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Abstract 
Bioprinting has emerged as a transformative technology in biomedical research, enabling the fabrication of highly customizable, cell-
laden structures. However, widespread adoption remains limited due to challenges in achieving consistent, high-quality prints, 
because of to the absence of standardised protocols. In this study, we propose a systematic bioprinting approach to optimise the 
performance of an in house-made photo-curable biomaterial ink composed of gelatin methacryloyl (GelMA) and egg white proteins. 
Print quality is assessed based on three fundamental assays: extrusion consistency, deposition accuracy and overall printability. To 
enhance image-based analysis, we developed a custom 3D-printed lens mount for a USB-microscope, paired with a Python script for 
quantitative evaluation of bioprinting performance. Our results indicate a suitable printing pressure range combined with optimal 
printing speeds, identified as optimal for generating complex 3D structures. This study presents a robust methodology for evaluating 
and optimising key bioprinting parameters, such as pressure and speed, contributing to the development of standardised workflows 
to enhance reproducibility and facilitate the broader adoption of bioprinting in tissue engineering and regenerative medicine.  
 
Bioprinting; Process standardisation; Custom image capturing; Photo-curable biomaterial ink; Gelatin methacryloyl (GelMA); Egg white proteins.
  

1. Introduction   

Bioprinting, an advanced technology derived from additive 
manufacturing, has emerged as a key technique in tissue 
engineering [1]. This innovative approach enables the precise 
deposition of cells and biomaterials, facilitating the fabrication 
of complex biological structures [2]. Over the past decade, 
bioprinting has gained the interest in diverse biomedical fields, 
including regenerative medicine, drug testing, cancer research, 
and personalized medicine [3]. As the field evolves, numerous 
printing techniques have been developed, including droplet-
based, laser-assisted, extrusion-based and stereolithography, 
each with distinct advantages and limitations depending on the 
target application [4]. Despite these advancements, the 
reproducibility and standardisation of bioprinting processes 
remains a major challenge. The increasing adoption of 
bioprinting has led to the proliferation of various printing 
techniques and bioink formulations, consequently diverse 
characterization methods have been proposed to assess 
bioprinting quality, yet there is not universally accepted 
standard [5]. Many of these approaches require specialized 
equipment or involve complex assays, which may introduce 
variability and limit the comparability of results across research 
groups [6,7]. 

A critical gap in the field lies in the need for an accessible, 
reproducible, and quantitative framework to evaluate 
bioprinting quality [8]. To address this issue, we propose a 
systematic methodology centred on three key parameters: 
extrudability, filament deposition and printability. These metrics 
cover essential aspects of the bioprinting process, from material 

 
 

 

flow to structural fidelity and provide a comprehensive yet 
practical assessment of printing performance.  

To facilitate this analysis, we have developed a suite of 
customized software and hardware tools. A dedicated 
application generates G-code tailored for bioprinting assays, 
ensuring consistency in experimental conditions. Following 
printing, high-resolution image acquisition is achieved using a 
USB-microscope mounted on a custom-designed 3D-printed 
support system, enabling fast data collection. A Python-based 
script then automates image quantification, streamlining the 
analysis and enhancing reproducibility. By integrating these 
elements, our approach aims to establish a standardised and 
efficient method for evaluating bioprinting quality, ultimately 
contributing to the advancement of the field. 

2. Materials and Methods      

2.1. Hydrogel solution  
 

An in house-made hydrogel solution was formulated for cell 
and cancer research, consisting of 10% (w/v) GelMA, 2% (w/v) 
egg white, and 0.5% (w/v) LAP. This composition was designed 
to optimise biocompatibility, mechanical stability, and 
printability, making it suitable for bioprinting applications and 
three-dimensional cell culture. 

Gelatin methacryloyl (GelMA), a chemically modified 
derivative of gelatin, provides an extracellular matrix mimicking 
environment, promoting cell adhesion, proliferation, and 
migration due to its intrinsic bioactive motifs [9]. Furthermore, 
its photocrosslinking capability enables tuneable mechanical 
properties through controlled UV exposure, ensuring the 
structural integrity of bioprinting constructs [10]. 

Lithium phenyl-2, 4, 6-trimethylnenzoylphosphinate (LAP) 
serves as a photoinitiator, enabling rapid photocrosslinking 
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under visible light (405 nm). It was selected for its high reactivity 
at low concentrations, enabling fast polymerization with 
minimal cytotoxicity. Compared to traditional UV-based 
photoinitiators, LAP reduces the generation of free radicals, 
thereby enhancing cell viability [11]. 

The incorporation of egg white further enhances the 
hydrogel’s biological functionality. Rich in bioactive proteins and 
growth factors, egg white has been shown to support 
angiogenesis and cell proliferation, making it particularly 
relevant for tumor microenvironment modelling and tissue 
regeneration [12]. Its inclusion aims to improve the hydrogel’s 
suitability for advanced 3D tissue models, providing a 
physiologically relevant platform for investigating cancer 
progression and evaluating therapeutic strategies [13].  

This biomaterial ink exhibits non-Newtonian shear-thinning 
behaviour with a characteristic yield stress, making it well-suited 
for extrusion-based bioprinting techniques. Its 
photocrosslinking capability ensures structural integrity post-
printing, while its rich protein content enhances cellular activity, 
promoting cell adhesion, proliferation, and functionality within 
the printed construct.  

 
2.2. Bioprinting quality assays 
 

The evaluation of bioprinting quality is conducted through the 
proposed framework, which comprises three distinct tests.  

The first test, extrudability, identifies the optimal printing 
pressure values for consistent extrusion by setting a range of 
pressures (0-100 KPa) and analysing the weight of the deposited 
solution. This step is essential to determine the minimum 
printing pressure required to overcome ethe yield stress of the 
biomaterial ink, ensuring it transitions form a static to a flowing 
state. By identifying this threshold, the test helps establish the 
lowest pressure at which the solution begins to extrude 
smoothly, preventing issues such as under-extrusion at lower 
pressures or over-extrusion at higher pressures [14]. 

Once optimal pressures are determined, the second test 
focuses on filament diameter optimisation, adjusting printing 
pressure and printing speed to match the printed filament 
diameter with the nozzle dimensions. This test is conducted to 
evaluate the fidelity of the extruded samples by comparing the 
actual filament diameter to the nozzle outlet diameter. By 
systematically varying the printing parameters – pressure and 
speed – the test ensures that the extruded filament maintain 
dimensional accuracy, minimizing deviations that could impact 
the structural integrity and resolution of the printed construct.    

 Finally, to evaluate 3D multilayer structural fidelity, a 
multilayer mesh structure is printed with the optimal printing 
parameters obtained previously, and the internal pore structure 
is analysed to evaluate the ability to form stable layers. This test 
ensures that the printed structure maintains its intended 
geometry across multiple layers, which is crucial for large scale 
applications, such as tissue scaffolds. By assessing pore 
uniformity of this mesh geometry, the test helps identify 
potential issues like filament dragging, layer collapse, or material 
spreading, which could compromise the overall 3D structural 
integrity and functionality of the construct. 

To conduct the bioprinting assays, BIO X (Cellink, Gothenburg, 
Sweden) bioprinter was employed with a temperature-
controlled printhead. After printing the samples, they were 
photo-crosslinked using a 405 nm UV lamp, ensuring that the 
samples reached the gelation state achieving the structural 
integrity post-printing. 
 
2.3. Image analysis 
 

Conventional microscopy is primarily designed for micro-scale 
imaging. While some techniques allow for the reconstruction of 
larger-scale images, they are often time-consuming and 
resource-intensive, making them less efficient for capturing 
bioprinted structure at the macro scale. To address these 
limitations, a USB-microscope is employed for imaging the 
bioprinted constructs, providing a faster and more accessible 
alternative to conventional microscopy. The USB-microscope, 
capable of magnification up to 4K resolution, is mounted on a 
custom 3D-printed support equipped with three-axis control 
(Figure 1), integrating stepper motors for precise focusing 
adjustment. This setup ensures reproducible imaging conditions 
and minimises human error when analysing multiple samples. 

Furthermore, the system includes integrated LED illumination 
with custom light diffusion filters to enhance image clarity and 
consistency, reducing shadows and optical artifacts that may 
interfere with image analysis. Compared to the conventional 
stitched microscopy, this approach enables rapid acquisition of 
macro-scale images with minimal setup time, facilitating 
efficient and standardised bioprinting quality assessments. 
Moreover, by utilizing a cost-effective USB-microscope instead 
of high-end imaging systems, this method reduces financial 
barrier to bioprinting analysis, promoting the democratization of 
image capture in both research and industrial fields. 

Finally, to streamline image analysis and quantification, a 
custom Python script was developed to assess filament 
deposition test by measuring filament width using the 2D local 
thickness principle and assess printability test obtained pores 
through a border-following algorithm. 
For filament width measurement, the process involves image 
sampling, cropping, and converting the filament image to a 
binary mask. A distance transform calculates the Euclidean 
distance from each point to the nearest boundary, providing an 
estimate of the filament diameter. A thresholding step removes 
small, irrelevant regions, followed by a dilation operation to 
refine thickness values. The final local thickness is determined 
by identifying the largest possible inscribed circle within the 
filament, ensuring precise diameter evaluation through all the 
constructs. For pore analysis, the multilayer structure image is 
cropped and binarised to isolate pores. The pore surface area is 
computed by summing all the pixels in the pore mask, while a 
border-following algorithm detects contours for perimeter 
estimation [15]. The Euclidean distance between successive 
contour points is summed to obtain the total perimeter, 
allowing for accurate pore measurement and printability 
assessment. 

 

 
 
Figure 1. USB-microscope lens support designed for image capturing the 
bioprinted samples. 

3. Results and Discussion      

The proposed working framework begins with the 
extrudability test, identifying 65 KPa as the minimum pressure 



  

 

required to overcome the hydrogel’s yield stress and initiate 
extrusion. Below that printing pressure value, no solution was 
extruded through the nozzle. Within the 70-80 KPa range, mass 
flow rate increases steadily with good deposition consistency, 
making it the optimal printing pressure condition. In contrast, 
pressures exceeding 85 KPa introduce significant variability, 
leading to over-extrusion and compromising print quality 
(Analysis not shown). These findings align with the previous 
studies on extrusion bioprinting, which indicate that increasing 
printing pressure improves flow deposition rate but also 
enhances potential instability at higher values [16,17].  

The second assessment, deposition test, further reinforced 
the previous observations, demonstrating that increased 
printing pressure or reduced printing speed resulted in greater 
deposition, whereas lower pressure and higher speed led to 
insufficient deposition (Figure 2). The results identified three 
optimal parameter combinations: 70 KPa at 300 mm/min, 75 
KPa at 600 mm/min, and 80 KPa at 900 mm/min. Among these, 
the combination of 70 KPa and 300 mm/min yielded the most 
accurate surface and diameter values relative to theoretical 
filament model, exhibiting better consistency and reduced 
variability (Figure 2). This outcome suggests that at 70 KPa and 
300 mm/min, the interplay between extrusion rate and material 
deposition is well-balanced, leading to a uniform and defined 
filament geometry. In contrast, the higher-pressure settings (75 
KPa and 80 KPa) induced greater material deposition, but this 
came at the cost of increased filament variability, as reflected in 
the larger standard deviations (Figure 2). Additionally, an 
important factor to consider is the material behaviour under 
dynamic printing conditions. At higher speeds, the material 
deposition per unit length is reduced, which explains why the 
filaments printed at 900 mm/min, despite being extruded at 
higher printing pressure values (80 KPa), exhibited an overall 
smaller surface area compared than those printed at lower 
speeds. This indicates that the deposition rate is not solely a 
function of printing pressure but is also significantly modulated 
by speed. Overall, these findings align with existing research on 
extrusion-based bioprinting deposition dynamics, which 
emphasizes that interplay between pressure and speed[18,19].  

Finally, the printability test was conducted to assess these 
optimised printing conditions, identifying 75 KPa at 600 mm/min 
as the most favourable combination. Although all tested printing 
conditions produced well-defined pores matching theoretical 
values, both lower (70 KPa at 300 mm/min) and higher (80 KPa 
at 900 mm/min) settings introduced significant variability 
(Analysis not shown). The high statistical significance (p < 0.001) 
observed between intermediate and high printing conditions 
suggest that increased speed and pressure may compromise 
structural stability (Analysis not shown). These findings 
emphasize the need for comprehensive evaluations beyond 
previous filament deposition, as early tests alone suggested 70 
KPa at 300 mm/min as optimal. Instead, further analysis 
demonstrated that 75 KPa at 600 mm/min resulted in more 
consistent constructs, highlighting the critical role of structural 
integrity and deposition precision in bioprinting quality. These 
observations align with previous studies on 3D complex printing 
analysis, where fine-tuning printing parameters is required to 
optimise the final constructs [20,21].  
 

 
 
Figure 2. Deposition test results at different printing conditions. Being 
DThS and DThD the theoretical surface and diameter values of the 
filament respectively. All statistical tests were conducted at a 

significance level of  = 0.05. The results presented as the mean 
standard deviation. Statistical significance was indicated using the 
following notation: “*” (p < 0.05), “**” (p < 0.01) and “***” (p < 0.001). 

4. Summary      

This study presents a systematic framework for optimising 
bioprinting through extrudability, deposition and printability 
tests. The proposed biomaterial ink exhibits a shear-thinning, 
non-Newtonian behaviour with a yield stress related to a 
printing pressure of 65 KPa (Image not shown). Printing pressure 
significantly influenced extrusion flow, with an optimal range 
identified between 70-80 KPa (Image not shown). A detailed 
analysis revealed that high-quality filament deposition was 
achieved at 70 KPa with 300 mm/min, 75 KPa with 600 mm/min, 
and 80 KPa with 900 mm/min (Figure 2). Among these, 75 KPa 
and 600 mm/min provided the best balance between extrusion 
consistency and 3D shape fidelity (Image no shown), making it 
the most suitable condition for fabricating complex constructs. 

Furthermore, this study integrates an accessible and cost-
effective imaging solution using a USB-microscope mounted on 
a custom 3D-printed lens support, enabling reproducible and 
high-resolution image acquisition for bioprinting quality 
analysis. Additionally, a Python-based image processing script 
automates bioprinting test analysis quantification, streamlining 
the assessment process while minimizing human error. By 
combining these tools, this framework significantly reduces 
dependence on expensive imaging equipment and complex 
manual analyses, enhancing reproducibility and accessibility. 

5. Conclusion      

The proposed framework characterises 3D bioprinting process 
quality assessment with three essential assays and provide a 
method for determining appropriate printing parameters to 
enable optimization studies. The system includes the integration 
of a USB-microscope with a custom 3D-printed lens support and 
an automated Python-based analysis pipeline democratises 
quality assessment, making it a readily accessible solution. This 
approach helps enable reproducible and scalable 3D bioprinting 
that can be adopted across different laboratories and industrial 
fields, thereby helping to develop standards in the industry.  

6. Future work      

Given the non-Newtonian behaviour of bioinks and the 
significant impact of shear stress on cell viability in extrusion-
based bioprinting, further investigation is required. CFD 
simulations can play a fundamental role for understanding this 
phenomenon. Therefore, further investigations will involve 
multiple simulations under varying printing conditions to 
enhance cell viability and drive advancements in 3D bioprinting. 



  

 

However, this study presents certain limitations. The imaging 
approach used is only suitable for top-view analysis, which 
restricts the ability to assess filament geometry and structural 
integrity in three dimensions. Additionally, nozzle type plays a 
crucial role in extrusion mechanics, influencing flow behaviour 
and deposition accuracy. Future studies will incorporate a 
detailed nozzle analysis to evaluate its impact on bioprinting 
quality, considering factors such as geometry and diameter 
properties. 

By addressing these limitations, the proposed framework can 
be further refined to enhance its applicability and reliability in 
diverse bioprinting scenarios.  
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