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Abstract

Design and construction of a photoplotter

Gabriel Hajjar

The goal was to build a machine that could rapidly prototype PCBs using a moving
light source and photoresist. The project failed, as the UV light did not make it
through the lenses used to concentrate it. Better lenses and a laser would allow it to
function better.
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Populärvetenskaplig sammanfattning av projektet 

Detta projekt gick ut på att designa och testa ett sätt att snabbare skapa prototyper av 

mönsterkort. 

Idén var att förminska antalet steg i den vanliga prototypframtagningsprocessen. När 

fotoresist i vanliga fall används så skapas först designen på datorn och skrivs sedan ut på ett 

genomskinligt plastark. Då placeras den på en bit glasfiberlaminat som är täckt i ett 

ljuskänsligt ämne och exponeras under en ljuskälla. 

Maskinen som byggdes i projektet ska kunna förenkla detta genom att ha en väldigt 

koncentrerad ljuskälla som är rörlig. Denna ska då kunna rita upp mönstret direkt på kortet 

och på det sättet minska risken för felaktig exponering.  

Konstruktionen bygger på en UV-lysdiod som flyttas runt i ett plan med hjälp av två 

stegmotorer. Allt är inbyggt i en låda och styrs genom mjukvara från en dator. Ljuset från 

lysdioden koncentreras genom ett antal linser till en liten punkt på kortet.  

Projektet fungerade inte bra nog till slut. Maskinen kunde inte exponera kortet hur lång tid 

den än hade på sig. Detta berodde antagligen på att linserna som användes blockerade 

majoriteten av UV-ljuset. För att fortsätta projektet skulle linserna och ljuskällan kunna bytas 

ut. Skulle en laser användas i stället för en lysdiod så skulle mycket finare detaljer kunna 

uppnås.  
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1 Introduction 

1.1 Background 
The idea behind the project was to allow for rapid prototyping of printed circuit boards 

(hereafter PCBs) using a so-called photoplotter.  

PCBs start out as a piece of copper clad laminate, with either one or both sides covered in 

copper. To turn it into the PCB, chemical etchant is used to remove unwanted copper in such 

a way to create isolated areas (traces and fills) on the board. 

There are two popular ways of making PCBs for amateurs without industrial machinery, and 

they are toner transfer and photoresist. Both methods cover the necessary copper with 

some material that protects the copper from the etchant. 

Toner transfer works by printing the design on a piece of glossy paper using a laser printer, 

and then transferring it to the laminate using heat (1). The toner (which is essentially plastic 

powder) then covers the copper and protects it from the etchant. This method is quick and 

easy but requires some practice before reliably giving good results. 

Photoresist works by coating the board in a photosensitive material (the actual photoresist, 

it can be a liquid or a film and is generally bought precoated on laminate) and then exposing 

it to light of certain wavelengths. Depending on the type of photoresist, it will either harden 

or soften when exposed to the light. This will allow some of the photoresist to be washed 

away in a developing solution, leaving the unwanted copper bare. 

This is normally done by printing an image of the circuit on a transparent film, covering the 

laminate with said film, and then placing it under a UV light source.  

That is where this project comes in. This photoplotter could instead expose the board 

directly, using a UV light source on a moving printing head. Controlling it with stepper 

motors should allow for a fairly high precision, making fine details possible. 

While this may not necessarily save time (depending on the complexity of the design) it 

would allow the user to simply put a photoresist-covered board in the machine and then 

upload the design. The board would still have to be developed and etched but reducing the 

number of steps should reduce the chance of a poor transfer. This could happen due to the 

print being scaled incorrectly, the print missing some detail, the board being under- or 

overexposed or the print not being applied correctly. 

This device would have to have to be very precise for it to be useful. It would have to be able 

to move in very small steps and have the light focused in a very small area in order to only 

expose the intended photoresist, and also do it quickly. 
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1.2 Theory 
1.2.1 Driving 

The construction can be built in CoreXY-configuration, which uses two stepper motors to 

move a platform along two axes by pulling belts.  

 

Figure 1: Showing the standard implementation of CoreXY along with the equations for motion 

As can be seen in Fig. 1, this configuration is a little more complicated than the “normal” 

configuration (where each motor drives one axis). While the main reason for choosing this 

configuration over others is largely the novelty, it does have a few advantages. Both motors 

are stationary and mounted to the frame. This reduces the inertia of the platforms and 

sliders that must move around very quickly. It also reduces the amount of wiring that moves 

around, which can otherwise cause electrical issues. (2) 

The stepper motors can be any regular bipolar stepper motors, granted they have the torque 

necessary to move the belts without slipping. Using timing pulleys with fewer teeth allows 

for finer control.  

To control the system, a microcontroller running some software is needed. Luckily, there is 

already software that only needs configuration and compilation. Grbl is a piece of software 

for the Atmega328 platform (which powers most Arduino development boards) which is 

used for controlling for example 3D printers, CNC machines and laser engravers. A laser 

engraver is a very close approximation of this project, and the program should be able to 

function with little to no alterations. (3) 

Grbl must be fed g-code, which is industry-standardized code used for controlling these 

types of machines. To do this, it is easiest to use a program such as LaserGrbl, which is used 

for laser engraving images in a Grbl-controlled laser engraver. This program can import a 



4 
 

picture of the design and then generate the g-code needed to draw it on the surface. It will 

then also stream the g-code to the device and listen for error codes. (4) 

1.2.2 Light source 

Photoresist generally reacts to UV light. As proper UV light sources (mainly lamps) are fairly 

expensive and inefficient, near-UV light is preferable. This light generally has a wavelength of 

350-400 nm. There are many LEDs in this range, differing in size, power and wavelength. 

Lasers are also available, but sub-400nm lasers are expensive. However, 405nm lasers are 

plentiful as they are used in Blu-ray players.  

Whichever light source is used, it would then also have to be concentrated to a small dot on 

the surface of the laminate. Both methods require collimation (making the light parallel), 

though some laser diodes have built-in collimation lenses (5). Furthermore, they both need 

lenses to concentrate the light.  
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2 Methodology 

2.1 Plan 
Then plan can be summated to building a laser engraver using a UV light source. If a laser is 

used, the entire system would have to be enclosed in a box. Thick walls are also necessary to 

keep the construction stable and minimize wobble. Even small movements can cause issues 

and stop the pads from aligning well. 

To keep the coordinate system consistent, homing is required. Each axis has two limit 

switches, one at each end. When the homing function is called, the software will step until 

the limit switch is pressed and then step back a set distance. After this has been done for 

both axes, the light source platform will be a set distance from a corner and designate that 

(0, 0) in the coordinate system. 

Due to cost, rigidity, and ease of workability, wood seemed like an ideal material to build the 

frame out of. A CAD model of the preliminary design can be seen in Fig. 2 below.  

 

Figure 2: Basic design of project, created in SolidWorks 

 

This design allows for a usable area of about 20x20cm, which is larger than a standard PCB.  

The rods are 10mm aluminium rods while the bottom plate is just a slab of MDF (Medium 

Density Fiberboard). This design was fairly simple and kept complexity down.  

2.2 Parts 
The following parts were purchased for the project 

From Bauhaus: 

• A 20x80cm plank of MDF 

MDF was used for the bottom plate because it is easy to cut and fairly hard. It was cut 

into two parts together making up a level square platform upon which the PCB rests. 
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• Two pieces of 1000mm long 10mm-diameter aluminium rods 

The aluminium rods were used as linear shafts that the sliders and platform move along. 

They were cut into 2x40cm pieces and 2x30 cm pieces, with each axis having two 

identical rods. 

Hardened steel rods would have been preferable, but aluminium was used simply 

because that is what was in stock at Bauhaus. They are definitely good enough, as there 

are no large forces acting on them. An added bonus was that they are lighter and easier 

to cut. 

• About 2 meters of 45x95mm pine lumber 

As mentioned earlier, wood was used for the frame because of how easy it is to cut and 

drill. It is also very cheap and rigid. It was cut into 2x31cm pieces and 2x40 cm pieces, 

with the remainder initially being meant for a lid. 

From RepRapPro.me, an online store specializing in 3D printer parts: 

• 2 NEMA17-sized stepper motors - model no. 42BYGHW609 

These are very common hobbyist stepper motors. They are 42,3x42,3x40mm and will 

therefore fit right into slots cut into the pine frame. The axle is 30mm long and has a 

diameter of 5mm. 

They have a stepping angle of 1.8° and a holding torque of 0.40 Nm. The small steps 

along with the decent power means that they can reach a finer resolution and are less 

likely to get stuck. 

• 8 F625ZZ ball bearings  

These ball bearings allow for free rotation about an axle. They have an inner diameter of 

5mm and outer diameter of 16 mm. These were used to allow all the pulleys that were 

not attached to the motors to rotate. 

• 8 toothed GT2 pulleys & 2 160cm GT2 belts 

Standard GT2 pulleys and belts were used for the project. The pulleys had 16 teeth, 

where a smaller number of teeth allow for finer control.  

• 2 A4988 stepper motor drivers 

Application-specific drivers were used to control the stepper motors. They allow for 

microstepping (which is essentially taking steps in between the normal steps of the 

motors) down to 1/16 normal steps. Using these reduces the amount of strain placed on 

the microcontroller, along with removing the need for using H-bridges or similar to drive 

the high-current line to the motors. They are simply controlled with one direction pin 

and one step pin, with a pulse to the step pin leading to a step in the direction dictated 

by the current state (high/low) of the direction pin. This model of driver is the standard 

for this application and is fairly inexpensive. 
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• 1 Arduino Mega2560-compatible development board 

This development board is very popular for this application. Grbl, the software used in 

this project, was originally written for the Arduino Uno, which runs on an Atmel 

ATmega328. The ATmega328 runs at 16 MHz, has 14 digital I/O pins, 32 KB of flash, 2 KB 

of SRAM and 1 KB of EEPROM (6). Grbl uses almost every last byte of that, so a 

microcontroller with more storage space was necessary if additional functions were to 

be added later. Therefore, the Arduino Mega2560 which uses the ATmega2560 was 

used.  It runs at the same frequency, but has 54 digital I/O pins along with 256 KB of 

flash, 8 KB of SRAM and 4 KB of EEPROM (7). This leaves a lot of room for adding more 

functionality later. 

Parts that we already had: 

• A 495nm LED 

This was a normal 5mm-diameter LED that will run at about 3V at 20 mA.  

• 4 lenses 

These were scavenged from a small magnifying glass with several lenses. They have a 

diameter of about 10 mm and a focal distance of about 20 mm. 

 

2.3 Build 
After the parts were purchased, the frame was built, and the parts fitted. The central 

platform (fig. 3 below) and the sliders on the sides (fig. 4) were 3D printed in PLA on the 3D 

printer in the university makerspace, a Creality CR-10. The SolidWorks parts were imported 

into the software Cura which slices the model up into layers and converts it into instructions 

for the 3D printer. 

The central platform has a 25x25mm square hole to fit the entire UV generating and 

concentrating apparatus. This allows the user to design and mount any sort of tool in the 

platform. 

Linear “bearings” (fig. 5) were also 3D-printed to reduce the friction between the parts and 

the rods. The reason that they were printed as separate pieces was that they should be 

replaceable and to minimize the amount of reprinting needed if a bearing were to be printed 

incorrectly. 



8 
 

 

 

 

 

 

 

 

 

 

 

 

 

As the pulleys used on the motors had 16 teeth with a 

pitch of 2mm, a full rotation of a motor moves the 

platform 32mm. A full step from the NEMA17-sized 

stepper motors is 1.8°, so one step moves the platform 

0.16mm. This is before any microstepping is 

implemented, the use of which allows for 1/2, 1/4 and 

1/8 steps. This is more than precise enough for this 

project. 

 

 

Due to cost, time constraints and safety, it was decided to use a normal 5mm LED for the UV 

light source. Using this and a few lenses, a spot with a diameter of less than a millimeter can 

be created. 

The following parts were designed and 3D printed for the project 

• 2 glide pulleys 

• 6 linear bearings for gliding 

• 2 side sliders  

• 1 middle slider 

• 6 adapters for mounting pulleys on roller bearings. 

Figure 3: The central platform on which the light source is 
mounted 

Figure 4: The side sliders, on which the x-axis 
rods are mounted. 

Figure 5: Linear bearings used to minimize 
friction between the parts and the rods. 
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Figure 6: Functionally complete device with all important pieces mounted. 

Fig. 6 above shows a top-down image of the final build. On the bottom left and right hand 

corners, the motors can be seen screwed into the frame. These motors each control one of 

the belts, both of which have both ends terminated in the moving platform in the middle.  

On each side slider to the sides of the platform there are two freely spinning pulleys along 

with a microswitch that tells the microcontroller that it has reached its limit. 

These parts all glide along the aluminium rods by having the linear bearings glued to the 

inside of the holes on the moving parts. 

The LED along with the light assembly is on the central platform. The wires go to the 

breadboard on the left, which is the driver circuit for the LED. It takes the PWM output from 

the microcontroller and uses it to switch the 5V rail through a potentiometer and the LED. 

The resistance of the potentiometer can be varied to change the LED current and therefore 

intensity. 

On the bottom is the development board with wires running to it from the limit switches and 

the motor drivers that are on the barely visible breadboard beneath it. 
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3 Results 

 

Figure 7: Two exposed, but not developed PCBs. The exposed copper is due to the photoresist accidentally being scraped off. 

Two roughly 4x4 cm pieces of single-sided copper laminate covered in positive photoresist 

(i.e. the exposed photoresist is removed in the development) were test printed with a star 

shape. 

They were developed in a low-concentration solution of sodium hydroxide (NaOH), which 

failed. After this, I attempted to place them under the now stationary light source for about 

20 minutes. This seems to have worked somewhat, as there were now blue dots of exposed 

photoresist on the boards. This is when Fig. 7 above was taken. 

They were placed in the development solution again and left to react for another 20 or so 

minutes. As they were still not developed, I added some more NaOH which stripped all the 

photoresist within seconds.  
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4 Discussion 
The results were hardly satisfactory, as it did not expose properly even when left to do so 

stationary for several minutes. As tests had been successful using the UV LED with either one 

lens or no lenses, this means that something went wrong with the concentration of the light. 

The light source is a 5mm UV LED passing about 20 mA at 3V. At an efficiency of about 50% 

(8) for UV LEDs that gives 30 mW over the spot with a diameter of 1mm. 

While there are losses due to light being lost through the sides and front, most of the light 

should still reach the 1mm diameter dot on the board. If we assume that 20 mW reaches the 

target, that is about 2500 mW/cm2, which is far more than necessary to expose the resist 

quickly (9). However, this assumes that the lenses used will transmit the wavelength used. 

These lenses may be polycarbonate (PC), which is a high-strength plastic that is used, among 

other things, in lenses for sunglasses and protective eyewear. Polycarbonate allows most 

wavelengths to pass but has a sharp cutoff at just around 400nm, as can be seen in fig. 8 

below.  

 

Figure 8: Transmission spectrum of polycarbonate plastic (10) 

This is very likely what has caused the issue. Four lenses in a row were used to concentrate 

the light and while some light passed through, the lower part of the spectrum may have 

been blocked completely.  

Otherwise, it seemed to function well. The accuracy and precision were tested by placing a 

piece of paper in the device and marking the position of the dot. Then it was sent 

instructions to move to a specified position and the distance was measured and found to be 

correct. It was then instructed to move back to the original position where the light 

overlapped the marking on the paper. The mechanical parts did not slip or budge. It was, 

however, quite loud. This may be because of insufficient dampening between the motors 

and the wood frame. 

This Photo by Unknown Author is licensed under CC BY-SA 

https://commons.wikimedia.org/wiki/File:Makrolon-Sheet_transmission.jpg
https://creativecommons.org/licenses/by-sa/3.0/
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5 Conclusion 
This device seems to need some better UV generating system to work as well as was 

intended. Even if the UV light did make it to the board unhindered, 1mm diameter is not 

really good enough for prototyping. Many common SMD components have a pin pitch of 

1.27 mm, which is too narrow. 

If one were to use a laser instead, this could be improved. As the laser is collimated (i.e. the 

light travels in parallel) it can be concentrated to a much smaller spot size, where 0.1mm is 

not at all unreasonable with a good lens. Furthermore, the laser puts out 50 mW over that 

0.1mm diameter. 

The LED also has much larger losses due to the larger amount of light escaping and losses in 

all the extra lenses. The laser would therefore have about 200 times the power per area of 

the LED, allowing for much faster movement. 
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