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A B S T R A C T

3D bioprinting has emerged as a transformative technology in biomedical engineering, enabling the fabrication 
of functional tissues through the precise deposition of cell-laden biomaterials. However, the widespread adoption 
of this technology is constrained by the prohibitive costs of commercial bioprinting systems. We present a cost- 
effective solution through the conversion of an open-source fused deposition modeling (FDM) 3D printer into a 
direct ink write bioprinter by integrating a peristaltic pump-based extrusion system. The modified dual-extruder 
system demonstrates successful deposition of hydrogel-based bioinks across varying viscosities, producing well- 
defined scaffold architectures. The printer’s open-source control architecture facilitates retraction capabilities, 
high-speed movements, and customizable printing parameters, enhancing operational flexibility. This develop
ment represents a significant step toward democratizing low-cost bioprinting technology, making it accessible to 
academic institutions and research facilities with limited resources.

1. Introduction

In recent years, extrusion-based deposition of hydrogel-based bioink 
has become a widely used method for producing 3D biostructures with 
tailored geometry [1] and controlled microstructures [2]. This tech
nique involves cell-laden or cell-free bioinks composed of synthetic or 
natural materials, or a combination of both. 3D bioprinting has gained 
significance in the medical field and biomedical research due to its 
accessibility and emerging applications such as tissue scaffolds, 
organs-on-a-chip, regenerative medicine, and drug delivery systems [3,
4]. However, the research and development of 3D bioprinters are still 
ongoing to overcome various challenges, including customization diffi
culties, limited compatibility of bioinks, dependence on fixed printing 
software and hardware systems, and high costs. The high price point of 
3D bioprinters often requires dedicated funds, which can limit even 
well-funded research activities and core operations.

Based on different principles and requirements [5], the printing 
system has been modified in 3D printing process to be used for various 
purposes including: (a) direct ink writing (DIW) [6], (b) selective laser 
sintering (SLS) [7], (c) fused deposition modeling (FDM) [8,9], (d) fiber 
fabrication [10] (e) stereolithography (SLA) [11], and (f) digital light 
processing (DLP) [12]. Several approaches and conversions have been 

occurring to provide open-source and well-developed bioprinters with 
specific research targets. The DIW printer is a low-cost, high precision 
printer [13] where the ink material is continuously extruded from the 
nozzle by mechanical or pneumatic pressure, and a specific pattern is 
produced on the substrate according to the set program. The FDM 
printer is a type of additive manufacturing technology that builds ob
jects layer by layer using thermoplastic materials. Converting an FDM 
printer to a DIW printer involves several modifications and additions to 
adapting the machine for bioprinting or other applications requiring the 
precise continuous deposition of various viscous ink materials through 
the nozzle under controlled extrusion force. However, a number of ef
forts have continued to convert an FDM 3D printer into a bioprinter even 
though the conversion process is challenging.

One example is the freeform reversible embedding of suspended 
hydrogels (FRESH) technology, which uses a syringe-based extruder to 
print in a support bath environment [14–16]. Joshua et al. [17] 
customized the 3D FDM printer by changing the motion control board. 
To release the bioink from the extruder, researchers used techniques [5] 
including UV-DIW [18], embedded multimaterial extrusion bioprinting 
[19], and microgel print bedding [20], which have individual adverse 
effects on printing live cells. Blaeser et al. [21] demonstrated the use of 
multiple extruders with compressed air assembly to print multi-layered 
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objects. Mechanical pressure on the piston of the syringe by motorized 
sliding guide [22], stepper motor [23], assembly of stepper motor and 
linear actuator [24] are popular customizations to control the extrusion 
process, but these methods often fail to guarantee air bubble-free printed 
objects due to irregular mechanically pressurized bubbles in the nozzle. 
Wijnen et al. [25] and Loannidis et al. [13] provided a solution with an 
open-source pump system in the syringe to build a 3D bioprinter. 
Furthermore, the extrusion process is often limited because of bioink’s 
viscosity. Kyle et al. [26] listed significant research that highlighted the 
effort to change hydrogels to avoid the issue of different viscosities. Yan 
et al. [27] altered the pump system to extrude bioinks with different 
viscosities. Although the recently developed 3D bioprinters can print 
bio-implants and bio-materials, the diameter of the needle affects the 
extrusion of bioinks due to shear stress, which affects the resolution of 
printed objects [28]. Small nozzle diameters lead to higher shear stress 
and cell damage, while clogging is a limitation of small-diameter needles 
[29]. Straight nozzles and small outlet diameters require higher pres
sures and impose higher shear stresses on cells during extrusion, but 
they can increase printing resolution [30]. Discontinuities may develop 
in the deposited bioink if the printing speed is higher than the extrusion 
rate, whereas the ink may spread and overflow if the print speed is below 
the extrusion rate [31]. In addition, shear stress is a critical factor in 
extrusion-based bioprinting that significantly impacts cell viability 
especially for a cell-laden biomaterial (bioink). High shear stress can 
damage cell membranes and cytoskeletons, leading to cell death, and 
even if cells survive, excessive shear stress can negatively impact their 
function (e.g., differentiation, proliferation) [32,33].

Considering the multitude of challenges in bioprinting, including 
precise extrusion control and accommodating a wide range of bioink 
viscosities, our primary objective was to develop a simplified adaptation 
of a 3D FDM printer’s mechanical components to address these re
quirements. Our research established a methodological framework 
demonstrating that commercial 3D printers can be effectively and 
economically transformed into bioprinters. In this work, we focused on 
converting the extrusion component and process through the integration 
of a syringe and peristaltic pump system, enabling high-fidelity bio
printing with bioinks that can be used for tissue engineering. The other 
objective of this work was the performance evaluation of the converted 
bioprinter computationally via finite element modeling and by 
comparing the geometric measurements of the printed scaffolds with 
that of the CAD models.

2. Materials and methods

2.1. Hardware

A conventional 3D FDM printer was selected as the base platform due 
to its cost-effectiveness and wide availability. The printer features a 
temperature-controlled printing bed capable of reaching and maintain
ing 60 ◦C in the printing chamber, which facilitates the curing of 
deposited biomaterials. Printing speed can be precisely controlled 
through open-source software. The selected 3D printer incorporates an 
automatic dual extrusion system capable of printing filaments at tem
peratures up to 240 ◦C. The built-in extruder was augmented with a 
pump and syringe-based extrusion system, enabling the dispensing of 
hydrogels with a varying mixing ratio. Fig. 1 shows the schematic of the 
conversion of a 3D FDM printer into an extrusion-based bioprinter 
following the proposed strategy.

2.1.1. Extruder block
An extruder block was designed to accommodate the new pump and 

syringe system, while utilizing the printer’s dual extrusion capability. 
The dimensional parameters of the extruder block were carefully engi
neered to ensure proper limit switch activation. The design incorporated 
mounting points to securely fasten to the metal block, with concentric 
alignment of their respective extrusion holes (Fig. 2). To prevent ma
terials leakage at their interface between the extruder and the metal 
blocks, the extrusion holes in the metal block were threaded to accom
modate quick-disconnect fittings, while a continuous hose runs through 
the peristaltic pump, the extrusion block, and into the quick-disconnect 
fitting.

The extruder block features a two-piece design to facilitate easy as
sembly and maintenance. Four corner holes were machined to accom
modate nuts and bolts to secure the two pieces together. The block 
incorporates 0.55-inch (13 mm) diameter channels designed to provide 
direct support and guidance for the tubing. With overall dimensions of 2 
inches (50 mm) in depth and 3.5 inches (88 mm) in width, the block 
effectively engages (contacts) with the printer’s synchronization touch 
points. The design features two distinct sections (Fig. 2)—a brown 
portion with a height of 2 inches (50 mm) and a grey portion measuring 
1.85 inches (48 mm) in height. This intentional dimensional offset en
sures proper alignment with the printer’s existing mounting configura
tion. Both components were fabricated using PLA filament through 3D 
printing.

Fig. 1. A schematic of the conversion of a 3D FDM printer into an extrusion-based bioprinter.
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2.1.2. Peristatic pump with static motor
The system incorporates dual Kamoer peristaltic pumps (Fig. 3) to 

provide actuation pressure to develop a pressure-driven extrusion sys
tem, enabling the handling of materials with viscosities ranging from 1 
kPa-s to several kPa-s. This pump was selected based on its commercial 
availability, ease of implementation, and capability to transfer both low 
and high-viscosity liquids. Each pump was coupled with a NEMA17 
stepper motor, matching the specifications of the printer’s original 
extruder (stepper) motors. The motor operates at a maximum voltage of 
24 V and current of 1.2 A, achieving rotational speeds up to 350 rpm 
with flow rates between 20–110 ml/min. The motors maintain opera
tional stability within a temperature range from 0 to 40 ◦C.

2.1.3. Connective tube
In this bioprinter, we utilized PharMed BPT tubing—a 

polypropylene-based thermoplastic elastomer (TPE) with an inner 
diameter of 3.2 mm and outer diameter of 6.4 mm (type S/B16). This 
tubing supports flow rates up to 110 ml/min and was directly connected 
to the extruding block and nozzle (Fig. 3). The tube material maintains 
operational stability across a temperature range of − 51 to 132 ◦C. While 
the tubing’s expected service life exceeds 1000 h, this duration increases 
inversely with pump head speed. The PharMed BPT material demon
strates high resistance to chemical exposure and ultraviolet radiation, 
providing effective protection for sensitive bioinks.

2.1.4. Syringe extruder
A syringe-based extrusion system was implemented to facilitate the 

dispensing of hydrogels and liquids across varying viscosities (Fig. 4). 
The system utilizes syringes with an inner diameter of 20 mm, each 
connected to a pump and fitted with a luer lock needle. The inlet 
configuration, shown in Fig. 4, depicts a bioink-filled syringe attached to 
the left side of the pump. The bioprinter incorporated a dual-syringe 
setup with two luer lock needles, enabling both simultaneous and 
accelerated printing capabilities.

The needles were secured in the extruder position using integrated 
plastic screws. The inner diameter of the steel nozzle (needle) was 0.40 
mm, and the length of the needle was 5 mm. The complete needle as
sembly installation within the extruder position is illustrated in Fig. 4.

2.2. Design files summary

The extruder system comprises two 3D-printed blocks designed to 
accommodate the bioink delivery hose. The CAD models were designed 
in SolidWorks 2024, and the drawings are available in the repositories 
mentioned in Table 2 of the supplementary file. The printer’s slicing 
software processes the G-code files for bioprinting.

2.3. Bill of materials

A comprehensive list of components and materials used in the device 
construction, including their costs, is provided in Table 3 of the sup
plementary materials. While most components are readily available 
through Amazon or local markets, the pump’s specific online procure
ment source is exclusively listed in the table.

Fig. 2. A 3D model of the extruder block (left) and its sectional view (right).

Fig. 3. (a) Kamoer peristaltic pump and stepper motor assembly and (b) B16 tube used to connect the pump and extruder block in the converted bioprinter.
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2.4. Assembly instructions

The conversion process begins with connecting the printer’s 
controller board wire to the pump’s motor, which is then mounted on 
the printer’s upper frame using double-sided adhesive tape. The tubing 
is installed within the pump’s cylindrical blades, designed to facilitate 
bioink transfer through counterclockwise rotation. The tube’s distal end 
is secured through the extruder block’s aperture using a supporting 
nozzle. The extruder assembly incorporates screwed needle caps for 
needle mounting. As a printing bed, we used an upside-down Petri dish 
with a height of 40.4 mm. Fig. 5 illustrates the complete setup of the 
converted bioprinter. The Petri dish, inverted and measuring 40.4 mm in 
height, serves as the printing substrate. Fig. 5 presents the fully assem
bled bioprinter configuration.

2.5. Operation instructions

2.5.1. Scaffold design for printing
The test scaffold for evaluating the printing performance was 

designed in Autodesk Fusion 360 CAD software and exported in STL file 
format. Fig. 6 shows the dimensions of the designed scaffold with a 
uniform edge thickness of 0.2 mm. This specific simplified square grid 
model was considered to evaluate the precision of the printer and 
integrity of the bioink. Grid-like structures were chosen to clearly 
demonstrate the accuracy of printing resolution.

2.5.2. Bioink fabrication
A standardized hydrogel-based bioink fabrication process, suitable 

for 3D-printed cartilage scaffolds, was implemented in this study. The 
bioink formulation comprised sodium alginate, chitosan, deionized 
water, and collagen in varying ratios to simulate cartilage-like tissue 
properties [34]. Multiple mixing ratios were evaluated to assess printing 
outcome variability. Collagen was incorporated to enhance the bioink’s 
mechanical properties, specifically stiffness and strength. Bioink B was 
selected as the primary formulation for collagen incorporation due to its 
superior viscosity, strength, and printing characteristics [34]. All the 
chemicals were purchased from Sigma Aldrich and used without further 
purification. Component masses were measured using a digital mass 
comparator. The powder components were vigorously mixed in water, 
followed by thermal curing at 50 ◦C for 1 h in an oven. The mixture was 
subsequently cooled to an ambient temperature and stored at 3–5 ◦C. 
Prior to printing, the bioink was equilibrated to room temperature for 45 
min. The compositional ratios of various bioink formulations are shown 
in Table 1.

2.5.3. 3D bioprinting
For printing, the bioink-filled syringe is required to be installed in the 

left chamber of the peristaltic pump, and the other (right) chamber is 
connected to the pipe, which is consequently attached to the extruder 
block (Fig. 5). The STL file is needed to slice in the slicer software where 
Z-offset height can be adjusted according to the height of petri dish so 

Fig. 4. (a) Syringe installed in a pump inlet, and (b) Installed luer lock needle.

Fig. 5. A complete assembly of the converted bioprinter.
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that the distance between extruder and bed can be kept at 0.20 mm to 
maintain the target 0.2 mm thickness of the grid. During the fabrication 
process, the printing parameters such as temperature, flow rate, and 
print speed can be flexibly changed similar to conventional printing. For 
printing with the in-house made viscous bioinks, we set the extruder and 
bed temperature at 25 ◦C.

The modular nature of the additional assembly allows for seamless 
integration with the printer while maintaining conventional printer 
functionality. System validation focused on evaluating printed object 
quality to verify the accuracy and precision of the bioprinting system. 
Printing parameters and software settings were only optimized for 
single-layer object production.

The cleaning protocol encompasses both the bioink transfer hose 
within the pump and the connecting hose between the pump and 
extruder, facilitating thorough cleaning before and after printing or 
when switching between bioink types. Fig. 7(a) demonstrates the 
cleaning procedure for the pump-installed tube, while Fig. 7(b) shows 
the water-based cleaning method for connecting tubes. Prior to printing, 
the connecting tubes underwent bioink priming.

2.5.4. Computaional fluid dynamics analysis
Computational fluid dynamics (CFD) analysis was conducted based 

on the simulated flow to calculate the shear stress distribution within the 
bioink, particularly along the needle walls and at the needle outlet. For 
CFD analysis, a simplified 2D geometric model of the tube and needle 
was developed in Solidworks 2024 to replicate the configuration of a 
peristaltic pump. The tube was modeled with an inner diameter of 3.2 
mm and a length of 138 mm, featuring two localized compression zones 

representing the pump’s roller-induced deformation. A needle with a 
diameter of 0.4 mm and a length of 5 mm was positioned at the tube’s 
outlet. For CFD analysis, the CAD model was imported into Ansys Fluent 
(2021 R2), and appropriate material properties were assigned. The inlet 
velocity was derived from the G-code corresponding to the printing of 
the test grid.

Since Bioink D demonstrated the most consistent and well-defined 
printed structures, its rheological properties were used in the CFD an
alyses. The viscosity profile of Bioink D, spanning a shear rate range of 
0.1 to 1000 s⁻¹, was experimentally determined using a modular 
compact rheometer (Anton Paar). The bioink was modeled as a non- 
Newtonian, laminar, and viscous-dominated flow under peristaltic mo
tion within the defined geometry. 2D, unsteady, and incompressible 
Navier–Stokes equations governing mass and momentum conservation 
[35] was employed in this CFD analysis. The following differential 
equation is the mass balance equation: 
[

∂u
∂x

+
∂v
∂y

]

= 0 (1) 

X-direction momentum conservation 

ρ
[

∂u
∂t

+ u
∂u
∂x

+ v
∂u
∂y

]

= ρFx −
∂p
∂x

+ μ
[

∂2u
∂x2 +

∂2u
∂y2

]

(2) 

Y-direction momentum conservation 

ρ
[

∂v
∂t

+ u
∂v
∂x

+ v
∂v
∂y

]

= ρFy −
∂p
∂y

+ μ
[

∂2v
∂x2 +

∂2v
∂y2

]

(3) 

where p denotes static pressure, ρ is fluid density, μ is dynamic viscosity, 
and t is for time. u, v are the velocities and Fx, and Fy are the body forces 
in the x, and y coordinate directions, respectively.

A no-slip boundary condition was applied to the stationary tube wall, 
while the top and bottom ends of the tube were fully constrained along 
both coordinate axes. For fluid flow, boundary conditions at the inlet 
and outlet were defined such that the total stress was assumed to be zero. 
The computational mesh was generated using the default meshing set
tings in Ansys Fluent.

3. Results

Analysis of the printed structures revealed minimal dimensional 
deviation from the target thickness of 0.20 mm along the grid lines, 
though greater variation was observed at intersection points. The grid 
patterns demonstrated consistent bioink distribution along the printed 
lines, with post-printing deviations attributed to variations in bioink 
viscosity. Crosslinking treatments proved essential for maintaining 
structural integrity of the extruded patterns. In this study, we considered 

Fig. 6. CAD design of the scaffold with dimensions in cm.

Table 1 
Weight compositions of constituents for different bioinks.

Bioink Alginate (g) Chitosan (g) Collagen (g) Water (ml)

A 2 1 0 20
B 2 1.5 0 20
C 2 2 0 20
D 2 1.5 1 20
E 2 1.5 1.5 20

Fig. 7. Cleaning procedure of the connector tubes of the bioprinter: (a) 
cleaning of pump-installed tube, and (b) water-based cleaning of connect
ing tubes.
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physical crosslinking mechanisms via the process of freeze-thaw. This 
process helps the polymer chains to entangle and form a gel-like struc
ture due to the formation of ice crystals within the solution, thereby 
locking the components together. This method is often used to create 
porous scaffolds for tissue engineering applications [36,37]. Quantita
tive analysis of pattern deviation was performed using ImageJ software.

Fig. 8 displays the printing outcomes achieved using 5 distinct bioink 
formulations. Each bioink demonstrated unique printing characteristics. 
Bioink A exhibited non uniform material distribution during printing, 
with significant spreading attributed to its low viscosity. Bioinks B and C 
maintained consistent line widths throughout the grid structure, though 
both demonstrated material dispersion at intersection points due to 
chitosan-induced swelling. Bioink D achieved optimal printing resolu
tion, attributed to its balanced collagen content. In contrast, Bioink E 
produced discontinuous printing lines, a limitation associated with its 
elevated collagen concentration.

The side-view (height) of the printed scaffolds, shown in the Fig. S1 
(supplementary file), demonstrates dimensional consistency with the 
top-view presented in Fig. 8. The height of scaffolds was approximately 
0.1 mm. Fig. 9 illustrates the dimensional deviations between the 
printed structures and their corresponding CAD designs. Specifically, 
Fig. 9(a) quantifies the percentage deviation in line width, while Fig. 9
(b) presents the variations in joint thickness at grid intersections. 
Although the extrusion system accurately followed the G-code-defined 
paths, the printed structures exhibited dimensional variations corre
lating with bioink viscosity. Notable deviations were observed with 
Bioink A, which demonstrated considerable line-width variation due to 
excessive material spreading.

Bioinks B and C exhibited dispersed printing patterns, resulting in 
mean line-width deviations of 10 % and 6 %, respectively. In contrast, 
Bioinks D and E demonstrated superior dimensional control with overall 
deviations of approximately 5 % or less, with Bioink D achieving optimal 
dimensional fidelity (mean deviation of 3 %). Analysis of joint thickness 
(Fig. 9b) revealed that Bioink A produced near-nominal thickness (line 
width) values (0.25–0.26 mm), albeit with high variability. Bioinks B, C, 
and D showed consistent but moderately elevated joint thicknesses 
ranging from 0.28–0.32 mm. These results demonstrate the significant 
influence of the bioinks’ rheological properties on extrusion character
istics through the selected nozzle, even with precise positional control 
from the bioprinting system.

Surface irregularities in the Petri dish substrate can significantly 

impact printing quality, potentially causing either extrusion in
terruptions or excessive material deposition, resulting in discontinuous 
patterns. Fig. 10 illustrates these printing disruptions and their charac
teristic manifestations. Additional printing discontinuities may arise 
from non-homogeneous bioink formulations. The converted printer 
demonstrates potential for multi-layer fabrication capabilities compa
rable to conventional 3D printers while utilizing rapid-curing bioink 
formulations. A detailed video demonstration of the printing process is 
provided in the supplementary materials.

The converted system demonstrated dual-printing capability, 
enabling the fabrication of single scaffolds using multiple bioink for
mulations. Fig. 11 illustrates a multi-layer structure produced through 
dual-extrusion printing utilizing distinct bioinks. The first layer was 
deposited using Bioink B through an 18-gauge needle, followed by 
Bioink D deposition through a 20-gauge needle, the latter selected for its 
demonstrated lower dispersion characteristics in single-nozzle printing 
trials.

The contour plot presented in Fig. 12 illustrates the shear stress 
distribution along the tube and attached nozzle (needle). The highest 
shear stress (0.65 bar) was observed, but at the needle wall, approaching 
approximately 0.47 bar, and the shear stress dropped to 0.2 bar in the 
middle of the needle. The shear stress within the wall of the tube 
remained around 0.008 bar but dropped further at the center of the tube. 
However, a noticeable increase was detected in regions of geometric 
constriction, 0.04 bar and 0.08 bar in the first and second compressed 
zones, respectively. Supplementary Fig. S2 provides additional detail, 
highlighting localized elevations in shear stress at various points along 
the tube and nozzle.

4. Discussion

We successfully demonstrated the conversion of a commercial 3D 
FDM printer into a low-cost 3D bioprinter capable of accommodating 
diverse bioink viscosities. The system was optimized through iterative 
parameter refinement to achieve precise printing outcomes. The modi
fied extrusion mechanism effectively delivers bioinks through exit nee
dles while preventing air entrapment, demonstrating compatibility with 
various mixing ratios and producing accurate representations of tar
geted anatomical structures. Furthermore, the conversion maintains the 
original printer’s software and hardware architecture, requiring mini
mal modifications while incorporating dual-gate extrusion capability 

Fig. 8. Examples of square-grid printed scaffolds with five different Bioinks A, B, C, D, and E.
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with optimized needle diameters for precise multi-material printing. The 
system demonstrates high-fidelity reproduction of intricate bio
structures mimicking soft tissues, including cartilage and meniscus for
mations. These capabilities enhance preoperative planning applications 
and surgical outcomes through improved precision and reduced opera
tive duration.

Commercial bioprinters are costly, and professional-grade 3D bio
printers costs may exceed $500,000 [38], presenting a significant bar
rier amid global healthcare budget constraints. Our conversion 
methodology, with initial costs ranging from $400-$500, offers a 
cost-effective alternative through the integration of open-source soft
ware and entry-level bioprinting hardware. This economic approach 
enables research facilities and healthcare providers to establish multiple 
bioprinting stations, facilitating efficient, scalable production of im
plants. The system’s efficacy will be evaluated through prospective 
randomized trials, with particular focus on applications in pediatric 
orthopedics and traumatology.

Extrusion-based bioprinting demonstrates distinct advantages over 
alternative technologies through its capacity to process highly viscous 
biomaterials while minimizing cellular damage. Precise Z-offset control 
ensures optimal bioink deposition and prevents material spreading. 
Although dimensional variations in line width and joint thickness were 
observed due to bioink dispersion, several key relationships were 
identified: both low and high viscosity bioinks exhibited disrupted line 

formation when extruded through narrow apertures. The incorporation 
of collagen content in bioink formulations generated a fibrillar network 
that enhanced structural integrity, stabilized printed constructs, and 
minimized post-deposition material dispersion. This methodology 
proves particularly effective for fabricating biological structures, 
including monolayer soft and hard tissues, using viscous bioinks [39,
40]. Through decision tree analysis of printing outcomes, evaluating line 
width deviation, joint thickness, and printing continuity, Bioink D 
demonstrated superior performance characteristics.

A number of limitations were identified in both the printed materials 
and current bioprinter configuration. Air bubble formation in printed 
constructs, resulting from pressure differentials in the piping system, 
represents a significant challenge when working with liquid chemical 
mixtures. To mitigate pressure drops associated with variations in pipe 
diameter, flexible tubing was implemented for material transfer from 
reservoir to extruder. The peristaltic pump system was selected to 
address these challenges, providing continuous and consistent fluid flow 
through controlled compression and release mechanisms [41]. This 
design employs flexible tubes compressed by rollers or shoes, ensuring 
smooth material flow through positive compression. The system’s 
enclosed nature, where liquid remains isolated from pump components, 
minimizes air introduction and subsequent bubble formation.

Cell damage in extrusion-based bioprinting is critically influenced by 
shear stress levels. Although cells exhibit considerable deformability and 
the ability to recover from mechanical strain, excessive shear stress can 
still lead to membrane and cytoskeleton damage, leading to cell death 

Fig. 9. (a) Deviation of grid line width and (b) joint thickness of different printed scaffolds with Bioinks A, B, C, D, and E.

Fig. 10. An example of disruptive printed scaffold.

Fig. 11. A multilayer printed scaffold using two different bioinks (Bioinks B 
and D) extruded from two syringe-based extruders.
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[32,33]. Factors including nozzle (needle) diameter and length [42] and 
flow-rate [29] are known to modulate the mechanical stress experienced 
by cells during extrusion. In this work, our experimental setup main
tained a low flow rate and employed a nozzle with dimensions consid
ered safe for cell’s integrity. While elevated pressures in the range of 3–6 
bar have been shown to significantly compromise viability by disrupting 
cell membranes, chondrocytes are relatively resilient and can sustain 
high viability rates under such conditions [43]. Previous studies have 
reported cell viability is almost 100 % from 0.05 to 0.10 bar shear stress 
[21] and it ranges from 60 % to 100 % at pressures up to 5 bar, 
depending on the applied hydrostatic load or extrusion parameters [42,
44]. Paxton et al. confirmed 100 % cell viability at 1 bar stress [44]. 
However, our modified bioprinter operated at a maximum extrusion 
pressure of 0.009 to 0.06 bar shear stress in the tube and approximately 
0.45 bar, a level well within the safety threshold for a broad range of cell 
types. However, we acknowledge that direct cellular testing would 
strengthen our validation. While our system demonstrates mechanical 
compatibility with cell-appropriate bioinks, direct cellular viability 
testing represents an important next step in validating the system for 
tissue engineering applications.

In conclusion, we have successfully demonstrated the development 
of a cost-effective 3D bioprinting system optimized for hydrogel-based 
biomaterial fabrication. The system’s heat-free extrusion mechanism 
makes it particularly suitable for printing cell-laden biomaterials, 
eliminating the risk of thermal-induced cell death during the fabrication 
process. Future research directions should focus on optimizing bioink 
formulations to achieve precise control over optical, mechanical, and 
dimensional properties, enabling the production of advanced bio
materials with enhanced functionality.
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