified
by 1000×.

1

It was later realized that the Teensy 3.5 has a DAC (digital to analog converter), which most likely would
outperform the simple RC-filter present in the setup. Unfortunately, the setup had already built and the gain of
having higher accuracy of the analog signal was not worth the time required to document all the changes and
verify that it worked.
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Figure 10. The circuit of the RC-filter coupled with a voltage divider used to convert the PWM signal into an analogue signal.

To reduce voltage ripples from the PWM signals, the frequency was set to the maximum frequency of
the Teensy 3.5, 234,375 Hz. The precision of the Analog to Digital Converter (ADC) was set to 8 bits to
increase the transfer rate. The speed of the communication between the computer and Teensy 3.5
(UART speed) was set to 2 Mbps, a trade-off between speed and reliability of the sent data. A higher
speed would result in a higher probability of misreading bits. The routing of the cables was designed
with the aim of reducing inductive currents.

Software
The MATLAB script’s task was to measure the position of the fibre in flight and, through a closed
feedback loop, to calculate an appropriate potential to send to the HVA. The camera acquired images
which were used as the raw data. The script featured a calibration setup (see Figure 11) where the
user could adjust the size and position of a smaller rectangular area within the image where the
algorithm would search for a potential fibre. Reducing the search area was desired as it is less prone
to pick up unwanted features and decreases the number of operations, increasing the number of
measurements per second.
The algorithm for measuring the position of the fibre is rather simple. The light intensity from the
rectangular area of measurement (seen in Figure 14) was saved in a 2D matrix. The data was then
reduced to a line vector by averaging the light intensity vertically. A threshold value of >85% between
the difference in average and maximum light intensity determined if the pixel was considered to be
light reflected from the fibre. This variable has been named “signal reject limit” throughout this thesis.
A code was also created for the difference in minimum and average light intensity, as the fibre also
could be darker than the surrounding. The measurements that had the highest intensity difference
from the average value were chosen, and from these cells, the median was taken. The median
correlated with a specific pixel and could be calculated into a position. The script has the option to
display the light intensity as a function of distance. An example is provided in Figure 12.
The calculated position data is then used by the PID controller, which calculates a potential to send to
the Teensy board. The script is also able to sample data like time, position and potential, which can be
used for post-analysis.
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Figure 11. The calibration interface that makes it possible for the user to adjust the image area for data acquisition (red
rectangle) and determine the setpoint (blue line) for the PID. No fibre is present in the figure.

Figure 12 shows the light intensity from the measured area. The y-axis is intensity and x-axis position. The datapoints that
have a high signal, more specifically over 90% of quote – the maximum intensity divided by the average intensity, are
assumed to be the fibre. These datapoints are indicated by the orange curve in the figure. From these high signal datapoints
the position of the fibre is derived, which is performed by calculating the median of these cells. The median, i.e. the position
of the fibre is represented by the yellow line. The remaining datapoint’s intensity are marked blue in colour.
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Measuring the Response Time of the System
In order to establish the response time2, an additional Teensy board was used, independent of the
position feedback system. The Teensy 3.2 was connected to a LED that blinked with a 5 Hz frequency,
100 ms on time and 100 ms off time. As the LED turned on, a timer on the Teensy 3.2 started. The LED
was angled towards the stereo microscope camera that had a slightly modified code compared to the
code described in “3.2.3 Software”. The main difference was its ability to detect when the LED was
turned on or off and send a signal based on the LEDs state. The modified script provided the same
calculations, to approximately take the same time to execute a loop iteration. A block diagram of the
system is shown in Figure 13.

Figure 13. The working principle of the system created to evaluate the response time of the feedback system.

3.3 Printing and Preparation
Printing Process
The syringe, which acted as a reservoir for the polymer, was (re)loaded with Polycaprolactone (PCL)
with an average molecular weight, Mn of 45000 if necessary. It was loaded similarly to the procedure
described by Eriksson et al. [12].
The heater, a Weller WT1 soldering iron, was started and ran at least 10 min before the start of a print.
Due to the thermic expansion of the PCL, some material would ooze out of the orifice of the spinneret

2

The response time is here referred to the time from when the camera has detected the position of the fibre
until the potential of the guide electrode had changed potential.
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to form a large droplet. The droplet was removed with a tweezer not to affect the initial printing
behaviour. The spinneret to glass substrate distance was set through the LabVIEW program by altering
the height of the collector. The PCB to spinneret distance was adjusted by screwing the micrometre
screw while observing and measuring distances on a screen displaying the camera view. The distances
were set such that they conformed to the measurements provided in Figure 14. Figure 15 shows the
plane that Figure 14 was projected onto.
A mobile phone was placed in a fixture to record the printing process, and it is imperative that the
phone is mounted before running the MATLAB script as it weighed down the stereo microscope and
changed the field of view. After which the MATLAB script could be started, it provides the fixed
feedforward potential to the steering electrode until a fibre was found. At this point, the HVA and
Constant Voltage Supply (CVS) could be turned on and set to an appropriate value, followed by the
pressure source. At this point, the meniscus should form at the spinneret and be followed by ejection
of the fibre that eventually would hit the glass substrate. As it did, the LabVIEW routine was started
and used to move the collector accordingly to the pre-set pattern. When the pattern was completed,
the CVS was turned off, followed by the HVA, and then pressure source. The MATLAB script was
stopped so that it could save the gathered printing data.

Figure 14. Illustrates the distances between the collector to spinneret and position of the region where MATLAB captured
images for position determination.
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Figure 15. Showing the plane where Figure 14 was projected.

Substrate Preparation
The printing substrates that were printed onto consisted of a glass sheet and an SEM-stub as a
collector. The preparation consisted of placing conductive silver paint (Electrolube SCP03G) in the
centre of the SEM-stub followed by placement of glass sheet 10 mm x 10 mm and 140 µm thick. The
glass was gently pressed down to disperse the conductive paint underneath the glass. The conductive
paint was then allowed to dry over the time of at least 3 hours before printing.
Due to a large number of printing runs conducted, substrates were re-used. The glass piece was
cleaned using a “cleanroom cloth” soaked in isopropanol (IPA) to remove all printed fibres, and then
rinsed in IPA before re-usage. Printing experiments were carried out where the substrate treatment
differed. No direct correlation was found between the printing behaviour and recycled compared to
newly manufactured substrates. Hence it was preferred to re-use the substrates.

Test Pattern
Several 2D printing patterns were created and printed to evaluate the newly built system. The final
pattern that has been used for the results presented in this thesis can be seen in Figure 16. It was
desired to investigate the system’s performance both when the repulsive forces and attracting forces
where present. Therefore, it was opted first to print parallel lines, and then repeat that pattern by
printing in between the already printed lines, as indicated by the colour coding in Figure 16. The time
difference in between repeating of the pattern allowed the fibre’s force interactions to change from
repulsion to attraction. The pattern consisted of nine lines each separated by 200 µm, 100 µm, 75 µm,
50 µm, 40 µm, 30 µm and 20 µm, respectively, to give a total of 63 lines. Hence, when the pattern is
repeated, it will consist of 126 separated lines (in the y-direction). The gradual narrowing of the pattern
will provide an indication for how close lines can be printed. Additional lines were inserted to separate
the lines with constant separation and, at the same time, provide a reference point. These additional
lines made the post-analysis of the captured position data more straightforward, as the position
change is easily identifiable in these sections. The printing direction of the pattern is shown in Figure
17.
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Figure 16. The printing pattern used for all experiments presented. Printing starts from the right-hand side and continues to
the left.

This pattern's total distance is 1043.9 mm, at a printing speed of 2.5 mm/s it will take 418 seconds to
print. With the same calculations, there should be a separation of 210.4 s between the first and second
iteration of lines.
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Figure 17. Indication of the printing direction of the printing pattern. The pattern starts at origo with the blue lines and is
printed until completion before starting to print the red lines.

3.4 Establishment of Printing Resolution; Non-Feedback and Feedback System
For evaluating the two different systems, substrates were prepared as described in chapter “3.3.2
Substrate Preparation”. Printing with the feedback system was started acquiring to chapter “3.3
Printing and Preparation”. A similar procedure was done for the printing with the non-feedback
system, but the control electrode was removed, and only the part of the developed system which
enabled position measurements were turned on to acquire position data. Print settings were set to
the values as specified by Table 2 for the non-feedback print and by Table 3 for the feedback one.
Other print settings were used for the different systems due to the different E-field in the vicinity of
the printing area. This is further explained under chapter “4.2 Printing Behaviours of the Different
Systems and Over Time”.

Table 2. The printing setting used for the printing run without the feedback system.

Geometric
measurements

Printing parameters

Distances

SpinneretPrinting
Pressure Temperature
Collector
speed
[Bar]
[°C]
Potential [kV]
[mm/s]

As in figure 14

1.85

1.5

85

20

2.5

Table 3. The printing setting used for the feedback print. Cp is the constant multiplied with the proportional part of the PID;
the same applies to CI for the Integral part and CD for the derivative. The Reject signal limit is a threshold value. If the
measured signal is lower than the stated value the MATLAB script will reject the measured position and assume that the
position of the fibre has not been determined.

Feedback system settings
Geometric
Image
separation
PID coefficients
processing
Cp

CI

CD

-20

-10

-2

Feed
Reject
Forward
signal limit
Voltage [V]
1450

1.2

Distances
As in
figure 14

Printing parameters
SpinneretPressure
Collector
[Bar]
Potential [kV]
2.05

1

Temperature
[°C]

Printing
speed
[mm/s]

85

2.5

Optical measurements were taken to analyse the printing resolution of the two systems. The position
of the fibre was measured on the substrate using the same camera as presented in chapter “3.2.1.1
Position Measurements using CCD Camera” mounted on the stereomicroscope. An Olympus
microscope calibration sample was used to calculate the numbers of pixels per micrometre in order to
establish a reference scale. Measurements were taken both in the upper part of the image and in the
centre to conclude that the optical aberration of the setup is <1%.
Measurements of the fibre’s position were attained at all coincidence of the green lines with the red
and blue lines, see Figure 18. Examples of the locations are labelled “intersections” in Figure 18. The
green lines were internally separated by 300 µm and roughly centred in the y-direction, to measure
2.5 mm from outer line to the end of the print in the y-direction. This outer line to pattern edge
distance was measured with greater precision by creating a mosaic image of different magnifications
whereupon measured. Nevertheless, this method is not considered that accurate. The green lines were
created in MATLAB to be orthogonal to the red reference line in Figure 18 to compensate for any
sample rotation. The reference line is assumed to be unaffected by the coulombic repulsion as it is
separated 300 µm away any other line. Therefore, it is used as a reference line and all positions have
been measured with respect to it. Positions have been measured using the image software “ImageJ”.
Position measurements were confined to the part of the print pattern with 200 µm separation, due to
the clear visibility. The lines with narrower separation had stuck together, although there were data
sets available for further measurements. However, additional measurements were not extracted due
to the tedious and time-consuming process. The first couple of lines were ignored and not measured,
as the jet has not fully stabilised at the start of the print. During the start of the second iteration the
jet will be affected by the perturbed fibres of the first iteration; hence these have also been ignored as
they were not regarded as representable for a continuous printing behaviour.
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Figure 18. Illustration of where the position measurements from the samples have been acquired. Positions have been
measured at 72 points for each sample, at every Intersection point of the green lines with blue and red lines.

Additionally, the position data acquired from the MATLAB script was used and processed. The
unprocessed data, as well as the tabulated positions measured using the camera, is available in the
appendix under “A.2 Position measurements and printing data”. From this continuous position data,
the position at the intersections has been derived and is presented in Table 5 and Table 7 as the offset
from the corresponding line defined by the printing pattern.
In the case of printing with the feedback system, determining the corresponding position between the
tabulated values and the position established by the feedback system was a rather long process. The
only time that could be determined from the MATLAB position data with some accuracy was the point
when the start of the second iteration took place (see Figure 18). As of that, this time point has been
used as a reference point for the position data captured by MATLAB. The distance to the points
tabulated was recalculated to a time, at which the position acquired. This method was regarded as the
best method to establish exact measurements as any other reference point was not present. The print
data does not have any apparent perturbation in position when the layer change occurs, although the
potential goes through a sudden change. The potential change is assumed to be due to the PID system
reducing the potential to correct for the shearing force of the fibre when the substrate moves in the
x-direction.
When processing the data of the non-feedback system, the pattern provides visible deviations in
position when the substrate moved in between the different subpatterns with constant separation.
This is referred to Figure 44 in the appendix and seen as the large reduction in the error value under a
short time. These perturbations could be used to increase the accuracy of the position compared to
the method described for the feedback system. The difference between these methods was roughly
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200 ms, which could be partially due to that measurement of the fibre was acquired 80 µm above the
substrate.
For the histograms, which present data captured by the MATLAB script (Table 5 and Table 7), data is
from the whole domain of the line from the first row in Figure 18 to the sixth row. A broader data set
was chosen as it was deemed to give a better representation of the behaviour and a higher chance to
correlate to the measurements on the sample,
as the method of extracting the exact y-position is rather inexact. The error in the vertical position is
related to the inaccuracy of the measured time of the reference point (change between first and
second iteration). For instance, if the reference time-point differs with 10 ms from the actual time
when the change of iteration took place, this will correspond to a difference of 25 µm is the lateral
position, where the horizontal position is obtained (horizontal and vertical terms refer to Figure 18).
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4 Results and Discussion
4.1 Evaluation of Feedback Systems Components
Guiding Electrode
4.1.1.1 COMSOL Simulation
The COMSOL simulations of the finalised PCB are presented in this section. In Figure 19, the CAD model
used for these simulations is presented. The CAD structure had been cropped to reduce the complexity
of the simulation. All components that were deemed crucial are present in the model, including the
Parylene coating. All distances were set to cohere with the ones presented in Figure 14. The simulation
does not have the capability to recreate the surface charge present in different regions of the
structure; it was not included in the model used. As the electric field is higher than 3.6 kV/mm at the
surface of the spinneret, corona discharge will be present. The airflow described in the theory section
could not be modelled as it is a consequence of the corona discharge, which has not been modelled.

Figure 19 shows the CAD model that was simulated in COMSOL. From here on, this coordinate system will be used
throughout this thesis.

A 3D graph of the potential in the vicinity of the printing area is presented in Figure 20. Additional 2D
graphs are provided in Figure 21 to Figure 26 which shows how the E-field flowing to the spinneret
changes as a function of the applied potential of the steering electrode (purple lines in figures). In
Figure 21, it appears that the E-field is almost mirrored in respect to the yz-plane, which is a wanted
feature as it is an indication that the deposited fibre’s position will not be altered due to inhomogeneity
of the E-field in x-direction. While Figure 21 was simulated at 0 V; the same applies to all potentials,
not only 0 V. The E-field should be largest in magnitude directly below the spinneret – due to the
proximity to the tip of the spinneret, which is visible in the simulation.
By altering the potential of the electrode, it is possible to change the E-field in such a way that the
E-field from the spinneret is directed from positive x-direction to negative x-direction relative a line in
y-direction. Figure 23-Figure 25 shows that an electrode potential of >1200 V and lower will result in a
fibre deposited in negative x-direction. Figure 25 and Figure 26 indicates that a voltage of >1200 V and
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above will deposit the fibre in positive x-direction. This is consistent with the behaviour observed
during printing as a feedforward voltage, 𝐾𝐹 , of ~1350 V for the PID provided a fibre directly vertically
below the spinneret.

Figure 20. 3D graph of the electric potential in the vicinity of the printing area. The guiding electrode is grounded. Data from
the COMSOL simulation. Note the coordinate system as it is used for the following graphs.

Figure 21 The electric potential in the 𝑦̂𝑧̂ -plane, in the vicinity of the printing area. The colour-coded lines are isopotential,
which value is given by the bar on the righthand side in volts. The purple streamlines are the direction of the E-field flowing
to the spinneret. Streamlines are the direction of the E-field to the spinneret. The guiding electrode is grounded.
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Figure 22. The electric potential in the 𝑥̂𝑦̂-plane, in the vicinity of the printing area. The colour-coded lines are isopotential,
which value is given by the bar on the righthand side in volts. The purple streamlines are the direction of the E-field flowing
to the spinneret. Streamlines are the direction of the E-field to the spinneret. The guiding electrode is grounded.

Figure 23. The electric potential in the 𝑥̂𝑦̂-plane, at the printing area are represented as isopotential color coded lines. The
purple streamlines are the direction of the E-field flowing to the spinneret. The red arrows represent the 𝐸̅ -field; both in
magnitude and direction. The guiding electrode is grounded.
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Figure 24. The electric potential in the 𝑥̂𝑦̂-plane, at the printing area are represented as isopotential color coded lines. The
purple streamlines are the direction of the E-field flowing to the spinneret. The red arrows represent the 𝐸̅ -field; both in
magnitude and direction. The guiding electrode’s potential is set to 600 V.

Figure 25. The electric potential in the 𝑥̂𝑦̂-plane, at the printing area are represented as isopotential color coded lines. The
purple streamlines are the direction of the E-field flowing to the spinneret. The red arrows represent the 𝐸̅ -field; both in
magnitude and direction. The guiding electrode’s potential is set to 1200 V.
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Figure 26. The electric potential in the 𝑥̂𝑦̂-plane, at the printing area are represented as isopotential color coded lines. The
purple streamlines are the direction of the E-field flowing to the spinneret. The red arrows represent the 𝐸̅ -field; both in
magnitude and direction. The guiding electrode’s potential is set to 1800 V.

4.1.1.2 Physical layout and mounting
An image of the physical layout of the PCB is presented in Figure 27. The general shape and outline
dimensions of the PCB corresponds with the Gerber files sent to PCBway. Although the placement of
the copper area seen in Figure 28 is not in accordance with the drawing. The copper area is not
concentric with the through-hole. It is highly likely that the drawings had to be changed in order to be
possible to manufacture. Although the changes made are not beneficial for the function of the guiding
electrode. This offset is deemed to affect the guiding electrode as a misalignment results in different
spinneret-electrode distances. However, there has not been any method for centring the PCB when it
comes to locking its rotation around the micrometre screw. Hence it cannot be confirmed that the PCB
is indeed in the correct position. It is expected that the PCB will not have the exact same position after
remounting, which corresponds with the fact that the feedforward voltage (for the PID) had to be
changed several times before the fibre was centred. The change in feedforward voltage is not believed
to be due to the poor centring of the PCB exclusively, since the surface charges play a significant role.
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Figure 27. Image of the manufactured PCB.

Figure 28. Left; measurements of the copper area of the PCB to its inner through-hole. Right; diameter of the inner throughhole.

The Parylene surrounding the through-hole in Figure 28 was cut out due to problems during the
starting of prints. Before the removal of the extra Parylene the fibre was attracted to the sides of the
PCB and attached, and as the fibre is not in the field of view of the camera, the feedback system did
not have a chance to guide the fibre to correct position. By removing the Parylene, the problem was
not as prominent.
A spring was mounted on the micrometre screw (see Figure 29) to provide pre-tension to eliminate
the play of the micrometre screw. Without this contraption, the PCB was able to rotate slightly in the
horizontal plane (rotation vector along the z-axis), creating inaccuracy mostly in its lateral x-position.
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Figure 29. The backside of the spinneret holder and micrometre screw attached to the PCB. Spring pre-tensions the
micrometre screw in order to reduce the 20 µm play otherwise present.

Response Time
The results from the experiment described in “3.2.4 Measuring the Response Time of the System” are
presented in Figure 30 and Figure 31. In these figures, there is a noticeable increase in response time,
followed by a slower decrease and then repeated. The sudden drop is an effect of the camera and its
software combined with varying execution time of the feedback system’s software. Firstly, the time it
takes for the feedback system to execute these operations will vary as a computer does not perform a
task in real-time (it jumps from many different processes running simultaneously with different
priority). This is supported by Figure 32, where the response frequency of a standard printing run is
presented. The frame rate of the camera combined with the variation in processing time will result in
the sudden increase in response time, as the response time can be higher than the camera’s frame
rate. Even though the camera is set to have a manual trigger for capturing the image, it is most likely
operating at its maximum frame rate, and therefore it will operate at a more or less constant
frequency. The difference in response time at the sudden drop in Figure 31 is 30 ms and corresponds
to a frame rate of 33 Hz. The frame rate of the camera should, therefore, be 33 Hz.
The reason for the symmetric pattern to emerge must be due to a constant operation time of the
camera's software as the timer system is dependent on the MATLAB software and hardware. It is
apparent from Figure 32 that the script both operates both faster and slower than the frame rate of
the camera within a run. In the case of an iteration faster than the operation speed of the camera
speed the software of the camera returns the latest image it has acquired.
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Figure 30. Showing the response time of the performed experiment.

Figure 31. Data of the response time experiment for the first 5 minutes.

Figure 32. A histogram of the response frequency (inverse response time) of a typical printing experiment with the feedback
system engaged. Note that the y-axis is logarithmic, and 98% of the data points have a response frequency lower than
500 Hz.
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The Precision of the Control Potential
The main goal of this section is to determine the precision of the control potential and this part of the setups ability to handle perturbation. The communication
between the Teensy and the HVA is unidirectional. In other words, this part of the system is an open-loop. Verifying that it is working as intended is a necessity.
The signal the Teensy produces after it passes the RC-filter is shown in Figure 33. The sawtooth wave has a frequency that matches the PWM frequency of the
Teensy (~0.2 MHz), the patterns more global rising and falling are believed to be due to the charging and discharging of the capacitor in the RC-filter. As the
amplitude of the triangular wave is on the order of 3 mV, a thousand times amplification of this signal would result in 3 V, which is negligible for its intended
purpose. This implies that the capacitor has a suitable value, at least in this case of the high impedance input of the oscilloscope. In Figure 34, where the input
of the HVA is connected and powered off, the noise in Figure 33 has increased.
From the amplified signal of HVA seen in Figure 35, it is apparent that the HVA is unable to amplify the high-frequency noise as well as the charge-discharge
cycle of the capacitor. This was expected as the maximum bandwidth of the HVA was 1 kHz, and the PWM frequency was set to ~0.2 MHz.

Figure 33. Showing the voltage of the signal sent form Teensy as a function of time. Data was attained when the Teensy was not connected to the HVA.
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Figure 34. Showing the voltage of the signal sent from Teensy as a function of time. Data was attained when the Teensy was connected to the HVA, and the HVA was turned off.

Figure 35. The blue line shows the voltage of the signal sent from Teensy as a function of time, the red line the voltage of the amplified signal
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The accuracy of the setup was measured. In Figure 36b, the relative error between the set and
measured potential is presented. It can be concluded that the potential can be set to an accuracy of
±15 V for all potentials in the interval 0 V to 1890 V. Even though the error is quite high, this was not
deemed as a problem – a such derivation in potential will only have a marginal effect on the final
position of the fibre. Furthermore, during printing the potential is usually in an interval of 1 kV to
1.6 kV, in this interval the relative error is lower.

b

a

Figure 36. a) red dots show the measured voltage as a function of set voltage. Blue lines represent ideal linearity b) same
data as in a) although visualised as the relative error.
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4.2 Printing Behaviours of the Different Systems and Over Time
Throughout this thesis, printing behaviour without feed-back control has differed quite drastically.
During the early time period, the fibre inflight was repelled by newly deposited fibres. It took several
minutes before the charged fibres had lost enough of the initial charge for the repulsion to be reduced.
After less than 3.5 minutes, the repulsing behaviour present was superseded by an attracting one. An
example of the repulsion is provided in Figure 37a.

a

b

Figure 37. The images are showing the different printing behaviours present at different time periods. Images were taken at
the end of a printing session where the collector is not moving. a) shows printing with repelling forces. b) show printing with
attracting forces, where the fibre forms a pillar. Images provided by Anton Karlsson, who ran these experiments at the same
time as this thesis.

Although later on, by mid-May the printing behaviour changed. Seemingly the fibre in flight was no
longer repelled by previously printed fibres but instead attracted towards them. In Figure 37b, it seems
like the fibre is instantly attracted to the deposited fibre, as the discharge time effectively is close to
zero. This behaviour posed a significant problem, as the ability to steer the fibre reduced greatly.
Additionally, the e-jet became a lot more unstable. The reason for this behaviour is believed to be
related to the humidity and temperature of the air. During the early time period of the thesis when it
was early spring, the humidity is usually rather low. At the time when printing behaviour was (or close
to) as depicted by Figure 37b, it had usually rained on that day or the day before, leading to higher
humidity in the air. Unfortunately, there was no hygrometer or thermometer present in the lab at that
time to confirm this.
It has to be clarified that these are some separate observation and the causes discussed previously is
the author’s present hypothesis, but no experiments could support this. There is a multitude of
different parameters that, perhaps combined, could cause this behaviour. Although in the author's
opinion, the temperature and humidity are the most likely causes of this phenomenon.
An interesting observation was made when viewing some old samples from 2017, made by Cocalić el.
Al [11]. It was apparent from the structure printed that the attractive forces were present almost
instantly after deposition of the jet. The printing behaviour likely changes depending on different
environmental parameters.
The difference in printing behaviour between the original and feedback system is quite drastic. The
electrode potential and its presence seem to affect the printing significantly. Printing with the potential
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of 1.85 kV, which gave the best result for Cocalic et al. [11], was not possible with the guiding electrode.
A Taylor cone formed, but no fibre could be drawn. The potential had to be raised to 2.05 kV for the
e-jet to form. The e-jet was not very stable either, which is believed to be due to the change in the Efield as the potential of the guiding electrode changes.
Furthermore, the surface of the guiding electrode structure, which is in the vicinity of the printing area
is most likely getting charged up by various types of generated charge carriers. During printing, it was
observed that occasional whipping was present, which is an indication that the e-jet’s speed is too fast
compared to the speed of the xy-stage. All printing parameters were constant as they had been
entered in their corresponding hardware, this might be an indication that the effective local E-field
that the e-jet is exposed to as it travels from the spinneret to the collector might change depending on
guiding electrode’s potential.
Over 100 printing attempts have been performed, in most of which an e-jet has been formed, but
many times it has been unstable or uncontrollable, resulting in it attaching to the PCB of the steering
electrode. It can be established that the presented electrode structure is not optimal; it would probably
be advantageous to minimise the insulating surface area of the electrode’s PCB.
It also makes sense to use two guiding electrodes, each controlled by a dedicated HVA. It would then
be possible to create a uniform E-field in the x-direction. This would eliminate the need for careful
alignment and allow larger e-jet to guiding electrode distances; hence, any insulating surfaces able to
hold charge would have a lesser impact on the e-jets trajectory.
Resistors were used to limit the current to non-lethal level of the HVA and the CVS. The resistors also
protected the instruments if arcing would occur. These resistors are not believed to affect the printing
behaviour during normal operation. An attempt was made to measure the current during printing.
Measurements showed that the current was less than 6 nA, this current flowing through the 7.5 MΩ
resistor would result in a voltage drop of 45 mV. This voltage drop is neglectable and not deemed to
affect the printing behaviour.

4.3 Writing Accuracy and Precision of the Systems
In this chapter, the results of the two different systems are presented and discussed, that is the system
with feedback control and the system without feedback control. In addition, two different
measurement techniques have been used, one where the position of the fibre has been measured
directly on the substrate’s surface, and the other one measurements of the fibre’s position have been
determined while the fibre was in flight, 80 µm above the substrate’s surface. This has been further
explained in chapter “3.4 Establishment of Printing Resolution; Non-Feedback and Feedback System”.
Figure 38 shows an image of the fibres printed without the feedback system as well as the magnified
area of the 100 µm separated lines that have been analysed closer. The same applies to Figure 39,
which has been printed with position feedback. At first glance, it might look like the position control
performs poorly, as the lines of the feedback printed structure are somewhat irregular in comparison.
This is a result of numerous factors, some of which could have been tuned in the current system if a
stable printing environment had been present. The following section explains in greater detail why the
control system is able to position fibres with greater accuracy although lower precision than the other
system, which in turn gives rise to the observed pattern.
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Figure 38. Left; an image of the print printed without the feedback system. Right; magnification of the left image and shows
the reference line in red as well as the drawn green lines. The position of the intersection between the green lines and the
fibres has been measured.

Figure 39. Left; an image of the print printed with the feedback system. Right; magnification of the left image and shows the
reference line in red as well as the drawn green lines. The position of the intersection between the green lines and the fibres
has been measured.

37

The fibre’s location, which was measured by optical microscopy on the substrate with respect to the
reference line is presented in Figure 40 (and tabulated in Table 4 and Table 6) for each print. The
position has been measured with respect to the reference line and in the histogram, the difference in
position is shown. A negative value corresponds to a fibre being deposited to the left of the position
specified by the printing pattern.
In the leftmost histogram in Figure 40, printing without the feedback system is presented. Even though
the great symmetry seen in Figure 38, which is supported by the small standard deviation of 4.4 µm
(see Table 4), the fibres are offset. The average offset is -21 µm (see Table 4). This is an effect of
repulsive forces. As the printing was conducted right to left, the repulsive forces likely repel the fibre
during the first iteration, the same behaviour is then repeated during the second iteration.
For the printing with the feedback system, rightmost in Figure 40, the average offset is 10 µm (see
Table 6). The offset might be low, but the standard deviation is rather high. Seemly the position control
feedback loop can reduce the offset of the fibres but introduces instability during the flight of the ejet, which then is visible after deposition as the sinuous/curved lines in Figure 39.

Figure 40. Histogram of the fibres offset from the target. The position has been measured on the substrate (collector)
surface. Left; data from the run without position control. Data is the same as presented in Table 4. Right; data from the run
with position control. Data is the same as presented in Table 6.

The position data acquired through the CCD-camera in-situ for both prints are presented in Figure 41
(and tabulated in Table 5 and Table 7). The data points used are all points that span each line from the
upper drawn green line to the lower line one in Figure 38 and Figure 39. In the histograms in Figure 41,
the same behaviour as seen on the surface measurements is present; the standard deviation is smaller
for the print without feedback control. Meanwhile, the average position has a larger offset. Although
it has to be taken into consideration that for the print without feedback control, the average value of
the position is virtually arbitrary, as the setpoint is entered manually during the start of the software
and as the setpoint is the reference point for the position difference seen in Figure 41. This is not the
case for the printing with the feedback system as it will correct the position of the fibre. Bear in mind
that these positions are acquired 80 µm above the substrate surface, which is the reason why the error
value is lower for the printing with the feedback control compared to the surface measurements
presented in the rightmost histogram in Figure 40. Seemingly the measured position of the fibre, 80 µm
above the substrate is too large as it lets the fibre divert its trajectory.
38

In the case of the feedback-controlled print, the PID controller will actively try to correct the fibre to
the setpoint. Judging from the right histogram in Figure 41, it has succeeded reasonably well. The
average value is -1.4 µm (see Table 7), which is close to the "size of a pixel” of the current setup,
1.2 µm/pixel. The relatively large standard deviation is due to the PID overshooting, which can be seen
in Figure 46. With optimised PID settings and a stable printing environment, it would be possible to
decrease the standard deviation.

Figure 41. Histogram of the fibres offset from the setpoint of the software interface. The position has been measured on 80 µm above the
surface of the collector. Left; data from the run without position control. Data is the same as presented in Table 5, but all available data
points available has been used. Right; data from the run with position control. Data is the same as presented in Table 7, but all available
data points available has been used.

The advantage of the feedback system is rather small in the case of printing 200 µm separated lines.
When the separation is smaller, the effect is more significant as the repulsive electric forces are more
considerable. Figure 42 shows the average position of the lines printed in respective sub-pattern that
will say, lines printed with constant separation. Bear in mind that the data presented in this graph does
include the position of the fibre during the travel in the x-direction. From the printing conducted
without feedback position control, presented in the leftmost graph in Figure 42, the offset increases
as line separation decrease. The 200 µm and 100 µm separated lines printed during the second
iteration are offset to the same extent as the first iterations are, in other words, they overlap. This
implies that the second iteration’s fibres are separated with the correct distance; in the middle of the
first iteration. During the printing of the 75 µm separated lines, the difference in the measured offset
is 25 µm, according to Figure 42. This is consistence with the ocular observations of the printed
structure, the fibres printed during the second iteration attaches to the earlier printed lines. This can
be seen in Figure 38 as a slight difference in contrast between the 75 µm separated lines and previous
ones. In theory, this would represent the value of 35 µm, although these measurements are acquired
80 µm above the substrate surface, which would explain the deviation. The same behaviour is present
for all the lines separated by less than 75 µm. Hence, the setup where the feedback system is not used
is only able to print lines no closer than <35 µm, without them attaching together.
In the case of when the feedback system is used, most of these phenomena are not present. In the
rightmost graph of Figure 42, the offset is virtually zero. During these lines, the first two lines were
printed with 50% lower speed, to let the Taylor cone form and reach equilibrium. This speed is too
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slow and causes the fibre to curl. The effect of these roughly positioned fibres are dampened as the
average value is taken over several other fibres.

Figure 42. Shows the average error value over every sub-pattern. Red dots are the average position of the e-jet printed
during the first iteration; blue dots are printed during the second. Left; measurement for printing conducted without
feedback control. Right; with feedback control.

Visual inspection of the fibres printed without position control during the second iteration and with a
separation of 75 µm and smaller attached to the previously printed fibres. In the case where the
position control was used, some fibres with 75 µm were separated, and for separation <75 µm the
fibre jumped in between already printed lines and strictly attached.
From Figure 45 - Figure 47 in the appendix, it can be concluded that the gain of the PID controller is
too high, which causes an overshooting. It might be the case that 6 Hz is a harmonic of the fibres
eigenfrequency, making it susceptible to oscillation at that particular frequency and its harmonics.

4.4 Possible Improvements and Outlook for 2D Controlling of the e-jet
In order to create a system possible to control the e-jet in 2 dimensions, numerous adaptations would
have to be performed. First of all, a solution to the problem regarding the phenomena where the fibre
cannot be controlled has to be found. As previously discussed, it is a high probability that the
instabilities are related to the ambient conditions the printing occurs at, such as the temperature and
humidity. Assume that appropriate climate control equipment is utilised in such a way that it is possible
to alter the e-jet electrodynamically. Then the position of the e-jet would have to be measured in both
x and y-direction. In research circumstances, it would be beneficial to use two CCD-cameras as it offers
the possibility to observe the viewpoint of the cameras, making troubleshooting far more convenient.
Higher magnification of the stereo microscope would be advantageously to resolve smaller position
change. Although it would be preferable to utilise a camera with smaller pixel size, as the depth of field
could limit the accuracy with too high magnification.
A configuration of four guiding electrodes with dedicated HVA would be ideal for creating a
homogenous E-field in x and y-direction. This is not a requirement, what has been shown is that it is
still possible to steer the fibre which fairly good linearity. By the utilisation of image processing tools
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present in MATLAB, it would be possible to control the fibre diameter as performed by Qin and Zhang
[10]. Furthermore, this could be used to regulate the printing speed to reduce the lag of the fibre,
which decreases the tensile stress and makes the e-jet more prone to changing its trajectory.
From the presented printing data, it can be established that the process variable (i.e the position of
the fibre, measured 80 µm above the substrate by the camera) had lower correlation with the wanted
feature – high control of the fibre on the substrate. Therefore, is imperative to measure the position
of the e-jet as close to the collector as possible in order to increase the printing resolution, ideally
directly on the substrate. The same applies to the guiding electrode; if it is closer to the printed fibres,
as it will be able to suppress the coulombic fibre-fibre forces to a greater extent.
The ultimate goal would be to enable such control of the position of the fibres so that fibres could be
deposited next to each other, in close contact. It would then be possible to more or less solid
structures. The author's opinion is that the technique used in this thesis does not appear to be suitable
for such high control without additional elements of control. The electrodynamic guiding only
suppressed the potential that the charged fibre retains. A small segment of the e-jet will experience a
force inversely proportional to the distance of the deposited fibre, laterally. Hence it would make more
sense to neutralise the charge of the deposited fibres. As previously discussed, the electric charge of
the e-jets is believed to be profoundly affected by the humidity and temperature. This could be an
advantage if a device capable of creating different zones with variable humidity and temperature could
be integrated into the system.
Such a controlled environment might be possible to create with a laminar flow of tempered and
humidified gas in the xy-plane. By having analogue control of the gases humidity and several gas outlets
mounted in the z-direction, it would be possible to control the fibre-fibre attraction and repulsion and
at the same time be able to guide the e-jet. Such a system would have to handle the forced convection
present as a result of the coronial discharge in the vicinity of the spinneret. The author's opinion is that
such environmental control is needed for permitting printing of high-density structures.

5 Conclusion
This thesis has evaluated the possibility to increase the printing resolution in electrohydrodynamic
printing by closed-loop controlling the potential of an electrode inserted in close proximity of the e-jet.
The built “proof of concept” setup has been analysed to establish the limitations of the system and
furthered understanding of the requirements to avoid various unwanted phenomena. The results of
the conducted experiments presented have led to the following conclusions:
•
•

•
•

The PID-controlled system is able to deposit printed fibres with superior accuracy compared
to when the position control was omitted.
The closed feedback system has been determined to have the following specifications:
o The system has a response rate equivalent of 33 Hz
o The camera's resolution corresponded to 1.2 µm/pixel
o The potential accuracy of the high voltage amplifier had been measured to ±15 V
The COMSOL simulations of the electrode structure agree well with the observed printing
behaviour
Charge build up on the surface of the guiding electrode is preventing the system from
operating at maximum performance, redrawing the electrode could increase the resolution
further
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The result further suggests that the precision of the printed fibres’ placement could be increased
through the utilisation of optimised PID parameters, decreasing the distance between where the
fibres’ position is acquired and where the fibres are finally deposited and reducing the distance
between the guiding electrode and the substrate surface.
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Appendix
A.1 Lag of fibre
As the fibre is ejected towards the moving collector, the fibre generally lags behind. The lag has a
stabilising effect on the jet, as the tensile stress suppresses the whipping that otherwise could occur if
compression stress was present. Although this introduces some problems regarding the determination
of the fibre’s position. As the cameras optical axis cannot be positioned such that it is strictly parallel
to the direction of motion, information regarding the lag of fibre would prove to be useful.
In order to measure this, a video was recorded of the fibre as it was travelling. From the video, images
were taken, and support lines with a constant separation were added through MATLAB. The images
were processed in ImageJ, an image analysis tool in order to retrieve the 2D data. The position where
the fibre intersected with the support lines was measured. The experiment was done with the PCB
mounted. The result is presented below.
In Figure 43, information regarding the lagging of the fibre is presented. Measuring 420 µm from the
spinneret, it is apparent that there is a considerable lag of ~130 µm. As previously mentioned, it will
affect the position measured by the MATLAB script in the corners of the pattern.
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A.2 Position measurements and printing data
A.2.1 Measurements Without the Feedback System

A-2

Figure 44. Showing the offset of the fibre from the setpoint (multicoloured line), as a function of the printing time. The colour of the line ‘offset from setpoint’ is the signal to noise ratio of that
particular data point. The signal to noise ratio is described in 3.2.3. The offset is calculated as the setpoint minus the measured position. Setpoint is here referred to as the setpoint of the PID,
which is roughly the centreline of the spinneret. Note that the position is measured 80 µm above the glass substrate (see chapter 3.3). Settings were set as described by Table 2. Data is from a
print conducted with the non-feedback system setup; hence, the electrode was removed, and only the position measuring part of the developed system was used. All measurements with a
lower signal than 1.2 have been excluded from the graph as they have been considered not trustworthy.

Table 4. The measured offset of fibre on the substrate. Offset is here referred to the difference in position between the measured position and the position defined by the printing pattern. A
negative value corresponds to a fibre deposited to the left of the wanted position. All measurements are in µm.

Printed
Row 1
Row 2
Row 3
Row 4
Row 5
Row 6
Average of line
Interation
Average of
Standard Deviation of

line 1
First
-15
-14
-13
-12
-11
-11
-13

line 2
Second
-25
-23
-22
-19
-16
-15
-20

line 3
First
-16
-14
-14
-12
-10
-9
-13

line 4
Second
-24
-22
-21
-20
-17
-17
-20
First
-19
5.5

line 5
First
-22
-21
-22
-21
-19
-20
-21

line 6
Second
-25
-24
-22
-20
-19
-15
-21

line 7
First
-25
-23
-23
-21
-19
-17
-21

line 8
Second
-28
-25
-25
-24
-22
-22
-24

line 9
line 10
First
Second
-29
-29
-27
-28
-28
-25
-26
-19
-26
-22
-26
-21
-27
-24
Second
-22
3.2

line 11
First
-25
-22
-21
-20
-18
-16
-20

line 12
Second
-24
-25
-24
-23
-22
-21
-23

Table 5. The measured offset of e-jet in flight 80 µm above the substrate. Offset is here referred to the difference in position between the measured position and the position defined by the
printing pattern. A negative value corresponds to a fibre deposited to the left of the wanted position. All measurements are in µm.

Printed
Row 1
Row 2
Row 3

line 1
First
2
2
2

line 2
Second
7
6
5

line 3
First
-3
-4
-4

line 4
Second
9
10
10

line 5
First
10
9
8

line 6
Second
5
5
4
A-3

line 7
First
3
3
3

line 8
Second
11
11
11

line 9
First
12
12
11

line 10
Second
6
5
5

line 11
First
1
0
1

line 12
Second
12
11
11

Row 4
Row 5
Row 6
Average of line
Interation
Average of
Standard Deviation of

2
2
2
2

5
4
2
5

-4
-5
-6
-4

10
11
12
10

7
7
7
8

4
3
1
4

First
3.2
4.9

3
2
1
3

10
11
11
11

10
9
10
11

5
3
3
4
Second
7.4
3.3

A-4

1
0
-1
0

11
11
11
11

A.2.2 Measurements with the Feedback System

Figure 45. Showing the offset of the fibre from the setpoint (multicoloured line) and the potential of the control electrode (black line), as a function of the printing time. The colour of the line
‘offset from setpoint’ is the signal to noise ratio of that particular data point. The signal to noise ratio is described in 3.2.3. The offset is calculated as the setpoint minus the measured position.
Setpoint is here referred to as the setpoint of the PID, which is roughly the centreline of the spinneret. Note that the position is measured 80 µm above the glass substrate (see chapter 3.3).
Settings were set as described by Table 3. Data is from a print conducted with the feedback system setup. All measurements with a lower signal than 1.2 have been excluded from the graph as
they have been considered not trustworthy.

A-5

Figure 46. Same data as in Figure 45, but over a smaller time interval, making it possible to see the short-time behaviour of the PID. The figure shows the offset of the fibre from the setpoint
(multicoloured line) and the potential of the control electrode (black line), as a function of the printing time. The colour of the line ‘offset from setpoint’ is the signal to noise ratio of that
particular data point. The signal to noise ratio is described in 3.2.3. The offset is calculated as the setpoint minus the measured position. Setpoint is here referred to as the setpoint of the PID,
which is roughly the centreline of the spinneret. Note that the position is measured 80 µm above the glass substrate (see chapter 3.3). Settings were set as described by Table 3. Data is from a
print conducted with the feedback system setup. All measurements with a lower signal than 1.2 have been excluded from the graph as they have been considered not trustworthy.

A-6

Figure 47. Same data as in Figure 45 but over a smaller time interval and smoothing of position data by floating averaging of 50 measurement points. This makes it easier to see the behaviour
of the PID, where the integral part compensates the potential to maintain a controlled position of the fibre. The figure shows the offset of the fibre from the setpoint (multicoloured line) and
the potential of the control electrode (black line), as a function of the printing time. The colour of the line ‘offset from setpoint’ is the signal to noise ratio of that particular data point. The
signal to noise ratio is described in 3.2.3. The offset is calculated as the setpoint minus the measured position. Setpoint is here referred to as the setpoint of the PID, which is roughly the
centreline of the spinneret. Note that the position is measured 80 µm above the glass substrate (see chapter 3.3). Settings were set as described by Table 3. Data is from a print conducted with
the feedback system setup. All measurements with a lower signal than 1.2 have been excluded from the graph as they have been considered not trustworthy.
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Table 6. The measured offset of fibre on the substrate. Offset is here referred to the difference in position between the measured position and the position defined by the printing pattern. A
negative value corresponds to a fibre deposited to the left of the wanted position. All measurements are in µm.

Printed
Row 1
Row 2
Row 3
Row 4
Row 5
Row 6
Average of line
Interation
Average of
Standard Deviation of

line 1
First
-26
-4
-2
10
20
-2
-1

line 2
Second
-4
2
6
7
5
4
3

line 3
First
-44
-5
22
5
-11
-18
-8

line 4
Second
5
7
8
14
12
5
9
First
4.4
18.7

line 5
First
-13
-3
19
22
-6
-16
1

line 6
Second
5
12
15
13
10
10
11

line 7
First
-5
33
34
3
-14
-27
4

line 8
Second
16
15
17
19
17
13
16

line 9
line 10
First
Second
37
34
23
37
12
15
21
15
3
28
-1
24
16
25
Second
16.1
13.1

line 11
First
49
28
13
19
-8
-11
15

line 12
Second
73
20
26
36
27
11
32

Table 7. The measured offset of e-jet in flight 80 µm above the substrate. Offset is here referred to the difference in position between the measured position and the position defined by the
printing pattern. A negative value corresponds to a fibre deposited to the left of the wanted position. All measurements are in µm.

Printed
Row 1
Row 2
Row 3
Row 4
Row 5
Row 6
Average of line
Interation

line 1
First

No data

line 2
Second
2
-3
5
2
-5
-2
0

line 3
First

line 4
Second
1
-2
-3
No data
0
7
2
1
First

line 5
First

No data
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line 6
Second
-4
0
5
3
-1
-5
0

line 7
First

No data

line 8
Second
-12
-20
4
5
-4
0
-5

line 9
First

line 10
Second
-9
-5
11
No data
10
-10
-5
-2
Second

line 11
First

No data

line 12
Second
-8
-5
-5
-5
0
4
-3

Average of
Standard Deviation of

No data
No data

-1.4
5.8

A-9

A.3 Possible Technology for Position Sensing
The feedback system requires a sensor to determine the position of the fibre. A few different
techniques were considered for usage. First, a setup including a LASER line and CCD camera was
considered. The setup would consist of a LASER aimed at the fibre where some of the light would be
reflected or absorbed, depending on the fibre’s optical properties. The remaining light continues to
travel and is projected onto a linear CCD array (see
Figure 48). The CCD array sends digital signals to a microcontroller which interprets the signal to
calculate the fibre’s position and could most likely also determine the diameter of the fibre. This
technique was considered to be too complicated for the scope of this thesis and hence abandoned.

Figure 48. Schematic representation of a possible setup for detecting the position of the fibre using a LASER and CCD array.
The LASER shine light on a CCD array where the fibre is blocking some of the light.

A more straightforward solution would be to utilise a linear 1D Position Sensing Device (PSD), which is
a type of PIN photodiode [18]. Light hitting the sensor surface generates a current which flows
differentially through the anodes of the PSD. Due to a resistive layer incorporated into the photodiode,
the position of a light spot projected onto its surface can be calculated using the following expression:
𝑥=𝑙

𝑖1
𝑖1 + 𝑖2

Where x is the position of the light spot measured from the edge of the active area corresponding to
the anode where the current 𝑖1 flows. 𝑖2 is the current of the opposing anode too 𝑖1 . l is the length of
the sensing area, separating the two anodes.
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A.4 Position Sensing using PSD
Initial experiments with an S3931 Hamamatsu PSD were conducted. They proved to be too much stray
light entering the system, i.e. light that was not reflected initially from the fibre. Additionally, it became
apparent that the signal from the PSD was considerably low - on the order of nanoampere. In this
chapter, the experiments conducted are presented as well as theoretical calculations that support this
conclusion.
The experimental setup for evaluating the PSDs capabilities is presented in Figure 49. The PSD was
mounted on a fixture which in turn was mounted on the same stereo microscope as shown in “3.2.1.1
Position Measurements using CCD Camera”. A secondary lens was installed, such that the PSD was
installed on an image plane. The fixture was adjustable in two independent and orthogonal directions
to ensure that the sensor is in the desired position, exposed to the reflected light. In the image-plane
in question, the magnification was calculated to be roughly 3.5X.

Figure 49. The setup used to carry out experiments with the PSD.

For initial experiments, a gold thread, 25 µm in diameter was placed in the spinneret to emulate a
plastic fibre, see Figure 50. A fibre optic halogen light source was used to emit the light.
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Figure 50. Showing the gold thread used to emulate a PCL fibre

A preamp stage that was connected to the PSD as depicted in Figure 51. The PSD was biased at +15 V
to increase its signal. The circuit converts a current signal (i.e. the PSD) to be converted to a potential
that can easily be read by a multimeter (or a microcontroller). Different values of the resistors Rf were
used to vary the gain of the circuit. Several measurements were taken with different resistor values
and did not provide any useful data. The voltage signal was either too low, or the signal was saturated.
The reason is likely that the OP-amps gain was too low to amplify the current from the PSD and that
the current from the PSD was too low to be amplified without too much noise from background
sources, not from the gold thread.

Figure 51. Showing a preamp configuration that converts current to voltage.

As the amplifier circuit did not yield the expected result, the current generated by the PSD was
measured using a nano-amperemeter. The PSD was biased at +15 V to increase its signal. Both anodes
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were connected in parallel to the amperemeter to measure the total generated current. The measured
current was 20 nA. The current was also measured on each anode separately while the opposing anode
was grounded. The theoretical relation between the position of the jet and the currents generated,
(which is described in “0 A.3 Possible Technology for Position Sensing”) could not be measured.
The theoretical signal-response was calculated to compare the values, although with large
approximations. In order to get a value for the expected current, the lights flux density had to be
established. Hence, a BPW34 photodiode was placed ~1 cm from the light conductors two ends. The
current produced was measured and used to calculate the flux density to be ~60 mW/cm2. The
spectrum of the light source was assumed to be similar to an ordinary halogen lamp3, as shown in
Figure 52. From this data, the flux density at every wavelength was known.

3,5E-03
3,0E-03

Relative Intesity

2,5E-03
2,0E-03
1,5E-03
1,0E-03
5,0E-04
0,0E+00
0

200

400
600
Wavelength [nm]

800

1000

Figure 52 Spectrum for a halogen lamp used to calculate the PSD signal response. The intensity has been normalised.

The next step was to calculate the reflectance for the wavelengths present. Thereby the relative
permittivity4, ε’(ω) and ε’’(ω), was used to calculate the reflectance of the gold thread. The result is
shown in Figure 53.

3

Data available from http://galileo.graphycs.cegepsherbrooke.qc.ca/app/fr/lamps/2494 accessed 201904-28
4
Data available from https://refractiveindex.info/?shelf=main&book=Au&page=Johnson accessed 201904-28
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Figure 53 reflectance of gold at normal incidence.

At this point, an estimate of the flux density of the reflected light of the gold thread is known for every
wavelength. Combining this data with the geometry of the gold thread makes it possible to get a value
of the photon power reflected from the gold thread, which can be seen in Figure 54.
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Figure 54. Photon power reflected from the gold surface at normal incidence.

This is only an estimate as the light shining on the gold thread has a varying angle of incidence
(assuming the gold treads cross-section is circular). To account for this, the distribution of light was
assumed to be sinusoidal - where the intensity is distributed over a half a circle arc. Its boundaries at
negative 90° and positive 90° offset are set to zero so no light could be reflected, see Figure 55.
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Figure 55. Showing the supposedly angular distribution of light reflected from the gold thread. The upper part illustrates the
geometric entities which the graph below is based on.

As of the relative intensity, the area under the graph in Figure 55 has been set to be equal to one. The
integral from -12.5 µm to 12.5 µm was then calculated and used as the relative amount of light
reaching the PSD (compared to the light reflected from the gold thread). According to this model, only
0.2 ‰ of the reflected light will reach the PSD. The reason for this is the large working distance of
100 mm from the gold thread to the stereomicroscope.
Finally, the signal response of the PSD can be seen in Figure 56.
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Figure 56. The S3931 Hamamatsu PSD’s responsivity for different wavelength.

Assuming that all the light that enters the stereo microscope will reach the PSD and gathering all the
data while using the above approximations, it is possible to conclude that the expected current should
be on the order of 0.3 nA.
Conclusively, the measured current is on the order of three magnitudes higher than the theoretical
current, which implies that the PSD is generating most of the current from stray light. The reason is
mainly due to the long working distance of the stereomicroscope. If the working distance was shorter
than in the current setup, this technique might be possible to utilise.
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A.5 Drawing of the Guiding Electrode

Drawing 1. Drawing of the guiding electrode. Materials are the following; 1; FR4 400 µm in thickness, 2; polyimide two
layers 25 µm in thickness each, 3; copper layer with unknown thickness but most likely 18 µm. The whole structure is coated
in Parylene with a thickness of 57 µm.
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A.6 MATLAB scrips
The MATLAB script and its support functions are presented in this section.

A.6.1 Main script
clearvars -except Camera_width Camera_height width height offset_width
offset_height setpoint_prev
%clear all variables except those that are related to camera settings
delete(imaqfind)
%disconnect camera in order to change its setup
cla
%Clear current axes
clf
%close current figure
close all
%close all figures
%set these variables global so other linked scripts can use them
global setpoint max_voltage Kp Ki Kd Km Debug DO_plot halt pixel_length
pixel2microns2use
global offset_width offset_height height width dummy S_2_noise_limit
global Signal_2_low S_2_noise I no_of_images_to_smooth smooth
%% declare values
Debug=true;
%display debug information
DO_plot=true;
%plot signal graph
halt=false;
%halt if signal to noise ration is too low
showvalues=true;
%show voltage that the amplifier is set to
voltage_on=true;
%dont output any voltage
save_data=true;
smooth=false;
%if true the script samples several images to take the average value from
them calculates the position
no_of_images_to_smooth=4;
%Only used if smooth is true; number of images to use before for smooth
%%%%%%%%%%%
dummy2=1;
pased_value=zeros(30*60*25,4);
% Camera settings
if isempty(width)
%if camera settings have not been set before, create them
Camera_width=2448;
Camera_height=2048;
width=500;
height=20;
offset_width=-150;
offset_height=300;
setpoint_prev=1020;
end
magnification=5;
%magnification of the stereo microscope
S_2_noise_limit=1.25;
%minimum allowed difference in contrast
setpoint=setpoint_prev;
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pixel2microns=[5,4,3,2,1,0.67; 500./[425 349 260 172 92 65]];
%row 1 magnification %row 2 - microns/pixel
pixel2microns2use=pixel2microns(2,pixel2microns(1,:) == magnification);
% PID settings
I=0;
%starting value of the integral part of the PID
Kp=-2;
Ki=0;
Kd=0;
Km=1350;
% Teensy settings
PWM_bit_res=8;
%PWM resolution
voltage_divider_max=550/(387+550)*3.2;
%Max voltage after the filter on microcontroller
max_voltage=1850;
%Max voltage
multiplier=1000;
%HVA's gain
feed_forward_voltage=Km;
%feed forward voltage at too low signal
%% Camera setup
camera_mode=strcat("RGB64
(",string(Camera_width),"x",string(Camera_height),")");
vid = videoinput('tisimaq_r2013_64', 1, camera_mode);
vid.FramesPerTrigger = 1;
triggerconfig(vid,'manual');
start(vid)
%start video service
figure(1)
figure('units','normalized','outerposition',[0 0.1 1 0.9])
%make figure almost full screen
%create a button
fix_camera;
%call script to create buttons for the initial screen
dummy=1;
while dummy==1
%create a loop where the user is able to adjust the camera
imshow(uint8(getsnapshot(vid)));
%Show the area that will be used to acquire the position
rectangle('Position',[(Camera_width-width)/2+offset_width,
(Camera_height-height)/2+offset_height, width, height],...
'Curvature',[0,0],...
'EdgeColor', 'r');
y = ylim;
%current y-axis limits
line([setpoint,setpoint],[y(1),y(2)])
%draw the setpoint line
pause(0.2);
%pause so there is time to plot
end
setpoint_prev=setpoint;
%set the setpoint as previous
setpoint=setpoint-((Camera_width-width)/2+offset_width);
%convert setpoint to the new relative pixel distance (new resolution)
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stop(vid)
%stop video to make additional setups
vid.ReturnedColorspace ='grayscale';
%set grayscale
%only capture the area width*height in centre of the camera + offsets
vid.ROIPosition = [(Camera_width-width)/2+offset_width, (Camera_heightheight)/2+offset_height, width, height];
start(vid)
%start video service
position=zeros(1,2);
Time_PID=zeros(1,2);
if (Debug==true)
preview(vid);
%give a preview what the camera sees
pause(1);
stoppreview(vid);
end
%% Teensy setup
a=arduino_exjobb('COM18');
%establish connection to the teensy 3.5
a.pinMode(6,'OUTPUT');
%set pin 6 as an output pin
a.pinMode(13,'OUTPUT');
%set pin 136 as an output pin
a.digitalWrite(13,1);
%lit the onboard LED on pin 13 to indicate that the program is running
%% declear function
GetPID=@PIDfunc_exjobb2;
GetPosition=@GetPosition_func1;
%% capture image
measurement=uint8(getsnapshot(vid));
%capture an image and convert it to 8-bit integer
pixel_length=pixel2microns2use*(1:size(measurement,2));
%create a vector that have the position of each pixels in µm
tic;
%start timer
for i=1:2
%fill necessary matrixes with data
measurement=uint8(getsnapshot(vid));
%cature an image and convert it to 8-bit integer
position(i)=GetPosition(measurement);
%let the algoritm calculate the position of the fibre
Time_PID(i)=toc;
%get time
end
measurement_for_avg=zeros(size(measurement,1),size(measurement,2),no_of_ima
ges_to_smooth);
%% plocka ut data
figure(2)
clf(2)
handles.stopbutton = uicontrol('style', 'toggle', 'String', 'STOP',
'Value', 0);
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make_buttons
while 1
%Loop until end signal is received
%shift cells for new measurement
position(1)=position(end);
Time_PID(1)=Time_PID(end);
%acquire image
if smooth==true
for i=1:no_of_images_to_smooth
measurement_for_avg(:,:,i)=uint8(getsnapshot(vid));
end
measurement=mean(measurement_for_avg,3);
else
measurement=uint8(getsnapshot(vid));
end
Time_PID(end)=toc;
%get time
%convert to a position
position(end)=GetPosition(measurement);
%update postion
%Calculate PID
if (Signal_2_low==true)
%if signal too low
voltage=feed_forward_voltage;
%set the voltage to standby voltage
disp('signal too low');
else
%if signal sufficient
if (voltage_on==true)
voltage=GetPID(position,Time_PID);
%Calculate PID
PWM=((voltage/multiplier)/voltage_divider_max)*2^PWM_bit_res;
%Calculate PWM value to sent to microcontroller
a.analogWrite(5,PWM);
%send PWM value
end
end
if (showvalues==true)
disp('Voltage');
disp(voltage);
disp('Hz');
disp(1/(Time_PID(end)-Time_PID(end-1)));
end
if (save_data==true)
pased_value(dummy2,:)=[voltage Time_PID(end) position(end)
S_2_noise];
dummy2=dummy2+1;
end
quitthis = get(handles.stopbutton, 'Value');
%% end signal received
if quitthis
%set voltage to the feed forward voltage and turn off LED
voltage=feed_forward_voltage;
PWM=((voltage/multiplier)/voltage_divider_max)*2^PWM_bit_res;
for i=1:5
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a.analogWrite(5,PWM);
a.digitalWrite(13,0);
end
%remove the non-filled pre-allocated values stored in the matrix
cellsisNaN=find(isnan(pased_value(:,3)));
pased_value(cellsisNaN,3)=0;
pased_value(cellsisNaN,4)=0;
cellsisNaN2=find(isnan(pased_value(:,1)));
pased_value(cellsisNaN2,1)=0;
pased_value( all(~pased_value,2), : ) = [];
pased_value(:,3)=setpoint-pased_value(:,3);
pased_value(cellsisNaN,3)=0;
clf(2)
hold on
yyaxis left
ylabel('Voltage [kV]')
plot(pased_value(:,2),pased_value(:,1)/1000,'DisplayName','Voltage');
yyaxis right
ylabel('Position [\mum]')
plot(pased_value(:,2),pased_value(:,3),'DisplayName','Position')
hold off
lgd = legend;
delete(imaqfind)
%stop video service
save_values;
%export voltage time, position ect
return;
end
....
End

A.6.2 Support function; PIDfunc
function [output] = PIDfunc_exjobb1(position, Time_PID)
%PIDfunc Calculate PID from input
%
Detailed explanation goes here
global Kp Ki Kd Km setpoint Debug max_voltage I
P=Kp*(setpoint-position(end));
%proportional diffrence between setpoint and measured temperature
I=Ki*sum(setpoint-position)*diff(Time_PID)+I;
D=Kd*(diff(position)./diff(Time_PID));
M=Km;
if (Debug==1)
disp('PID Settings P/I/D/M');
disp(P)
disp(I)
disp(D)
disp(M)
end
put = P+I+D+M;
put=round(put);
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if (put<0)
put=0;
elseif (put>max_voltage)
put=max_voltage;
end
output=put;
end

A.6.3 Support function; GetPosition
function [position] = GetPosition_func1(mesurement)
%PIDfunc Calculate PID from image
global DO_plot halt pixel_length pixel2microns2use
global one_line setpoint S_2_noise_limit Signal_2_low S_2_noise
one_line=(mean(mesurement,1));
S_2_noise_max=max(one_line)/mean(one_line);
%signal to noize ratio for max
lim(1)=0.9*(max(one_line)-mean(one_line));
%diff signal to noize for max
Signal_cells_max=find(one_line>(lim(1)+mean(one_line)));
%get the cellno. that has the data
S_2_noise_min=1/(min(one_line)/mean(one_line));
%signal to noize ratio fon min
lim(2)=0.1*(mean(one_line)-min(one_line));
%diff signal to noize for min
Signal_cells_min=find(one_line<(lim(2)+min(one_line)));
%get the cellno. that has the data
if S_2_noise_max>S_2_noise_min || isinf(S_2_noise_min)
which=1;
else
which=2;
end
if which==1
Signal_cells=Signal_cells_max;
S_2_noise=S_2_noise_max;
else
Signal_cells=Signal_cells_min;
S_2_noise=S_2_noise_min;
end
position=median(Signal_cells)*pixel2microns2use;
disp('S_2_noise');
disp(S_2_noise);
if (DO_plot==true)
plot(pixel_length,one_line)
hold on
plot(pixel_length(Signal_cells),one_line(Signal_cells))
y = ylim;
% current y-axis limits
plot([position position],[y(1) y(2)])
line([setpoint,setpoint],[y(1),y(2)])
hold off
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xlabel('Microns');
%pause(0.010);
end
Signal_2_low=false;
if (S_2_noise<S_2_noise_limit) | isnan(S_2_noise) | isinf(S_2_noise)
Signal_2_low=true;
if (halt==true)
pause;
end
end
end

A.6.4 Support script; fix_camera
function fix_camera
global offset_height offset_width height width dummy setpoint
c = uicontrol;
c.String = 'DOWN';
c.Callback = @increase_offset_height;
c.Position = [10 10 150 40];
d = uicontrol;
d.String = 'UP';
d.Callback = @decrease_offset_height;
d.Position = [10 50 150 40];
e = uicontrol;
e.String = 'RIGHT';
e.Callback = @increase_offset_width;
e.Position = [170 10 150 40];
l = uicontrol;
l.String = 'LEFT';
l.Callback = @decrease_offset_width;
l.Position = [170 50 150 40];
g = uicontrol;
g.String = 'increase W';
g.Callback = @increase_width;
g.Position = [330 10 150 40];
h = uicontrol;
h.String = 'decrease W';
h.Callback = @decrease_width;
h.Position = [330 50 150 40];
j = uicontrol;
j.String = 'increase H';
j.Callback = @increase_height;
j.Position = [490 10 150 40];
k = uicontrol;
k.String = 'decrease H';
k.Callback = @decrease_height;
k.Position = [490 50 150 40];
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q = uicontrol;
q.String = 'DONE';
q.Callback = @DONE;
q.Position = [10 100 150 40];
m = uicontrol;
m.String = 'RIGHT S';
m.Callback = @right_s;
m.Position = [650 10 150 40];
n = uicontrol;
n.String = 'LEFT S';
n.Callback = @left_s;
n.Position = [650 50 150 40];
function increase_offset_height(src,event)
offset_height=offset_height+10;
end
function decrease_offset_height(src,event)
offset_height=offset_height-10;
end
function increase_offset_width(src,event)
offset_width=offset_width+20;
end
function decrease_offset_width(src,event)
offset_width=offset_width-20;
end
function increase_width(src,event)
width=width+20;
end
function decrease_width(src,event)
width=width-20;
end
function increase_height(src,event)
height=height+2;
end
function decrease_height(src,event)
height=height-2;
end
function right_s(src,event)
setpoint=setpoint+10;
end
function left_s(src,event)
setpoint=setpoint-10;
end
function DONE(src,event)
dummy=0;
end
end
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A.6.5 Support script; save_values
new_filename_not_found=true;
dummy=1;
while new_filename_not_found==true
filename = string(date);
filename=filename+join(['_' string(dummy) '.xlsx'],'');
if exist(filename, 'file') == 2
dummy=dummy+1;
else
new_filename_not_found=false;
end
end
Voltage=pased_value(:,1);
Time=pased_value(:,2);
Position=pased_value(:,3);
Signal=pased_value(:,4);
T = table(Voltage, Time, Position, Signal);
T.Properties.VariableUnits = {'Voltage' 'Time' 'Position' 'Signal'};
writetable(T,filename)
G = table(no_measurments, derivite_ref, Kp, Ki, Kd, Km, S_2_noise_limit);
writetable(G,filename,'Sheet',1,'Range','E1')

A-26

