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PROJECT ABSTRACT: 

Production of a plastic based objects directly from a computer model, developed by 
CAD tools, has never been easier than today. The process of such production is very 
alike printing a text on a plain sheet of paper. Instead of using a ink or toner 
cartridges, this printing device uses melted plastic and an extruder. The  printing 
process is expanded by an extra dimension (height of printed object) and therefore 
this kind of printer is commonly called 3D printer.  

With that in mind, project team decided on developing a new and original type of the 
3D printer based on TI analog and digital components. In order to achieve a fully 
functional 3D printer  project team had to design and develop electronics circuitry and 
the PCB, mechanical construction supporting printing operations in 3D and a fully 
compatible system firmware. The guiding idea was to keep the total device price as 
low as possible, lower than today available  commercial 3D printers. Maintaining the 
same functionality as commercially available counterparts was an imperative. 

http://www.ti.com/lit/ds/symlink/drv8818.pdf
http://www.ti.com/lit/ds/symlink/tlc27l2a.pdf
http://www.ti.com/lit/ds/symlink/ucc383-3.pdf
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http://www.ti.com/lit/ds/symlink/tusb3410.pdf


 

Figure 1. 3D printing: from idea to real object. 

 

 

Figure 2. 3D printer. 

 

1. Introduction and Motivation 

Production of physical models designed 
by the user via computer software has 
never been easier. It is almost like a 
replication technology seen in different 
science fiction shows and movies. A 
three dimensional objects are created by 
the electromechanical device commonly 
called 3D printer. This device is very 
similar to the CNC machines, but unlike 
them the 3D printer starts with an empty 
workspace and uses different types of 
raw material for the desired object 
production. Layer by layer, step by step, 
designed digital model production is 
happening right in front of the designer. 

Today, the 3D printers are commercially available but their price is still too high and 
prevents this technology to be widely adopted. Nevertheless, there is a big and still 
growing DIY community related to the 3D printing. Although, there are complete DIY 
3D printer projects, project team has decided to build our own 3D printer, right from 
the scratch. Building completely new 3D printer enables better and through roughly 
understanding of this technology, presents challenge to improve already presented 
designs and gives us opportunity to participate in great and helpful 3D printing DIY 
community. 

The Texas Instruments Analog Design Contest gave encouragement to realization of 
the Low Cost 3D Printer project. The analog devices portfolio of the TI fits the needs 
of the 3D printer project in many ways. The motor control solutions as well as the 
wide range of analog signal conditioning devices makes design of the 3D printer 
more feasible and reliable. Furthermore, the low cost MSP430 platform presents 
great extension to the analog circuitry. 

2. Theoretical Background 

Figure 2 presents designed construction for 
3D printer. The three independent axis 
control are used for the precision positioning 
of the extruder. The z-axis is controlled by 
two stepper motors in order to enable smooth 
extruder motion in z-direction. The position 
for the extruder is also denoted in Figure 2, 
as well as printer bed (surface on which the 
printing is performed). 

The most used material for an extruder 
based printing is plastic. The plastic itself 
comes in all different chemical forms and 
types. There are some types of plastic that 
have already become materials of common 
usage. These plastic types and their 



characteristic are presented in Table 1. The project team decided to support these 
types in this project.  

Table 1. Output voltage of the sensing circuit as function of temperature. 

material density [g/cm
3
] melting point [°C] melt density [g/cm

3
] extruding temp [°C] 

ABS 1.05 105 0.97 240 

PLA 1.43 160 1.20 180 

PP 0.90 160 0.70 180 

 

Different melting and extruding temperatures are important for the material self 
bonding process. Extruding temperature has to be in relatively  narrow range in order 
to avoid problems related to the material overheating and chemical breakdown. 
Based on the values presented in Table 1 extruder and its heating has to be carefully 

designed. The extruder is commonly designed as nozzle having extruding diameter 
0.2-0.4 mm and cca. 30 W hollow cylindrical heater with a temperature sensing 
element next to it. The selection of the temperature sensing element is governed by 
the temperature range to be measured and the linearity of the element response to 
the temperature. Due to the high linearity of resistance over broad range of 
temperatures and fair price of per unit an resistance temperature detector (RTD) 
element is selected. The RTD element uses a small diameter platinum core as 
sensing material. At the temperature of 0 °C its resistance R0 is  1000 Ω. The 
resistance of the RTD element for temperatures above 0 °C can be expressed as 
RT = R0·[1+3.91·10-3T-5.77·10-7T2]. From the presented expression the high linearity 
of temperature response is evident and therefore no linearization is required.   

Accurate motor control and high precision in operation of developed device were 
design imperatives. Both electrical and mechanical parts of the 3D printer have to 
enable high resolution printing of the order of a tenth of the millimeter. A bipolar 
stepper is used, as the conversion device between the electrical and mechanical 
energy. The bipolar stepper motor is cased in a housing made of magnetically soft 
metal containing a permanent magnet rotor and total of four cooper windings for 
stator. Because the rotor is close enough to the stator windings, the inducted 
magnetic field of a winding interacts with a magnetic field of a rotor. The reaction on 
stated interaction is a twitch of a rotor. If inducted magnetic field is strong and lasts 
long enough a twitch is then actually a shift of the rotor or one full step.  
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Figure 3. Basic principle of stepper motor rotational to linear motion conversion. 

Full step of a stepper motor is determined by the construction. The smaller the angle 
of the step, the higher is the precision of motor. The parameters of the stepper motor 
used in this project are listed in Table 2.  



Table 2. Electrical parameters of the stepper motor used in this project. 

Model Type Step  
angle 

Rated 
current 

Phase 
resistance 

Phase 
inductance 

Holding 
torque 

17HS8401 NEMA17 1.8° 1.8 A 1.8 Ω 3.2 mH 52 Ncm 

 

In Figure 3 basic principle of stepper motor control, and translation of rotational to 
linear motion is presented. Applying the control signals in predetermined order (full-
stepping or half-stepping) on A,B and C,D windings produces stepping of the rotor. 
For the step angle of 1.8°, 200 steps must be performed in order to make whole 360° 
rotor turn. The motor controller and its implementation are discussed in the following 
chapter. Conversion of rotation to a linear shift is made by the trapezoidal lead screw. 
One full rotation of the selected lead screw results in a 4 mm linear shift. Therefore, 
the one step of the motor (1.8°) results in linear shift of 0.02 mm. The next important 
parameter of the motor is the motor torque (Table 2). The motor torque depends on 
the current rating as well as the voltage. Higher the winding current or supply voltage 
the higher is the torque. Nevertheless,  torque of the bipolar motor depends on the 
number of revolutions per minute (RPM). As the RPM value increases the torque 
decreases.  

3. Implementation 

In Figure 4 block diagram of the 3D printer is presented. Although the both analog 
and digital part of 3D printer will be described in following sections, focus is put on 
the analog part. The main analog parts of the 3D printer are: extruder heater control, 
printer bed heater control and stepper motor control. The digital parts of the 3D 
printer are represented by the microcontroller used for printing process control and 
for the communication with computer and SD card. 
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Figure 4. Block diagram of the 3D printer. 

3.1. Extruder Heater Control 

Fused filament fabrication (FFF) based 3D printing solutions demand high precision 
temperature control. Various plastic materials used in extrusion process have 
different melting point temperatures. For example, the Acrylonitrile Butadiene Styrene 
(ABS) plastic  melts at approximately 105 °C, while the polypropylene (PP) has the 



 

Figure 5. Temperature sensing circuit. 

 

melting point at 160 °C . For some materials even higher temperatures above the 
melting point, are used in order to obtain better extruding and to facilitate self 
bonding. All of the materials used for extruding production are limited with the 
maximal temperature. Overexposing materials to the maximal or even higher 
temperatures can lead to molecular deformation and material defection. 

Temperature regulation of the  extruder  
is developed as follows. The first part in 
regulatory chain is the temperature 
sensing which is realized by using 
RTD. The RTD element is 
characterized with highly linear  
transfer characteristic over broad range 
of temperatures. The linearization 
circuitry in this case is unnecessary, 
and if needed it can be easily realized 
by look-up table. The resistance of the 
RTD element rises with the 
temperature. RTD element is driven by 
a constant current source realized with TI TLC27L7 OTA. The constant current 
through the RTD element allows the voltage drop over RTD to vary proportionally 
with the change of resistance (temperature). The TLC27L7 was selected by the 
project team for its suitability for various project demands. First of all, TLC27L7 is a 
low power consumption component capable to handle single low level supply 
voltage. In this circuit design, a 3.3 V supply voltage was used. Second important 
characteristic is a low offset voltage necessary for the constant current stabilization in 
presented design. The zener diode V22 is used as a voltage reference. The trimming 
resistor R23 in Figure 5 is used for calibration of the  current at the temperature of 
0°C. The self power dissipation on the RTD element affects measurement accuracy, 
therefore it is advisable to use low current values . In presented design, the constant 
current is set to the value of  600 µA. In spite of the resistance change of RTD 
element, the constant current is kept constant by changing the internal resistance of 
the transistor V21. The selected package of the TLC27L7 contains two OTA which is 
also preferred by project team. Second OTA A2B in Figure 5 is used as an 
impedance transformer and as a common signal rejection device. The A2B part 
detects voltage drop across the RTD  and forwards detected value in ratio of 1:1 to 
the next element of the temperature regulation chain, the analog input of the MSP430 
processor. 

3.2. Stepper Motor Control 

The 3D printer requires separate control for three independent axis. Each of the 
controlled axis must have a high precision electronic driver. Mechanical part of the 
each axis is based on a precise bipolar stepper motor connected to a drive shaft via 
claw coupling. An additional driver and mechanics are used for the extruder. 

The stepper motor control is based on a TI DRV8818 . The DRV8818 is an improved 
version of the TI DRV8811. Main difference between these two devices is in the 
value of the ON-resistance of the  DRV8818 output MOSFET. A direct dependence 
of total power dissipation (TPD) over the device and ON-resistance is a critical 
parameter when running motors at higher levels of currents. Roughly calculated, 
difference of the ON-resistance between the two before mentioned devices is 0.6 Ω. 



 

Figure 6. Stepper motor control circuit. 

At the peak current value, TPD of the 
DRV8818 is 1.46 W and is lower by 2.37 W 
then it would be if the DRV8811 was 
selected. 

Both DRV8811 and DRV8818 are fully 
functional stand alone stepper motor 
drivers. The integration of various functions 
in single IC package decreases the 
requirements on the processor unit. The 
processor unit controls only three signals 
per driver. This allows minimal MSP430 
processor pin usage per driver device and 
that was one of the important parameters 
for a project design. Furthermore, the 
stepping sequence for the motor is realized 
by the DRV8818 internal step indexer logic 
which also reduces the computational 
burden on the processor unit. The DRV8818 
supports advanced current routing for motor windings realized by an integrated H-
bridge. Integration of the H-bridge inside the DRV8818 package reduce the number 
of external discrete elements and improves matching and thermal equilibrium 
between the transistors. The transistor switches used in the H-bridge are protected 
from the voltage spikes caused by turning the power off in a motor winding by the 
integrated fast schottky diodes. 

In Figure 6 the schematic of the single stepper motor driver is presented. The chop 
(peak) current is defined by the trimmer R18 connected in series with the resistors R19 
and R110. The ICHOP is calculated by an expression ICHOP = VREF / (8·RSENSE). In this 
case, the voltage VREF,min is 0.17 V, and the voltage VREF,max is 1.59 V. The minimum 
and maximum values of the voltage VREF define the currents ICHOP,min at  0.21 A, and 
ICHOP,max at 1.99 A. The current sensing resistors R11 and R12 have resistance of 
0.1 Ω. 

The activation of the driver is controlled by ACTIVE signal. The ACTIVE signal allows 
the processor to shut off the output stage of the DRV8818. During the period 
between two steps of the motor, the output stage is inactive. When the ACTIVE 
signal is low, all functions of the device are suspended and the device is in a low 
power state. Stepping of the motor is controlled with the rising edge of the impulses 
on the STEP terminal. The maximum stepping frequency of 500 kHz is defined by the 
device data sheet. The wake-up time is the time interval needed for the device to 
become fully active after the signal on the ACTIVE terminal is changed from a low to 
high, in order to prevent loosing step impulses or other irregularities. Selected value 
was experimentally confirmed as the correct choice. 

The signal on the DIRECTION terminal selects the clockwise or the counter 
clockwise rotation of the stepper motor. The direction of rotation is selected upon the 
terminal voltage level. The DRV8818 supports two current decay modes. In this 
project fast decay mode is selected. The mode selection is done by grounding the 
DECAY terminal. The full step indexing mode is selected by grounding terminals 
USM0 and USM1. 



 

Figure 7. "Mount-on-motor" driver for 

NEMA17  stepper motor. 

 

Figure 8. Power supply settling time simulation results. 

Due to the DRV8818 small package 
dimension and improved thermal 
characteristic of the PowerPAD package 
type, it is possible to integrate driver directly 
with the stepper motor. Project team 
developed a "mount-on-motor" driver to be 
used in the next generation of the 3D printer 
design. The PCB design presented in Figure 

7 is developed for the NEMA17 standard 

motor types.  

3.3. Power Supply 

In order to decrease total cost of the 3D 
printer design and construction, the +5V and 
+12V supply is realized using standard PC 
power supply connected through the Molex 
connector on the mainboard. The +3.3V 
power supply for the digital logic is realized using TI low dropout linear voltage 
regulator UCC383T-3. The UCC383T-3 has internal voltage reference for the fixed 
output voltage stabilization. The short circuit current is limited by the integrated 
protection circuitry.  

The special attention is given to the settling time simulation of the of the power supply 
voltage. The total capacity of 
the capacitors connected to the 
output of the UCC383T-3 is 
20.8 µF. Based on the power 
supply voltage, trace 
dimensions and the capacitive 
load on each trace, TINA TI 
transient simulation is 
performed. Simulation results 
are presented in Figure 8. The 
simulation resulted in settling 
time of 6 µs which has to be 
taken into account during the 
system start-up. 

  

3.4. Heater Electronic Switch 

The plastic melting process requires higher currents for driving the heater elements. 
Heating element is a resistance heating wire having the thermal contact with the 
extruder and the printer bed. The extruder heater drains the constant current of ~3 A 
@ 12 V and the printer bed current is ~1.2 A @ 12 V. The digital logic has 3.3 V 
supply, therefore the lower gate voltage power MOSFET IRL520 is selected as 
presented on schematic in Figure 9. The IRL520 can provide required heater current 
at 3 V of VGS. TPD for the selected MOSFET is 1.7 W for the highest current ratings. 
Small aluminum heat sink 28 °C/W is mounted on the transistor.  
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Figure 9. Heater electronic switch 

schematic. 

Based on the thickness of the copper for selected 
PCB and the maximal current ratings a conducting 
track width calculation was carried out. Inadequate 
or too small conducting track dimensions would 
increase conducting resistance and increase 
dissipation and temperature rise which may lead to 
serious PCB damage.  

3.5. Digital Control 

The design of a multi job device with high precision 
operations such as 3D printer requires careful 
microcontroller selection. Selected device must be 
able to handle all of the required operations within 
the desired time, must be an energy efficient and 
must support enough input or output terminals. Microcontroller parameters such as 
memory, clock frequency, data transfer options and other implemented functions are 
crucial for the selection decision. Also, this project requires a low cost solution for the 
microcontroller. The parameters of the selected microcontroller MSP430F5172 are 
presented in Table 3. 

Table 3. Important parameters of the microcontroller MSP430F5172. 

Freq  
[MHz] 

Flash 
[KB] 

SRAM  
[B] 

GPIO Timers DMA ADC  
[bit] 

ADC  
[ksps] 

USB USCI_A USCI_B 

25 32 2048 29 2 3 10 200 NO UART / SPI I2C / SPI 

 

Based upon the block diagram presented on the Figure 4 all printer functions handled 
by the microcontroller MSP430F5172 are, 

 motor control – 4 motors are controlled via ENABLE, STEP and DIRECTION 
signals 

 axis position readout – 'begin' and 'end' positions are detected on each axis 

 temperature readout and heater control – extruder temperature is 
measured and heating is controlled by PWM switching 

 keyboard – manual control for axis positioning 

 SD card data readout – block by block read function from SD data storage 
device 

 serial data connection – serial to USB  

 G-code parsing and processing – standard CNC G-code parser and data 
processing 

 JTAG support – debugging and reprogramming of the device firmware is 
supported 

The two modes of the 3D printer are selectable via mode select switch: "Manual" 
mode and "SD card" mode. In the "Manual" mode manual positioning of all axes is 
available through on-board keyboard. This mode is useful for debugging and 3D 
printer functionality check. In the "SD card" mode the initialization of the SD card is 
initiated and printing job starts instantly upon the first block of the G-code data is 
transferred to processors RAM via the DMA.  



 

Figure 10. Motor driver STEP signal and signal 

recorder on RSENS. 

Temperature sensing is performed by the internal 10 bit ADC. The processor 
independent data sampling and dual limit comparison are used to minimize the 
processor usage. The temperature sensing and PWM heater switching are both parts 
of the closed loop temperature control function. 

Internal timers are used for a control in generation of a clock signals for the STEP 
control. Also, a ramping function for the STEP control was implemented. Ramping 
function allows gradual increase of the motors RPM value thus is the mechanical 
straining of the parts and vibrating lowered to a minimum. 

The implemented firmware is originally developed as a GPL software for a non 
MSP430 microcontroller architecture. The project team was guided by the low cost 
design idea and a use of GPL software was a proper way of leading the project 
development. Even though the general software code was at team's disposal a 
tremendous work was carried out on the code rewrite for achieving the 
MSP430F5172 compatibility. Based on the functionality judgment of the newly 
developed code the project team decided that the recoded software distribution will 
stay under the GPL terms of use. 

4. Experimental Results 

In chapter 3.1 the hardware designed for measuring the heater temperature is 
presented and explained. The desired temperature of the heater is achieved as a 
closed loop regulation implemented in MSP430 microcontroller. According to the 
measured temperature the duration of the on and off states of the heater switch is 
varied. Table 4 presents the voltages measured by the microcontroller with respect to 
the extrusion temperatures. The measured voltage is linear function of temperature 
and therefore linearization is not needed. 

Table 4. Output voltage of the sensing circuit as function of temperature. 

Temp [°C] 0 50 100 120 150 180 200 220 240 260 300 

Voltage [V] 0.6 0.72 0.83 0.88 0.94 1.01 1.06 1.10 1.15 1.19 1.27 

 

An adequate parameters for driving the stepper motor have to be set in order to 
obtain necessary speed and motor torque. In presented design, maximal frequency 
of the motor driver STEP signal (chapter 3.2) is set to 1.2 kHz. This frequency 
produces 1200 steps in the second. Every motor step for selected lead screw 
produces linear shift of 0.02 mm, 
therefore the maximum speed of each 
printer axis equals 24 mm/sec. In 
Figure 10 motor driver STEP signal 
and signal on connected on the RSENS 
resistor of the H-bridge are presented. 
The value of VREF is set to 980 mV and 
according to the measured value, it 
produces the current ICHOP less than 1 
A. This value is less than value 
calculated with equation given in data 
sheet and it is also less than nominal 
current of the motor, nevertheless the 



torque produced was more than enough to drive mechanic system connected to the 
motor shaft. 

Time constant defined by the resistor R13 and the capacitor C14, resistor R14 and the 
capacitor C15, is used for the setup of the off time for the 'A' part and the 'B' part of 
the H-bridge, respectively. Calculated and experimentally verified off time is 5.6 µs. 

Important parameter that has to be considered is the wake-up time of the DRV8818. 
Based on the parameters in the device data sheet, the wake-up interval is set to 1 ms 
in the system firmware. 

4. Conclusion 

The true meaning of engineering is made up of three things. Firstly, it is the 
engineer's need for a creation of new and better devices. Secondly, it is a productive 
atmosphere arised from fruitful collaboration of all team members. The last, but not 
the least, it is about achieving the desired functionality of the device that was only 
idea at the very beginning. All of the above is achieved within the available contest 
time. 

Project team developed a 3D printer. All of the printer building parts, mechanics, 
hardware, electronics and software are developed to meet design requirements. 
Some of the building parts are developed from the scratch while other parts are 
redesigned to meet the design requirements and selected technology. Furthermore, 
the cost of the final design was kept as low as possible. 

The 3D printing presents the greatest shift in the paradigm of object production, 
modeling and prototyping. Learning and understanding the principles and technology 
of 3D printing was probably the best thing that project team members achieved under 
the framework of the TI ADC. 

5. Future Plans 

The plans for the future include revision of the PCB in order to further reduce the 
project cost. The USB to PC communication will be supported by the appropriate PC 
software. The design and improvements of the mechanical parts, especially extruder, 
will also be conducted. Furthermore, the plan is to add the second extruder for 
extruding the material for printing support which enables greater printing flexibility. 
Increasing the printing workspace is also one of the plans for the future. 

It is important to state that developed microcontroller hardware environment might be 
used for very different purposes. For instance as a CNC drilling machine controller or 
an autonomous mobile robot motherboard etc. All of the gathered knowledge and 
resources are available for the students at our laboratory, and the project 
documentation is available on the project website http://3dprinter.zemris.fer.hr/. 
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