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The development of novel polymer-based nanocomposites necessitates the experimental preparation and
characterization of numerous compositions to identify optimal formulations. For thermoplastic-based
materials, the compounding process typically involves the labor-intensive tasks of dispensing, weighing,
mixing, and extruding solid components such as polymers and additives. Herein, we present an open
hardware solution that aims to automate this process. Our setup system is designed to streamline
material surveying tasks associated with experimental design or closed-loop, self-driving laboratories.
Our hardware setup consists of two main components: a multi-material pellet dispenser, which
simplifies the preparation of targeted compositions from a range of master batches, and a pellet
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1 Introduction

Thermoplastic polymers constitute approximately 75 percent of
the plastics market' and are widely utilized for their excellent
strength-to-weight ratio, high processability, corrosion resis-
tance, and affordability. The properties of these polymers can
be further enhanced by incorporating additives such as fibers or
nanoparticles. Alternatively, thermoplastic polymers can act as
a supporting matrix for various function-bearing particles. Most
thermoplastics are currently derived from non-renewable fossil
resources and are largely non-biodegradable.> However, the
development of nature-derived, recyclable, and biodegradable
polymeric materials, such as polylactide (PLA) and bionylon-56
(PA56), is gaining traction, finding sustainable applications in
industries like automotive and electronics.®*

The development of novel thermoplastic polymers and their
composites typically requires extensive testing, involving com-
pounding and subsequent specimen characterization. Plastic
compounding is a complex process that involves melt-blending
plastics with specific additives to alter various material char-
acteristics, such as thermal and physical properties. This intri-
cate process can include stages like determining additive ratios,
high-speed mixing, melt mixing using twin-screw extruders,

“IMDEA Materials Institute, c/Eric Kandel, 2, 28906 Getafe, Madrid, Spain. E-mail:
maciej. haranczyk@imdea.org; Tel: +34 915 49 34 22

*Universidad Carlos IIl de Madrid, 28911 Leganés, Madrid, Spain
Université de Limoges, 87032 Limoges, France

available. See DOL

T Electronic  supplementary  information  (ESI)

https://doi.org/10.1039/d4dd00198b

2032 | Digital Discovery, 2024, 3, 2032-2040

cooling, and finally pellet cutting. The pellets is the most
common form that thermoplastic polymers, either virgin or
compounded, are sold and passed downstream the processing
workflow to steps such as injection molding, hot-pressing, or 3D
printing.

A representative setup for compounding polymers is pre-
sented in Fig. 1, and this example involves a Brabender KETSE
20/40 compounder available in our laboratory. The com-
pounding process starts by introducing the materials to
combine into the top hopper of the twin screw extruder. The
materials can be in the form of pellets or powder. The twin
screw is heated with a precise temperature control system, so in
its barrel the materials melt and mix together. They are

Initial mixture
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(Pettetizer ] ((Cooting sytem ]

Filament
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Fig. 1 Polymer extruder workflow illustrated by a Lab-Compounder
KETSE 20/40, a water bath and a pelletizer, all of them from Brabender
GmbH Co. KG.
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extruded as a hot filament from the hot-end of the extruder. To
cool down the filament it is passed through a cooling system,
usually a water bath or a conveyor belt with pressured air,
depending of the characteristics of the polymer. Once the fila-
ment is cooled down and in a solid state, it can be cut into
pellets again using a pelletizer.

In this article, we demonstrate open laboratory hardware
aiming at automation of the compounding process. In partic-
ular, we present: (1) the dispensomixer, which aims to handle
the automated material input to the extruder and facilitates
changing the material composition during the loading process,
and (2) a pellet distributor aimed at the task of the automated
collection of the material output from the pelletizer with weight-
dependent sorting. Our contribution can facilitate preparation
of diverse batches of materials for high-throughput screening
studies. Furthermore, it is relevant to the development of
Material Acceleration Platforms (MAPs), also known as Self-
Driving Laboratories (SDL),>® aimed at thermoplastic-based
nanocomposites. Our group has recently demonstrated an
SDL for optimization of 3D printing parameters for a given
thermoplastic material.” The hardware presented here is a key
step towards introducing a capability to explore the composi-
tion space of such materials.

Our contribution represents a broader trend towards
building open and do-it-yourself (DIY) laboratory equipment.
The list of reported DIY setups is continuously growing,
providing enhanced customization at prices that can be around
94% less than their commercial analogues.® The range of
application is also incredibly diverse, like recycling of thermo-
plastic materials,” re purposing of household appliances for
synthesis of 2D materials,' or building low-cost characteriza-
tion devices as an spectophotometer™ or a thermometer,* just
to cite a few examples. Furthermore, the DIY devices take an
important role in the popularization of SDLs. “Frugal twins”**
refer to low-cost versions of autonomous material laboratories,
and a number of successful examples'**” have been reported
where this kind of setups, heavily-reliant on DIY equipment,
can perform closed-loop experiments in a smaller scale and
provide crucial information for the development of high-cost
autonomous laboratories. Some of its advantages include full-
control of the device behavior, ease for parallelization and
modularity, at the cost of sacrificing some of the research
capabilities of a high-cost platform. When exploring interme-
diate solutions between a fully-equiped high-cost laboratory
and it's frugal, low-cost twin, DIY equipment becomes essential
for adapting existing devices to the needs of the automated
workflow and find a suitable trade-off between cost and capa-
bilities. Virtually all these highlighted DIY projects share their
open-Source nature, their reliance in inexpensive production
technologies and are a valuable alternative for laboratories all
over the world, as well as for citizen science.*® The DIY trends is
capitalizing on democratization of a number of underlying
technologies, mainly (i) 3D printing, which has provided an
unmatched flexibility and low cost to prototype complex parts in
house. Additionally it also backed by a community of makers
that share designs and knowledge, allowing a valuable platform
for collaboration;* (ii) micro-controllers and single-board
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computers such as Arduino, Raspberry Pi and others, which
again are backed by a strong open-source community that have
facilitated the access of non-experts to electronics. They are
used at very different complexity levels, from educational tools
to professional equipment.” The need for material dispensing
is common in laboratory practice. In case of liquid materials,
there are many both commercial and DIY solutions. In the latter
case, for example, there are recent example of pipettes adapted
for a collaborative robot use* or liquid handlers for preparing
different mixtures of reactives.*

Dispensing solid materials is considered a far more chal-
lenging task, in part due to the variable particle sizes and
shapes and electrostatic interactions between them.® M. N.
Bahr et al.”® researched on high throughput-automated powder
dispensing platforms, all of which rely on gravity to exert a force
on the powder, to be then held or released by control systems in
which they differ. Examples in this study include Chemspeed
FLEX Powderdose, Chemspeed SWING GDU-Pfd and Mettler
Toledo CHRONECT Quantos. Generally, the commercial solu-
tions operating at lab scales are expensive and suffer limita-
tions. Researchers find it necessary to look for more suitable
alternatives. Y. Jiang et al** developed their own system for
powder dispensing with the difference that their system is
compatible with both powder and pellet dispensing. In this
approach, two biomimetic robot arms imitate human
dispensing by using the same utensils - namely, a spatula and
balance - including corrections for defect and excess
dispensing. The downside of this approach is that the mass flow
rate is lower than needed for a lab-scale compounding process.
Our dispensomixer is specifically designed to work with mate-
rial in the pellet form and with an output rate compatible with
the needs of thermoplastic experimentation (e.g. a lab scale-
extruder operates at 10 g h™* to 1 kg h™' range). It consist of
eight pellet dispensers with combined outputs allowing for
mixing materials from different dispensers. An external balance
is also incorporated to monitor the mass flow. Our device was
inspired by earlier works in the field of animal feeding, e.g. fish
feeding.”® Most of the latter designs rely either in rotors with
holes***” or in auger mechanisms.?® After trying both kinds of
designs, the one based on rotors proved a better fit for our case
and less prone to obstructions. Nevertheless, it required
a substantial prototyping and testing effort to adopt the design
to work with hard polymer pellets of various shapes and sizes.
The dispensomixer is complemented with the pellet distributor,
which to the best of our knowledge does not have a predecessor
in our field but obviously devices with the same functionality
are widely used in the packaging industry.

2 Methods

2.1 Pellet dispenser and dispensomixer

2.1.1 Overview. A direct inspiration for our dispenser was
the Open Source Food Pellet Dispenser,* which was adapted to
the specific needs of our application as follows. The most rele-
vant design decision was to omit the infrared sensors for
detecting and counting the pellets that are dispensed. Our
initial investigation has shown that for the amount of pellets
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that are needed in each dispensing process, counting pellets
using the infrared sensors added an important uncertainty. One
part of the uncertainty comes by the irregular size of pellets,
specially when they are produced in the lab by cutting extruded
polymer filament. By sampling a bag of pellets from the PLA/
MMT master batch (later used for the demonstration shown
in the Results and discussion section), and assuming a normal
distribution, the mean mass of the pellets was 0.009184 grams
with a standard deviation of 0.003366 grams. Thus, the relative
uncertainty - dependent on the number dispensed - for around
15 000 pellets which conform a mass of 150 grams is:

g

VN-u

Error = =0.29% 6))]

Considering this relatively small error when sampling large
numbers of pellets, which is our case, it might be possible to
estimate the dispensed mass by counting the number of pellets
and multiplying for their mean mass. However, counting pellets
one by one using infrared sensors proved not to be feasible with
the kinds of commercial sensors in the price range corre-
sponding to the DIY nature of our setup. The pellets turned out
to be too small to be detected, even when the intensity of the
emitter was reduced by including resistors.

Instead, we have chosen to use an external balance together
with the dispenser to more accurately determine the material
amounts and regulate the dispensers accordingly. Other
modifications were introduced to facilitate the scaling to
parallel eight dispenser setup forming the dispensomixer, i.e.
changing the Nemal7 stepper motors for lighter and more
affordable 5 V stepper motors, a redesign of the rotors to adapt
them to our pellet sizes and rigidity, or adding ball bearings to
the base of the rotors to ensure a smoother rotation under load.

2.1.2 Design and assembly. As can be seen in Fig. 2, the
dispensomixer design is based on eight dispensing heads are
arranged around a circular base that holds all the electronics.
The pellet material can be stored in the transparent tubes
shown in the image. The dispensed pellets fall into a hole in the
center of the device and are to be collected in a funnel installed
in the dispenser stand.

Fig. 2 3D view of the design of a single dispenser head (left) and the
full assembly (right), with eight dispenser heads mounted on top of the
base and with ionizer on top.
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The development of the rotor was an iterative process.
Starting from a flat disk with completely circular holes, obser-
vations led to the realization that additional relative motion
could help release the clusters of pellets which tend to get stuck.
For that reason, holes were given a semicircular shape and
pushed into the edge of the disk, introducing a moving wall
with respect to the disk frame of reference. After noticing that
said disk would never totally clear the pellets in the feeder, the
next revision featured a ramp leading to each of the holes so
that it could be completely emptied out if needed. A last itera-
tion introduces fillets in those surfaces in contact with pellets to
smooth out their flow and avoid large clusters blocking the
dispensing, which is more likely around sharp edges. Finally,
a new version of the code introduced a feature which shakes the
rotor to help dissolve the solid clusters of pellets if they were
still to form.

To provide customization to the kind of material dispensed,
several rotor design are included, so user can select the most
adequate one to their pellet size and shape, and to the flow of
material required. During the design stage, it became apparent
that pellet size and shape affects crucially the dispensing
process. In our particular application we mainly dealt with two
types of pellets, shown in Fig. 3: the commercially available
ones, e.g. raw materials, were bigger, with the spheroidal shape
of 3-5 mm diameter, while the ones that were extruded and cut
in our laboratory were smaller and with a cylindrical shape of
around 2-3 mm height, 2-3 mm diameter. To deal with
different sizes, the different rotor models provided have
different sized holes (5, 7 and 10 mm diameter), and are fast to
print and easily exchangeable between experiments, so at any
point the models used can be arranged to match the pellet size
in each dispenser. The different sizes also allow control over the
dispensing speed, as larger holes will mean more material flow
but also lower precision, so they should be chosen to balance
both.

Fig. 3 View of the different pellet sizes and rotor models. Top part of
the figure shows two different kinds of pellets: (A), nanocomposite
material cut by us after extrusion, with cylindrical shape and smaller
size; and (B), commercial PLA pellets, with spherical shape and bigger
size. Bottom figure presents the different rotor models. The only
difference between them are the sizes of the holes: (C) small (5 mm
diameter), (D) large (7 mm), (E) extra large (10 mm). They can be easily
exchanged to fit the material that we need to dispense from that
particular dispenser head.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The STL files for the 3D printed components of the dis-
pensomixer are available in the Github repository of the
project®® together with the corresponding CAD files in case
some modifications are required.

The ESIT file contains a step-by-step guide to assemble all the
parts of the device. Fig. 4 presents the final assembly together
with accessories such as a stand with a funnel and a balance.

We 3D printed all the components in PLA filament using an
Ultimaker UMS5 printer. It is advisable to carefully adjust the
tolerance using parameters like Horizontal Expansion (available
in most slicing softwares) to ensure a proper fit between the
different parts.

2.1.3 Control circuit and software. For the circuit, we use
an Arduino MEGA connected to the computer to run the
commands. Each motor is controlled by a A4899 driver that has
to be powered externally, as it needs 8 V to work. The schematic
for each of the motors is shown in Fig. 5. The sleep pin in the
driver is important to avoid overheating of the motor and driver,
as well as to reduce consumption of energy when the motors are
idle. A Bill of Materials with more detailed description of the
components is included in ESL.{

The Arduino code, included in the Github repository of the
project,® is designed to read serial inputs from the computer
defining which motor should be activated at each time. This
requires the device to be connected to the control computer
while working. The routine for dispensing in each motor
includes a combination of movements alternating rotating
directions to help prevent blocking and increment the output.
The Arduino code is prepared to be integrated with other lab
equipment. In an example notebook, also available in the

Fig. 4 Fully assembled dispenser placed on top of a table incorpo-
rating a funnel that directs the pellets to a plastic cup placed on
a balance.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Circuit for each of the dispensers, to be repeated eight times for
the full device. The Arduino UNO showed in the scheme can be
substituted by an Arduino MEGA to have more available pins.

repository, the dispensers are integrated with a balance, also
connected by serial, to provide precise feedback about the
quantity of material dispensed and handle the mixing. This
notebook can be easily adapted to the required dispensing
required for a number of experiments.

2.1.4 Cost analysis. The estimated cost of the dis-
pensomixer is around 250 euros (circa 270 USD), though it can
vary depending on the providers, quantities purchased, etc. ESI{
includes a detailed Bill of Materials summarizing the charac-
teristics, quantities and prizes of the different components.

An important point regarding the cost is the option of adding
an air ionizer to prevent static charges collected on pellets during
the dispensing. As will be discussed in the Results and discussion
Section 3, this can improve the output of the dispenser in the cases
where static charges are observed, as was our case. It implies an
important increase on the price (the model that we used is listed in
ESIt and costs around 571 euros or 600 USD), so it needs to be
evaluated for the material of interest and the conditions observed.

2.2 Pellet distributor

2.2.1 Overview. On the downstream end of our material
compounding workflow of Fig. 1, the peletizer is cutting the
newly extruded material filament into pellets. Typically, when
the process is done manually, the operator has to extract the
processed material and prepare it for storage. In our automated
setup, we introduce the distributor, an robotized tube arm, able
to differentiate the material and direct pellets of different
compositions to the corresponding container cups. Our
approach is based on the fact that the input material mass flow
is determined by the dispensomixer, and therefore output can
be also differentiated by mass flow. The pellet distributor uses
a balance to monitor the amount of extruded material and
changes the collecting container cup from one to another when
needed.

Digital Discovery, 2024, 3, 2032-2040 | 2035
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2.2.2 Design and assembly. The basic idea for the design is
an articulated tube with motors to change positions so it can be
placed on top of the cup that is programmed to be filled. This
involves designing a top funnel to collect the pellets, several
joints to position the arm, and a butterfly valve to open or close
the material flow. The design can be seen in Fig. 6, where the
arm is shown mounted on the pelletizer and in the intended
position to fill the cups in a tray.

All the designs are available as STL files to 3D print in the
Github repository of the project,®* together with the CAD files in
case some modifications are required.

The ESIT contains the step-by-step assembly instructions as
well as the bill of materials. The 3D printing aspect of the
assembly are essentially the same as in the case of dis-
pensomixer. Fig. 7 highlights the final assembly.

2.2.3 Control circuit and software. The control system is very
similar to the one used for the dispenser, using stepper motors
and A4988 drivers connected to an Arduino UNO, that in this case
provides more than enough pins, as can be seen in Fig. 8. The only
difference is that for the top joint a more powerful motor is
needed, as it has to be able to move the whole structure.

The Arduino code is available in the Github repository of the
project,** as well as a notebook with useful functions to control it.
The computer controls the device via serial communication. The
intended use is together with a balance, so it can receive feedback
of when a cup is full and move to fill another. The Arduino code
receives control commands to open/close the valve and to move
the arm to the desired pose. The paths between poses are
determined by the Python code, using the ikpy** library to
compute the rotation of the joints needed for the exit nozzle to
reach the desired position via Inverse Kinematics calculations.

2.2.4 Cost analysis. The estimated price to build the device
is around 150 euros (circa 160 USD) based on a Bill of Materials
presented in the ESL} In our case, we decided to pair the pellet

Fig. 6 3D view of the design for the pellet distributor, mounted on an
schematic clone of the pelletizer and filling a tray with several cups.
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Fig. 7 Final assembly of the pellet distributor, mounted on the
pelletizer and filling a tray with several cups on top of a balance for
feedback. An air ionizer is mounted at the top of the pellet distributor.

distributor with an electronic balance (285 euros, 300 USD
approx.). Furthermore, our initial testing highlighted that it was
indispensable to use an air ionizer, as the static charge gener-
ated during the filament cooling and cutting was really signifi-
cant and didn't allow proper function of the device. We used the
same one we mentioned in the section regarding the pellet
dispenser (2.1.4), and again the need for it in the specific setup
needs to be evaluated.

2.3 Safety precautions and operational guidelines

In both cases, the devices present minimal risk during assembly
and operation. However, several critical considerations must be
addressed to ensure safe usage. During assembly, the most
sensitive stage is the circuit wiring. It is crucial to conduct the
wiring while the circuit is disconnected from all power sources,
including external outlets and the PC via the Arduino board.
Incorrect connections can potentially damage the Arduino

12v
2A
A4988 Drivers All capacitors polarized,

100 pF

Valve (24BY)48)
L ___——————— [ ®

Bottom (24BY)48)

1 ©

] — . Top (NEMA17)
% }
¢

Fig. 8 Circuit to control the joints and valve of the pellet distributor.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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board, the PC, or even pose a hazard to the operator. Upon
completion of wiring, the circuit should be meticulously
reviewed and verified against the schematics provided in Fig. 5
and 8. A critical verification step is ensuring that the ground
wire of the 12 V power source is connected to the Arduino
board's ground, establishing a common ground for the entire
circuit. Connecting the 12 V power source to the breadboard,
rather than directly to the Arduino board, mitigates the risk of
damage to the Arduino in the event of a short circuit.

After the circuit assembly and wiring, operators can refer-
ence the examples available in the GitHub repositories***" to
operate the machines and customize the code for various
applications. Key safety precautions include refraining from
contact with the devices while they are operational to prevent
entanglement with moving components, and maintaining an
accessible means of disconnecting the 12 V power sources
should the devices exhibit any unexpected behavior.

3 Results and discussion
3.1 Pellet dispenser

3.1.1 Accuracy tests. To test and demonstrate the dis-
pensomixer at work, we choose pellets with PLA as the matrix
polymer and two 2D clays as additives: Montmorillonite (MMT)
and Cloisite (CLO). For both additives we have masterbatches
composed of 10% additive and 90% PLA. We set as our objective
to fill a 150 g plastic cup with a mixture composed of PLA with
2% MMT and 3% CLO. Thus, we should dispense 30 g of MMT
masterbatch, 45 g of CLO masterbatch and the remaining 75 g
from pure PLA polymer. The test is summarized in the example
notebook described in ESIt and available in the repository.*

Instead of directly dispensing said amounts sequentially
(although possible), the default behaviour of the program is to
alternate between dispensers to ensure that the mixture is more
homogeneous, thus eliminating the need for further mixing
steps. In every iteration, 1 g of the material that will be present
in the smallest amount is dispensed, followed by the propor-
tional amount of the other substances. The balance sends
feedback about the amount of material that has been
dispensed. When the target amount for the iteration is reached,
that dispenser stops and the next one continues. From sending
the stop signal until the dispenser stops, a certain amount of
pellets keep falling. To reduce this error, that amount of extra
pellets are measured and deducted from the next dispensing
target. In this way, the error is prevented from accumulating.

The progress of dispensing is highlighted in Fig. 9. Subplot A
indicates how much material of each of the compositions is
dispensed as a function of time. It can be noted how the mate-
rials are being dispensed at the same time to maintain the mixing
ratio constant. To better visualize that, we also plot the evolution
of ratios in the mixture (subplot B). It can be noted how the ratios
have more deviation at the beginning of the process, and this
error is reduced progressively. As indicated in the previous
paragraph, this is due to the way errors are maintained constant
during the experiment, so for larger amounts of material the
importance of error is reduced. This indicates that the discussed
setup of the dispensomixer is more fit for material amounts

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Example of dispensing process of polymer (PLA) and two
masterbatches (PLA+10%MMT and PLA+10%CLO). Subfigure (A)
progress of dispensing the three different compositions, calculated to
keep the ratios as constant as possible. (B) Ratios of composition of the
mixture during the process.

above 50 g approx., although more precision can be obtained by
using the rotors with smaller holes at the cost of speed.

The final measured accuracy in this test is of 99.33%,
expressed as:

/
m,'—mi‘

n
2
i=1

1 - ni
Z)’Vl,‘
i=1

(2)

where m; is the mass of dispensed material for each of the n
materials, and m; is the amount requested for each material.

The mass flow for this experiment was of 7.59 ¢ min™" (or
454.15gh™).

3.1.2 Discussion. As demonstrated in the previous section,
the device is able to dispense pellets with satisfactory accuracy
at a reasonable speed in the range of material amounts typically
used in the lab-scale compounding. In case more material flow
is needed, it can be reached by using several dispensing heads
for one material, so the output is doubled, tripled, etc. This can
be specially useful in the cases where one of the materials is
more abundant than the rest, as is typically the case for the pure
polymer matrix.

The different rotor sizes allows versatility in the shape of
pellets to dispense. It is, however, not designed for powders,
that have very different aggregation mechanics and can also
obstruct the mechanism by infiltrating the joints between
moving parts. The upper limit for pellet size is imposed by the
size of the holes in the rotors. In the case where some of the
dimensions is very close to the diameter of the holes, the flow
will be reduced and obstructions will be more frequent. In those
cases, it would be necessary to modify the CAD files available in
the repository® to further customize the device. However, for
the most typical sizes in which polymers are commercialized or
that can be cut by a pelletizer, our dispenser constitutes a suit-
able solution to mix up to 8 different materials with an adequate
accuracy.

As mentioned in the Cost analysis subsection (2.1.4),
a recommendable addition is an air ionizer to get rid of the
static charge that is generated by the friction between pellets
during the process. In our case, we observed the accumulation
of charge and decided to design a part to insert an air ionizer

Digital Discovery, 2024, 3, 2032-2040 | 2037
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and distribute the air flow to the deposits. This need is very
dependent on the material, the laboratory conditions, etc.

3.2 Pellet distributor

3.2.1 Function. The device operates as follows:

(1) Initial setup: The robotized distributor arm must be
positioned straight and perpendicular to the face of the pellet-
izer. The 9-hole square tray, aligned with the axis of rotation of
the bottom joint, is placed on the scale.

(2) Running the Python script: Once the initial setup is
complete, the Python script available in the project repository**
is executed. The scale is automatically tared before the arm
begins its operation.

(3) Pellet dispensing process: The arm rotates to the coor-
dinates of the first collecting cup. The valve opens, allowing
pellets to flow into the cup. When the predetermined weight
capacity of the cup is reached, as measured by the scale, the
valve closes. The arm then moves to the next cup.

(4) Sequential filling: This process continues, rotating
through all 8 external cups on the tray sequentially, and finally
filling the center cup.

(5) Completion: After the center cup is filled, the arm returns
to its initial position.

The process, including the method by which the Python
script calculates positions using Inverse Kinematics, is illus-
trated in Fig. 10.

When preparing various compositions in a compounder, the
standard practice is to discard the transitional material between
compositions due to its uncertain and changing formulation.
To manage this, the program includes an option to designate
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Fig. 10 Demonstration of the working principle of the pellet distrib-
utor. (A) The distributor tip is over a cup number 0. (B) When the
required amount of material is detected by the balance, the tip moves
to cup 1. (C and D) Represents the Inverse Kinematics calculation of
the movement between starting position and cup 0 (C) and between
cup 0 and 1 (D). The program calculates the rotation of the joints
needed to reach the desired positions.
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a slot in the tray as a “Purge position”. This specific slot can be
left empty, without a cup, provided that the tray is placed in
a larger container to prevent pellets from spilling. Otherwise,
the users can also keep the transitional materials if they are
a relevant component of their study.

The code also allows flexibility in the filling order. For
example, it is possible to fill several cups with the same material
if needed, choose when to perform a purge, etc.

3.2.2 Discussion. In the case of pellet distributor, the
problem with static charge turned out to be notorious. Most
stages of the material compounding process can induce it: the
cooling channel by triboelectric effect due to the air sprayed
over the filament; the pelletizer by contact with the rollers or the
casing; and even the robot tube itself once the pellets are cut,
since they slide over the plastic surface. This causes problems
since it causes two negative effects: the pellets tend to get stuck
in the tube due to attraction to the walls; and, once a cup rea-
ches a certain fill level, the charged pellets within it act as an
electric repellent for oncoming pellets, pushing them away from
falling into the cup, and in some instances making them fly out
of the cup, as shown in Fig. 11.

The solution of adding an air ionizer was quite effective, as it
could be seen instantly how the pellet flow is increased and
there is no repulsion in the cups. Again, the need of this addi-
tion can depend on the material and specific setup.

The main advantage of our device is the possibility its
coupling to other devices in automated workflows such as ones
in SDLs. For example, once a tray is full, it can be transported to
other stations in the laboratory for sample preparation and
characterization. This can be done using autonomous moving
platforms, and will be subject of future research from our
group. In particular, our tray was designed to fit on a Turtlebot4
robot,* a small robotic platform with software for navigation
that would be able to transport the prepared compositions to
areas where the specimen preparation takes place, e.g. via
injection moulding or 3d printing.

Fig. 11 Effect of static electricity in the working of the pellet distrib-
utor. Pellets can be seen getting attached to the cup walls and to the
tip of the distributor. The aggregation of pellets inside the tube can
cause a noticeably reduced throughput.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.3 Evaluation of acceleration factors

Estimating an acceleration factor is complex due to various
external factors beyond the device itself. In the corresponding
subsection of ESI,{ we present a comparison of the dispensing
rate between the automated dispensomixer and manual
dispensing for an example composition, but the estimation is
strongly dependent of the composition, amounts of material,
dexterity of the manual operator, etc.

Instead, in our opinion, the primary advantage lies in the
reduction of researchers' time spent on repetitive tasks, allow-
ing them to focus on more intellectually demanding assign-
ments. In the less optimistic scenario, where throughput
remains unchanged and automation is limited to the dis-
pensomixer and the distributor, the acceleration is still signif-
icant. It reduces the need for two dedicated operators (one for
each task) to just one supervisor, who can perform other tasks
while remaining available to replace empty material dispensers
or conduct other maintenance activities.

The ideal scenario involves further automation through the
integration of collaborative robots, enabling an optimal 24/7
continuous workflow, assuming a robust incident control
system is in place. In this case, the acceleration factor can
exceed four times compared to production limited to standard
working hours.

4 Conclusions

In this contribution we have described two devices designed to
allow automating the compounding of thermoplastic materials.
Both are published as open hardware and are based on popular
technologies for creation of custom laboratory hardware, i.e. 3D
printing and Arduino boards.

The first device is a dispensomixer, designed to automati-
cally dispense mixtures of polymers in pellet form with accuracy
over 99%. It has capacity to combine up to 8 different materials,
making it very versatile for explorations of chemical spaces of
high dimensionality. It is customized to handle pellets of
different sizes in the ranges in which they are commonly
commercialized or manufactured, and its dispensing rate
around 0.45 kg h™' makes it suitable for lab-scale
compounding.

The second device is a pellet distributor that constitutes
a convenient way of distributing the produced pellets after
cutting the filament at the end of a typical thermoplastic com-
pounding workflow. The new materials can then be easily
classified and used in the consequent stages of the experiments.
Its Python implementation provides flexibility in the filling
sequence (e.g. to discard transition materials between compo-
sitions) and is convenient for integration in larger workflows.

The low cost and open-source nature of the devices facilitates
further customization to a number of different applications and
flexibility to implement them in a wide variety of contexts. They
can easily be replicated, contributing to the democratization of
laboratory equipment. In combination, both instruments
represent a notable milestone towards an autonomous labora-
tory for thermoplastic-based nanocomposite materials.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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