Ender3 3D printer kit transformed into Open, Programmable Syringe Pump set
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1. Introduction

Syringe pumps are an excellent tool used in many different fields: from physics [1], flow chemistry
[2], microfluidics [3,4], to biology and microscopy [5]. However, even a simple syringe pump,
with little possibility of automation, can cost close to €1000 [6]. Because of the high cost and the
limited automation capability, many groups around the world have switched to a Do It Yourself
(DIY) approach [7,8]. Many DIY pumps have been published in the last few years using stepper
motors and lead screws to translate the rotational motion of the motor to linear motion of a syringe
plunger. Recently the group of Pachter published a Python controllable pumps system, called
Poseidon [9], where the whole pump frame is 3D printed. Some designs use ready-made parts for
the frame, such as metal rods [10] or aluminum extrusions [11]. Henriques’ group built a set of
pumps using Lego blocks and controlled them using Arduino [12]. In general, Arduino is a popular
control board for DIY syringe pump systems [6,13-15]. The Raspberry Pi single board computer
is also used for pump control [16], also in combination with commercial pumps [17]. Non syringe-
based DIY pump designs, such as peristaltic [18-20] and manually operated pumps [21,22] have
also been demonstrated.

Although all these pumps work correctly and are an excellent opportunity to enter the Open
Hardware DIY instruments field, building and programming them requires, first, the sourcing of
all the parts from different vendors and then, some previous knowledge in programming to use
them. The sourcing of the parts may result in a scavenger hunt, with parts changing name or vendor
and specs over time. Another barrier is the knowledge of electronics and programming that is
usually required to build and use these pumps. These two problems may hinder the widespread
adoption of DIY pumps among researchers without previous knowledge in these areas. Moreover,
they may not be willing to spend time in a build process if they first must acquire these skills.

To solve the issues of acquiring many parts and going through a complicated build process, we
leverage the use of a 3D printer electronics and mechanics for building and controlling a set of
three syringe pumps. A standard fused deposition modelling (FDM) 3D printer has, in fact, all the
components required to build a set of syringe pumps: stepper motors, motherboard, power supply
(PSU), and linear motion systems in the three XYZ axes. Moreover, the program used for
controlling 3D printers, usually Marlin [23] working with G-code files, can be exploited for
controlling the syringe pumps. This avoids the need of programming the pumps from scratch, using
microcontrollers like Arduino or the Linux based Raspberry Pi.

In this paper, we show how to build and use a set of 3D pumps by repurposing a Creality Ender3
[24], one of the cheapest FDM printers on the market. Apart from three shaft couplers, one M5
threaded rod and three M5 nuts, everything needed for this build is included in the Ender 3 box,
even the screws and the tools needed for assembly. Some additional parts that are needed for the
syringe and motors connections are 3D printed, meaning that the Ender 3 can be first built for
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printing the parts, and then disassembled for building the syringe pumps (Fig. 1). We also show
how to use G-code for controlling and automating the pump system.

This approach of repurposing a 3D printer and control via G-code for use as syringe pumps is
cheap, fast, and simple [25]. It opens the opportunity of acquiring and using syringe pumps in
laboratories around the world, independent of funding and previous knowledge in programming
and electronics.
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Figure 1 An Ender 3 3D printer kit can be repurposed to build a three channel syringe pump system. Addi
components are limited to one meter M5 threaded rod, three M5 nuts and three 5x5 shaft couplers. All custom parts can be 3D
printed.

2. Hardware description.

This project describes the procedure to repurpose a 3D Printer to a set of three syringe pumps. All
the components, even the screws and the tools needed for the build are in the 3D printer box,
simplifying the acquisition of each separate component. The only additional parts to be purchased
are 5x5 shaft couplers, M5 nuts and M5 threaded rods, available at any hardware store. The 3D
printed parts are supplied in their original CAD format (.F3D) as well as .STL files ready to be 3D
printed. Printable parts were designed using Fusion 360 from Autodesk. For this specific project,
we used a Creality Ender 3 3D printer, as it is one of the cheapest FDM on the market, and it is
open source/open hardware [26]. However, as all FDM 3D printers work by moving a XYZ stage,
this method can be applied to any 3D printer by redesigning the 3D printed parts, while the G-code
programming will remain the same.
In fact, the programming of the pumps is also easy as it leverages the Marlin firmware already
present on many 3D printer motherboards, and G-code files for controlling the pumps can be easily
written as text files.
This project comprises of an easy to assemble and program syringe pump set, which can be used
for:

e Flow chemistry

e Microfluidics

e Biology and Microscopy (for example for automatic staining and fixing)

Moreover, this project can be used as a blueprint to expand the possibilities of repurposing 3D
printers for laboratory equipment. For example, in the 3D printer Kit, there is a fourth motor, two



heating units with thermistor controls and three end stops, which are not used in this project, but
can be useful to build other instruments. The project files and description are available on github

[27].

3. Design files

Print settings

All the design files listed in Table 1 were printed using PLA material, at 0.2 mm layer height, 20%
infill, with two perimeter wall thickness. The designs are printable without using support

structures.

Table 1 Design file overview, with the file name of the part, the available file types, license type and the repository location.

Mount v1

360), STL

Design file name File type Open source | Location of the file
license

Clamp Bar Long v1 F3D (Fusion CC-BY 4.0 | https://github.com/Vsaggiomo/Ender3-
360), STL syringe-pumps

Clamp Bar Short v1 F3D (Fusion CC-BY 4.0 | https://github.com/Vsaggiomo/Ender3-
360), STL syringe-pumps

Clamp Bar v1 F3D (Fusion CC-BY 4.0 | https://github.com/Vsaggiomo/Ender3-
360), STL syringe-pumps

Dovetail Cap v1 F3D (Fusion CC-BY 4.0 | https://github.com/Vsaggiomo/Ender3-
360), STL syringe-pumps

E End Mount v1 F3D (Fusion CC-BY 4.0 | https://github.com/Vsaggiomo/Ender3-
360), STL syringe-pumps

E Slide Mount v1 F3D (Fusion CC-BY 4.0 | https://github.com/Vsaggiomo/Ender3-
360), STL syringe-pumps

E Stepper Mount v1 F3D (Fusion CC-BY 4.0 | https://github.com/Vsaggiomo/Ender3-
360), STL syringe-pumps

Electronics Base v1 F3D (Fusion CC-BY 4.0 | https://github.com/Vsaggiomo/Ender3-
360), STL syringe-pumps

PSU Mount v1 F3D (Fusion CC-BY 4.0 | https://github.com/Vsaggiomo/Ender3-
360), STL syringe-pumps

X Motor Slide Mount | F3D (Fusion CC-BY 4.0 | https://github.com/Vsaggiomo/Ender3-

vl 360), STL syringe-pumps

X Slide Mount v1 F3D (Fusion CC-BY 4.0 | https://github.com/Vsaggiomo/Ender3-
360), STL syringe-pumps

X X Motor End Mount | F3D (Fusion CC-BY 4.0 | https://github.com/Vsaggiomo/Ender3-

vl 360), STL syringe-pumps

X X Motor Stepper F3D (Fusion CC-BY 4.0 | https://github.com/Vsaggiomo/Ender3-

syringe-pumps
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Clamp Bar (Long, Normal, Short)

The Clamp Bar is used to keep the syringe pressed against the End Mount frame, under pressure
of a spring. Three lengths are available, in order to accommodate different syringe diameters, if
the spring pressure is insufficient, or too great.

Dovetail Cap
A cap to lock the spring and Clamp Bar in place. It slides in with a dovetail-type mechanism.

E End Mount
The mount for the E Plate Pump in which the syringe body is clamped.

E Slide Mount
The mount that is installed on the E Slide Plate, which moves the syringe plunger.

E Stepper Mount
The E Stepper Mount is used to mount the stepper motor, driving the leadscrew.

Electronics Base
A base to support the Electronics Box when it is mounted on the Control Unit.

PSU Mount
A rectangular block that connects the PSU to the Control Unit.

X Motor Slide Mount
The mount that is installed on the X Motor Slide Plate, which moves the syringe plunger.

X Slide Mount
The mount that is installed on the X Slide Plate, which moves the syringe plunger.

X X Motor End Mount
The mount for the X Plate and X Motor Plate in which the syringe body is clamped.

X X Motor Stepper Mount
The X X Motor Stepper Mount is used to mount the stepper motor, driving the leadscrew. It is
used in both the X Plate and X Motor Plate pumps.



4. Bill of Materials

Component Number | Cost per Total Source of Material
unit - € cost - € | materials type
M5 threaded rod (1 meter) |1 3.79 3.79 Hardware store Stainless steel
M5 nut 3 0.54 3.59 (per | Hardware store Stainless steel
20)
5x5 shaft coupler 3 3.68 11.04 123-3D.nl Aluminium
Ender 3 Kit 1 140 140 Aliexpress DIY 3D
printer kit
3D printed parts (5009) lkgrollof | 20 10 123-3D.nl PLA
PLA
filament

As stated, this project aims to enable researchers to build an Open Hardware syringe pump system,
with the need for purchasing as little externally sourced components as possible. The Bill of
Materials therefore consists mainly of 3D printed parts, designed to construct this pump system.
The threaded rod and M5 nuts should be readily available at a hardware store. The Ender 3 can be
bought online. Some online vendors specialize in the sale of 3D printers, will also sell parts like
the 5x5 shaft coupler. The shaft coupler should also be available on major online stores.

A w

@ Additional
@ 3D printed

Figure 2 A) Render of the three pump channels. B) Exploded view of pump parts with number indicating the part. Blue numbers:
Parts included in the Ender 3 kit. Green numbers: Additional purchased parts. Yellow numbers: 3D printed designs.



A render of the three pump channels is shown in Figure 2A. Also shown, is an exploded view of
the system, with all parts numbered (Fig. 2B). An overview of these parts can be found in Table
2, below. This gives the builder a general indication of which parts are used and where. A detailed
account of the construction process can be found in the build instructions in the next section.

Table 2 Overview of the parts in the exploded view (Fig. 2B). 3D printed parts, commercially bought parts and (sub)assemblies
from the Ender 3 are included.

Number Part

1 Stepper Motor

2 5x5 Shaft Coupler

3 X X Motor Stepper Mount
4 E Stepper Mount

5 27 cm M5 leadscrew

6 22 cm M5 leadscrew

7 40x40 rail

8 20x20 rail

9 40x40 rail

10 M5 nut

11 X X Motor Slide Mount
12 X Motor Plate

13 E Slide Mount

14 E Plate

15 X Slide Mount

16 X Plate

17 Dovetail Cap

18 Clamp Bar

19 Spring

20 X X Motor End Mount
21 E End Mount

22 Control Board

23 LCD Screen

24 PSU

5. Build Instructions

A detailed step by step assembly guide is provided in the supplementary information.



6. Operation Instructions

The syringe pumps are controlled by the 3D printer motherboard, which is already flashed with
Marlin software and therefore works with G-code. There are two ways of controlling the pumps:
a) using a computer connected to the board via USB and using direct control software such as
PronterFace [28] or Octoprint [29], with the latter able to be used remotely via network. B) writing
the G-code file, uploading it on a microSD card and using the printer interface for printing the file
without the need of a computer attached to the pumps.

A G-code file is a set of instruction which Marlin interprets line by line and passes the operations
to the motors. The file is a simple text file saved as .gcode. For controlling the pumps, a few G-
code commands are needed:

M92 X<Steps per mm> Y<Steps per mm> Z<Steps per mm>

M92 should be at the start of the G-code, as this command will set the number of steps required
for moving one axis one millimeter, which in the case of the Ender 3 motors/drivers and the
M5x0.8 mm threaded rod is 4000 steps per mm. The Ender 3 uses stepper motors with a step angle
of 1.8 °, or 200 steps per revolution. The TSMC2208 stepper drivers are set to 1/16 microsteps,
which is the default setting for the Ender 3. The pitch of the leadscrew is 0.8 mm. This gives the
value of 4000 steps per mm. However, as we are dealing with flows, we found that it is more user-
friendly to change this command from steps per mm to steps per mL. This can be easily done by
calculating the distance required to push a volume of 1 mL depending on the diameter of the
syringe used. To do this, the inner diameter (1.D.) of the syringe needs to be determined. Next, the
area of the plunger can be calculated. The linear syringe travel to deposit 1 mL can be calculated
by dividing 1 cm? by the plunger area (cm?). Divide this number by the steps per mm value (4000)
to get the steps per mL. We have attached a simple calculator in the supplementary material to
calculate the steps per mL using the diameter of a syringe as input. As an example, a 10 mL syringe
has a diameter of 15.6 mm and the calculated steps required to move 1 mL are 20927, a 5 mL
syringe has a diameter of 123 mm and the calculated steps are 33663.
Another thing to take note of, is that in the normal configuration, the X and Y motors are inverted,
so this should also be set in the M92 command by giving negative step/mm values.
A M92 set up using two 5 mL syringes on the X and Z axes and a 10 mL syringe on the Y is
therefore:

M92 X-33663 Y-20927 233663
This will set the number of steps per mL in such a way that the rest of the G-code will use this to
calculate the pump movements.

M302 SO
This command will set the printer to move the motors without checking the temperature of the hot
end. This is usually a 3D printer safety check for avoiding extruding material when there are some
problems with the hot end. In this case the hot end is detached, so there is no risk of thermal
runaway.

M211 SO
This command will disable the endstops which may cause problems as they are not connected.



GI1
Use relative positioning. This is important when multiple movements are used, otherwise the
motors will start from a 0.0.0 position and use that as reference point.

G4 S<time in seconds>
Pause the commands for a set amount of time.

G1 X<mL> Y<mL> Z<mL> F<mL/min>

This is the command to move the syringe pumps at certain flowrates. As we set up the steps/mL
in the M92 command, now all the G1 codes are in mL/min. This can be a positive number or a
negative number, positive for pushing and negative for retracting.

For example:

G1 X0.5F1

Will use syringe pump X and will deliver 0.5 mL of liquid at a speed of 1 mL per minute.
Multiple syringes can be used at the same time:

G1 X0.5Y0.5205F1

Will deliver, at the same time, 0.5 mL of liquid from the pumps on X, Y, and Z at a speed of 1
mL/min

For using different flow speed for different pumps, the total amount of liquid should be calculated
taking in account that all the pumps will reach the end at the same time. For example:
G1X2Y1Z2F1

Will deliver the set amount of liquid at different flow speed, using 1ml/min on Y, and 2mL/min
on X and Z.

For commenting on G-code files the “;” character should be used. This can be useful in
commenting the G-code with metadata.

An example of full G-code (VideoS1):

; Experiment 01 20/05/2021

; 10 mL syringes on the three pumps

M92 X-20927 Y-20927 220927 ; set the proper steps/mL for the 10mL syringe
M302 SO ; print without checking temperature

G91 ; relative positioning

; deliver ImL at 2mL/min sequentially

G1 X1F2

GlY1FR2

GlZ1FR2

; wait for 10 seconds

G4 S10

; deliver ImL on X and Z at ImL/min, 2mL on Y at 2mL/min
Gl1X1Y2Z1F1

; wait 10 seconds

G4 S10

; deliver 1mL at 2mL/min sequentially

GlZ1F2

GlY1F2

Gl X1F2

Without previous knowledge in programming and in a few lines of G-code it is possible to program
the syringe pumps to do multiple operations. This file can now be saved as .gcode, uploaded on a



microSD card, and run on the Ender 3 syringe pumps. Or it can be sent using a computer connected
to the USB.
G-code files can be easily shared between labs for improving reproducibility of experiments.

7. Validation and Characterization

Pumps using designs for translating rotational motion to linear motion using a lead screw, are
affected by the quality of the motors/drivers and by the structural stability of the apparatus. The
motors and drivers used here have been used in 3D printing since many years, and usually a failed
3D print can be traced back to a failure in the hot-end or the extruder, and only rarely to the XYZ
motion of the printer.

The linear rail and the bearings system are also directly translated from the 3D printing motion to
the syringe pump motion. And in this case, if the wheel pressure is properly calibrated to the
extruded aluminum frame, there are no possible failures.

As shown in the build instruction, we screw all the 3D printed parts on the frame and checked that
there was no loose movement.

With this set-up we managed to reproducibly deliver 10 pL of water using a 1 mL syringe pump.
We repeated the command 10 times, using an analytical balance to weight the delivered liquid. We
measured an average of 10.4 mg with an error of +/- 0.3 mg, which is indistinguishable from the
error of the analytical balance used.

The amount of delivered liquid, as explained in the previous section, is dependent on the steps per
mL, and this can be finely tuned using an analytical balance and changing the values in the
command M92.

Another important thing is not only the amount of liquid delivered, but the flow stability. This is
especially interesting in microfluidics, where the flow at low speed, should be as stable as possible.
We show how the flow from two or three pumps is stable in at low flow speed and in microfluidic
devices. In Video S2, we used two 5 mL syringes for delivering 50 uL at a speed of 5 pL/minin a
PDMS/Glass microfluidic Y-channel 2 mm wide and with a height of 0.5 mm. Even using such a
large syringe, the laminar flow between the two flows is barely disturbed during the experiment.
Similarly, we used three 10 mL syringes for flowing 50 uL at 25 puL/min in a three-way-in single
PDMS microfluidic channel 1 mm wide and 0.25 mm height. Also in this case the three flows are
barely disturbed at their interfaces.

We also succeeded in forming a multiphase system using the same three way in microfluidic
device, where two inlets were used for flowing oil, and the central channel was used for the water
phase (VideoS3). In this case, we used three syringe pumps delivering 50 pL at a speed of 25
pL/min
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