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Hacking 3D printers as laboratory robots
Sander Baas,a Nessa Carson, b and Vittorio Saggiomo* a

a Department of BioNanoTechnology, Wageningen University and Research, The Netherlands 

b Data Science & Modelling, Pharmaceutical Sciences, R&D, AstraZeneca, Macclesfield SK10 2NA, UK

* Vittorio.saggiomo@wur.nl

The emergence of affordable and reliable 3D printers has enabled laboratories to optimize setups, print custom parts, 
accelerate research, and rapidly prototype. A new movement has emerged in the past decade, where 3D printers are 
repurposed as laboratory-specific robots. There are three distinct approaches in the 3D-printer-as-lab-robot approach: 
modifying the extruder for non-standard material printing, replacing the extruder with a third-party implement, such as a 
pipette, microscope, or slide holder, or deconstructing the printer completely and using it as a cheap and widely available 
parts kit for lab-built robots such as syringe pumps. New developments in printer hardware and software control, which 
enable the use of printers as laboratory robots, are also discussed.

Introduction

Although simple instrument automation, such as the use 
of autosampler devices, has become commonplace, the 
state of the art is continually pushing new boundaries in 
hardware and workflows, in turn pushing greater 
demand for laboratory robotics.1 In fields including 
chemistry, biology, and materials science, automation 
has seen a significant uprise in recent years,2–6 enabling 
scientists not only to perform human-centric work 
faster, but also to expand workflows and eliminate 
roadblocks, moving slow steps and reducing pain points 
during research and development.7–13

Challenges involving the cost and ease of use of 
automation, which both vary from accessible to highly 
specialist, are driving some researchers to build their 
own robotic hardware rather than use commercial kits. 
3D printers serve as a common basis for these 
homemade robots, due to the accessibility of their 
hardware and software, a strong ‘hacking’ (Open 
Hardware) community where designs and modifications 
can be shared as open-source, and often a low price 
point.14 Costs for consumer 3D printers have fallen in 
recent years due to increased market demand, the 
advent of entry-level fused deposition modeling printers 
(FDM, also known as fused filament fabrication, FFF), 
and platforms such as RepRap, a project to develop 
“self-replicating” 3D printers that can print many of their 
own plastic components.15–19 

3D printers themselves have a variety of lab-based 
applications, from making vessel holders and equipment 
parts to bioprinting and printing solid dispersion drug 
formulations.14,20,21 There even exists a free, open library 
of 3D printable models specifically curated for scientific 
use by the NIH.22 However, modified 3D printer-based 
robots are now enabling a wide variety of additional 
scientific applications, including more specialized 
bioprinting, electrospinning, syringe pumps, battery 
applications, and microscopy. 

A 3D printer is itself a 3-axis robot. They typically involve 
a printhead motor that can be manipulated within a 
Cartesian XYZ space to deposit material in 3D space, 
thereby manufacturing items such as machine parts, 
consumer products, and decorations. The motorized XYZ 
axes are the most used parts for transforming a 3D 
printer into a functionally distinct 3-axis robot. FDM is 
now the most common printing technology, where a 
thermoplastic filament is heated and deposited in space, 
at which point it cools to form a part of the structure of 
the item, which can further be built on by depositing 
more of the thermoplastic filament. FDM printers are 
now fairly commonplace in laboratories and 
universities, in makerspaces for public use, in homes as 
consumer devices, and now as outsourced services.23,24 
In addition to the four motors, FDM printers usually 
feature two heating units, one for the printhead and one 
for the printing bed. Each of the two heating units 
consists of a heating resistor and a thermistor for 
monitoring the temperature. The printhead can easily 
reach temperatures of up to 250 °C, while the bed 
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typically reaches around 100 °C. Additionally, the 
motherboard monitors three end-stop switches to 
determine the printhead's home position. These 
switches and motherboard inputs can also be used for 
modifications. 

Designs for 3D printers can be created using a variety of 
free or commercial software, including computer-aided 
design (CAD) programs, as well as ChemDraw for 
molecular structures.25 However, the instructions to 
execute these designs on the hardware are written with 
machine-specific instructions, which typically use the G-
code programming language (standing for “geometric 
code”). G-code is a universal CNC (Computer Numerical 
Control) programming language that allows for the 
relative and absolute positioning and movement of the 
printhead. This is used in conjunction with M-code 
(“machine code”) for non-geometrical functions, such as 
turning the heater on and off and setting fan speeds. 

Modifying 3D printers for laboratory applications can be 
accomplished in various ways, as described herein. 
Part 1 describes robots in which the fourth motor, 
usually used as the filament feeder, is used for an 
alternative function. In Part 2, we explore robots where 
the entire printhead has been exchanged for a different 
tool. In Part 3, we discuss using other parts of the printer 
for laboratory purposes, and lastly, the software used 
for controlling these robots. 

Figure 1. A 3D printer, at a basic level, is simply a 3+1 axis robot. It has a 3-axis XYZ-gantry 
and an additional motor used for feeding filament into the hot end. Additionally, at 
minimum, a 3D printer will have two heating units (bed and extruder) with two 
temperature sensors and three end-stop sensors for XYZ positioning. There is also a 
power supply unit (PSU) and a motherboard for controlling the motors and heating, and 
sensor feedback. Although these are the minimal requirements, more recent models 
have additional motors, more sensors, and sometimes extra heating units. 

Part 1 – Using the fourth motor

Figure 2. The printhead can be exchanged with a syringe holder, where the extruder 
motor is used to push the syringe plunger. The 3D printer has now become a 3D syringe 
extruder, which can be used for bioprinting, as well as spin coating, with the addition of 
a coating platform.

One of the easiest transformations, and one of the 
earliest to appear in literature, of the fourth motor is to 
reuse it to push a syringe plunger. Here, the rotational 
motion of the stepper motor is transformed into linear 
motion using gears and leadscrews. An early example of 
this approach was achieved by Vak’s group in 2015.26 
Vak and colleagues modified a 3D printer (Felix 2.0) to 
use a homemade, 3D-printed syringe holder. This 3D 
syringe pump setup was used to produce organic bulk 
heterojunction (BHJ) solar cells. The authors not only 
used the syringe to constantly push liquid through the 
nozzle but could also deposit a single drop of liquid, raise 
the nozzle, and then use the nozzle to slide the liquid 
over the build plate to fabricate a continuous 1D coating, 
showcasing the customizability of the setup. 

Following the initial proof of principle of the first syringe 
extruder, multiple 3D printers have subsequently been 
modified for use as 3D bioprinters. 

Syringe extrusion: Bioprinters, food printers, and more

An early example of a 3D printer printhead modified 
with a controllable syringe for bioprinting was from 
Bruno and Sachs’s group in 2016.27 Here, a Felix 3.0 
printer was modified for precise cell placement, using 
microcapillaries instead of standard syringe pumps. The 
group managed to reach the outstanding precision of a 
1-nL extrusion, and hence was even able to reliably 
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Table 1 Modified 3D printers in the chemical and biology literature and their purposes

Setup Name Printer Purpose Device type/modification Year Reference
3D-Printer based 
slot-die coater

Felix 2.0 Solar cell fabrication Syringe extruder 
modification

2014 26

Open-source 3D 
bioprinter

Felix 3.0 Bioprinting and 
tissue engineering

Syringe extruder 
modification

2016 27

Ultra-low-cost 3D 
Bioprinter

Anet A8 Bioprinting Syringe extruder 
modification

2016 28

Liquid-phase 3D 
bioprinter

Ultimaker Original Printing gelatin 
alginate hydrogels

Syringe extruder 
modification

2019 29

NOSE Prusa i3 Open-source 
bioprinting platform

Syringe extruder 
modification

2019 30

FRESH MakerBot 
Replicator

Complex suspended 
hydrogel printing

Syringe extrusion & 
scaffold removal

2015 31

FRESH 2.0 Printrbot Simple 
Metal, Flashforge 
Creator Pro, 
Makerbot 
Replicator 2X

Collagen-based 
heart component 
production

Syringe extrusion & 
scaffold removal

2019 32

Replistruder – Universal syringe 
extruder

Syringe extruder head 2015, 2022 33, 35

Custom ultral-low-
cost 3D bioprinter

Anet A8 Bio-ink deposition 
for 3D cell culture

Syringe extruder 
modification

2020 36

Enderstruder Creality Ender-3 V2 Syringe extruder Syringe extruder 
modification

2024 38

3D Food printer 
with syringe pump

Rigid3D Zero2 Syringe extruder 
food printer

Syringe extruder 
modification

2023 40

Dual simultaneous 
reagent dispenser

Hellbot Magna 1 Lateral flow assay 
production

Syringe extruder & 3-way 
valve combination

2024 41

NovaSpider Not specified 3D Electrospinning Syringe-fed 
electrospinning nozzle and 
electrode addition

2021 43

Hybrid bioprinter & 
electrospinner

Creality Ender-3 Vascular tissue 
engineering

Syringe extruder, 
electrospinning head, & 
needle collector

2021 44

Electrospun 
polycaprolactone 
substrate fabricator

Not specified Colorimetric assay 
substrate production

Syringe-fed needle tip 
extruder & silicon ground 
plate

2024 45

Xspin Not specified Dual fiber material 
electrospinning

Mixing 3D electrospinning 
setup

2024 46

MEWron VORON 0.1 Open-source melt 
electrowriting 
(MEW)

Filament & syringe MEW 
printheads, MEW collector

2023 48

Benchtop magnetic 
field mapper

Velleman K8200 RF coil magnetic 
field mapper

Sniffer coil printhead 
replacement

2016 49

Automated 
platform for MALDI 
matrix deposition

Wanhao Duplicator 
i3

MALDI matrix 
deposition

Nebulizer printhead 
replacement

2018 50

Dual purpose 
electrode sprayer

Creality Ender-3 V2 
Neo

Battery electrode 
deposition

Airbrush nozzle printhead 
replacement, heatbed 
upgrade

2024 51

Ender VX500 Creality Ender-3 Automated RNA 
extraction platform

Tube holder printhead 
replacement

2021 52

Lateral flow assay 
construction 
system

Not specified 
(Pictures indicate 
Creality Ender-3)

Construction of 
bioassay spots

Fountain pen dispenser 
printhead replacement

2023 53
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Incubot Tronxy X1 Microscope for 
tissue culture 
imaging

Microscope hardware 
printhead replacement

2021 54

Enderscope Creality Ender-3 Microplastic 
detection with 
scanning microscope

Microscope hardware 
printhead replacement

2024 55

HistoEnder Creality Ender-3 Histology slide 
autostaining

Slide holder printhead add-
on

2022 56

Automated dip 
coater

Creality Ender-3 Open-source dip 
coating apparatus

Extruder motor gripper 
modification

2023 57

HistoEnder TEM 
grid stainer

Creality Ender-3 Staining of electron 
microscopy grids

Addition of TEM grid 
holders

2024 58

3D-Printer-based 
fraction collector

Creality Ender-5 S1 Automated fraction 
collection

Capillary holder printhead 
replacement & well plate 
holder

2024 59

Ender-3-based 
pipetting robot

Creality Ender-3 
Pro

Automated liquid 
handling

Pipette holder printhead 
replacement

2024 60

PALH Creality Ender-3 Automated liquid 
handling

Stepper motor controlled 
custom pipette printhead 
replacement

2025 61

Ender-3-based 
syringe pumps

Creality Ender-3 Open-source 
hardware syringe 
pump system

3D printer deconstructed 
& components reused

2021 62

3D-Printer-based 
lab material 
handler

Prusa i3 Handling of 
magnetic structures

Magnetic ‘hand’ add-on 2017 67

Ultrasonic 
immersion setup

VORON V0 Material 
characterization

Immersion tank & 
transducer holder

2025 68

Otto validator Creality Ender-3 
Pro

Franz diffusion cell 
autosampler

Reversible add-on of 
peristaltic pumps, vial 
holders, & deposition 
needles

2025 69

extrude single cells (each one suspended in a nanolitre 
of medium). 

In 2019, as 3D printers continued to become increasingly 
inexpensive, Gilbert’s group modified an Anet A8 to 
make an ultra-low-cost 3D bioprinter.28 The printer itself 
is portable and can be used within a standard flow 
cabinet. In the same year, Reynaud and Rodriguez’s 
groups modified an Ultimaker Original for use as a 3D 
bioprinter.29 The researchers optimized multiple 
variables of the printing process, such as extrusion and 
movement speed, to enhance the robot’s capabilities for 
fabricating stable gel structures. In a further paper 
published in the same year, Brand-Saberi’s group 
modified a Prusa i3 to be a bioprinter, which they named 
NOSE (Nydus One Syringe Extruder).30 Here, the authors 
used this modified printer for the FRESH (Freeform 
Reversible Embedding of Suspended Hydrogel) method 
of bioprinting. In this approach, a cross-linkable or 

gelatinizing liquid is printed not on a standard flatbed, 
but inside a gelatin bath. After printing, the bath can be 
heated to remove the gelatin, leaving the printed object 
behind. The original FRESH used a blended gelatin puck 
as a supporting bath,31 whereas FRESH 2.0 employed 
gelatin coacervate in its place.32 Using a suspension bath 
as the support enables the printing of complex and 
hollow structures, such as vascular systems, as well as 
those made from readily deformable materials like 
collagen. 

It is important to note that the developers of the FRESH 
bioprinting system, the Feinberg group, are also the 
ideators of the Replistruder,33 one of the initial designs 
and still the most popular design of a syringe extruder. 
The Replistruder is now available in its 4th 34 and 5th 
iterations35. 
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In 2020, Ioannidis and Taraviras’s groups also used an 
Anet A8 to build a bioprinter.36 Compared to previous 
systems, their setup allowed for the fast swapping of 
syringes. The ability to rapidly switch between syringes 
with different diameters can be vital when dealing with 
time-sensitive bio-inks. 

The Anet A8 was one of the cheapest commercially 
available 3D printers, but unfortunately suffered from 
reliability issues, being implicated in several fire 
accidents. At the end of 2018, another Chinese 3D 
printer company, Creality, began marketing the Ender 3, 
a sub-€200 printer that was simultaneously reliable and 
modifiable, and built on open hardware principles.37 In 
recent years, the Creality Ender 3 and its subsequent 
Ender models have proven to be low-cost and reliable.

For this reason, in 2024, Crosby’s group used the Ender 3 
as a base to build a bioprinter called the 
“Enderstruder”.38 Their research was supported by a full 
step-by-step guide to building and using the hardware 
and software. 

For more information about 3D bioprinters, we 
recommend the recent review “Open-source extrusion 
3D bioprinters: Trends and recommendations” from the 
same group.39 

Food printers work on the same principle as bioprinters. 
A syringe is filled with food paste, and this modified 3D 
printer is used to print food such as chocolate, candy, or 
even in vitro meat. In 2023, Demircan and Özçelik 
successfully introduced this method by modifying a 3D 
printer to print three different food pastes.40 The 
researchers also propose using a cooling unit to blow 
cold air while printing, with the suggestion that this 
could improve the stability of materials printed in 
melted or softened forms. 

In 2024, Siano’s group expanded the use of the syringe 
by adding another stepper motor to a Hellbot Magna 1 
3D printer.41 The motherboard of this printer allows for 
the addition of a fifth stepper motor, which the authors 

used for a second syringe pump. The group also 
modified the firmware by adding a “Mixing Extruder” 
option. With this, the two extrusion motors can be used 
either independently or with mixing in any ratio 
between them. This new mode enabled the 
simultaneous use of the two syringe pumps to dispense 
different amounts of liquids onto paper strips as test and 
control lines for lateral flow immunoassays (LFIA). This 
modified 3D printer enabled more controlled and 
reproducible fabrication of lateral flow assay 
equipment. 

In general, the approach of switching the printing head 
with a syringe holder and using the fourth motor to push 
the plunger can be applied to any paste or highly viscous 
material, such as silicones or ceramic material.42

Electrospinning

If the syringe needle and printbed are attached to a high-
voltage power supply, then 3D syringe printers can be 
transformed into 3D electrospinning printers, where 
electrical forces are used to stretch a liquid polymer to 
produce micron- or nano-sized fibers. Those fibers are 
then utilized for a multitude of applications, ranging 
from filtration to bioscaffolds. Typically, electrospinning 
produces only long fibers, which then need to be molded 
to form the final structure. A 3D printing electrospinning 
machine produces both nano- and microfibers 
simultaneously, depositing them in any desired 3D 
shape. 

This approach can be seen in the early work of Radacsi’s 
group, where an Ultimaker printer was modified into an 
electrospinning setup, with which the authors were able 
to produce different sizes of fibers and structures.43

In 2021, the same group modified a 3D printer to 
function as both a bioprinter and an electrospinning 
machine. The bioprinting part was able to produce a 3D 
structure using bio-ink, while an external 
electrospinning head coated this biostructure with 
nanofibers for reinforcement.44 This was the first DIY 
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hybrid bioprinting-electrospinning setup that was based 
on the modification of a commercially available 3D 
printer. 

In 2023, Kim’s group showed how to make electrospun 
polycaprolactone (PCL) membranes using a modified 3D 
printer.45 The use of the 3D printer allowed the 
researchers to quickly screen many variables, including 
pore size, percentage of PCL in the solution, and tensile 
strength. The material was then used as a substrate for 
bioassays. 

In 2024, Maniruzzaman’s group developed the “MaGIC” 
system (Multi-channeled and Guided Inner-Controlling 
printheads).46 This technology involves coupling two 
different syringes to the same electrospinning 
printhead. The new technique enabled the group to 
produce multicomponent nanofibers with different 
functionalizations. The two syringes can be used 
singularly, producing single nanofibers, or together in 
mixing mode, which produces either “alongside” 
(parallel sub-strands) or “mixed” (complex morphology) 
electrospun fibers. 

For more on 3D printers and electrospinning, we suggest 
Ejiohuo’s review “A perspective on the synergistic use of 
3D printing and electrospinning to improve 
nanomaterials for biomedical applications”.47

Analogously to electrospinning, but using molten 
polymers, Melt Electrowriting Printers (MEW), such as 
the MEWron, have been used to print Nylon-12 
microfibers.48 

Part 2 – exchanging the printhead

Figure 3. The printhead can be swapped out for several different tools, including slide 
holders for dip coating and histology staining, microscopes, automatic pipettes, 
magnetic field sensors, and many other robotically controlled implements. 

Another, possibly easier, way to hack a 3D printer into a 
3-axis robot is to replace the printhead with a different 
tool, eliminating the need to use the extruder motor. In 
this way, the printer is used as a Cartesian robot that can 
move its new attachment in XYZ space. This approach 
also allows the use of other controllable units instead of 
the printhead. These units can be driven and 
synchronized by an external unit, such as a single-board 
computer (SBC) e.g., a Raspberry Pi, or connected to 
other inputs/outputs of the 3D printer board and 
controlled by G-code. 

In the remainder of this section, we will discuss various 
tools that have been used as alternatives to the 
printhead in 3D printer-based robots. 

Magnetic field mapper

In 2016, Aletras’s group modified a Velleman K8200 
build-it-yourself 3D printer to make a magnetic field 
mapper for magnetic resonance imaging (MRI) 
machines.49 The group attached a sniffer coil to the 
printhead and moved it using the XYZ axes of the 3D 
printer to map the B1 magnetic field generated by an 
MRI radiofrequency (RF) coil. 

Spraying robots

A few years later, in 2018, Mackay’s group modified a 3D 
printer to produce and optimize a matrix for matrix-
assisted laser desorption-ionization mass spectrometry 
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(MALDI MS).50 The printhead was replaced with a 
nebulizer for producing different matrices at varying 
speeds and pressures. Similarly, in 2024, Aivaliotis and 
Vernardou used the printhead as a spray setup to make 
thin films for batteries.51 The spray gun on the printhead 
enabled production of thin films with different 
properties. 

Sample preparation and lateral flow immunoassays

At the peak of the COVID-19 pandemic in 2020, the 
Stinear group modified a 3D printer for automatic RNA 
extraction.52 The printhead was exchanged with a tube 
holder and magnetic combs for moving RNA samples on 
magnetic particles through different washing steps 
before PCR amplification. This was a cost-effective 
method to automate sample preparation. On the same 
topic, the Kalogianni group also used a 3D printer robot 
to prepare LFIA.53 These authors modified the printhead 
to accommodate two simple pens for dispensing 
reagents onto the membranes of lateral flow devices, 
making them ready for use by consumers. This method 
is simple and reproducible, and can be modified with 
different reagent concentrations, amounts, line width, 
and placement on the lateral flow membrane. 

Automated microscopes

In 2021, the Pickering group modified a printer to hold a 
microscope, and used the XYZ axes for sample 
positioning. They demonstrated that the entire setup 
can be accommodated in an incubator to monitor cells 
in real-time and for long-term experiments.54 

Burke has also recently modified a 3D printer for 
reflection and fluorescence analyses of microplastics 
across the entire 20×20 cm print bed. The innovation lies 
in the ability to switch between microscope and 3D 
printing modes, and the different heads can be swapped 
in just a few minutes. The microscope can automatically 
switch between reflection and fluorescence by using a 
G-code command to switch filters mechanically.55 The 
authors also tested the positional error of the 3D printer 
by performing a series of repeated, oscillating 6-mm 

movements (29 movements in each direction, 58 
movements in total) and determined that the positional 
deviation was ±4 µm in the x- and y-axes. 

Staining and coating robots

Histology staining is a tedious procedure in which glass 
slides mounted with tissue need to be treated with 
different reagents at specific times. To automate this 
process, in 2022, Ponzetti and Saggiomo modified a 3D 
printer printhead to include a glass slide holder.56 The 
histology glass slides were then automatically placed in 
different reagent vats on the build plate, thereby 
completely automating the histology routine. One year 
later, in 2023, Rauh’s group improved this methodology 
by transforming a 3D printer into a dip coating 
machine.57 In this case, the fourth motor was cleverly 
used as an automatic clamp for picking up and releasing 
a single glass slide (or other material). The dipping and 
lifting speed of the slide from containers with coating 
agents changed the coating density and quality. Soon 
afterwards, in 2025, Seifert used a similar approach, this 
time for automated electron microscopy grid staining.58

Robotic samplers 

In 2024, Mohammed’s group used a 3D printer as a 
programmable fraction collector for samples as small as 
nanogram-scale.59 The printhead was replaced with a 
fraction collector, connected to a nano-LC equipped 
with a C-18 column, for nanogram-scale fractionation. In 
the same year, Wah Ng developed a cost-effective liquid 
handler by printing a holder for a standard automatic 
pipette to be mounted in place of the printhead.60 The 
fourth motor was used to push the plunger up and 
down, taking up and dispensing liquid. This approach, 
however, can only be used for a fixed volume of liquid, 
as there is no function for automatically rotating the 
pipette’s adjustment knob to change volumes. To 
overcome this problem, in 2025, Tripathi’s group 
improved the single automatic pipette system with a 
fully automated, 3D printer-based liquid handler, which 
they called “Personal Automated Liquid Handler” 
(PALH).61 In this system, the liquid volume can be 
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adjusted, and the pipette tip can be discarded and 
changed automatically. This liquid handler is also 
capable of using the printer’s two heating elements and 
incorporating magnetic separation. This cost-effective 
robot is hence comparable in function, if not better 
than, commercial systems that can cost up to ten times 
as much. 

Syringe pumps

Another way to use a 3D printer as a laboratory robot is 
not by modifying it, but using its components to 
construct a new electromechanical system. This is the 
approach that Saggiomo’s group used in 2021, where 
most of the components inside a 3D printer box were 
used to build three syringe pumps.62 We used the linear 
movement of the 3D printer and electronics to 3D print 
some adaptors, thereby manufacturing three 
programmable syringe pumps. 

Part 3 – hardware and software 
Hardware

Recent years have seen the development of 3D printer 
motherboards with many controllable connections, 
beyond simple 3-axis motor and switch I/O. For instance, 
most 3D printer motherboards have at least two fan 
controllers. In the non-modified 3D printer, one fan is 
used to cool the heat sink in the print head, and the 
other to cool the material after extrusion. These devices 
typically operate at 12 V or 24 V, and their speed can be 
controlled via PWM (Pulse Width Modulation). 
However, other electronics can also be attached to 
those connectors and controlled by the printing 
software. This approach was used by Aivaliotis and 
Vernardou, where a 24-V solenoid air valve was 
attached to a fan connector and controlled by the 
printer to initiate the spray coating process.51 

The motherboard also has at least three connectors 
intended for the end stops (switches) of the three axes. 
The switches are used to home the printhead to the 
(0,0,0) XYZ position. They are wired to input/output (I/O) 

ports, and can vary from physical switches to optical 
sensors. The ports are digital on/off and can, in principle, 
be used to set the printhead at a specific position, for 
example, in the case of microscopy. Hypothetically, 
these switches could also be exchanged with other 5-V 
sensors, although to our knowledge, this has not yet 
been reported. 

The motherboard also requires connections for the 
power input, typically 12-V or 24-V DC. There is a 
connection for an LCD screen, which can be used to set 
up the printer/robot. Many printers have a USB port and 
an SD card reader as input options, which can be used to 
load G-code files to control the robot's movement. 

These are the minimum required connections on a 
standard, low-level FDM 3D printer. Nowadays, more 
sophisticated printers and motherboards have 
increased connectivity, with some models supporting up 
to seven motors, multiple fans, additional connections 
and controls for LEDs, multiple heating units, and more, 
thereby opening up a wide range of robotic applications.

Although many 3D printers operate on a bare 
motherboard, their capabilities can be enhanced with 
more advanced motherboards, such as the Duet 
system.63 These open-source boards, and their 
expansion boards, can increase the number of possible 
motors and sensors. They also enable the use of RepRap 
firmware, which is more powerful than the standard 
Merlin firmware (see next section). One such system 
built on top of a Duet board is the Labm8,64 a 
commercially-available microfluidic platform. 

It should be noted that although the stepper motors can 
move repeatedly and reproducibly by a few microns, the 
instrument may be composed of multiple parts, which 
can worsen its performance, and care should be taken 
during calibration of any new build. 

Software

A robot would not be a robot without some form of 
control. Luckily, a 3D printer already comes with 

Page 8 of 16Digital Discovery

D
ig

ita
lD

is
co

ve
ry

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

6/
20

26
 8

:4
2:

17
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5DD00451A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dd00451a


preinstalled firmware. The G-code line-by-line language 
was developed in the early 1960s and is still used today 
to control fabrication machines, including printers, CNC 
machines, and lathes. G-code is a relatively simple 
language that controls movement, input, and output 
from the motherboard through each line. Due to its 
simplicity, plain G-code lacks useful programming 
constructs such as logical operators and conditional 
statements. However, extensions to the language can be 
used to create looping and conditional statements, 
depending on the firmware used by the machine. 

One of the most common firmware types to date is 
Marlin, as it is lightweight and contains most of the 
standard and some more advanced 3D printing 
parameters, such as auto-bed leveling and filament 
runout sensing. However, the more powerful RepRap 
firmware allows the operator to use more advanced G-
code commands and parameters. Similarly, the newly-
developed Klipper firmware is gaining traction due to its 
expanded functionality. One example of improvement 
over Marlin is that both RepRap and Klipper support 
“meta” commands, which enable the construction of 
basic programming constructs such as conditionals, 
loops, variables, and parameters, thereby transforming 
G-code into a more complex and useful programming 
language. 

A comprehensive list of G-code commands and their 
compatible firmware is available online.65

At this point, the G-code can be saved on the SD card 
and run locally on the printer, or the commands can be 
sent line by line from a computer over a serial 
connection (i.e., USB). This process can be simplified by 
attaching an SBC such as a Raspberry Pi for running the 
commands, as the SBC can also be interfaced with other 
hardware. There are multiple Python libraries designed 
for interfacing SBCs or computers to 3D printers/robots. 
For example, Aivaliotis and Vernardou wrote a Python 
graphical user interface (GUI) for controlling their 
robotic spray setup,51 and Rousseau has published a full 

Python library66 for controlling and using the 
Enderscope. Another approach is to use DIOS (Design of 
Inputs-Outputs with Sikuli), which uses the open-source 
Sikuli platform to control GUI components. This provides 
a general framework for designing automated 
experimental procedures, requiring no prior knowledge 
of programming or electronics.67 

Figure 4. A typical 3D printer motherboard. It features stepper motor connectors and 
drivers, power input and output, fan control connectors, end switch connectors, 
temperature sensor connectors, a memory card slot, a USB connector, and a display 
connector.

Conclusions and perspective
Although hacking 3D printers to be used as laboratory 
robots has demonstrated value in terms of both cost and 
customization, many untapped possibilities remain. 
Newer motherboards, along with improved firmware, 
are expanding the possibilities of incorporating more 
sensors and electronics onto a single board. For 
example, many new printers have a bed leveling option, 
which can be repurposed to check the height of glass 
slides, lateral flow assays, accessory holders, and other 
elements, facilitating the automatic positioning of these 
elements on the build plate relative to each other. 

Using an external SBC allows the addition of even more 
sensors and electronics, all orchestrated by a single unit. 
This is, for example, useful to connect a camera that can 
control the robot. The camera can easily be attached to 
the SBC, and its feed used automatically or 
autonomously to control the robot using computer 
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vision. Further, an SBC can be used to control and link 
multiple 3D printers/robots to work in conjunction. This 
approach may be the easiest and fastest solution to 
democratic self-driving labs (SDLs), namely cost-
effective robots that can be built and used without 
advanced knowledge of electronics or programming. 

And a final word of warning: to enable the 
democratization of the SDL and improve the use of 
robotics in chemical laboratories, the hardware and 
software must be replicable and reproducible. Recently, 
we have seen a push to make software and raw data 
fully available with scientific journal publications. 
However, we cannot say the same for the hardware, 
which is typically briefly discussed in the experimental 
section at best, in many cases lacking a full guide on how 
to build/assemble it. This must change, and we call on 
the community of authors, reviewers, and editors to 
collectively work towards better reproducibility of 
hardware, thereby improving systems for all. A starting 
point would be to explicitly list all components, including 
3D CAD files (such as STL and STEP file types), and 
provide more detailed assembly instructions in 
hardware-focused publications. This should be the first 
step in progressing open-source hardware. 

During the writing of this review, some new 3D printer 
hacks have been published: using a 3D printer for an 
ultrasonic immersion test setup,68 a Franz diffusion cell 
autosampler.69,70 , a 3D printer for Aerogels.71 We also 
missed an HPLC fraction collector.72
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