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Abstract 

Direct Ink Writing (DIW) is an additive manufacturing technology that fabricates structures through 

layer-wise deposition of liquid materials. In this process, a liquid feedstock is dispensed onto a 

substrate via pneumatic or mechanical extrusion, followed by a solidification step, such as UV curing, 

for materials compatible with this approach. 

The growing demand for multi-material objects in fields like electronics and life sciences highlights 

DIW's potential to address these needs through its adaptability and precision. This study presents 

the development of a versatile multi-extrusion technology DIW platform designed with adaptability 

and reconfigurability at its core, ensuring compatibility with diverse material-specific processing 

requirements. Adopting a material-driven approach, the platform leverages principles of frugal 

innovation, incorporating in-house designed and 3D printed structural components to maximize 

accessibility and efficiency, as well as the use of artificial intelligence for the optimization of specific 

functionalities. Potential applications for this platform include 3D bioprinting, advanced electronics, 

and contributions to the circular economy, demonstrating its wide-ranging utility. 

Keywords: direct ink writing; multi-material 3d printing; frugal research; artificial intelligence; 

material extrusion 

 

1. Introduction 

Additive manufacturing finds application across diverse fields, including electronics, 

automotive, energy storage, biomedical engineering, and soft robotics. [1,2] In these domains, 3D 

printing offers the dual advantage of reducing production complexity [3] and of enabling the 

fabrication of structures that are unattainable with conventional manufacturing techniques [4]. 

Although in all these fields the fabrication of multi-material parts has a primary role [2,3], the 

market offers very few examples of multi-material 3D printers endowing more than one deposition 

technique. 

Direct Ink Writing (DIW) is an additive manufacturing technique used to fabricate three-

dimensional structures. This process involves the deposition of a liquid material (ink) from a 

reservoir (cartridge) through a nozzle onto a computer-controlled translational stage in a layer-wise 

fashion. Once extruded, the ink undergoes solidification, resulting in a structure with the desired 

characteristics and properties.[1] 

For materials compatible with this approach, solidification is often achieved through UV curing, 

a widely utilized method. [1] 

DIW differs from other additive manufacturing technologies in what regards the variety of 

processable materials: while many techniques such as Fused Filament Fabrication (FFF) and 
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Stereolithography are limited to a specific class, DIW allows the processing of any kind of liquid 

material which satisfies given requirements in terms of rheological behavior. [1] 

Such versatility makes this technology particularly suitable for diverse fields, such as 3D 

bioprinting [5], circular economy [6] and electronics [7,8] and for multi-material 3D printing [9,10]. 

The extrusion can be either pneumatic or mechanical. The former refers to an extrusion due to 

the application of a hydrostatic pressure via the use of compressed air.  

Mechanical extrusion can refer to plunger or screw extrusion. In the first case, the extrusion is 

due to the application of a normal stress via the displacement of a plunger inside the cartridge. In the 

second case, the extrusion is due to the application of a shear stress via the rotation of a screw inserted 

in the cartridge. [11,12] 

Often, DIW is combined with in situ photopolymerization, allowing to extrude photo-curable 

resins, which are totally or partially crosslinked right after deposition. [13–15] 

Frugal innovation is defined as “doing more with less for more” [16], indicating a kind of 

research based on a limited use of resources and raw materials, reminding the modern-world 

challenge of dealing with a growing population and a reduction of natural resources. 

The concept of frugality was first found in emerging markets, but it is growing in importance in 

advanced economies as well. Indeed, the European Union has underlined how frugal innovation may 

be a viable mindset to deal with the growing and alarming lack of raw materials that the world is 

facing in the last decades. In particular, it has been indicated as an option to be applied in advanced 

economies to crucial sectors such as the ones connected to Key Enabling Technologies. [17] 

Indeed, several works are present in literature, showing the use of frugal innovations in different 

fields of application, including microfluidic, chemistry, photovoltaic and additive manufacturing. 

[18–24]   

A side aspect of frugal innovation is the possibility for flexible and versatile products, which are 

particularly suitable for customization and reconfiguration. [17] 

Many examples of custom-made 3D printers [25–36] and 3D bioprinters [34,37–47] can be found 

in the recent literature.  

A frugal approach can be noticed in some of them [31,36,38,40,43–45], but none of existing 

examples shows any particular attention for the flexibility, re-configurability and possibility for 

transformation of developed systems.  

Artificial intelligence (AI) has become a cornerstone across diverse research domains, 

revolutionizing problem-solving approaches and enabling significant advancements. [48–51] Beyond 

popular generative models and machine learning techniques, mathematical optimization algorithms 

like genetic algorithms (GAs) are increasingly employed to design and optimize complex devices and 

systems. [52–54] GAs, which fall under the category of evolutionary computation, are inspired by 

natural processes such as selection, crossover, and mutation. These algorithms evolve solutions 

iteratively, navigating complex, high-dimensional parameter spaces to identify optimal results. 

Unlike traditional optimization methods, GAs can tackle problems where the search space is vast, 

non-linear, or poorly understood. [55,56] Their ability to adapt and find solutions in dynamic 

environments has led to a wide range of applications in material science [57], engineering [58], and 

biomedical fields [59], facilitating breakthroughs in device efficiency, performance, and functionality. 

The integration of AI, particularly through optimization techniques like GAs, is transforming 

research by addressing challenges that were previously computationally or experimentally 

unfeasible, fostering the development of innovative, optimized solutions across multiple disciplines. 

[56] 

The aim of this work is to present a frugal and AI enhanced multi-extrusion technology platform 

for multi-material DIW featuring several printheads of different types and a UV curing unit. The 

main points at the base of the project are the flexibility and re-configurability of the platform, which 

is intended to follow material-specific requirements to be easily adaptable and transformable basing 

on the specific needs. At this scope, the use of a frugal approach has been believed particularly 
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appropriate: general purpose electronics and open-source software have been exploited, as well as 

3D printed parts, which have been used as structural and functional components. 

In addition, to optimize the UV curing unit for the specific application using commercial LEDs, 

artificial intelligence, specifically genetic algorithm, was employed to configure the LED 

arrangement, enhancing system performance while enabling easy, fast, and cost-effective 

reconfiguration if necessary. 

Modularity has been granted in what regards both hardware and software, in order to allow fast 

and inexpensive implementation of new features or modification of existing ones. 

The presence of different extrusion techniques on the same machine represents a huge 

potentiality in the field of DIW, allowing the processing of formulations showing different 

rheological properties and/or requiring different deposition conditions. Such platform shows 

potential use for the production of multi-material parts and in the field of material development, as 

a convenient tool in the characterization workflow of different material properties.   

The main modules present on the platform are: a pneumatic extruder, a plunger extruder, a 

screw extruder and a UV curing module. 

The resulting machine enables the processing of a wide variety of materials, with applications 

belonging to a broad range of fields, including tissue engineering (3D bioprinting [60]), electronics 

[61] and circular economy. [62] Notably, some works utilizing this machine have already been 

published in the areas of electronics [63] and circular economy [64,65]. 

2. Materials and methods 

2.1. Printer Design and Configuration 

The developed printer operates as a Cartesian system, with the print plate (210x210 mm, heated 

up to 100°C) moving along the horizontal x and y axes, and the printheads positioned on the vertical 

z-axis.  

Motion is provided by stepper motors, with belts and pulleys driving the x and y axes and two 

8 mm metric leadscrews providing precise motion to the z-axis assembly. The frame, measuring 800 

× 540 × 520 mm, is constructed from general-purpose aluminum profiles (OpenBuilds) assembled 

using bolted joints.  

The system is controlled by a BTT Octopus V1.1 motherboard (Bigtreetech). The open-source 

Marlin Firmware® was installed, offering high customization, reliability, and performance. Power is 

supplied by a 240 W 24V power unit. 

All custom-designed and 3D printed structural components were produced using a commercial 

FFF printer (Original Prusa i3 MK3S+, Prusa Research). The printing parameters for these 

components were selected to maximize stiffness and are reported in Error! Reference source not 

found.. 

Table 1. Parameters used for the FFF printing of structural components used in this paper. 

Material PETG (BioFusion, Extrudr FD3D GmbH) 

Layer Height 0.2 mm 

Nozzle Diameter 0.4 mm 

Infill percentage 30% 

Infill pattern Gyroid 

Number of perimeters 4 

Number of top layers 4 
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The z-axis of the platform is designed to accommodate up to six printhead modules, offering 

significant flexibility for multi-material and multi-extruder printing.  

Each printhead module consists of two main components: a support and an extruder. The 

support is fixed to the z axis and equipped with solenoid valves, which are connected to HEATER 

pins on the motherboard and allow for precise vertical displacement of the active extruder. During 

printing, the valves lower the active extruder into its position, while during the idle state of the 

extruder, they lift it away from the print area. This dynamic positioning helps prevent accidental 

collisions of idle extruders with the part being printed, ensuring uninterrupted printing and 

maintaining print quality. 

Being connected to the motherboard, solenoid valves and therefore extruder vertical 

displacement can be controlled exploiting G-code commands.  

Each extruder is mounted on the support and is made of a cartridge holder and extruder-specific 

components, tailored to the type of extrusion being used (whether pneumatic, plunger, or screw-

based). The cartridge holders are fabricated from milled aluminum, providing robust structural 

support for the extruders. In addition, these holders are designed with the capacity to integrate a 

thermocouple and a Peltier plate. This feature opens up the possibility of developing a temperature 

control system that can regulate the temperature of the extruder, enabling both heating and cooling. 

Such a system would enhance the control over material flow, particularly for temperature-sensitive 

materials, and further improve the flexibility and precision of the platform. 

All extruders are designed to be used with interchangeable disposable nozzles, which can be 

securely mounted to cartridges using a Luer Lock joint. The nozzles are available in different 

diameters, including both tapered and cylindrical designs, allowing for flexibility in extrusion 

processes. 

CAD files of the main structures, extruders and UV curing unit are available in supplementary 

information.  

2.2. Extruders Design 

2.2.1. Pneumatic Extruder 

Pneumatic extrusion is achieved using pressurized air to extrude material through a nozzle. A 

pneumatic extruder was designed by modeling the components in Fusion 360, printing the necessary 

parts, purchasing custom-made aluminum components, and assembling all parts, including the 

electronics and pipelines. The system uses pneumatic printheads that accommodate syringes of 

different sizes (3 mL, 10 mL, 55 mL), with an oil-less air compressor delivering up to 8 bar of pressure. 

Airflow control is managed through a dual-valve system that ensures precise start-stop extrusion 

control. Specifically, one valve applies pressure inside the cartridge to initiate material extrusion, 

while the second valve releases residual pressure in the pipeline, enabling instantaneous cessation of 

extrusion when required. The valves are connected to FAN pins of the motherboard and can be 

controlled via G-code commands during the print. 

2.2.2. Plunger Extruder 

The plunger extruder was designed using Fusion 360 to model the components, followed by 3D 

printing the necessary parts, purchasing custom-made aluminum components, and assembling all 

pieces and electronic. The system uses a piston to expel material from a syringe, with key components 

including a stepper motor, leadscrew, and syringe. The motor drives the leadscrew to move a 3D 

printed carriage that displaces the syringe piston, while a linear guide ensures vertical displacement 

and stability. The extruder is compatible with syringes of different sizes (10 mL, 20 mL, 60 mL), 

offering flexibility for various material volumes. The stepper motor is directly connected the 

motherboard and can be controlled via G-code commands in an analogous way as for FFF extruders. 

2.2.3. Screw Extruder 
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The screw extruder, designed for DIW, features an 80 mm long screw that operates at room 

temperature. The extruder's kinematics include a stepper motor, which drives a gear mechanism 

connected to the screw by means of its internal shaft, controlling the rotation. The stepper motor is 

directly connected the motherboard and can be controlled via G-code commands in an analogous 

way as for FFF extruders. 

The entire extruder was designed by modeling the components in Fusion 360, followed by 3D 

printing the necessary parts, purchasing custom-made aluminum components, and assembling all 

parts and electronics. 

The screw was designed ad-hoc and consists of two components: an external shell and an inner 

aluminum shaft. The external shell has been modeled and 3D printed using Acrylonitrile Styrene 

Acrylate (ASA), providing the external geometry of the screw. ASA has been chosen for its higher 

mechanical strength and wear resistance, if compared to other traditional polymers for FFF, and for 

the possibility to be polished by exposure to acetone vapors, to achieve a smooth surface. Indeed, the 

3D printed shell has been exposed to acetone vapors for 30 minutes and dried for 24 hours at room 

temperature. The inner shaft, an 8-mm diameter aluminum bar, has been secured to the shell by filling 

the cavity with epoxy resin and transfers the motion from the gears to the screw. A 20 mL syringe 

was used as the disposable barrel. 

2.3. UV Curing Unit 

A UV curing unit has been designed for the printer, utilizing 365 nm LEDs (Intelligent LED 

Solutions ILH-XP01-S365-SC211-WIR200. Emitted power 180 mW, radiance angle 55°), mounted on 

a 3D printed shell. The LEDs are powered by a 7.5 V external power supply and can be switched on 

and off through G-code commands. A MOSFET (IRFZ44N) has been placed between the power 

supply and the LEDs, with its gate pin connected to a FAN pin on the motherboard, enabling 

instantaneous and automatic control during the print. 

A constant light intensity across a specified surface is necessary to ensure uniform curing 

throughout the entire printed sample, therefore an optimization process for the number and 

arrangement of LEDs was performed. 

The designated target surface was defined as a circular area with a diameter of 90 mm, and a 

minimum average intensity of 25 mW/cm2 was set as the desired threshold (value selected basing 

literature review [66–73]).  

The assumed structure of the UV curing unit comprises 1 (or 0) LEDs positioned at the center, 

directed downward, surrounded by two concentric rings of LEDs with and inward or outward 

inclination angle. 

Basing on such structure, 12 geometrical variables have been defined and are listed in Error! 

Reference source not found.. 

Table 2. Geometrical variables used for the optimization of LEDs arrangement. 

Variable Meaning 

𝑁0 Number of LEDs in the first set (0 or 1) 

𝑁1 Number of LEDs on the first ring (integer number) 

𝑁2 Number of LEDs on the second ring (integer number) 

𝐻0 Vertical distance between the central LED and the target surface 

𝐻1 Vertical distance between the center of the first ring and the target surface 

𝐻2 Vertical distance between the center of the second ring and the target surface 

𝑅1 Radius of the first ring 

𝑅2 Radius of the second ring 

𝛼1 Inward inclination of the first ring 

𝛼2 Inward inclination of the second ring 

𝜙1 Rotation angle (with respect to the vertical axis) of the first ring 

𝜙2 Rotation angle (with respect to the vertical axis) of the second ring 
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The light intensity profile on the target surface was defined as a function of these variables, and 

its peak-to-peak distance was minimized within the surface domain. The optimization involved 12 

variables, three of which were integer parameters. Traditional optimization tools would have 

resulted in excessive computation times; therefore, a genetic algorithm was employed to efficiently 

address the problem and achieve the desired uniformity in light intensity. The function definition 

and optimization was carried out through a Matlab script.  

After the optimization, the 12 optimized values of geometrical variables have been used as 

parameters for the parametric modeling of the shell on which LEDs are mounted. Such component 

has been 3D printed via LCD 3D printing (Phrozen Sonic Mini 8K 3D printer) with a layer height 

equal to 0.05 mm, using a commercial resin (Anycubic ABS-like Resin+). 

An external shell has been designed for the UV and has been 3D printed via FFF using 

aforementioned printing parameters (Error! Reference source not found.). 

To characterize the actual emission of the UV curing unit and validate the optimization process, 

the light delivered to the target surface was measured using a SpectriLight ILT950 spectroradiometer 

(International Light Technologies, Peabody, USA). Light intensity was evaluated at 81 distinct points 

arranged in a 120 × 120 mm horizontal square grid, consisting of 9 points in each direction with 15 

mm spacing between them. The central point of the grid was vertically aligned with the central LED 

of the UV curing unit. To ensure compliance with the optimized geometrical variables, the vertical 

distance between the UV unit and the spectroradiometer sensor was adjusted accordingly. 

2.4. Machine Control 

The overall functioning of the platform is analogous to that of a standard multi-extruder 3D 

printer. Before initiating the printing process, manual Z-axis leveling is necessary to accommodate 

variations in nozzle lengths or cartridge volumes, given that both components are interchangeable. 

This adjustment ensures precise alignment and consistent extrusion during the printing process.  

When an extruder is required, it is lowered into position, and material is extruded according to 

the specific type of extruder in use. Once extrusion is completed, the extruder is lifted, and the 

subsequent extruder, if needed, is lowered. 

As for the UV curing process, it is performed after the deposition of each layer. The print plate 

moves into alignment with the UV curing unit, the LEDs are activated for a specified duration, and 

then the print plate returns to its previous position to continue printing. 

All elements of the printer are controlled via G-code commands. To streamline the workflow, a 

complete dedicated slicer software was not implemented; instead, an alternative approach was 

adopted. PrusaSlicer 2.5.0 was selected as the slicer, utilizing a custom machine preset tailored to the 

specific platform. G-code files generated by PrusaSlicer are subsequently processed through a 

Python-based tool developed to incorporate custom commands specific to the printer's unique 

hardware and electronics.  

This tool automates routines such as extruder activation (lifting and lowering), material 

extrusion, and UV curing. To enhance usability, the Python tool was converted into a PC-compatible 

executable application with a graphical user interface, simplifying its operation. The application 

handles all necessary post-processing, ensuring the G-code is seamlessly adapted to the custom 

configuration of the machine. 

In particular, the tool adds specific temperature commands to the G-code whenever an extruder 

needs to be lifted or lowered. This is because the solenoid valves controlling these actions are 

connected to the motherboard’s HEATER pins, as previously described. Additionally, commands 

related to cooling are incorporated to manage the operation of pneumatic extruder valves, which are 

responsible for material extrusion. These valves are connected to the FAN pins on the motherboard, 

as noted earlier. Furthermore, the tool adds motion and cooling commands to control the UV curing 

process, with the MOSFET regulating the LEDs connected to the FAN pins on the motherboard, as 

previously stated. 
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2.5. Machine Testing 

The platform tested to assess both the functionality of the extruders and the reliability of the 

control strategy. Several parts were printed using all the extruders and different materials, including 

both single-extruder and multi-extruder prints. Details about these prints can be found in the 

supplementary information. 

To assess the UV curing unit's efficacy in crosslinking photo-crosslinkable resins, samples were 

printed using a pneumatic extruder. After printing, each part was subjected to curing for durations 

of 5, 10, and 15 seconds. Three samples were printed for each curing duration. The gel content of each 

sample was then determined by immersing it in stirring acetone (200 ml acetone per gram of sample) 

for 24 hours. The samples were subsequently dried in a vacuum oven at 60°C for at least 24 hours, 

with weight measurements taken every 6 hours until stability was achieved in two consecutive 

measurements. Gel content was calculated as the ratio of the final weight to the initial weight. 

Three materials with different rheological properties were used for the production of the printed 

parts. Material 1 is a commercial cosmetic cream, characterized by high viscosity and yield stress. 

Material 2 is a gelatin-based hydrogel commonly used in 3D bioprinting, with low yield stress and 

viscosity. Material 3 is a commercial UV-curable resin, used to test the effectiveness of the UV curing 

unit. Further details are provided in the supplementary information. 

2.6. Cost Analysis  

The approximate cost of the machine has been evaluated to compare the self-production cost 

with the price of a commercial Direct Ink Writing (DIW) setup. This cost assessment takes into 

account the materials used for 3D printing, custom components, electronics, and the integration of 

various extrusion technologies. By comparing these expenses with those of commercially available 

systems, the evaluation provides insights into the cost-effectiveness and potential advantages of self-

manufacturing the platform. The comparison also highlights the economic feasibility of adapting the 

design for specific research needs, offering a more affordable and customizable alternative to off-the-

shelf solutions. 

3. Results and Discussion 

3.1. Printer Design and Configuration 

A multi-technology platform for multi-material Direct Ink Writing (DIW) and UV curing has 

been successfully designed and developed (Error! Reference source not found.). 

The platform integrates various extruding technologies, specifically pneumatic extrusion, 

plunger extrusion, screw extrusion, and a UV curing unit, providing significant flexibility for a wide 

range of applications. The design of this platform was driven by a frugal approach, aimed at 

enhancing adaptability and customizability according to material-specific requirements. This 

strategy allows for a high degree of versatility, making the machine suitable for a variety of fields, 

including tissue engineering (3D bioprinting), circular economy, and electronics.  

Additionally, the machine can be reconfigured in a fast and cost-effective manner to incorporate 

new features, ensuring continued adaptability. Artificial intelligence, in the form of a genetic 

algorithm, was employed to optimize the design of the UV curing unit, minimizing its peak-to-peak 

light intensity profile. Mounting LEDs on 3D printed hardware further enhances the system's 

flexibility, allowing for straightforward modifications to the unit's wavelength, light intensity, and 

target surface extension as required. 

One of the most distinctive features of the platform is its modular design for the printheads. This 

modularity allows for quick and easy swapping of the printheads, providing users with the flexibility 

to adjust the number and type of extruders according to the specific requirements of their projects. 

The design accommodates multiple extrusion technologies—such as pneumatic, plunger, and screw 

extruders—on the same machine, offering significant versatility in material deposition. After 

reconfiguring the printhead setup, the platform is ready for operation almost immediately, ensuring 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 July 2025 doi:10.20944/preprints202507.0978.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202507.0978.v1
http://creativecommons.org/licenses/by/4.0/


 8 of 20 

 

minimal downtime. The new configuration of extruders can be effectively controlled by making 

simple adjustments to the G-code converter script, which automatically adapts to the new setup. This 

streamlined process highlights the machine’s user-friendly interface and rapid adaptability, making 

it highly suitable for diverse applications where quick reconfiguration is essential. 

The developed printer is a Cartesian system, in which the build plate moves along the horizontal 

x and y axes, while the printheads are positioned on the vertical z-axis. This design involves moving 

the build plate instead of the extruder assembly in the horizontal plane, as the extruders are relatively 

heavy. This approach avoids the need to displace the mass of the printheads during printing, 

reducing motor effort and helping to maintain accuracy by minimizing potential vibrations. 

The machine features a 210 x 210 mm print bed with a temperature control system capable of 

reaching temperatures between room temperature and 100°C. This temperature range ensures 

compatibility with a broad spectrum of materials. In addition, the system's precision allows for 

accurate deposition, with an XY plane accuracy as low as 50 µm and a Z-axis resolution of 10 µm. 

These capabilities ensure high-quality prints with fine details, making the system suitable for many 

research applications that require precise spatial control over deposition. The machine's benchtop 

design allows it to be placed into a fume hood for processing hazardous materials (with the added 

benefit of disposable cartridges and nozzles) or into a biological hood for clean environments, ideal 

for applications in tissue engineering. 

 

Figure 1. Main structure of the machine. 

3.2. Extruders 

3.2.1. Pneumatic Extruder 

Pneumatic extrusion uses pressurized air to expel material from a cartridge through a nozzle, 

offering simplicity, reliability, and minimal maintenance. By adjusting air pressure, it can handle 

materials of varying viscosities without the need for high-torque stepper motors, reducing system 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 July 2025 doi:10.20944/preprints202507.0978.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202507.0978.v1
http://creativecommons.org/licenses/by/4.0/


 9 of 20 

 

weight and complexity. This makes the system more efficient and versatile compared to mechanical 

extrusion, which requires heavier components and higher power. [12]. 

The printer features pneumatic printheads (Error! Reference source not found.a) designed to 

accommodate commercial syringes of various sizes—3 mL, 10 mL, and 55 mL—as material reservoirs. 

It is equipped with an oil-less air compressor capable of delivering up to 8 bar of pressure. The use 

of disposable syringes provides flexibility, enabling users to choose syringe sizes based on material 

volume needs. Compatibility with Luer Lock nozzles expands material and dispensing configuration 

options. The cartridge is sealed with an airtight cap connected to a pipeline that supplies compressed 

air, generating the pressure needed for extrusion. 

One solenoid valve, controlled by the motherboard, applies the pressure on the cartridge, 

enabling the extrusion process by switching the flow on and off as required. The pressure level is 

manually adjustable via a manometer, giving users the ability to fine-tune the applied pressure in 

real-time based on material behavior during printing. This manual control was intentionally chosen 

over automatic pressure regulation to allow for greater user flexibility in the deposition process. 

The printer uses a dual-valve system for precise start-stop control of extrusion. The primary 

solenoid valve regulates the air supply to the cartridge, activating or deactivating the flow of material 

as needed. The secondary solenoid valve is responsible for releasing residual pressure when 

extrusion is stopped. During printing, this valve remains closed to maintain pressure in the system, 

but it briefly opens after extrusion to release any residual pressure in the pipeline and prevent 

material leakage. This system ensures controlled extrusion, avoiding issues like over-deposition or 

unwanted drips. 

The coordination of these valves is managed through a combination of G-code commands and 

hardware wiring. The valves are connected to pins on the motherboard typically assigned to heater 

control, and activating a particular valve is achieved by sending a G-code command to set a higher 

temperature. This powers the corresponding pin, thereby switching on the valve and enabling 

extrusion control.  

3.2.2. Plunger Extruder 

Mechanical plunger extrusion uses a piston to push fluid from a cartridge, offering more precise 

volumetric control over the extruded material compared to pneumatic systems. While this approach 

is more complex due to the moving parts and mechanical joints involved, it provides a key advantage 

in that the extrusion process is independent of the material's rheological properties, allowing for 

consistent material flow. Mechanical plunger extrusion is particularly advantageous for low-viscosity 

materials, as this way it is possible to perform retractions and effectively prevent leakages. [11] 

To enable plunger-based extrusion, the printer integrates a custom-designed plunger extruder 

(Error! Reference source not found.b), featuring key components such as a stepper motor, leadscrew, 

and syringe. The stepper motor is securely mounted alongside the syringe within the extruder’s main 

body. The motor's rotation drives the leadscrew, which moves a 3D printed carriage along a vertical 

axis. The syringe piston is attached to this carriage, ensuring that the motor's motion directly 

translates into precise vertical displacement, allowing for controlled material flow. 

To enhance operational accuracy, a linear guide is incorporated into the design. This guide 

ensures smooth, stable motion by preventing any unintended rotation or non-vertical displacement 

of the 3D printed carriage, thus increasing system reliability. 

The extruder is designed for compatibility with syringes in various sizes, including 10 mL, 20 

mL, and 60 mL, offering flexibility in material volume and accommodating a broad range of 

applications. 

The stepper motor of the plunger extruder can be connected to the pins dedicated to the extruder 

stepper motor, as originally intended for an FFF printer. By utilizing these existing connections, the 

motor can be directly controlled through G-code commands, without requiring special conversion or 

additional modifications. 
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Figure 2. Extruders designed for the machine: (a) Pneumatic extruder, (b) Plunger extruder, (c) Screw extruder. 

3.2.3. Screw Extruder 

The printer features a screw extruder designer for the scope, shown in Error! Reference source 

not found.c.  

Screw extruders used in Direct Ink Writing (DIW) differ significantly from their industrial 

counterparts in both size and operating conditions. DIW screws are generally much smaller, often 

only a few centimeters in length, and they operate under mild temperature conditions. Contrarily, 

industrial screw extruders are designed to handle high pressures and temperatures for continuous 

production. [74,75] 

The flow rate in these systems depends on a complex interplay of screw geometry and material 

properties, making precise modeling challenging. [76] 

Designing and producing screws in-house offers the flexibility to customize geometry, thereby 

expanding the range of materials that can be processed. In this case, a plastic screw was chosen as a 

viable alternative to a metallic one. A multi-material approach was implemented to address the 

mechanical stresses associated with the application, dividing the screw into two components: the 

external shell and the inner shaft. 

The external shell, crafted from Acrylonitrile Styrene Acrylate (ASA), was selected for its higher 

mechanical strength, chemical resistance and wear resistance if compared with typical polymers for 

FFF such as Polylactic Acid and PETG. The possibility to be polished via acetone vapors allows to 

reduces friction and also enhances wear resistance (Error! Reference source not found.a). The shell, 

3D printed using FFF, has a thickness of 0.8 mm and features two 8-mm holes to securely insert the 

shaft and ensure proper alignment (Error! Reference source not found.b). 

The inner shaft, made from an 8-mm diameter aluminum bar, provides the necessary structural 

strength. Once the shaft is inserted into the shell, epoxy resin is poured into the remaining cavity, 

securing the shaft and reinforcing the structure. The final assembly integrates the surface finish and 

geometry of the ASA shell with the stiffness of the aluminum shaft and the added reinforcement from 

the epoxy resin, resulting in a durable screw suitable for the processing of liquid and paste-like 

materials at mild temperatures. 

Considering the conditions typical of Direct Ink Writing (DIW) processes, metallic barrels were 

deemed unnecessary. Instead, commercial 20-mL plastic syringes were used as barrels. This design 

choice ensures compatibility with widely available needles and nozzles, which serve as dies, making 

maintenance easier and enabling quick, cost-effective changes. 

In this case, extrusion is driven by the rotation of a stepper motor, which is transferred to the 

screw via a gear mechanism. Unlike plunger extrusion, screw extruders do not provide volumetric 

control over extrusion. In fact, the relationship between the screw's angular velocity and the material 

flow rate is complex and relies on factors such as screw geometry, material properties, and 
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temperature. While the analytical and numerical solutions to this problem can be complex [77], the 

flow rate can be manually adjusted during printing, similar to the approach used on commercial FFF 

printers in order to obtain an appropriate flow rate for the current printing parameters.  

 

Figure 3. (a) Surface finish of the screw before (left) and after (right) exposure to acetone vapors; (b) Structure of 

the screw, drawing. 

3.3. UV Curing Unit 

A dedicated UV curing unit has been developed for the printer. In standard UV-assisted DIW, 

the material is typically exposed to UV light immediately after extrusion, facilitating almost 

instantaneous crosslinking. This method works well for highly reactive resins but becomes 

impractical for materials that require longer curing times. In such cases, the printing speed and curing 

speed are inherently linked, complicating the process. Additionally, the risk of nozzle clogging due 

to uncontrolled crosslinking is a common challenge. [62] 

To overcome these challenges, a different approach has been implemented. The printer first 

prints a layer, and then it is exposed to UV light from a dedicated UV unit located away from the 

nozzle. This method enables each layer to be printed in the same manner as traditional DIW, followed 

by independent curing. This process offers greater flexibility in choosing materials and adjusting 

printing parameters. 

The LED arrangement required to deliver a constant light intensity over a 90 mm circular surface 

was optimized using a genetic algorithm. The problem, which is a type of Mixed-Integer Nonlinear 

Programming problem, involved 12 variables, with some of them constrained to integer values. The 

genetic algorithm, a form of artificial intelligence, was employed to efficiently solve the problem, 

significantly reducing computational time.  

By building a custom unit with LEDs mounted on 3D printed hardware, the system’s flexibility 

is further enhanced, allowing easy adjustments to the wavelength, light intensity, and target surface 

area as needed. Automatic optimization through the genetic algorithm accelerates the design process, 

enabling rapid reconfigurations for different requirements. 

The optimized values of the 12 geometrical variables defined to describe the UV curing unit are 

listed in Error! Reference source not found. and have been evaluated running the optimization code 

with the inputs and constraints listed in supplementary information. 

Table 3. Optimized values of the 12 geometrical variables. 

Variable Value 

𝑁0 1 

𝑁1 9 

𝑁2 0 

𝐻0 31 mm 
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𝐻1 19 mm 

𝐻2 N/A 

𝑅1 50 mm 

𝑅2 N/A 

𝛼1 46° 

𝛼2 N/A 

𝜙1 100° 

𝜙2 N/A 

The optimized UV curing unit resulted in a central LED positioned 31 mm above the target 

surface, directed downwards. Surrounding this central LED is a ring of 9 LEDs arranged in a circular 

formation with a radius of 50 mm, rotated 100° relative to the vertical axis. These LEDs are placed at 

a height of 19 mm, with an inward angle of 46°. 

The optimized (theoretical) intensity profile is represented in Error! Reference source not 

found.. Following optimization, the theoretical intensity profile achieved a mean value as high as 

25.2 ± 1.0 mW/cm². The utilization of LEDs, representing the fraction of light power effectively 

delivered to the target surface, is 89%. This indicates that the arrangement of LEDs efficiently directs 

nearly all emitted light towards the target surface, with only a small fraction being dissipated in the 

surrounding area.  

 

Figure 4. Theoretical and experimental light intensity profile emitted by the UV curing module, represented (a) 

in a three-dimensional space and (b) in polar coordinates (highlighted area corresponds to the target surface). 

The UV curing unit, shown in Error! Reference source not found., displays the LED 

arrangement designed according to the optimized values of the geometrical variables. The final 

dimensions of the external shell are 150x140x82.5 mm. 
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Figure 5. UV curing unit developed for the platform. 

The light intensity profile emitted by the UV curing unit was measured experimentally, and the 

corresponding data points are shown in Error! Reference source not found.. Upon comparison with 

the theoretical profile, it is evident that the experimental results closely align with the expected 

distribution, demonstrating the accuracy of the system's design. However, some minor discrepancies 

were observed, primarily near the center or at points beyond the target surface. These slight 

variations could be attributed to factors such as minor imperfections in the LED arrangement or slight 

misalignments. Nonetheless, the overall consistency between the experimental and theoretical 

profiles confirms the effectiveness of the UV curing unit's design.  

3.4. Machine Control 

The process of producing a 3D printed object typically involves several steps. First, a CAD model 

of the object is designed, followed by the use of a slicer to generate the corresponding G-code. This 

G-code instructs the printer on how to construct the part layer by layer. The G-code is then uploaded 

to the printer, and the firmware interprets these instructions into electrical signals that control the 

printer’s components. 

As previously described, the G-code generation for the custom platform starts with creating an 

initial G-code using PrusaSlicer® (version 2.5.0). This G-code is then modified to suit the 

requirements of the multi-technology platform through a custom-developed Python tool. 

The initial steps of CAD design and G-code generation are similar to those used in commercial 

FFF 3D printing. Afterward, the generated G-code is further processed using the Python-based tool 

developed specifically for this purpose. This tool automates the modification of the G-code to adapt 

it to the machine’s specific configuration, including commands for extruder activation, extruders 

lifting and lowering, and UV curing routines during the printing process. 

To make the tool more accessible, it was transformed into a user-friendly executable application 

with a graphical interface. This allows users with limited programming knowledge to use the tool 

easily. Once the G-code is processed, the modified version is uploaded to the printer, where the 

firmware reads it and controls the printing process accordingly. This workflow minimizes the need 

for extensive training, as users can operate the system similarly to a commercial FFF printer, with the 

additional step of interacting with the post-processing tool. 

The graphical user interface is displayed in Error! Reference source not found.. As shown, it 

features several key fields for user interaction. One field allows the user to select the folder containing 

the G-codes to be converted. Another field enables activation of the UV curing process, where the 
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user can specify the duration. Additionally, a field is provided for inputting Z-coordinate values 

obtained from manual leveling. These inputs are utilized by the tool to modify the G-codes 

accordingly. The tool generates new versions of the files without overwriting the original G-codes, 

which facilitates easier usage and eliminates the need to regenerate the G-codes from scratch in 

PrusaSlicer if mistakes are made or if different DIW printing parameters are required. The program 

stores the last used settings to ensure they are preserved between sessions. 

 

Figure 6. Graphic user interface from the G-code converter tool. 

3.5. Machine Testing 

The platform was tested to evaluate the functionality of the extruders and the reliability of the 

control strategy. The printed parts (Error! Reference source not found.) were assessed for several 

key indicators that reflect the effectiveness of the machine's design and performance.  

First, the absence of distortions in the printed parts compared to the original CAD models 

indicated effective kinematic control, proper assembly, and the orthogonality of the machine’s axes. 

The precise stacking of layers, particularly in multi-extruder prints, signified well-designed 

printheads with correct nozzle positioning. Furthermore, the absence of uncontrolled nozzle 

displacements suggested that the structural components of the machine have sufficient stiffness to 

prevent misalignments during operation. 

Another critical indicator was the consistent material flow during deposition. For materials with 

low yield stress, such as hydrogel, the absence of post-extrusion flow indicated that the vibrations 

generated during printing were within acceptable limits. This suggests that the machine’s design 

mitigates issues like uncontrolled material movement, ensuring precise extrusion. Moreover, the 

absence of collisions with printed parts confirmed that the G-code generation and machine operation 

were correctly implemented. Prints involving multiple tool changes were completed without any 

collisions nor stops, further demonstrating the effectiveness of the G-code conversion process. 
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Figure 7. Single extruder prints made with material 1 and pneumatic (a) or plunger (b) extruder; multi-extruder 

parts made with the three extruders and material 1 (c, d), material 2 (e) or material 3 (f); single extruder parts 

made with material 3 and pneumatic extruder (g, h). 

The successful execution of both single- and multi-extruder prints without significant issues 

confirmed the robustness of the hardware and software design. The printed parts showed high 

fidelity to the CAD models, indicating that the mechanics, kinematics, and control systems of the 

machine were well-designed. The orthogonality of the three motion axes and the structural stiffness 

were verified, as the prints maintained accuracy without distortions. 

Additionally, the machine’s ability to handle both high- and low-viscosity materials without 

issues demonstrated that the extruders were properly designed. The alignment of parts printed with 

different extruders further confirmed the correct positioning of the nozzles, ensuring no 

misalignment during printing. These successful outcomes across various test prints highlighted the 

reliability of the system and its capability to produce complex parts without malfunctions. The proper 

collaboration between different extruders during multi-material prints was another positive 

outcome, verifying that the G-code conversion process worked as intended. 

The UV curing unit’s performance was tested using a pneumatic extruder and photo-

crosslinkable resins. Parts were printed and exposed to UV light for curing durations of 5, 10, and 15 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 July 2025 doi:10.20944/preprints202507.0978.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202507.0978.v1
http://creativecommons.org/licenses/by/4.0/


 16 of 20 

 

seconds, and gel content was measured to evaluate the curing efficiency. The results—96.5%, 97%, 

and 97.9%—confirm that the chosen light intensity of 25 mW/cm² is an effective value for achieving 

efficient curing of the photo-crosslinkable resins. 

3.6. Cost Analysis 

The estimated self-production cost of the machine is about 2,500 USD, which is much lower than 

the cost of commercially available DIW machines, most of which are bioprinters, typically priced 

from 20,000 USD. Therefore, the self-built machine offers a highly cost-effective alternative, with a 

production cost several times lower than that of a commercial bioprinter. A detailed bill of materials 

is provided in the supplementary information. 

4. Conclusions 

In conclusion, a highly versatile multi-extrusion technology DIW platform has been successfully 

developed, combining a materials-driven approach with a focus on reconfigurability and 

adaptability, which are achieved using a frugal approach and artificial intelligence. The platform was 

designed to be able to perform multi-material printing and to process materials exhibiting a wide 

range of properties, enabling the creation of complex, multi-material parts with precision. This 

flexibility is achieved through the incorporation of three different types of extruders, each tailored to 

handle specific materials, and the integration of a UV curing unit to ensure proper crosslinking of 

photo-crosslinkable resins. The LED arrangement for the UV curing unit was optimized using 

artificial intelligence in the form of a genetic algorithm to maximize the light intensity uniformity 

over the target surface, ensuring effective and uniform curing, which is critical for achieving high-

quality prints. The system was tested, and the results confirmed that multi-material parts were 

produced successfully, with complete curing of the materials and no discrepancies between the 

printed and designed models. Furthermore, the platform demonstrated excellent performance in 

printing complex structures with multiple tool changes, validating its capability to handle intricate 

tasks with ease. Notably, the platform has already been employed in published works in the fields of 

electronics [63] and circular economy [64,65], demonstrating its practical relevance and versatility 

across disciplines. From a cost perspective, the self-production cost of the machine was 
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