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cessible alternative to high-priced
liquid-handling robots and bioprinters
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Gelatin methacryloyl (GelMA)-based hydrogels have become highly studied asmodular tissue culture platforms
due to the combination of the bioactivity of gelatin and tailorability of photo-crosslinkable hydrogels. However,
current production and characterization workflows still rely on manual, time-consuming, and low-throughput
processes, ultimately limiting widespread adaption. To address these challenges, an open-source technology
platform is engineered and validated for automated high-throughput production of GelMA-based 3D constructs
by integrating automated pipetting capabilities for viscous and non-viscous liquids. Firstly, the platform is ap-
plied in combination with inexpensive absorbance measurements to systematically optimize the mixing se-
quence for GelMA-based precursor solutions. This enables a decrease in the relative standard deviation of the
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Bioprinting
Tissue engineering
Gelatin methacryloyl (GelMA)
Reproducibility
Open-source
prepared mixtures from 63% to 2.5%, demonstrating a significantly improved reproducibility. Next, the applica-
bility and high-throughput capacity are demonstrated by the reproducible generation of GelMA dilution series
with 0.5 and 2% (w/v) concentration steps as well as double network hydrogels consisting of 2% (w/v) alginate
and 5% (w/v) GelMA. Finally, a simple and user-friendly methodology is described that integrates Design of Ex-
periments approaches to systematically study the combinatorial effects of material and crosslinking parameters
and to establish a parameter library for on-demand production of mechanically defined GelMA-based hydrogels.
The platform enables reproducible production and offers an open-source and accessible alternative to high-
priced liquid-handling robots and bioprinters.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Due to their inherent characteristics, such as accessibility, biocom-
patibility, tunability, and shape modulation ability, hydrogels are used
for numerous biomedical applications [1,2]. Among those are drug de-
livery, soft electronics, diagnostics, and 3D cell culture [1–5]. These char-
acteristics make hydrogels uniquely suited to provide physiologically
relevant 3D microenvironments with in vivo-like biophysical and bio-
chemical features for cell encapsulation [1,5–7]. In particular, gelatin
methacryloyl (GelMA) is increasingly applied for biofabrication
workflows as well as amodular tissue culture platform to study theme-
chanical interactions between cells and their surrounding environ-
ments. For example, Kim et al. controlled the polymerization of GelMA
via differential UV penetration with a gradient photomask to demon-
strate that cells plated on stiffer regions became stiffer themselves [8].
Although GelMA has been ubiquitously used for 3D cell culture in the
last decade [1,2,9] and its adaption is increasing for bioprinting applica-
tions [4,10–12], current preparation and characterizationworkflows are
still manual-based, time-consuming, and low in throughput [13]. Cur-
rent laboratory automation equipment for cell culture workflows does
not address the requirements for successful production of hydrogel-
based 3D constructs. Essential requirements are, for example, accurate
handling of viscous solutions and the different modes for crosslinking,
such as photo-crosslinking. Consequently, researchers spend a substan-
tial amount of time on repetitive and time-consuming experimental
tasks. These include manual pipetting, preparation of hydrogel precur-
sor solutions, step-by-step optimization of material and process param-
eters, and finally, manual production of 3D cell culture models to
investigate the influence of different parameters, such as matrix stiff-
ness, on cellular functions. These steps –mainlymanual-based prepara-
tion and production – result in non-standardized handling workflows
and, when added-up, contribute to significant reproducibility issues.
This is of particular concern in research areas that cannot afford such ir-
regularities. 3D cell culture models, in which hydrogels are used to in-
vestigate the influence on minute cellular functions, represents such
an area, as small reproducibility issues can have critical downstream
consequences on drug screening and selection.

Biomedical research has undergone increased automation and sam-
ple throughput within the last decades [14–18]. However, the prepara-
tion and characterization workflows for GelMA-based research are still
mostly performed manually and hence in a low-throughput mode
[13]. Although bioprinters enable the biofabrication of precise 3D con-
structs, only the printing process itself is automated [19–21] and
hence bioprinters only enable partially automated workflows [13,21].
In addition to the low degree of workflow automation, most bioprinters
only focus on the small aspect of printing and are not capable of produc-
ing a large variety of different hydrogel precursor solutions in an auto-
mated on-demand fashion. The low sample-throughput of bioprinters
can, to some extent, be circumvented by adapting microarray printers,
which were initially designed for DNA and protein screening and then
applied to execute combinatorial screenings of microenvironmental
cues on cells [22–24]. Although microarray printers automatically
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manufacture cell-laden 3D models to study hydrogel–cell interactions
and to find optimal extracellular matrix (ECM) compositions [25],
photo-induced crosslinking capabilities within an automated workflow
have not been integrated yet and highly specialized equipment, such as
pre-treated glass slides, are required.

To address the limitations of bioprinters andmicroarray printers, liq-
uid handling robots were applied for hydrogel processing tasks due to
their high degree of automation and sample throughput [26,27]. How-
ever, liquid handling robots rely on air displacement pipettes – also
known as air piston pipettes – which increase the risk of air bubbles
and accumulation of residues after dispensing when viscous mater-
ials, such as hydrogel stock solutions, are pipetted, leading to inaccu-
rately dispensed volumes [28]. In addition to the particular drawbacks
of each technology, most current commercial laboratory automation
devices lack an open hardware and software infrastructure, preventing
the integration of further customized functionalities. All of the cur-
rent hardware-related solutions, which partially enable automated
hydrogel processing, are tailored to a specific task and were pri-
marily designed for either liquid or viscous handling, but not both,
and furthermore, do not allow customized hardware and software
modifications.

Due to the inability of automated preparation and production
workflows, hydrogels are commonly characterized on a trial-and-error
basis using one-factor-at-a-time (OFAT) experiments [29]. This reduc-
tionist approach neglects the interactions and dependencies of the ma-
terial and process parameters and often fails to elucidate optimal factors
settings. In contrast, a Design of Experiment (DoE) approach is able to
identify the dependencies between various input factors and their ef-
fects on output factors [30] and provides amore detailed understanding
[31,32] of the hydrogel system.

To address the current limitations, we conceptualized an open-
source technology platform specifically designed to process GelMA
and established a methodology to generate a material library following
DoE principles. By providing automated pipetting capabilities for non-
viscous and viscous solutions, the first-of-its-kind comprehensive
workstation allowed automated workflows spanning from the prepara-
tion of desired hydrogel compositions, to the required mixing steps
with additional bioactive molecules and/or cells, and finally, the
photo-induced crosslinking of 3D constructs. A custom-written protocol
design app guided the user through the parameter selection process and
generated a ready-to-use protocol script that communicates with the
developed Application Programming Interface (API). We report the ap-
plication of the technology platform to investigate and optimize the
mixing behavior for widely-used GelMA-based hydrogels to produce
highly reproducible GelMA precursor solutions and manufacture
GelMA-based dilution series and double network hydrogels consisting
of alginate and GelMA. The integration of DoE approaches facilitated a
systematic and efficient investigation of the material design factors to
establish a parameter library for GelMA-based hydrogels. The combina-
tion of the open-source technology platform with DoE approaches not
only promotes a fundamental understanding of material design factor
interactions, but also has practical benefits by accelerating the
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preparation and production workflows for GelMA-based hydrogels,
resulting in substantial time and cost reduction.

2. Materials and methods

2.1. Study design

The aim of this studywas to develop (i) open-source hardware com-
ponents specifically designed for hydrogel systems and (ii) a user inter-
face providing software control (iii) to enable reproducible workflows.
The system was designed to simplify labor-intensive hydrogel-based
experimentations by translating manual-based handling steps into au-
tomated workflows. This design offers the benefit of (a) conducting
hydrogel-based experiments in a fully automated manner without the
need for human intervention, (b) enabling systematic and efficient
characterization of hydrogel systems, for example, to establish a param-
eter library of thematerial design factors, and (c) upscaling of a selected
hydrogel system with parameters obtained from a previous optimiza-
tion towards, for example, mechanobiology studies or drug screening
applications.

2.2. Workstation development

2.2.1. Manufacturing and implementation
All components were designed in Solidworks (Solidworks 2018,

Dassault Systèmes Americas, Waltham, MA, USA), and customized
parts were manufactured from acrylic plates (ASTARIGLAS® GP,
Mulford Plastics Pty Ltd., QLD, Australia) using a laser-cutting machine
(ILS12.75, Universal Laser Systems, Inc., Scottsdale, AZ, USA). Thework-
station frame aswell as themodules' framewere built from30× 30mm
aluminum-extrusion profiles with 8 mm slots (084107002, G.A.P. Engi-
neering Pty Ltd., Australia). Linear stages were designed following the
‘openbuilds’ approach, purchased from OpenBuilds Part Store (NJ,
USA) and operated with NEMA 23 stepper motors (1.8 degree per
step, 2.8 Amp. per phase). An open-source pipetting robot (OT-One S
Hood, OpenTrons, Inc., NY, USA) was integrated with modified hard-
ware and software components to accommodate the operation of two
positive-displacement pipettes (M100E and M1000E, Gilson Inc., WI,
USA). In general, any air-driven and positive displacement pipette
type can be integrated and operated with the developed setup. The
light source of the crosslinker module consists of LED strips glued onto
an acrylic plate (ColorBright™ Ultraviolet LED Strip Light, Flexfire
LEDs, Inc., CA, USA). The well plate lid lifting function was implemented
with vacuum suction cups (10.01.06.03511, Schmalz Australia Pty Ltd.,
VIC, Australia) and operated by a vacuum-generating ejector
(10.02.01.00565, Schmalz Australia Pty Ltd.). Each temperature dock
consists of two Peltier elements (TEC1–12706, AusElectronicsDirect,
NSW, Australia), and a 60 × 80 mm aluminum heatsink to accommo-
date aluminum blocks (Ratek Instruments Pty Ltd., Australia) (dimen-
sions: L95mm × W75 × H50mm).

A Raspberry Pi micro-controller (Raspberry Pi 3 Model B+,
Raspberry Pi Foundation, Cambridge, UK) was implemented as the
computational module to operate the workstation. The Raspberry Pi is
a single-board computer with Wi-Fi capabilities and a Linux-based
operating system. A commercial, open-source control board (Smooth-
ieboard v1.1 microcontroller with Smoothieware software, www.
smoothieware.org) provided a connection to peripherals, enabled com-
munication between electronic components, and allowed operation of
the specific functions. The Smoothieboard v1.1 (32-bi, 120 MHz, ARM-
Cortex-M3 microcontroller) was interfaced with the Raspberry Pi and
connected to the stepper motors, limit switches, and MOSFETs, which
operate the light source of the crosslinker module and the pneumatic
control valve. Modules were powered from a 360 W power supply
with a 12 V/29A rating (819,368,021,202, MEANWELL Enterprises Co.,
Ltd., New Taipei City, Taiwan).
3

2.2.2. Operation
The workstation is controlled by a Python script running on a Rasp-

berry Pi with a Linux-based operating system. Detailed operational in-
structions, including hardware and software setup, are available [28,33]
and additional documentation, including the protocol design app, is pro-
vided online via https://github.com/SebastianEggert/OpenWorkstation
and https://github.com/SebastianEggert/ProtocolDesignApp. Briefly, the
OpenWorkstation API has to be installed as a communication interface
between the Python protocol and the control boards. Generated or
custom-written protocol scripts (e.g. protocol.py) are then executed
within a Python environment.

2.3. Assessment of pipetting performance

The pipetting performance of the integrated positive-displacement
pipettes was assessed with gravimetric measurements to analyze the
mass-to-volume ratio according to DIN EN ISO 8655 [34]. A protocol
was scripted to operate a positive displacement pipette (M100E or
M1000E, Gilson Inc., USA). After pre-wetting the tip, the test volume
of the test fluid was aspirated and subsequently dispensed in a
predefined vessel placed on an analytical balance (Sartorius AG,
Gottingen, Germany). Individual weightings were recorded for each
nominal test volume in an Excel spreadsheet. Distilled water
(0.89 mPa·s at 25 °C) and 80% (v/v) glycerol (66.65 mPa·s at 25 °C)
were used as testing fluids to assess the system with substrates of vari-
able viscosities. Mass-to-volume ratio for 80% glycerol was calculated
according to an available density model [35]. Experiments were con-
ducted at 23.5 °C (± 1 °C).

Pipetting accuracy, also referred to as systematic error, was calcu-
lated by:

es ¼ V−Vtest

es systematic error (in μL)
V arithmetic mean of measured sample volumes (in μL)
Vtest specified test volume (in μL)

es %ð Þ ¼ 100
V−Vtest

Vtest

� �

Pipetting repeatability, also referred to as random error, was calcu-
lated by:

er ¼ s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
n

i¼1
Vi−Vð Þ2

n−1

vuuut

er random error (in μL)
s sample standard deviation
V arithmetic mean of measured sample volumes
Vi individual measured sample volumes
n number of measurements

er %ð Þ ¼ CV ¼ 100
s
V

� �

CV coefficient of variation

2.4. Characterization of thewavelength and light intensity of the crosslinker
module

The crosslinking performance was characterized by measuring the
wavelength and the light intensity of the implemented LEDs. Light in-
tensity is defined as the radiant flux received by a surface per unit
area and was analyzed by irradiance measurement with an ILT1700 Re-
search Radiometer (International Light Technologies, Inc., Peabody, MA,
USA). The sensor surface of the radiometer was positioned under the
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Table 1
Factors for the design of experiments approach.

Name Unit Type Use Setting Precision

GelMA % w/v quantitative controlled 3.5 to 15 1
light intensity mW/cm2 quantitative controlled 0.5 to 4 0.5
exposure time s quantitative controlled 120 to 360 30
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LED panel at well position A2 of a 6-well plate. A protocol was scripted
with 20% stepwise decreasing PWM (Pulse Width Modulation) control
values from 100% to 0% to measure the PWM-intensity-ratio. A
spectroradiometer (StellarNet EPC200C, Tampa, FL, USA)was employed
for spectral (peakwavelength)measurements conducted at 4mW/cm2.

2.5. GelMA synthesis

GelMA was synthesized using established protocols by Loessner
et al. [36]. Briefly, porcine type A gelatin (porcine skin, Type A, Gelita,
Australia) was dissolved in phosphate-buffered saline (PBS, pH 7.4;
Invitrogen, Carlsbad, CA, USA) at 50 °C with agitation to reach a final
concentration of 10% (w/v) gelatin. Next, 0.6 g methacrylic anhydride
(MAAh) per gram of gelatin was added and vigorously stirred for 1 h.
UnreactedMAAh and by-products were removed by dialysis against ul-
trapure water (MilliQ, Merck Millipore) using a 12-kDa molecular
weight cut-off dialysis membrane. The macromer solution was then ly-
ophilized and stored at−20 °C.

2.6. Optimization of automated mixing tasks

10% (w/v) GelMA precursor solutions were automatically prepared
from 20% (w/v) GelMA stock solution and phosphate-buffered saline
(PBS) stained with 0.2 mg/mL Orange G (O267–25, Fisher Scientific
Co. L.L.C., PA, USA). Bymeasuring the absorbance of Orange G, the distri-
bution of the dye throughout the tube and therefore, the mixing effi-
ciency was measured in a simple manner. Samples of 60 μL taken
from four depths in the reaction tube (Fig. 4/a) with the master-mix
were dispensed to a 96-microwell plate, and the absorbance was mea-
sured at 450 nm using a microplate reader (CLARIOstar, BMG LABTECH
GmbH, Germany). After the establishment of an optimized mixing pro-
tocol, the suitability of the protocol was evaluated by preparing 5% and
15% (w/v) GelMA precursor solutions.

2.7. Generation of GelMA dilution series and double network hydrogels

GelMA dilution series were prepared by diluting a 20% (w/v) GelMA
stock solution with PBS and supplemented with lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) (900889, Sigma-Aldrich Inc., USA)
to a constant concentration of 0.15% (w/v). 2.5% and 0.5% (w/v) GelMA
step dilutions were generated to final concentrations ranging from 0
to 17.5% (w/v) and 5 to 8.5% (w/v) GelMA, respectively. PBSwas stained
with 1.0 mg/mL Orange G to identify mixing results with absorbance
measurements with a spectrophotometer as described before. Double
network hydrogels were manufactured with final concentrations of 5%
(w/v) GelMA, 2% alginate (4200001, DuPont Nutrition Norge AS d/b/a
NovaMatrix, Norway) (w/v), 0.15% (w/v) LAP, and PBS as diluent. Simi-
larly, PBS was stained with 1.0 mg/mL Orange G. All reagents and mix-
tures were kept at 37 °C using the temperature module to prevent
thermal gelation.

2.8. Establishment of a parameter library for GelMA

Experimental planning and data analysis were performed with the
Design of Experiments software MODDE® (Version 12.1, Umetrics, Sar-
torius Stedim Biotech GmbH, Germany). The Box-Behnken design is a
three-level response-surface modeling (RSM) approach and was ap-
plied to obtain the factors for the following experimental parameters:
GelMA concentration, light intensity, and exposure time (Table 1). All
parameter design points, except for the central point, are located at
the center of the edges of a hypercube, and on the surface of a sphere
allowing us to estimate a full cubic model. In total, 13 different parame-
ter combinations were executed with five replicates each (sample vol-
ume: 60 μL), resulting in 65 samples. Based on the suggested factors,
the protocol design app was applied to generate the protocol scripts to
operate the workstation.
4

2.9. Mechanical analysis of manufactured hydrogels

The compressive modulus was determined by an immersed uncon-
fined compression testing setting with an Instron 5567 microtester
(Instron, Norwood, MA, USA) (Supplementary Fig. 1) [36]. PBS was
added to the crosslinked hydrogels followed by 24 h incubation at
37 °C in humidified air to allow swelling of the hydrogels. The gels
were removedmanually from thewell with ametal spatula, and a cylin-
drical specimen was punched out with a biopsy punch (Biopsy punch,
4 mm, Kai Europe GmbH, Solingen, Germany). The hydrogel disc was
placed under a non-porous aluminum indenter in a PBS bath at 37 °C
to mimic physiological conditions. The hydrogels were compressed
with a strain rate of 0.01 mm/s until failure or maximum load of the
load cell (5 N) was reached. The compressive modulus was calculated
from themeasured data as follows: First, the height h (mm) of each hy-
drogel was determined from the force-displacement curve. The height
of the gel was defined as the point, at which the curve deviates signifi-
cantly from the baseline. To obtain the stress-strain curve, the strain ε1
(mm/mm) was calculated for each point as follows:

ε1 ¼ 1–
displacement

h

and the stressσ1 (kPa)was calculated via the applied force F (N) divided
by the cross-sectional area a (mm2):

σ1 ¼ F1
a
⁎1000

The compressive modulus Ec was obtained as the slope of the linear
region of the stress-strain curve between 10% and 15% of the compres-
sive strain. It can be calculated as the slope of a tangent between 10%
and 15% of strain with the equation;

Ec ¼ σ0:15−σ0:1

ε0:15−ε0:1

where ε0.15 is a strain of 0.15 and σ0.15 is the stress at this point, ε0.1 and
σ0.1 accordingly.

The obtained compressive moduli values were analyzed with
MODDE® and log-transformed (10Log(Y)) for the prediction plots.

2.10. Data preparation and statistical analysis

Acquired absorbance values were analyzed and plotted using
GraphPad Prism 8 (GraphPad Software, CA, USA). Data were analyzed
using one-way ANOVA with Tukey's honest significant difference post
hoc test to identify differences in variances between groups. Data ac-
quired from the compressive moduli testing were analyzed with
MODDE® as described in section 2.8.

2.11. Data availability

The authors declare that all data supporting this study are available
within the article, its supplementary information files or upon reason-
able request to the corresponding authors. The software related to the
system operationand application programming interface (API) is avail-
able at https://github.com/SebastianEggert/OpenWorkstation.

https://github.com/SebastianEggert/OpenWorkstation


Fig. 1. Illustration of the framework for the open-source technology platform. (a) Physical setup of the technology platform, comprising (i) a pipetting/biofabrication module, (ii) a
crosslinker module, (iii) a storage module, (iv) a transport module and (v) a computational module including a dedicated control box for the electrical components. (b) Introduction of
the system architecture with the developed modules. (c) Display of the developed screening workflow to analyze the material design factors in an automated fashion.
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3. Results and discussion

3.1. Open-source technology platform

An open-source technology platform was specifically designed to
enable automated preparation and production workflows for GelMA-
5

based hydrogels used for 3D cell culture applications (Fig. 1/a). Inspired
by industrial assembly lines, amodular hardware conceptwas developed
where the multiwell plates are transported through customizable and
reconfigurable modules. The modular approach enabled versatility and
flexibility, since single modules can be easily configured on demand, de-
veloped and subsequently plugged into the workstation. In addition to
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the open-source technology platform concept, we targeted the integra-
tion of the following three processing capabilities for this study: pipet-
ting capability for viscous and non-viscous materials, fully automated
workflow with standardized sequences to increase reproducibility and
sample throughput, and easy-to-use software supporting users to gener-
ate protocols and operate the platform. The presented workstation con-
sists of three units linked together through a transportation system for
cell culture plastics, resulting in the following four modules: pipetting
module capable of handling both viscous and non-viscous liquids, well
plate storage module, photo-crosslinker module, and a transportation
module (Fig. 1/b). The aluminum frame provides a compact design for
machine stability and portability.

The presented workstation addresses one main limitation of com-
mercial laboratory equipment: Customization and open-source charac-
ter. Commercial laboratory equipment is proprietary and cannot be
modified for customized applications unless money is spent on costly
upgrades. For this reason, current laboratory equipment is mostly not
able to keep upwith the rapid developments, in particular the emerging
biofabrication requirements, in research laboratories. The presented
concept provides an open-source solution, which allows not only access
to hardware and software to implement customized modifications, but
also a modular setup that allows the future integration of newly
developed modules to increase the application range. Building upon
an open-source approach, this solution provides an accessible technol-
ogy platform to all researchers around the world. By doing so, the pre-
sented platform can be easily re-built by other research labs and
upgraded to accommodate additional features, such as imaging mod-
ules [37,38], photometer modules [39,40] or sensor modules [41], to in-
crease the application range. The impact of open-source laboratory
automation devices is well demonstrated with the OT-2 (Opentrons,
Inc., USA), which is increasingly used as an affordable and automated
COVID-19 testing platform. Next to the open-source character, specific
functionalities have been integrated for the automated processing of
viscous solutions. It has to be noted that, for example, the FLEXworksta-
tions by Chemspeed Technologies AG (Switzerland) [42,43] and the pi-
petting solutions by SPT Labtech Ltd. (UK) [44] are also able to
accurately pipette viscous solutions and hence hydrogel precursor solu-
tions.While such solutions are used for pipetting tasks, they do not pro-
vide a holistic concept required for hydrogel solutions used for cell
culture applications. Solutions by Chemspeed Technologies AG are
mainly used for chemical tasks, such as automated peptide synthesis
of peptide & oligosaccharide libraries, and customized hardware modi-
fications would be very costly. Solutions by SPT Labtech Ltd. pro-
vide positive displacement pipettes to pipette viscous materials, but
already lack temperature modules to process thermoresponsive mate-
rials and heat media to 37 degrees. Taken together, while automated
solutions are partially available, they do not provide a holistic approach
(Fig. 1/c) and do not allow customized hardware and software modifi-
cations by the end-user. For this reason, current laboratory equipment
is mostly not able to keep up with the rapid developments and hence
complex biofabrication requirements in research laboratories. The pre-
sented concept not only provides an innovative solution to automate
the production of GelMA-based hydrogels, but also enables researchers
to apply a do-it-yourself approach (Supplementary Video 1) to develop
their own technology [45].

3.1.1. Pipetting/biofabrication module
The pipetting module was designed and developed to employ a

commercial open-source pipetting robot that enables automated liquid
aspiration, dispensing, and mixing tasks using standard laboratory pi-
pettes. The capabilities of the implemented open-source pipetting
robot were expanded by the integration of positive-displacement pi-
pettes utilizing piston-driven liquid displacement for reliable pipetting
of viscous and non-viscous materials (Supplementary Video 2). In addi-
tion, temperature docks were developed to control the temperature of
reagents. The pipetting module can be equipped with two user-
6

defined pipettes (single- or 8-channel pipette of any nominal volume)
and up to eight containers (e.g.multiwell plates, tip racks,media and re-
agent reservoirs, etc.) can be positioned on the deck of the pipetting
module to allow processing of any container type designed according
to the ANSI/SLAS standards (ANSI: American National Standards Insti-
tute, SLAS: Society for Laboratory Automation and Screening) (Fig. 2a).
In-house developed temperature docks were employed to control the
temperature of the reagents between5.5 °C and95 °C. Since viscousma-
terials tend to stick to the pipette tip, a simple and inexpensive tip touch
function was integrated to remove excess material from the tip before
dispensing (Fig. 2c). Especially the integrated temperature dock and
tip touch increase the applicability for hydrogel-related applications,
since customized solutions can be designed, evaluated and integrated
to ensure suitable automated solutions [28]. For example, the tempera-
ture docks allow the processing of thermoresponsive hydrogels such as
GelMA, matrigel, collagen, Pluronic F127 or Gellan Gum. Current
bioprinters oversee post-production steps such as not accommodating
for liquid handling capabilities, which are essential for media exchange
for cell-laden constructs. Media, diluent or washing buffer can be pre-
warmed to 37 °C and dispensed into the multiwell cell culture plate
without any hardwaremodifications. While stock solutions and precur-
sor solutions can be easily handled with the developed system, the sys-
tem is not able to handle solid materials (e.g., powders).

3.1.2. Photo-crosslinker module
Chemical crosslinking capability can be realized to enable photo-

induced gelation of hydrogels supplemented with a photoinitiator
system [4,7]. This capability was added to the workstation by the inte-
gration of a crosslinker module, which consists of an enclosure and
one LED panel (Supplementary Fig. 2a). By engineering a plug-and-
play system for the LED panel, the panel can be easily exchanged to
allow the integration of LEDs with a different wavelength and, thereby,
increase the range of photoinitiator systems, which can be studied with
the system. By adjusting the distance of the light source to the culture
plate and the supplied voltage intensity using PWM (PulseWidth Mod-
ulation) control, the protocol script regulates the applied light intensity.
In the presented setup, LEDs with a wavelength of 400 nm were
installed and calibrated to a light intensity of up to 4 mW/cm2. Photo-
induced crosslinking provides the ability to easily control the matrix
stiffness by changing the crosslinking duration. Commercial bioprinters
usually crosslink single samples and lack a function to create exposure
gradients with defined durations. The crosslinker module was specifi-
cally designed to overcome this limitation by using a sliding mask to
create such exposure gradients (Supplementary Fig. 2b). By moving
the sliding mask to a predefined direction above the well plate,
hydrogels with variedmatrix stiffness are manufactured in a fully auto-
mated, controlled and highly reproduciblemanner. The automated con-
trol of the light intensity and the exposure duration enables a simple
and automated generation of stiffness gradients in one well-plate to
studymechanical cues on cellular functions [8].TT The slidingmask pre-
sents a key feature of the photo-crosslinker module and can be used to
control the extent of light-mediated reactions [46]. Building upon the
open-source approach, LED panels with different wavelengths can be
easily designed to enable the study of additional photoinitiator systems,
such as Irgacure 2959 [47], which is typically excited at 365 nm.

3.1.3. Storage module
A storagemodulewas added to increase the overall sample through-

put for theworkstation. To do so, a rackwith up to sixmultiwell cell cul-
ture plates can be equipped within the storage module to process
additional samples or to archive samples for a defined time for a specific
assay protocol. A custom-designed plate mover grips the well plate
within the rack and positions the plate onto the transportation module.
This allowed a fully automated workflow with the integrated lid lifter
function using vacuum suction cups.



Fig. 2. Summary of theflexibility and functionalities of theworkstation. (a) The pipetting/biofabricationmodule has an 8-deck capacity for containers designed according to the ANSI/SLAS
standards. In-house developed temperature docks keep the reagents at a constant temperature during the experiment. (b) Integrated tip immersion optimization automatically calculates
and applies optimal immersion depth into the hydrogel solution to reduce accumulation ofmaterial on the tip. (c) Optionally, a tip touch is integrated to remove excessmaterial on the tip,
ensuring reproducible pipetting tasks. ANSI: American National Standards Institute, SLAS: Society for Laboratory Automation and Screening.
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3.1.4. Protocol design app
A graphical user interface (GUI) was programmed to remove the

need to write protocol scripts by providing an intuitive interface that
guides the user through the parameter selection process, generates
the ready-to-use protocol code and operates the platform. The GUI is
hereby referred to as Protocol Design App. In contrast to commercial
interface solutions for laboratory equipment, the developed protocol
design app was specifically designed for the production of photo-
crosslinkabled hydrogel-based 3D constructs by presenting an intuitive
workflow to select the material and process parameters (Supplemen-
tary Fig. 5). In addition, the backend automatically calculates the opti-
mal immersion depth of the tip to avoid an accumulation of viscous
material on the tip (Fig. 2b).

3.2. Characterization of the pipetting precision and accuracy

Pipetting precision and accuracy were assessed in accordance with
ISO 8655, which defines the requirements to produce reliable and accu-
rate calibration data for a piston-operated volumetric apparatus [34].
Following Bessemans et al., precision is defined as the exactness of vol-
ume displacement by the pipette and accuracy is defined as the differ-
ence between the actual transferred volume and the target volume
[48]. Pipetting precision and accuracy were assessed following calibra-
tion by gravimetric analysis for positive-displacement pipettes
(M100E: 10–100 μL, M1000E: 100–1000 μL) with distilled water and
80% (v/v) glycerol at room temperature (23.5 ± 1 °C) and results are
displayed in Fig. 3. The assessment of the pipetting performance dem-
onstrated permissible systematic errors (accuracy) (in μL)within accep-
tance criteria as specified in ISO 8655 and permissible random errors
(precision) (in μL) with minor deviations from the acceptance criteria
for volumes of 10 μL and glycerol pipetting tasks.

Based on the precision of automated aspirating and dispensing tasks,
the developed pipetting module is expected to outperform manual
Fig. 3. Characterization of the pipetting and crosslinker performance. Pipetting accuracy and pre
distilledwater (orange) and 80% glycerol (pink). For each pipette, theminimum,median andm
graphs (means ± standard deviations, n = 25).
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pipetting accuracy, as human pipetting operators demonstrated signifi-
cant intra- and inter-individual imprecision in a previous study [49]. An-
other important characteristic to ensure accurate and reliable pipetting
is pre-wetting of the tip. Pre-wetting increases the humidity within the
tip to reduce the amount of sample evaporation. Since pre-wetting leads
to a significant improvement in the pipetting reliability [50], the con-
ducted experiments were performed with tip pre-wetting with the
nominal volume.

The immersion depth of the tip was identified as a critical parameter
for reproducible pipetting. Especially when viscous materials were pi-
petted, residues of the material adhered to the outer tip surface [28]
(Fig. 2b) and resulted in inaccurate pipetting. To overcome this issue,
the protocol design app automatically calculated the optimal immersion
depthwith respect to the reaction tube, tip length, and tube volume, and
added the depth to the generated protocol script. Optimized immersion
depths ensure that the tip aspirates and dispenses approx. 2 to 5 mm
under thematerial surface to avoid an accumulation of viscousmaterials
on the tip. The calibration of the pipette plunger position (maximal and
minimal volume) was identified as an additional critical parameter. As
the lead screw is directly connected to the pipette's piston, the pipetting
performance depended on the traveled millimeters by the lead screw-
based positioning system. The initial top (maximal volume) and bottom
position (minimal volume) have to be adjusted manually and saved in
the calibration terminal. Hence, inaccurate calibration positions are
likely to result in inaccurate pipetting performance. To prevent this,
the presented validation protocol was executed after each manual cali-
bration to assess the pipetting performance.

3.3. Characterization of the crosslinker module

Photo-induced polymerization of hydrogel precursor solutions pro-
vides an extensive tool to tailor the physical characteristics of the
resulting hydrogel [47,51]. Although the crosslinking parameters are
cisionwere evaluated for (i) a 100 μL and (iv) a 1000 μL positive displacement pipettewith
aximumvolumewere tested and single data points are shown asmeasured volume in μL in
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critical to generate physiologically relevant and reproducible 3D
models, essential information to reproduce the results are rarely re-
ported [52,53] or the crosslinking system is not well characterized. To
provide a photo-induced crosslinking system for reproducible hydrogel
polymerization, a detailed characterization of the crosslinking module
was conducted. Spectral wavelength measurements yielded a symmet-
rical spectrumwith a peak wavelength (λpeak) of 407 nm (Supplemen-
tary Fig. 3a/i) and the spectrum showed 90% of the spectral power
distribution between 389 nm to 432 nm (Supplementary Fig. 3a/ii).
This enables photo-induced polymerizationwith photoinitiator systems
excited in the visible light range, such as LAP [47]. Next, light intensity,
defined as the radiant flux received by a surface per unit area, wasmea-
sured in mW/cm2 for different PWM values (Supplementary Fig. 3b).
Changes in PWM values were used to control the supplied voltage to
the LEDs and, thereby, presented a dimmer function for the light. With
100% PWM, a light intensity of 4.0mW/cm2wasmeasured inside the as-
sembled closure at the sample position. By decreasing the supplied volt-
age, decreased intensity values were recorded and plotted linearly with
an R-squared value of 0.9994. Compared to most crosslinking devices,
this dimming function allowed the automated study of different inten-
sitieswithout any hardwaremodification by simply addressing the cho-
sen intensity value in the protocol script.

3.4. Optimization of automated mixing tasks

Hydrogel precursor solutions are commonly prepared bymixing the
required substances, including stock solutions of hydrogel prepolymers,
diluents, and the photoinitiator system. Initial trials of producing
hydrogel-based 3D constructs resulted in substantial variability of the
compressive moduli caused by incomplete mixing between the viscous
hydrogel stock solution and the diluent. Therefore, detailed characteri-
zation and optimization studies of themixing steps between the hydro-
gel stock solution and the diluent were conducted. These studies
resulted inmixing protocols that achieved homogenouslymixed hydro-
gel precursor solutions and thus, reproducible hydrogels. To increase
the reproducibility andminimize the standard deviation, the generation
of a 10% (w/v) GelMA precursor solutions was initially optimized, and
finally, the optimized mixing tasks were repeated with 5% (w/v) and
15% (w/v) GelMA. GelMA was selected for these mixing optimization
tasks, as it is a widely used hydrogel for cell encapsulation studies
[36,54]. To verify the homogenousmixing of the hydrogel stock solution
and the diluent, the diluent was stained with Orange G and samples
were taken from different immersion depths (every 2 mm) throughout
the prepared hydrogel precursor solution (Fig. 4a). These samples were
analyzed with a spectrophotometer to identify differences in absor-
bance values caused by inhomogeneous mixing [28].

3.4.1. Mixing optimization procedures to prepare 10% (w/v) GelMA
In the beginning, mixing commands were applied which consisted

of a single aspiration step immediately followed by a dispensing step
at a fixed position. This was repeated four times per reaction tube.
This aspirating/dispensing sequence is hereby referred to as ‘without
optimized mixing’. Using this mixing sequence, absorbance measure-
ments yielded increased values in the upper parts and lower absorbance
values in the lower parts of the prepared GelMA mixture (Fig. 4b). Due
to the absorbance difference, it was concluded thatmore PBS containing
OrangeGwas in the upper partwhilemore GelMAwas in the lower part
of the reaction tube, and the two components did not mix sufficiently.
The inhomogeneous distribution was confirmed with high coefficients
of variation (CV) values ranging from 10.6 to 63.1%. As more PBS was
found in the upper part, the initial mixing protocol was modified with
an additional step, which aspirated volume from the upper layer and
dispensed it further down followed by two subsequent mixing steps
(aspirating/dispensing) at this lower position. Moreover, additional
movements of the pipette during the aspirating/dispensing sequence
were added to optimize the mixing of viscous materials. While
9

aspirating, the pipette moves with the falling liquid level down and
then moves up again while dispensing the liquid from the pipette.
This approach is also known as inverse pipetting. For further reference,
thismixing action is hereby referred to as ‘optimizedmixing’ andwas im-
plemented as a new command into the Python script and is available in
the public repository. To increase the mixing force and, thereby, also
shorten the mixing time, the aspirating and dispensing speed was fi-
nally increased for all mixing tasks. These custom changes resulted in
homogenous absorbance values and decreased CV values ranging from
1.4 to 2.7% (Fig. 4c).

The final optimized mixing workflow is depicted in the Supplemen-
tary Fig. 4 and consisted of (i) inverse pipetting tasks, which are oper-
ated ten times, (ii) aspiration of a defined volume in the upper layer
and dispensing it into the lowest region (iii) with two conventional
mixing tasks at three defined locations throughout the reaction tube,
(iv) repetition of step (ii) with two conventional mixing tasks at the
lowest locations, and finally (v) again inverse pipetting tasks for ten
times. Since the tip immersion depth and the pipetted volumes depend
both on the total volume, the reaction tube geometry and the tip length,
these two parameters (depth, volume) are automatically calculated
using the programmed protocol design app.

The optimization tasks and results were described in detail to pro-
vide researchers with valuable information about the influences of dif-
ferent mixing approaches. Although it is common knowledge that the
preparation of hydrogel solutions requires sufficient mixing tasks with-
out introducing air bubbles, we could not find a detailed study on the
characterization of the mixing results and the influences of different
mixing approaches. We acknowledge that not all pipetting tasks can
be documented and included in a publication; however, due to these re-
sults, we hope to stimulate greater awareness for reliable and well-
characterizedmixing tasks. Thepresented setupwithOrangeGpresents
a simple, inexpensive and straightforward method to identify homoge-
nous mixing as well as to support and verify optimization tasks.

3.4.2. Application of optimized mixing protocol to manufacture 5 and 15%
(w/v) GelMA

To verify if the optimizedmixing protocol not only reproducibly pre-
pares a 10% (w/v) GelMA precursor solution but is also applicable to
lower and higher concentrations, the same optimized mixing protocol
was employed for the preparation of 5% (w/v) and 15% (w/v) GelMA
precursor solutions (Fig. 4d). For both concentrations, four independent
replicates were prepared by mixing the GelMA stock solution with the
diluent and analyzing the sample positions. Thereby, not only the
mixing protocol, but also the reproducibility between the independent
replicates were verified. Results for 5% (w/v) and 15% (w/v) GelMA
yielded CV values between 1.8 and 2.8% and 2.3 to 5.3%, respectively.
These results demonstrate the applicability of the optimized mixing
protocol for higher and lower GelMA concentrations, and highlight the
highly reproducible mixing for a range of GelMA concentrations.

3.5. Fully automated preparation and generation of GelMA dilution series

After the establishment of an optimized mixing procedure for the
generation of GelMA-based precursor solutions, the protocol design
app was applied to generate protocol scripts for the generation of
GelMA serial dilutions. First, a GelMA dilution series with a step size of
2.5% (w/v) ranging from 0 to 17.5% (w/v) was automatically prepared
and pipetted into a 96 well plate (n = 12 per concentration) (Fig. 5a/i).
PBS was stained with Orange G to verify the GelMA dilution steps and
the reproducibility for each dilution with absorbance measurements.
The analyzed data showed stepwise increasing absorbance values
with increasing GelMA concentration (Fig. 5a/ii). Since PBS, as the dilu-
ent, was supplementedwith the dye Orange G, increasing PBS volume is
mixed with decreasing GelMA concentration, resulting in higher absor-
bance values. Statistical analysis exhibited a highly significant difference
(p < 0.0001) between each of the 2.5% (w/v) steps. Linear regression
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Fig. 5. Application of the workstation to generate GelMA serial dilutions. A GelMA dilution series was generated with (a) 2.5% and (b) 0.5% (w/v) steps to demonstrate the automated
production capabilities for hydrogel-based 3D constructs in 96-well plates and the reproducibility of the workflow (n = 12 per GelMA concentration). Absorbance measurements at
450 nm are shown as well as the linear regression model with the calculation of R2. The CV (coefficient of variation) value is listed for each manufactured concentration step. Means ±
standard deviations, ****P < 0.0001.
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demonstrated an excellent fit with an R2 value of 0.9961 (Fig. 5a/iii),
confirming the high reproducibility of the prepared hydrogel precursor
solutions. Calculated CV values ranged for the prepared dilutions from
1.5 to 4.2% (Fig. 5a/iv). In addition to the 2.5% (w/v) dilution series, a
0.5% (w/v) dilution series was executed to demonstrate the ability to re-
producibly prepare and identify very small GelMA concentration steps.
To do so, a 20% (w/v) GelMA stock solution was diluted to GelMA con-
centrations ranging from 5 to 8.5% (w/v) in a 96 well plate (n = 12
per concentration) (Fig. 5b/i). Absorbance measurements yielded a
high significance (p < 0.0001) for the 0.5% (w/v) GelMA concentration
steps (Fig. 5b/ii) with a highly reliable fit for the linear regression
(R2 = 0.9802) (Fig. 5b/iii). Calculated CV values ranged from 1.2 to
2.0% for each concentration (Fig. 5b/iv). These results confirm the ability
to prepare serial dilutions and distinct concentrations with high repro-
ducibility in a fully automatedmanner. Moreover, the significant differ-
ence (p< 0.0001) between the 0.5% (w/v) GelMA steps highlighted the
capability to prepare and identify very small GelMA concentration
differences.
Fig. 4. Summary of experiments to optimize mixing of GelMA. (a) A method was established
different depths throughout the mixture. (b) Without optimized mixing protocols, absorba
generation of a 10% (w/v) GelMA precursor solution; measured CV values ranged between
minimal deviations, which was confirmed with CV values ranging from 1.4 to 2.7%. (d) By a
solutions, the results showed low CV values and reproducible preparation in four repeats, refe
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3.6. Manual and automated generation of double network hydrogels

The conducted experiments confirmed that the optimized mixing
tasks enabled a fully automated and highly reproducible generation of
GelMA dilutions. To demonstrate the applicability for additional hydro-
gel systems and the increased reproducibility compared to manual pro-
cessing, double network hydrogels (Fig. 6a) were generated and
pipetted into a 96-well plate in a manual (Fig. 6b) and automated
(Fig. 6c)manner (n=96 samples permode).While therewas no signif-
icant difference in themean absorbance values for themanual (0.910±
0.137) and automated (0.900 ± 0.036) mode, the calculated CV values
decreased from 15.0 (manual) to 4.0% (automated), illustrating a nota-
ble decrease in the variations between the two groups (Fig. 6d). Since
the p-value of an unpaired t-test tests the differences between the
means of two populations, an f-test was employed to test the equality
of the two population variances [55]. The conducted f-test showed sig-
nificant differences (p < 0.0001) between the variances of the manual
and automated workflow. These results highlight that the modular
to identify homogeneous mixtures by measuring the absorbance values of samples from
nce measurements yielded decreasing values with increasing depths (n = 12) for the
10.6 and 63.1%. (c) The optimized mixing protocol generated absorbance values with
pplying the optimized mixing protocol to generate 5% and 15% (w/v) GelMA precursor
rred to as run 1–4.



Fig. 6. Application of theworkstation to generate double network using 2% (w/v) alginate and 5% (w/v) GelMA. (a) A double network hydrogel consists of two polymer networks. For this
application, a double network with 5% (w/v) GelMA and 2% (w/v) was prepared and crosslinked with 0.15% (w/v) LAP. (b) While the manual workflow requires various manual-based
pipetting and handling steps, (c) the presented workflow is executed in a fully automated manner. (d) A comparison between the manual and automated preparation resulted in
decreased CV (coefficient of variation) values from 14.1% (manual) to 4% (automated) (n = 96). Means ± standard deviations, ****P < 0.0001.
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workstation enables the preparation and production of hydrogel-based
3D constructs with increased reproducibility compared to manual han-
dling. In contrast to manual workflows, optimized and established pro-
tocols can be easily upscaled to produce hundreds of hydrogels for large
scale library screenings [56,57].

The platform provides a flexible setup that allows users to prepare
an excessive amount of hydrogel solutions for large-scale studies as
well as to use minimal volumes for small-scale studies with expensive
materials. In the presented studies, stock solutions of around 10 to
15 mL were used to prepare GelMA-based dilution series with volumes
of 3 to 5mL. These dilutionswere used to demonstrate the ability to pre-
pare defined and tailored samples into 96-well plates in a reproducible
manner. Hence, such a workflow can be used in the future to enable
mechanobiology studies to identify the influence of stiffness changes
on cellular changes [8]. Given the ability to produce hundreds of sam-
ples, such high-throughput studies open up new avenues to screen dif-
ferent parameter combinations with the aim of identifying an optimal
parameter set for a given target, such as increased osteogenic differenti-
ation [22]. Next to high-throughput studies, the customizable setup
with the exchangeable pipetting set also allows small-scale studies
withminimal volume. For example, the smallest pipette size with a vol-
ume range of 1–10 μL can be implemented to aspirate small volumes
12
from a stock solution directly into a well plate. Such a capability is espe-
cially required for adding growth factors to the cells. Given the flexibil-
ity, the storage module can be easily integrated to increase throughput.
If not, the setup can be also used only for one plate and simple tasks,
such as media exchange (Supplementary Video 3). By applying an
open-source approach that is accessible to research labs around the
world, the budget does not become an access barrier and the technology
can be used for all sorts of studies.

3.7. Establishment of a parameter library to predict mechanical properties
of GelMA

A parameter librarywas generated to predict and subsequentlyman-
ufacturemechanically defined hydrogel properties with a given parame-
ter set. Since the stiffness of the hydrogel is mainly regulated by the
polymer concentration and the crosslinking parameters [1], the parame-
ter library was generated by systematically studying the influence of the
GelMA concentration (inw/v), light exposure duration (in seconds), and
light intensity (in mW/cm2) on the compressive moduli (in kPa). To
do this, a methodology was developed to systematically characterize
the multidimensional parameter window of a polymer network using
the developed automated workflow to generate a parameter library



Fig. 7. Application of a Design of Experiments approach to generate a parameter library for GelMA. (a) A methodology is presented to systematically characterize the multidimensional
parameter window of a polymer network using the developed automated workflow to generate a parameter library. A Box-Behnken design is applied for response surface
methodology with the following material design factors: light intensity (mW/cm2), GelMA concentration (% (w/v)), and exposure time (s). (b) Differences in the compressive moduli
in respect to the light intensities are displayed as response contour plots for the following exposure times: 120, 240, 360 s. (c) A GelMA material design factor library was generated
and the response surface of the compressive moduli (kPa) is illustrated with varying GelMA concentrations and light intensities.
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(Fig. 7/a). The experimental setup was organized following a Design
of Experiment (DoE) approach to select a representative set of experi-
ments and to identify the influence of each parameter. The results are
shown as 2D response surface plots mapped for three light intensities
(Fig. 7/b) and as a 3D response surface plot of the compressive modulus
(Fig. 7/c). The plots indicate that the concentration of GelMA has the
highest influence on the compressive moduli, and exposure time and
light intensity only exhibit a minor influence. Statistical analysis of the
acquired model yielded an accurate fit with an R2 value of 0.917. The
software application, used to analyze and model the data, calculated a
model validity of 0.827, indicating that there were no statistically rele-
vant model problems, such as the presence of outliers, an incorrect
model, or a transformation problem. The reproducibility indicator com-
pared the variation of the replicates compared to the overall variability
and indicated a high reproducibility with 0.907. With the generated
model, the compressivemodulus for a given parameter setup can be pre-
dicted to accelerate the production of mechanically defined hydrogel
properties without tedious preliminary experiments. The option to
biofabricate in high-throughput mode and obtain reproducible mechan-
ically defined hydrogels is in high demand in the biomedical community
in the form of studies addressing matrix stiffness and cellular functions
[8]. Additional information on the observed vs predicted results as well
as on the factor effects are provided in the Supplementary Fig. 6 and 7.
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3.8. Limitations

The study focused on the engineering of a platform technology to
provide fully automated workflows from hydrogel precursors solutions
to crosslinked hydrogels as well as the validation with GelMA-based
hydrogels in four experiments. The experiments were conducted to,
firstly, study the material design factors of GelMA-based hydrogels
with a DoE-approach and, secondly, demonstrate the ability to conduct
high-throughput studies with increased reproducibility compared to
manual handling. It is beyond the scope of this work to integrate addi-
tional hydrogels. Hence, in future studies, the presented platform
should be applied to other natural, synthetic and semi-synthetic hydro-
gel systems aswell as other crosslinkingmethods. This would be in par-
ticular interesting to demonstrate the broad application range aswell as
to study the time savings compared tomanual tasks. Next, the pipetting
performance has to be validated not only with water and glycerol, but
also with hydrogels used in the hydrogel-specific applications. While
the current study evaluates water and glycerol, the pipetting precision
and accuracy need to be studied also for GelMA and related hydrogel
systems. Finally, the equations of the DoE study have not been verified
by predicting a formulation to design a pre-determined compressive
modulus, producing the samples and validating how close the result
comes to the predicted output.
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4. Conclusion

In summary, we report an open-source technology platform to in-
crease the throughput and reproducibility of hydrogel biofabrication
workflows and to establish a methodology to investigate the combina-
torial effects of the material and process parameters. Supported by an
in-house developed protocol design app, users are guided through the
parameter selection process to generate a ready-to-use protocol script
to operate the presented workstation. The conceptualized workstation
builds upon an assembly line approach and includes specific modules
and functionalities required for hydrogel processing tasks. By combin-
ing pipetting capabilities for non-viscous and viscous materials, the
platform enables researchers to prepare defined hydrogel precursor so-
lutions and manufacture photo-crosslinked 3D constructs in a repro-
ducible and efficient manner. The platform was successfully applied to
prepare defined GelMA serial dilutions and double network hydrogel
constructs with a high reproducibility without human intervention.
The integration of DoE approaches facilitated a systematic study of the
material and process parameters to establish a parameter library. This
methodology enables an accelerated and reproducible approach to
screen hydrogel parameter combinations for a detailed understanding
of the hydrogel systems, resulting in greater predictive power of defined
material design factors. Building upon the presented open-source ap-
proach, researchers have the ability to modify hardware features, cus-
tomize software code, and share the new developments with the
wider community.
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