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Abstract 

The era of open source projects is becoming more and more popular, not least 

because of the formation of internet communities. Therefore the RepRap community, 

which is concerned with the development of low price self-replicating 3D-Printer, is 

also concerned with the built up of low price extruder units to provide the 3D-Printer 

with cheap plastic filament for the printing process. This master thesis addresses the 

investigation of the plastic filament production for 3D-Printer in-depth, which includes 

the construction of a low budget single screw extruder unit. It includes the mechanical 

CAD-Software supported but also the electronic construction of a first generation 

extruder unit. Thereby the implementation of standard parts as far as possible to 

reduce the production costs is one aim. Another aim is the realization of a stable 

extrusion process which is also able to recycle hackled plastic milk bottles. For the 

first generation extruder the realized and detailed described controlling of the 

extrusion heater for the plastic melting process is done by Labview. As well as the 

motor control for granulate conveying process uses the Labview software and 

communicates thereby over an I/O-Interface with the Computer. In this case, the use 

of a wood auger as a professional screw-conveyor replacement is notable. Overall 

this thesis aims to demonstrate the opportunities but also the boundaries of a low 

budget extrusion unit.  

1. Introduction 

1.1. Scope of tasks and possible solutions 

The aim of this project is to construct and realize a low prize extruder which is able to 

produce a plastic filament for 3D – Printer applications out of plastic granulate. The 

plastic granulate should come from hackled and used plastic milk bottles. This 

recycling process with the low prize extruder unit should submit the 3D – Printer user 

to get to affordable plastic filament for the printing process. The filament has 

therefore to satisfy the diameter, which is typically used for 3D – Printers of 3mm. 

The basic ideas for the realization of the extruder unit come from the open source 

community RepRap, where the realized extruder was used for production of 
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perforated HDPE strips for aquaponics applications. The idea of usage of a steel pipe 

in which a simple wood auger is used for the transport of plastic granulate to a 

heating chamber where it gets molten and then pressed through a die hole is ideal 

for realization of a low prize extruder unit. The finished filament which leaves the die 

has to be cooled down to keep its shape. To realize the control of the temperature or 

the transport velocity of the plastic material the usage of a computer controlled 

heating wire and a geared electrical motor is best suited for the test phase version of 

the extruder unit. The geared electrical motor hereby drives the wood auger to 

transport the plastic material. Overall the thesis includes the following core 

objectives: 

• Produce an extruder to convert hopped milk bottles to filament suitable for use 

in a 3D Printer 

• Control of filament diameter 

• Control plastic extruder temperature 
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1.2.  Project Background 

The modern development of the internet and the formation of open source 

communities are progressing very fast. Therefore also the technique specialised 

RepRap (Replicating Rapid-prototyper) community, which was invented by Adrian 

Browyer in 2004, expanded to a large number of people all over the world. The aim of 

this community is the construction of a low cost plastic 3D plastic printer, which 

should act as a self-replicating machine (see Figure 1-1). Hereby the first constructed 

3D printer could produce further 3D printers. The printer itself could also being used 

to build up complex 3D plastic structures for private but also first professional 

applications. The technology for 3D printers is already available for professional rapid 

prototyping field of applications. However the prices of them are rising up to several 

tens of thousand pounds. The RepRap community was already able to build up low 

cost 3D printer with a price of several hundred pounds [1].  

 

Figure 1-1: Adrian Bowyer (left) and Vik Olliver (ri ght) with a parent RepRap machine, made on a 

conventional rapid prototyper, and the first comple te working child RepRap machine, made by the 

RepRap on the left. The child machine made its firs t successful grandchild part at 14:00 hours UTC on 29 

May 2008 at Bath University in the UK, a few minute s after it was assembled. 

[www.reprap.org/wiki/RepRapWiki:About] 

Another significant cost factor in using 3D printers is however the supply of the 

machine with low cost plastic filaments, which is used to create layer upon layer 

plastic 3D structures. Today the supply of plastic print material for private 3D printer 
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units is always done by companies, which supply professional rapid prototyping 

companies with very expensive printing material. To become independent from them, 

the printing material could be made by everyone with a simple and cheap version of a 

plastic extruder, which is able to recycle plastic milk bottles and produce a plastic 

string for home 3D printers. Some approaches to realizing such a plastic extruder unit 

are already being done by RepRap community members and the following report 

investigates und evaluate the realization of such an extruder unit with as far as 

possible low cost components [2]. 

1.3.  Historical Overview of Plastic Extrusion  

The first machine for extrusion of thermoplastic instead of rubber materials, was 

constructed after Chris Rauwendaal (1990) in around 1935 by Paul Troester in 

Germany. Chris Rauwendaal (1990) also wrote about the rubber extruders before 

1935: ‘These earlier rubber extruders were steam-heated ram extruders and screw 

extruders, with the latter having very short length to diameter (L/D) rations, about 3 to 

5. After 1935 extruders evolved to electrically heated screw extruders with increased 

length’. At the same time the first twin screw extruders for thermoplastics were 

developed in Italy by Roberto Colombo of LMP and he worked together with Carlo 

Pasquetti on mixing cellulose acetate. Roberto Colombo constructed an intermeshing 

twin screw extruder and obtained several patents and sold the rights to companies 

for his developments. Also after Chris Rauwendaal (1990) Carlo Pasquetti has had a 

different concept in terms of developing a counter rotating twin screw extruder [1]. 

About the development of the first detailed analyses of the extrusion process, which 

includes scientifically studies of the melting conveying or pumping process, Chris 

Rauwendaal (1990) writes: ‘Around 1950, scientific studies of the extrusion process 

started appearing with increased frequency. In the mid-fifties, the first quantitative 

study on solid conveying was published by Darnell and Mol. An important conference 

in the development of extrusion theories was the 122nd ACS meeting in 1953. At this 

symposium, members of the Polychemicals Department of E.I. du Pont de Nemours 

& Co. presented the latest developments in extrusion theory. These members, 

Carley, Strub, Mallouk, McKelvey, and Jepson, were honoured in 1983 by the SPE 

Extrusion Division for original development of extrusion theories. In the mid-sixties, 
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the first quantitative study on melting was published by Tadmor, based on earlier 

qualitative studies by Maddock. Thus, it was not until about 1965 that the entire 

extrusion process, from the feed hopper to the die, could be described quantitatively. 

The theoretical work since this time has concentrated to a large extent on 

generalizing and extending the extrusion theory and the development of numerical 

techniques and computer methods to solve equations that can no longer be solved 

by analytical methods.’ [4]. 

The only problem with the above described development of investigations of the 

extrusion process is the formation of a gap between the theoreticians and the 

practicing extrusion technologists. Several books like “Polymer Extrusion” 

(Rauwendaal, 1990) or “Extruder Principles and Operation” (Stevens and Covas, 

1995) try to close the gap and try to make the theory practicable. 
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1.4.  The Classical Single Screw Extruder 

In consideration of the polymer industry there are several different designs of 

extruder units. The main distinction between them is their operation mode as 

continuous or discontinuous extrusion. The discontinuous version delivers molten 

plastic material in an intermitted fashion, which is used for batch type extruding 

processes [5]. Continuous extrusion units, where the screw extruder units belong to 

however are able to deliver a steady amount of molten polymer material. For the 

realization of the 3D-Printer filament extruder unit the most also industrial used single 

screw extruder version is best appropriated because of following reasons: 

• Relatively low costs 

• Straightforward design 

• Ruggedness and reliability 

• Favourable performance/cost ratio 

 

1.4.1. Geometry of the extruder screw 

The key element of a conventional extruder is the extrusion screw. This screw for 

thermoplastic materials for example could be divided into three geometrically different 

sections (see Figure 1-2) 

 
Figure 1-2: Geometry Conventional Extruder Screw (Ra uwendaal, 1990) 

The depicted shape of the screw is also called   “single stage” because it has only 

one compression section. But the screw can be geometrically divided into three 

sections. The first one which is close to the filler neck for the extrusion material has 

generally deep flights. The plastic material there is mostly solid in the solid state. This 

screw area is also called the “feed section”. The section close to the die has 
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comparably short flights and the material is there completely molten. According to 

Rauwendaal (1990) this section is also referred to as the “metering” or “pump” 

section and the third section, which connects both sections, is called the 

“compression” or “transition” section. Hereby the depth of the screw channel is linear 

reducing from the feeding section to the metering section which leads to a 

compression of the plastic material during the transport through the channel [5]. 

1.4.2. Basic Operation of the Extrusion Process 

The basic operation of the extrusion process begins with the entering of the feeding 

material over the feed hopper. Very often the filling of the extruder barrel from the 

hopper is done by gravity forces but sometimes it is supported by vertical orientated 

conveying screws. The extrusion material falls hereby into the gap between the 

extrusion screw and the barrel and is thereby bounded by the positive and negative 

flank of the screw also called “screw channel”. The extrusion screw is thereby 

rotation inside of the stationary barrel. Friction forces between the extrusion material 

and the barrel or respectively the screw surface are responsible for the transport of 

the solid state [6]. 

During the movement of the plastic material through the barrel it is heated up by 

frictional heat and the barrel heaters. If the temperature of the material reaches 

melting point a melting film is formed on the barrel surface. The border where one 

material state changes depends on polymer properties, machine geometry and 

operating conditions. When the solid material moves further into the die direction the 

amount of plastic material is reduced because of the melting process. When all solid 

material is molten the so-called “plasticating zone” is over and the melt conveying 

zone begins where the liquid plastic is finally pumped to the die hole.  

During the flow through the die channel the plastic material adopts the shape of the 

die. After leaving the die channel the material keeps more or less the shape of the 

cross section of the die. The pressure needed to force the liquid plastic material to 

flow through the channel is also called the die head pressure and depends on the 

shape of the die, the temperature of the molten plastic, the flow rate through the die 

channel and the rheological properties of the plastic melt.  
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2. System Overview of the Extrusion Unit 

 

Figure 2-1: System Overview 

The built up Extrusion Unit is the result of the combination of several electrical and 

mechanical components, which have to interact to each other (see Figure 2-1). At the 

Hopper and Feed Throat Section the granulate material is fed into the extruder unit. 

Over the thread of the wood auger extruder screw replacement the polymer material 

is transported to the Heating and Die Section. There the plastic material is heated up 

until it becomes fluid. The loop for the temperature control consists hereby of the 

measurement of the barrel temperature, the information processing over the I/O-

Interface at the PC and the resulting PWM-Signal controlled output for heating up of 

a Nickel-Chrome wire. The liquid plastic material is then finally pressed through the 

die hole. The velocity of the extruded filament is dependent on the auger speed 

amongst other factors. So in order to obtain a constant affliction independent engine 

speed another control loop is built up. The structure for this speed control loop is 

similar to the temperature control. However the measured input signal is thereby 
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generated by a rotational speed encoder. Finally the liquid filament, which is expelled 

through the extruder die, is cooled down supported by a simple fan and the hardened 

plastic filament is leaded away over the Filament Leading Rack Section. For this first 

generation low cost extrusion unit the control of the machine is done over a PC-

Control with the Labview programming platform and a national instruments Input - 

and Output - Interface. The used DC-Power supply for the extrusion unit has to 

deliver 10 and 15V. The 15V line is used for powering the heaters and the auger 

motor drive and should be strong enough to deliver currents up to 20A. The 

interconnection of all components of the realized extrusion unit is centred at the 

Power Electronics and Measuring Unit. The Labview program generated PWM (Pulse 

Width Modulated) actuator output information is thereby transmitted to the I/O PC-

Interface which again generates a 5V PWM-Signal to switch the MOS-FET 

transistors of the Power Electronics. The 10V from the DC-Power supply is used for 

temperature measurement of the extruder heating section and covers the range of 

the analogue input of the National Instrument I/O PC-Interface. More information 

about the circuit is given in Chapter 4.   

Figure 2-2: Extruder Unit  
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3. Mechatronic Construction 

3.1. CAD – Construction Tool Solid Edge 

Solid Edge is a powerful tool for the development of Computer Aided Design (CAD) 

models for the mechanic construction. For this thesis it was used on the one hand for 

each 3D-Model component of the plastic extruder but also for the complete assembly 

of the mechanic construction. The resulting 3D-Model prototype could then be tested 

in terms of collision of assembled components and even a FEM – Analysis is 

possible (see Figure 3-1). 

 

Figure 3-1: Assembly Extrusion Unit 

On the other hand a 2D-Model was extrapolated for the dimensioning of each part for 

the manufacturing. Overall the using of CAD-Programs accelerates the development 

of the extruder because of the afterwards corrigible 3D and derivative 2D-Model (see 

Figure 3-2).  

 

Figure 3-2: Assembly Bearing Pipe 
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3.2. Important Components and Sections of the Extruder Unit 

3.2.1. The Extruder Screw Replacement 

For the low budget extrusion unit the well elaborated extruder screw of conventional 

industrial machines is replaced by a simple wood auger. By comparison of the wood 

auger (see Figure 3-3) in terms geometrical and hence functional properties with the 

professional extruder screw (see page 6 Figure 1-2), a lot of differences could be 

identified. Next to the die the extruder screw is one of the most central parts of the 

whole extrusion unit and is therefore closely elaborated in research to date.  

 

Figure 3-3: Wood Auger 

The most notable distinction is probably the large flight height over the whole auger 

length. The fact that there is no reduction of the flight height in die direction could 

lead to problems in terms of generating enough pressure to press the liquid plastic 

material through the die hole. For example the drag induced solid conveying process 

of the solid plastic material is strongly dependent on several shape factors of the 

extruder screw such as the friction surface between the plastic material to the auger 

and the barrel surface. To be able to generate high extrusion pressures at the solid 

state of the polymer, the friction between the extrusion material and the auger should 

be low and to the barrel surface high. The auger with the high flights however has a 

large friction contact area and therefore much friction loss at the auger surface. The 

advantage of an increased cross sectional area for the solid material transport cannot 

compensate for the friction losses. The increased friction surface of the auger contact 

area to the plastic material reduces the conveying rate especially in high pressure 

conditions. Only a longer pressure build-up zone and therefore barrel and auger 

length could lead to a growth of the barrel friction surface and therefore better 

pressure built up properties. However not only the solid conveying process, which is 

treated by Darnell and Mol in 1956 by the flat plate model analysis [7], is important for 

the extrusion pressure generation. Also the plastic melt conveying process at the 
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metering or also called pumping zone (see Figure 1-2 at page 6) contributes to the 

build-up of the necessary die head pressure. One convenient simplified method to 

estimate the optimum extruder screw properties for the metering zone is also based 

on the flat plate model (see Figure 3-4). Rauwendaal (1990) describes it as a flat 

plate, which is moving with the velocity vb over a flat rectangular channel with the 

angle φ between vb and the flights of the channel. .  

 

Figure 3-4: Flate Plate Model Melt Conveying (Rauwen daal, 1990, p. 279) 

Another simplification is that the completely liquid polymer is Newtonian. That implies 

the viscosity of the considered plastic melt is temperature independent. The large 

flight height (eq. channel height) of the wood auger in relation to the flight width (eq. 

channel width) makes the calculation of the volumetric output quite complex as seen 

at the formula below [8]. 

�� = 	
1

2
∗ �	
 − 0,571 ∗ ������ −	

	
 − 0.625���3��
12�

							1� 

��  = volumetric output 

p = number of parallel flights  

W = channel width 

H = channel depth  

Vbz = channel velocity 

gz = down channel pressure gradient 

µ = friction value 

This formula is an approximation for extruder screws with a channel height to width 

ratio of less than 0.6 and is valid for the wood auger (H/W < 0.6  => H ~ 7mm, W ~ 
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18mm => ratio ~ 0.39). After that formula the total liquid flow can be divided into the 

volumetric drag and pressure flow. The left half of the formula (1) thereby indicates 

the drag flow part of total liquid flow and the right half the pressure flow content. By 

the construction of professional extruder screws the pressure flow content should be 

reduced as far as possible, because it is sensitive to die head pressure fluctuations. 

Therefore the throughput rate fluctuates too. The large channel depth of the wood 

auger is therefore a disadvantage, because it has an influence on the pressure flow 

content with a power of three towards to the power of one for the drag flow [9]. 

A final important influence factor on the volumetric output performance is the effect of 

clearance between the auger and the barrel surface. Professional extruder screws 

have a radial clearance of 0.001 D, where D is the screw diameter. The used steel 

tube for the extruder barrel however, has a radial clearance of 0.053 D (σ = 1mm, D 

= 19mm). The result is a strong reduction of the desired drag flow rate by a factor of 

σ/H, where σ is the clearance and H the channel or flight height. For the used wood 

auger and steel pipe combination there is a drag flow reduction of about 14% [10]. 

A lot of criterions, which are described in theory by Rauwendaal (1990) are not really 

fulfilled by the wood auger. Nevertheless the fact that the extruder screw is a key 

element of the extrusion process, tests will show the potential of a simple wood 

auger.  
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3.2.2. The Extruder Die 

The Extruder Die (or nozzle) where the liquid filament is pressed through is another 

very important part for the whole extrusion process. It not only gives the extruded 

plastic material the final shape but it also has a big influence on the flow 

characteristics, the material properties of the extruded plastic and the pressure 

conditions inside of the extruder. Purposes at the die design are for example that the 

viscous melt should flow through the die without the generation of stagnation zones 

or the development of secondary flows. The plastic melt should also emerge 

throughout the exit cross-section with a uniform average velocity. The rheology of the 

viscous polymer material, that means the deformation and flow characteristic of the 

applied viscous liquid, thereby has also an essential influence on the design of the 

required flow channel geometry. Whereas shear stresses and the corresponding 

shear thinning nature of the fluid is significantly responsible for the pressure drop 

during the flow. Normal stresses however are related to the extrudate quality and 

determine the limit of the polymer extrudability. Next to general rheological properties 

of polymers a lot of anomaly effects like the sharkskin melt fracture phenomena could 

occur during flow of the liquid plastic through the die and are described in the 

literature. Another important factor for the design of an extrusion die is the 

consideration of the extrudate swelling (see Figure 3-5) [11]. 

 

Figure 3-5: The effect of extrudate swelling on the  shape. The desired squared strand is just extruded  

perfectly by particular die lips shapes (Stevens and  Covas, 1995, p. 69) 

The swell effect arises at the exit of the die and is a well-known manifestation of 

polymer elasticity. As seen in Figure 3-5 not only is the cross sectional surface area 



 

 

 15 

increasing but also the shape of the extrudate is distorted. This effect could be 

compensated by specific designed die lip shapes. The extrudate swell at equilibrium 

conditions depends on operational and geometrical parameters like the increasing of 

the shear rates and lower melt temperatures facilitate elasticity. On the other hand a 

longer die lip channel length, but also a lower reservoir-to-capillary ratio diminishes 

swelling. A combination of different process conditions and die geometries could 

finally lead to the desired extrusion product shape [12]. 

By consideration of the realized low cost extrusion die, which is used for the first 

tests, it consists of a simple steel plate with a simple hole in it (see Figure 3-6). 

Thereby the swelling effect is already considered by drilling the hole 3-5 

decimillimetre smaller than the desired 3 mm for the printer filament. However the 

velocity, which the extruded polymer is getting out of the plate hole, is quite uneven 

and therefore a second version of the die has been designed. This version consists 

of a screwable brass nozzle, which could be screwed into the front plate of the 

extruder with an M20 thread (see Figure 3-7). The conical shape of the nozzle should 

improve the flow behaviour of the liquid polymer to the die lip. The first test with the 

new die version has been encouraging and show, that the melt is leaving the die 

more evenly. However this version of the extruder die has also shown, that the 

increased length of the die lip channel has a big influence on the pressure drop at the 

die and hence the volumetric output of the extruder. As a consequence the filament 

output is reduced. 

 

Figure 3-6: Die V1 with simple steel plate with an 

hole 

 

Figure 3-7: Die V2 Steel front plate with screw-

able Brass Nozzle  
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3.2.3. Filament Leading Section 

The Task of the Filament Leading Section is the removal of the plastic filament from 

the extruder die. It avoids an uncontrolled stretching of the liquid filament through its 

own weight. Therefore the filament has to be cooled down by a fan or a water bath as 

fast as possible after leaving the die. Then the filament could be evacuated by the 

Filament Rack Leading Section over rollers whereby one of them is driven by a small 

geared electric DC-Motor. The filament is clamped between the two rollers as seen in 

Figure 3-8 and is led then through a hole of the guide plate. To increase the pressure 

on the filament, the upper roller is tightened by two springs, the forces of which are 

appealing on the roller shaft. 

  

Figure 3-8: Filament Leading Section 

The little geared DC-Motor, which is used for driving the rollers, thereby has to turn 

very slowly (less than 15 rpm) to match to extrusion speed. The motor speed in 

general is voltage controlled by varying the potentiometer position at the Power 

Electronics unit.  

3.2.4. The Heating and Die Section 

The Heating and Die Section is a very important section. Here the plastic granulate, 

transported by the auger, is heated up to about 190 up to 210°C so that the granulate 

is melting to a viscous mass. The heat is thereby generated by a Nickel Chrome 
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heating wire by energization with a PWM - Signal. The heating is also divided into 

two heating zones where one is very close to the die and the other one with 

increasing wire winding distances further away from the die plate (see Figure 3-9).  

 

Figure 3-9: Heating Section 

Each of these heating zones has his own NTC - Thermistor for the temperature 

measurement which enables a separate temperature control of both zones. The steel 

pipe wall thickness is about 2.5 mm and the NTC – Thermistor is placed about 1mm 

deep into the wall by drilling a small blind hole into it. This placement should be a 

compromise between a deep-well (close to the polymer) and a shallow-well (located 

on the surface close to the heater) sensor temperature measurement. Deep-well 

sensors could response very fast on changes of internal extruder conditions like the 

polymer temperature but very slowly on external environmental condition changes 

[13]. The heating wire itself is to be electrically insulated towards to the steel pipe. 

This is done once by a high temperature resistant Kapton tape which resists a 

temperature over 250°C or high temperature silicon paste which resist up to over 

320°C. The Heating and Die Section itself is also i nsulated against thermal 

conduction to the Hopper and Feed Throat Section but also to the connector plate 
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aluminium mounting angles for the easy plug in of the extrusion unit. This is done by 

implementing an insulating asbestos replacement plate between those sections (see 

Figure 3-10). Also the metal screw washers for the screws which bind them were 

replaced by non-conducting wooden once as seen as at Figure 3-11. By 

consideration of the die of the extruder unit, where the filament comes out, it consists 

initially only of a simple steel plate with a 2.5mm hole in it. However tests, as seen in 

Chapter 3.2.2, have shown that the simple steel plate is not the best choice for a top 

extrusion result. 

 

 

Figure 3-10: -Insulation Plate  

 

Figure 3-11: Insulating Wood Washers 

Tabelle 1: Specification Heating Section 

Wire Material: Nickel Chrome (80/20) 

Wire Length: 750 mm (Total wire length both heating zones = 1500 mm) 

Wire Diameter: 0.7 mm 

PWM - Supply Voltage  15V 

Maximum Current  7.5A (Total Current both Heating Zones = 15A) 

Maximum Power 112.5W ( Total Power both Heating Zones = 225W) 
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3.2.5. The Hopper and Feed Throat Section 

The Hopper is important for the supply of the extruder unit with enough polymer 

granulate material. The hopper thereby enables to fill in a quite amount of extrusion 

material into the Feed Throat section. This happens automatically into the extrusion 

screw by gravity. However this section also represents the beginning of the feeding 

section of the barrel where the extrusion pressure should be build-up. 

By comparison of the constructed low cost Feed Throat Section with a commonly 

used one, there is missing a special water cooling system which prevents a 

temperature rise of the polymer. If the heat at this area of the extruder is already high 

the polymer sticks on the screw surface and causes solid conveying problems. To 

increase the friction of the plastic material to the barrel surface some extruders have 

additional grooves on the surface of the Feed Throat Section as to seen at Figure 

3-12. This feature can improve the high pressure build-up capability (Rauwendaal, 

1990).  

 

Figure 3-12: Grooved Feed Throat Section (Rauwendaal , 1990) 

The low budget extruder does not have such features like grooved sections but if the 

demands on filament conveying rate are not so high the pressures which has to be 

generated could be lower. The realized extrusion unit is made out of a simple steel 

pipe which is sliced in the middle and the hopper, which is out of sheet metal, is 

welded onto this wide opening.  
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At each end of the pipe clutches are welded to be able to connect the heating section 

at one side and the bearing section on the other side (see Figure 3-13).  

  

Figure 3-13: Hopper and Feed Throat Section  
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3.2.6. The Bearing Section 

The Bearing Section is used to clamp the Wood Auger 

into the extruder pipe. A proper bearing is quite 

important for a correct function of the extruder. The 

auger has to be aligned so that there is no friction 

between the auger and the pipe. Also very important 

is that the axial and radial forces through the extrusion 

process are intercepted by the Bearing Bush. For the 

absorption of the axial forces 4 mm thick dowel pins 

are implemented. In radial direction and an additional 

ball bearing provides for enough leading and reduction 

of friction. The drawing below shows the cross section 

of the Bearing Section however without the two ball 

bearings (10x19x5) which are sitting on the right side 

of the Bearing Bush. The outer diameter of the standard ball bearing is however 

smaller than the inner diameter of the pipe which has 20 mm. So a thin adapting 

bush was used to fit in the bearing into the pipe. For the minimization of the 

 

Figure 3-15: Bearing Section 

          Figure 3-14: Bearing Bush  
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friction between the auger and the Bearing Bush the choice of materials was the 

usage of a brass bush (see Figure 3-14 at p. 21). The auger itself is thereby centred 

inside of the extruder barrel by the cone of the bush. The conical surface area is 

thereby also the slide surface which is to be greased and where the axial forces of 

the auger are absorbed. For keeping the auger in position the Auger Holder (see 

Figure 3-16) is fixed on the auger shaft by a grub screw. Another task of this Auger 

Holder is the bearing of the pulley for the speed measurement of the wood auger. 

More information about that is described at chapter 3.2.7. 

 

 

Figure 3-16: Auger Holder  
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3.2.7. The Drive Section 

The Drive Section consists basically of two mounting angles, which are screwed 

together as seen in Figure 3-17. At the right mounting angle the geared motor is fixed 

by hexagon socket bits. The geared motor (942D Series of MFA) itself has a very 

high transmission from the motor side to the output shaft of the gearbox of 512 to 1 

and generates next to a high torque a rotational speed range from 0 to 32 rpm over 

the voltage range of 4.5 to 15V. The output shaft of the gearbox is connected to the 

wood auger over a brass clutch. The clutch however is built up out of two disks where 

the rotational force transmission is done over a small shear pin. This measure should 

reduce the possibility of a bursting gearbox output shaft, which could accidently 

happen through a blocking of the extruder shaft. However under normal conditions a 

software current limiter prevents the appearance of such a situation.  

 

Figure 3-17: Drive Section 

On the left side of the clutch there could be seen the large pulley (27 teeth), which is 

mounted on the Auger Holder bush and is used to transmit the auger speed over the 
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tooth belt to the smaller pulley (14 teeth), which is fixed on the shaft of the speed 

encoder. Only this kind of speed measurement is possible because the motor shaft 

has no excess length to mount an encoder on it. Through the different pulley 

dimensions however it is possible to increase the rotational speed at least by the 

factor of 1.9 and enables the encoder to measure more impulses per turn of auger. 

The speed control system which was realized in Labview needs as much speed 

impulses per time interval as possible to be able to react fast to speed changes. 

Therefore a high resolution rotational speed encoder is applied, which generates 512 

impulses per turn. Next to the rotational speed the encoder is also able give binary 

information about the rotational direction and enables therefore the control system in 

the case of a wrong turning direction error to stop the machine. 

 

Figure 3-18: Conntector Plate Drive Section  
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4. Electrical and Electronical Construction and Components 

4.1. The Electrical Construction Tool SEE Electrical 

The student version of SEE Electrical V4R1 from IGE+Xao is a computer aided 

design tool for the construction of wiring plan for electrical assemblies. It offers the 

designer a comprehensive component library and relieves the built up of complex 

circuitry. For the extruder unit this tool is used to clarify the electrical connections 

between all actuator and sensor components to the Power Electronic, the 

Measurement unit or other electrical components (see Figure 4-1).  

 

Figure 4-1: SEE Electrical Connection Plan of the Extrude r 
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4.2. The Electronical Circuit Construction Tool Eagle 

The computer aided design tool Eagle Light from CadSoft is used for the layout 

construction of the printed circuit board for the Power Electronic and Measurement 

Unit. With the support of a component library the electronic circuit development is 

becoming faster. The first step thereby is the drawing of the electronic circuit with the 

layout editor. Then the program enables the user to project the parts and connections 

layout onto a printed circuit board layout. In connection with the extruder unit project 

this CAD-Program is used for the design of the Power Electronic and Measurement 

Unit (see Figure 4-2). 

 

Figure 4-2: Eagle Layout Drawing of Power Electronic a nd Measurement Unit 

  



 

 

4.3. Electrical Drive Circuit

The heating up of the two Heating Wires but also the drive of the extruder wood 

auger is done by a PWM (Pulse Width Modulation) 

produced by the Labview control system and physically 

over the digital output of the used National Instrument 6009

PWM-Signal is used to actuate Pow

where the 15V power supply circuit is getting closed or opened. In series to the 

transistor there is to see in 

limits the current in the case of an error. 

auger screw motor is not a pure resistive load a Schottky

to it and protects all other electronic devices from the danger of overvoltage through 

self-induction processes. The same task has therefore the Z

transistor Q and the current measurement resistor RM

applied voltage to maximum 16V. The current measurement resistor RM 

implemented just for the motor current measurement and not for the heating wire

circuits, because the motor cu

Figure 4-3: PWM-Signal Drive Circuit 

Electrical Drive Circuit 

The heating up of the two Heating Wires but also the drive of the extruder wood 

auger is done by a PWM (Pulse Width Modulation) signal, which is software 

produced by the Labview control system and physically (5V TTL-Signal) 

over the digital output of the used National Instrument 6009-USB I/O

Signal is used to actuate Power MOSFET-Transistors as seen in

where the 15V power supply circuit is getting closed or opened. In series to the 

in Figure 4-3 the load resistor “RL” but also a fuse which 

e case of an error. Since the heating wire but also the wood 

auger screw motor is not a pure resistive load a Schottky-Diode is parallel

and protects all other electronic devices from the danger of overvoltage through 

The same task has therefore the Z-Diode

transistor Q and the current measurement resistor RM (=0.47Ω), which limits the 

applied voltage to maximum 16V. The current measurement resistor RM 

implemented just for the motor current measurement and not for the heating wire

the motor current value is used for the motor torque limitation

 

Drive Circuit  
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The heating up of the two Heating Wires but also the drive of the extruder wood 

signal, which is software 

Signal) generated 

USB I/O-Interface. This 

Transistors as seen in Figure 4-3, 

where the 15V power supply circuit is getting closed or opened. In series to the 

but also a fuse which 

Since the heating wire but also the wood 

Diode is parallel-connected 

and protects all other electronic devices from the danger of overvoltage through 

Diode in parallel to the 

, which limits the 

applied voltage to maximum 16V. The current measurement resistor RM is 

implemented just for the motor current measurement and not for the heating wire 

rrent value is used for the motor torque limitation.  
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On the other side the Filament Transport Rack Motor and the 

Fan for the filament cooling system is driven by a simple 

voltage divider circuit as seen at Figure 4-4. By adjusting the 

potentiometer the speed of each motor could be matched as 

desired.  

  

Figure 4-4: Voltage Divider  



 

 

4.4. Electrical Sensor Circuit

For the measurement of the heater temperatures a NTC

from EPCOS with an input temperature range from 

circuit with a 660Ω resistor

is adjusted to the operating temperature of th

that the NTC-Thermistor value is 

resistor value of about 660

5V, which lies in the middle of the measuring 

card. This enables a precise measurement of the barrel

working temperature.  

Figure 4-5 : Temperature Measurement Circuit

 

 

 

Electrical Sensor Circuit 

For the measurement of the heater temperatures a NTC-Thermistor 

with an input temperature range from -55 to 300°C is applied in a series 

 resistor (see Figure 4-5). This 660Ω measurement resistor 

is adjusted to the operating temperature of the extruder of about 195°C. That means 

hermistor value is at working temperature equal to the measurement 

resistor value of about 660Ω and that leads to the breakpoint input voltage of about 

which lies in the middle of the measuring input voltage range of the I/O

enables a precise measurement of the barrel temperature around the 

 

: Temperature Measurement Circuit  
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hermistor (100kΩ at 25°C) 

is applied in a series 

 measurement resistor value 

e extruder of about 195°C. That means 

equal to the measurement 

and that leads to the breakpoint input voltage of about 

range of the I/O-Interface 

temperature around the 
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By consideration of the rotational speed measurement of the wood auger extruder 

screw replacement the task of the Power Electronic and Measurement Unit is next to 

the 5V power supply of the speed encoder the forwarding the rotational speed 

information to the inputs of the I/O-Interface. The rotational speed encoder from 

Bourns has a quite high resolution of 512 impulses per rotation and delivers also a 

rotational direction signal.  

 

Figure 4-6: Rotational Speed Encoder 

 

  



 

 

 31 

4.5. The I/O – Interface 

The Input / Output-Interface NI USB-6008 or 6009 from National Instruments is a 

beginer I/O-Interface, which is connected to the computer over an USB-Cable (see 

Figure 4-7). All devices of National Instruments could be easy implemented into the 

Labview software environment by predefined drivers. For the management, 

configuration and calibration of each device the Measurement & Automation Explorer 

(MAX) could be used and relieves the handling with the device. Once the I/O-Device 

is activated and configured, each digital and analogue port could be addressed 

directly over function blocks at the Labview development environment.  

 

Figure 4-7: I/O-Inteface NI USB-6008 (University Osn abrück) 
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4.5.1. General Equipment of the beginner I/O-Interface NI USB-6008/6009  

The deployed I/O-Interface has 8 analogue inputs (4 at differential operation) and 2 

analogue outputs. The resolution for those ports is at least 12 bit except if the NI 

USB-6009 version is applied where the analogue input resolution is even 14 bit (see 

Figure 4-8). Furthermore the I/O-Interface has 12 digital in/outputs next to a counter 

input which can also be used as a trigger input. The power supply for the interface is 

thereby delivered over the USB-Port and enables the control of a small load like the 

MOSFET-Transistors for the heater and extruder screw drive.  

 

Figure 4-8: Device Block Diagram (National Instrume nt User Guide, 2004) 

 

4.5.2. Limitations and Restriction through the I/O-Interface 

The main disadvantage of the applied NI USB-6008/6009 I/O-Interface in connection 

with the extrusion unit is the missing hardware Pulse Width Modulation (PWM) 
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output. Therefore the generation of a PWM-Signal is just with restriction possible by 

using the digital outputs of the I/O-Interface. The digital output tick rate frequency is 

limited to about 1 kHz so that for a PWM-Period of 100 ticks is about 100ms long. 

The long period T is a problem, especially for the extruder screw motor control when 

the duty cycle D (D = τ / T) is very low. Then the motor becomes stuck because the 

motor already reduces the speed during the current interruption of the control signal. 

Later generations for the extruder unit, which will be controlled over a microcontroller 

will not have this problem, because every standard microcontroller has implemented 

fast PWM-Output ports.  

 

Figure 4-9: PWM-Signal  
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5. Controlling 

5.1. The programming Software LabVIEW 

The name LabVIEW stands for “Laboratory Virtual Instruments Engineering 

Workbench”. This basically graphical development environment from National 

Instruments could be used to generate so-called Virtual Instruments VI at the PC and 

enables inter alia the gathering, evaluation and visualization of measuring input data 

but also for the generation of output data. In connection with an Input/Output – 

Hardware Interface the LabVIEW – Software is able to interact with physical devices 

like actuators and sensors. 

5.1.1. Introduction LabVIEW Example 

The programming environment in Labview in general could be divided into two areas. 

The first area is the “Front Panel” programming surface as seen at Figure 5-1. Here 

programmers are able to place all indicators and controls of his program. The range  

 

Figure 5-1: Front Panel of Sinus Voltage Output Genera tor 
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of indicators goes from simple boolean flashing light and numerical indicator up to 

complex waveform graphs with extensive configuration menus (see Figure 5-1 at  

p.34). But also for the control functionality buttons, switches, numerical and textual 

entry elements could be used to supply the logical part of the LabVIEW-Software with 

control and configuration information. When the created VI also wants to be used as 

a Sub-VI that means as a subprogram the terminal connection enables the data 

communication between main- and subprogram. Control elements but also indicators 

could be linked to the terminal which is place at the upper left edge of the front panel 

window.  

The second part of the programming environment is the aforementioned logical 

programming area and is called “Block Diagram” (see Figure 5-2). All control and  

 

Figure 5-2: Block Diagram of Sinus Voltage Output Gen erator 

Indicator blocks from the front panel are here figured as small rectangular symbols in 

different colours. These colours indicate the different data types the constructed 



 

 

 36 

blocks are from and also for the data, which are transmitted over the connection lines 

between logical blocks (orange = double, blue = integer, green = Boolean, purple = 

physical channel ... etc.). The line thickness displays the data structure, which is 

transmitted over the line (single value = thin line, array = thick line). 

 

Figure 5-3: Logical Block of Sinus Voltage Output Gen erator 

On closer examination of the logical block above it can be seen from left to right at 

first the different control blocks like Minimum- and Maximum Value of the output 

voltage signal but also the Physical Channel integration, which is in this case as an 

analogue output. The address of the output is thereby also set at the front panel 

window (see Figure 5-1 at p.34). The next universal configurable block which is 

called “DAQmx Create Virtual Channel.vi” specifies the Physical Channel as an 

analogue output followed by the “DAQ Start Task.vi” which is necessary to get into 

the running state to begin the signal generation. Bellow these blocks there is to see 

the Sinusoidal Pattern array which delivers the pattern of the sinusoid waveform once 

to the indicator “Array Data” but also to the “Index-Array” – block, which is used to 

obtain access to each element of the array. This periodical access to the array is 

done over a while loop, which is represented as a solid bounding box. The index for 

the access to the “Index Array” is thereby generated out of the loop index “i” and a 

modulo 1000 operation. All elements inside the bounding box are executed 

periodically. The time interval is also adjusted by the control block “Software Loop 
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Time (ms)”. The while loop could be stopped by pressing the stop button or by the 

occurrence of an error status. Both signals are connected over an OR-operation to 

the stop symbol and can cancel the while loop operation. After adding the offset 

value to each single array value the analogue output sample is delivered to the 

“DAQmx Write” – block as seen at Figure 5-4 and this block writes a floating-point 

sample to the task that contains a single analogue output channel. This “DAQmx 

Write” virtual instruments block is universal and can be configured for different  

 

Figure 5-4: DAQmx Write Block Context Help 

ana-logue but also digital output applications. Finally the “DAQmx Clear” - virtual 

instruments block aborts running tasks if necessary and releases any resources 

which are reserved. The last “Simple Error Handler.vi” is used for prompting error 

messages in the case of an occurring error.  
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5.2. The User Interface of the Extrusion Program 

The control of the extrusion process is done over the front panel of the LabVIEW – 

programming environment as seen below. The user interface is built up so that the 

buttons and indicators for the basic functions are placed at the upper part of the 

interface. It consists of basic control buttons like Start Automatic, Controlled Stop 

Sequenz and Cooling down but also of the Emergency Stop button, which stops 

 

Figure 5-5: User Interface Extrusion Unit 

every working process which could lead to a dangerous situation. Furthermore the 

general state of the extruder, but also of the main components like the Heaters and 

the extruder screw motor, are indicated separately. Additionally the Timer indicates 
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the working time of the actual state of the extruder. The indicators and control 

elements at the bottom half are divided into the three timed states, which are the long 

Heating Up state, the Slow Speed state and the very short Cool Down state. Next to 

the heating up time both heating section aim temperatures could be adjusted 

separately and the currently measured temperature is indicated. The indicator Aim 

Temperature Not Reached shows if both heating sections have reached their aim 

temperatures at least inside the range of 10°c. Thi s condition is next to the elapsed 

heating up time the second requirement for the start of the extrusion motor. The three 

states, where the extruder motor is running, which are the Low Speed, Normal 

Working and Cool Down state the velocity of the motor could be adjusted individually. 

Thereby the motor parameters like the motor current and the turning direction are 

monitored. The motor current protection avoids damage of the motor but especially 

the damage of the gearbox output shaft which cannot resist high torque forces.  
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5.3. The Main Structure of the Extrusion Program 

The main structure of the program of the extrusion unit consists of four parallel 

processes, which are starting to work after pressing the run or run continuously 

button of LabVIEW development environment as seen in Figure 5-6. The 

parallelization is necessary to produce processes with reduced and even cycle times. 

All the communication between the parallel processes is thereby done mostly over 

local and sometimes global variables. The local variables are thereby defined at the 

LabVIEW Front Panel as a control or indicator element. Global variables however are 

defined in an own VI (= Virtual Instrument or subprogram) and could be accessed 

from every point of the program and have to be treated delicately. The realized 

Figure 5-6: Main Structure of the Extrusion Program  
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Producer Loop is responsible for the generation of the state machine messages, 

which are sent to the State Machine Loop after the occurrence of an event. An event 

could be generated by pressing a Front Panel machine control button. The State 

Machine Loop, however, is used to generate the program sequence of the extrusion 

unit. Therefore the state machine is communicating with the Process Control Loop to 

obtain extruder status information or to transmit process control parameters. The 

Process Control Loop itself evaluates the sensor input values from the Input/Output-

Interface and generates suitable duty cycle signal to minimize the control error. The 

duty cycle signal is then converted at the Output Signal Generation Loop into 

equivalent PWM (Pulse Width Modulation) output signal. In the case of an error 

however all outputs for the motor and heater control could be reset by the implement 

software emergency stop circuit (Stop Signal lines as seen at Figure 5-6 at p.40).  

  



 

 

 42 

5.4. The Producer and State Machine Loop 

The task of the Producer Loop is to wait for an event which could be generated by 

pressing a button at the front panel and doing a job such as en-queuing a machine 

state message element or the reset of other front panel control elements (see Figure 

5-7).  

Figure 5-7: Structure Producer Loop 

This message element is then sent over message string data bus (see Figure 5-8) to 

the State Machine which changes its state if designated. 

 

Figure 5-8: LabVIEW Producer Loop 
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The realized State Machine Loop (see Figure 5-9) contains the different states of the 

extrusion process and each state is used to assign specific process parameters to 

the Process Control Loop. After the initialization the state machine is waiting for the 

Automatic Start event at the Machine Stop State . 

 

Figure 5-9: Structure State Machine Loop 

By arriving of the start message the extruder is beginning to heat up the extruder 

barrel. The condition for starting the extruder screw motor is a successful elapsed 

heating up time but also that the measured barrel temperatures, which have to be in 

the range of ± 10°c around the aim process temperat ure. After reaching the Slow 
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Speed State the motor starts to turn slowly. At this time the turning direction and 

current measurement is active and stop the extrusion process in the case of an error. 

The Slow Speed Mode is being used to have enough time to thread the outgoing 

filament into the filament transport rack. After reaching the Normal Working State the 

filament is produced with a constant speed until the Controlled Stop and Cool Down 

Sequence is initialized by pressing the corresponding button at the front panel. All 

realized operating modes however could be interrupted by the implemented 

emergency stop button and leads to a reset of all actuator control outputs and the 

state machine returns to the Machine Stop mode.  

 

Figure 5-10: LabVIEW State Machine Loop 

In connection to LabVIEW the state machine was built up with several nested case 

structures (see Figure 5-10), which are used to read the process queue messages 

and decide which case or state should be executed. Each state however has entry, 

execution and transition actions. The entry action part is used to set parameters, 

which are necessary for the entry state. The execution action however includes the 

real processing action and is realized mostly by a while loop inside of a sequence, 

which is used to generate the timer for each state. The timer loop is interrupted by 
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reaching the end of process time but also by important events like pressing the 

emergency stop button. Another execution action is the set of all process parameters 

like the extrusion motor speed for the reached state or even the activation of the 

control process like starting the heater control as seen at Figure 5-11.  

 

Figure 5-11: State Machine Execution Action Part 

Finally the next state is set by the choosing the appropriated ring constant value 

“SlowSpeedState” as seen above. The transition action which follows the execution 

action is used to check if all conditions for changing into the next state are fulfilled 

(see Figure 5-12 at p.46). Otherwise for example if the aim temperature for the 

extrusion process is not reached or if the emergency stop is active, the state machine 

alternates back to the Machine Stop state. In addition to switching the ring constant 

into the appropriated state, a string message “MachineStop”, as seen below, has to 

be added at the state machine queue.  



 

 

 46 

  

Figure 5-12: State Machine Transition Action 
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5.5. Process Control and Output Generation Loop 

The Process Control Loop as seen in Figure 5-13 includes several processes which 

are executed repeatedly, when the LabVIEW program is started. The first executed 

task is thereby the Parallel I/O-Read task, which consists out of two processes. One 

of them reads out the analogue voltage inputs for the heater temperature 

measurement (see Figure 4-5 at p.29) and the current measurement of the extruder 

DC-Motor. The second process of the “I/O-Read.vi”  

 

Figure 5-13: Process Control Loop 

however reads out the digital input of the motor direction recognition, but also the 

motor speed impulse signal which is recorded over the counter input of the I/O-

Interface. The following five virtual instruments VIs (= partial programs), which were 
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implemented for the heater and extrusion motor process control, are executed in 

parallel (see Figure 5-14). They consist partially out of several sub - VIs, which work 

sequentially with each other and calculate the required output values for the process 

control. All output values of the Process Control Loop, which are used for generating 

a PWM-Signal at the Output Signal Generation Loop, have the form of a duty cycle 

signal value. However not only a duty cycle signals are generated inside of Process 

Control Loop. Very important variables like the Emergency Stop variable, which is set 

through motor monitoring process VIs, are essential for a safe extrusion process.   

 

Figure 5-14: LabVIEW Process Control Loop 

The Output Signal Generation Loop itself is used to convert the duty cycle signal 

value into a PWM-Signal (Pulse Width Modulation Signal), which controls the I/O-

Interface MOSFET-Transistors on the power electronic board. The second task of 

this loop is the reset of all digital output in the case of an error (see Figure 5-15).  

Five parallel sub-VIs Motor monitoring VIs 
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Figure 5-15: Output Signal Generation Loop 

 

 

 

5.5.1. The Extrusion Motor Control 

The Extrusion Motor Control consists of the Motor Current Control, the Turning 

Direction Control and of course the Motor Speed Control. The Motor Current Control 

is used to limit the motor current and prevent an overload of the gearbox. For the 

PWM-Signal controlled motor it is necessary for the motor current calculation to 

monitor the voltage at the current measuring resistor over at least one period of the 

PWM-Signal. Then out of the calculated effective voltage at the measuring resistor 

the motor current can be calculated and compared with a current limit value. The 

implemented motor Turning Direction Control however uses only the binary direction 

signal from the motor speed encoder and compares it with the desired anticlockwise 

turning direction of the wood auger. The central control of the Extrusion Motor Control 

is the Motor Speed Control. Before the speed signal, which is monitored by the 

counter input of the I/O-Interface, is processed by a PID-Controller, the impulse rate 

value from the “Parallel I/O- Read.vi” is converted into a RPM (Revolutions per 

minute) value of the Auger. Then the speed signal is transmitted to the built up PID-

Controller as seen below. Hereby predefined library function blocks from LabVIEW 



 

 

like the “Integral Gain – series.vi” and the “SIM PID Derivative 

combination with a self-programme

Figure 5-16: LabVIEW Academic PID

This limitation constrains the activation of the integration block at a specific range 

around the set point and 

controlled system is slow. The output value of the PID

to limits of 0 and 1 of common 

as the proportional gain, the integral and derivative time but also the integration 

range around the set point could thereby be adjusted over the front panel of the 

motor speed controller VI as seen at 

indicator element gives the user a feedback of the actual control state.

configuration parameters 

approximation until a stable speed control 

series.vi” and the “SIM PID Derivative Gain.vi” are

programmed integration range limitation. 

Academic PID -Controller for the Motor Speed Control 

limitation constrains the activation of the integration block at a specific range 

 reduces the danger of too high integration

. The output value of the PID-Controller is finally normalized 

common a duty cycle signal value. The control parameter

oportional gain, the integral and derivative time but also the integration 

range around the set point could thereby be adjusted over the front panel of the 

motor speed controller VI as seen at Figure 5-17 at page 51. The added motor speed 

indicator element gives the user a feedback of the actual control state.

 of the motor control are determined by an empirical 

stable speed control is reached. The moto
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Gain.vi” are applied in 

 

limitation constrains the activation of the integration block at a specific range 

high integration when the 

Controller is finally normalized 

The control parameters such 

oportional gain, the integral and derivative time but also the integration 

range around the set point could thereby be adjusted over the front panel of the 

The added motor speed 

indicator element gives the user a feedback of the actual control state. The 

of the motor control are determined by an empirical 

reached. The motor control of the 



 

 

 51 

extrusion process appears quite difficult, because at one side the motor is working 

much time at its limit and an acceptable speed control is just possible, if the system 

has enough power reserves. On the other side the PWM-Signal, which is used to 

control the motor voltage, is not generated by an analogue or digital output with the 

support of a hardware timer module, which are available at more expensive I/O-

Interfaces. Instead a software timed digital output of the beginner I/O-Interface is 

used to generate a PWM-Signal control for the motor. This leads to limitations in 

terms of the pulse width modulation frequency of about 10Hz by the usage of 100 

output samples per PWM period.  

 

Figure 5-17: LabVIEW Front Panel of the PID-Controller for the Motor Speed Control 

  



 

 

5.5.2. The Heater Control 

The realized Heater Control for both heating zones is build up as seen in 

below. The first task of the sequence is that the

Figure 5-18 : LabVIEW Heater Control Sequence

the measurement of the voltage values over the I/O

circuit with the NTC-Thermistor element

temperature value for the further controlling process

Figure 5-19 : Temperature_Measurement_Heater.vi

 

Control for both heating zones is build up as seen in 

below. The first task of the sequence is that the voltage array, which was created by 

: LabVIEW Heater Control Sequence  

the measurement of the voltage values over the I/O-Interface at the voltage divider 

Thermistor element (see Figure 4-5 at p.29), is converted into a 

temperature value for the further controlling process (see Figure 5-19

: Temperature_Measurement_Heater.vi  
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Control for both heating zones is build up as seen in Figure 5-18 

voltage array, which was created by 

 

Interface at the voltage divider 

, is converted into a 

19).  
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This is done over an interpolation of the voltage array values with a predefined look 

up table. The second task of the Heater Control sequence is the “simple_PID.vi” 

controller. The control parameters are also estimated empirically and has led to a 

quite nearly stationary temperature state with just small deviations of about ± 3°C. 

The simple PID-Controller differs from the applied PID-Controller for the motor speed 

control (see Figure 5-16 at p.50) in terms of the modularity and complexity. The 

“simple_PID.vi” is build up with a stacked sequence structure as seen at Figure 5-20 

and each sequence of the stack is used to calculate for example one part of the 

finally summarized PID-Values as seen below. The academic PID-Controller for the 

motor speed control (see Figure 5-16 at p.50) however has dedicated virtual 

instrument VI components like the “Integral Gain – Series.vi”, which have more 

configuration parameters like for the simulated discretisation of the system.  

 

Figure 5-20: LabVIEW Simple PID Controller 

The last task of the Heater Control sequence structure as seen in Figure 5-18 on 

page 52 is to evaluate if the aim temperature for the extrusion process is reached. If 

the temperature of both heating zones is between the tolerances of about ±10°C an 

enable signal is generated and the next process can start.   
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5.5.3. The PWM-Signal Generator 

The “PWM_Generator.vi” is used to generate a Pulse Width Modulated PWM time 

signal out of a delivered duty cycle time value. The section at Figure 5-21 of the 

program shows how the duty cycle value is transferred into an array with 100 

Boolean values and then output of each array value at a time to the digital output of 

the I/O-Interface.  

 

Figure 5-21: LabVIEW array generation section of the PWM-Signal Generator VI 

In the figure below it can be seen how the three for a PWM-Signal used digital 

outputs are assigned inside of the output loop to the Digital I/O-Array and sent to the 

DAQmx write block. The problem with this kind of signal generation is however the 

low software timed output sampling frequency and that leads to a lot of restrictions as 

already discussed in Chapters 4.5.2 and 5.5.1.  

 

Figure 5-22: LabVIEW digital ouput write sequence of the PWM-Signal Generator VI  
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6. Conclusion 

The build-up of the low cost HDPE plastic extrusion unit for generating a filament 

for 3D-Printer applications has posed a great challenge, where the first task has 

been to design the mechanical and electronical construction of the system. For 

the reduction of the extruder cost the usage of standard parts has been fulfilled 

with the following restriction, that most of the parts have had to be machined to 

adapt them to the extrusion unit. However many parts such as the steel pipe as 

conveying barrel or the wood auger as extrusion screw are available at speciality 

stores or over the internet. The development of the mechanical parts has taken 

place by applying the CAD-Software Solid Edge. After the build-up of a 3D-Model 

the 2D derivation has been used to define the exact dimensions and with the aim 

of keeping the design simple for the manufacturing. The electronics and electric 

for the extrusion motor and heater has also been kept as simple as possible to 

reduce the cost. Therefore those actuator elements are PWM (Pulse Width 

Modulation) controlled over cheap MOSFET – transistors, which are accessed at 

this first prototype of the extruder by a beginner Input/Output – Interface of 

National Instruments. This interface, which is also responsible for the sensor 

signal processing, communicates with a PC-System where the controlling of the 

extrusion process is done. The applied LabVIEW software is becoming more and 

more popular as a development and control environment. Relatively complex 

software structures such as control loops could be built up quite quickly and on a 

graphical programming platform. However for LabVIEW beginner it could be 

relatively complex to realize more than just simple program structures without the 

support of the LabVIEW program examples. However the support with example 

software and also the technical online support is commendable. The control of the 

extrusion unit is thereby realized with a state machine structure, which is triggered 

by events from user operating elements but also from timer events. Apart from 

this the control process for the two implemented heating zones for heating up the 

extrusion plastic material to become molten and the motor control for the 

extrusion wood auger screw replacement to convey the polymer is done in extra 

LabVIEW structures. All realized structures are aimed to be processed in parallel 

to each other, to keep the process time short and constant. The generation of a 
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suitable PWM-Signal for the actuator control however has shown itself to be quite 

difficult, because the applied I/O-Interface has not the feature of a hardware timer 

unit. This unit is necessary to generate a high frequent output control signal, 

which is important to get a good equivalent rectified voltage. Therefore the speed 

control for the extrusion motor in particular has shown to be sensitive and 

obtaining a constant motor speed has been quite difficult. Next to the control 

software of the low cost extrusion unit the drawings for the electronics and electric 

is also supported by computer-aided software tools. The construction of the power 

and measurement electronic has been done with the endorsement of the 

widespread Eagle Light version from CadSoft, so that a circuit board layout 

derivation could easily be created for future versions of the extrusion unit. The 

realized electronics for the first version of the extruder has been done however on 

the base of a development board where all electronic components could be 

pinned on. The extruder unit itself is thereby interconnected to the control 

components over a plug interfaces to facilitate the activation of the whole system. 

The electrical connection plan which is therefore necessary has been created 

using the computer aided school version of SEE-Electrical. 

After the assembling of all hardware and software components the first tests with 

round industrial granulate has followed. The result, especially with the revised 

second version of the extruder die, has shown to produce a quite good polymer 

filament. The additionally constructed filament leading rack device has led to and 

an evenly motor force supported removal of the produced filament with a constant 

speed. The liquid plastic output is not a hundred per cent even so there is still 

optimization demand. Also the perfect roundness and thickness of the extruded 

material is not always given but could eventually be improved through a better 

cooling system with an aimed cooling of the filament quite close to the die output 

and from all sides simultaneously. The heater control of the low cost extrusion unit 

is working quite well and deviates only a few degrees around the set point. After 

test with the industrial polymer granulate a test with shredded plastic milk bottle 

pieces was done. The result of this test is that a general melting and extrusion 

process is possible with the bottle pieces. However the extruder motor started to 

struggle during the material transport. Evidently more driving power is necessary 
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for the conveying of the flat and angular bottle pieces than the built-in 22 W 

geared motor can deliver. Probably the flat pieces could fall into the clearance 

between the auger and the barrel and potentially block the auger movement. 

Another reason could be that the angular milk bottle pieces entangle each other 

and generate a very high resistance against the auger rotation. This could lead to 

a sudden rise in pressure and to an increased volumetric output of the extruder. 

So for further tests with milk bottle pieces the motor has to be changed against a 

stronger version with a higher torque especially at higher speed of the motor.  

The result of the test with the constructed low cost extruder unit has shown that 

for a future outlook the motor has to be replaced by a stronger version. Also the 

PWM-Signal generation for the actuator drive has to be improved either by 

replacement of the beginner I/O-Interface by one which is able to generate a 

highly frequent PWM-Signal or the usage of a microcontroller which already has 

an implemented hardware PWM-Output. Overall the built-up extrusion unit has 

shown a considerable performance and has high potential for further 

improvements. 
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Pos. Designation Order Nr: Purpose: Producer: Supplier: Piece:
1 Encoder EMS22D 1774824 Speed Measurement Extruder Motor Bourns Farnell 1
2 NTC-Thermistor 100k B57560G104F 3878697 Thermistor Sensor Heating Section Epcos Farnell 2
3 Nickel Chrome Wire 80/20 (22SWG) 714-1732 Heating Wire Heating Section RS 1
4 Kapton Tape 9mm     2061290 Insulator Heating Wirefor Heating Section Pro Power Farnell 1
5 MOSFET-Tansistor IRF1405Z 8657416 Heater and Motor Control Intern. RectifierFarnell 3
6 Resistor 4.7k 9343253 Pull-Up Resistor Multicomp Farnell 3
7 Schottky Diode 30V 15A (SR1503) 1863148 Interf. Suppression Diode for Load RL Taiwan Semi. Farnell 3
8 Z-Diode 16V 1651598 Farnell 3
9 Measuring Resistor 0.47Ohm 3W 1417217 Current Measurment Auger Motor Ohmite Farnell 1

10 Resistor 665Ohm 1751424 Measurement Resistor Heater Temperature TE Connectivit Farnell 2
11 Fuse Holder Block 10A 1680712 Fuse Holder for Motor and Heater Littlefuse Farnell 3
12 Fuse 8A 1360841 Heater Fuse Schurter Farnell 2
13 Fuse 4A 1360836 Motor Fuse Schurter Farnell 1
14 Potentiometer 100Ohm 8557519 Filament Rack Motor Speed Control Vishay Spec. Farnell 1
15 Geared DC-Motor 942D 512:1 1450-082 Extruder Screw Drive MFA Technorobots 1
16 Geared DC-Motor (BO-1, 1 :200) Filament Rack Motor vegarobokit 1
17 Pulley 27 Teeth 7092453 Pulley Encoder Drive Synchroflex Farnell 1
18 Pulley 14 Teeth 7092428 Pulley Encoder Drive Synchroflex Farnell 1
19 Drive Belt 260x10mm 7089820 Belt Encoder Drive Synchroflex Farnell 1
20 Measurement Bush Red 1854581 Connector Plates Hirschmann Farnell 3
21 Measurement Bush Black 1854580 Connector Plates Hirschmann Farnell 3
22 Plug, Flange Chassis, ASIG, 7Way 1831890 Connector Plates Lumberg Farnell 2
23 032099 07-1 - SOCKET, 7Way 1308844 Connector Plates Lumberg Farnell 2

Order Part List Extruder Unit
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