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Abstract - In the realm of 3D bioprinting, the ultimate objective 
is the creation of functional tissue constructs, achieved through 
precise control of inkjet performance and the ideal bioink 
composition. While the experimental standardization of these 
attributes can be time-consuming, their comprehension is 
facilitated through simulation analysis. In this paper, we use 
COMSOL Multiphysics to compare the rheological behaviour 
of three different bioprinting-friendly fluids: pure silk, silk 
mixed with PCL, and silk-PCL mixed with eggshell membrane. 
Our analysis focuses on the fluid flow dynamics in an air 
medium at various time intervals, specifically assessing the 
magnitude of velocity in each scenario. By considering both 
velocity and the uniformity of fluid dispersion throughout the 
inkjet process, we aim to identify the most advantageous fluid 
combination and optimal time interval for bioink applications. 
The transmission of this real-time data to a centralized 
Internet of Things (IoT) platform might facilitate the ability of 
researchers to remotely assess and visually represent the 
efficacy of various fluid combinations during the printing 
procedure. 
Keywords: Bioink, Silk, PCL, Egg Shell Membrane, Fluid 
Flow, COMSOL 

I. INTRODUCTION

Inkjet printers that create pictures on paper and operate 
according to the principle of the drop-on-demand contact 
approach [1] were first developed for this purpose.   In 
recent years, inkjet printers have been utilized for a variety 
of additional applications that need the accurate deposition 
of microdroplets. This is possible because of the high 
resolution and acceptable speed that these printers exhibit. 
The field of life science is one application that makes use of 
such equipment for diagnosis, analysis, and the 
development of new drugs. Inkjets have also been utilized 
in 3D printers to synthesize tissues from cells by 
sequentially expelling droplets of bioink onto a substrate to 
replicate a computer-aided design (CAD) with printed tissue 
[1]. This process is known as inkjet tissue printing. One of 
the technologies that are connected to this is called 
bioprinting, and it uses bioink to create functional tissue 
constructions [2]. For these technologies to work properly, 
inkjet performance must be precisely controlled, and the 
bioink must have the ideal composition.  However, further 

effort is required to develop standards for analyzing the 
performance of inkjet printers and the features of bioinks. 
The rate at which ink is injected into the nozzle of an inkjet 
printer is the factor that has the most impact on the printer's 
overall performance. This is because the rate at which ink is 
injected into the nozzle dictates the size of the droplets that 
are ejected.  

Additionally, several other factors, such as the geometry of 
the inkjet and the fluid flow of the bioink, are amenable to 
suitable modification to produce droplets of varying sizes 
[3,4].  Even if the optimization of the fluid flow of bioink 
requires a very specific process, modeling and simulation 
work might be beneficial to comprehend these parameters 
more easily [5].  

Natural polymers, such as collagen, alginate, hyaluronic 
acid, and gelatin, as well as synthetic polymers, such as 
polyethylene glycol (PEG), poly(lactic-co-glycolic) acid 
(PLGA), poly(-caprolactone) (PCL), and poly(L-lactic) acid 
(PLA), have been utilized in bioprinting even though each 
of these types of polymers has both positive and negative 
characteristics [6]. On the other hand, a formulation of 
bioink that is optimized may be achieved by combining 
natural and synthetic polymers to take use of the benefits 
offered by both types of materials [7,8].  

PCL has been getting a lot of attention as a potential bioink 
material in recent years because it is biodegradable, 
biocompatible, and has a lot of penetrability. However, PCL 
does have a few drawbacks, the most significant of which 
are its very high crystallinity and slow degradation rate. The 
most straightforward approach to overcoming PCL's 
restrictions is to make composites using the material [9,10].   

In this work, to research the comparative rheological 
performance of silk-based bioink, a COMSOL multiphysics 
simulation has been carried out to investigate the viscosity 
behaviour of silk fibroin and PCL bioink at various 
compositions and concentrations [11,12,13]. The results of 
this simulation show that the viscosity behaviour of silk 
fibroin and PCL bioink is quite similar. Studies of 
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simulations have been carried out under these three 
situations. Silk was the fluid that was utilized in the 
beginning, then silk combined with PCL, and finally a mix 
of silk, PCL, and eggshell silk [14,15,16] was employed. It 
has been decided that air will serve as the medium. The 
Laminar Two-Phase Flow tool in COMSOL multiphysics 
was used to conduct a study of fluid flow with variable 
concentrations of fluid and velocities at which the analysis 
was completed.  

The primary purpose of the effort is to produce the 
biomolecules that will be combined into bioink [17,18] 
utilizing silk fibroin, which will be derived from cocoons 
made of silk. The findings of this work may be applied to 
the characterization of newly produced bioink as well as the 
fluid flow analysis required for subsequent bioprinting of 
meniscal cavities in osteoblast cells. With the help of this 

work, an in-vitro investigation of the behaviour of 
osteoblast cells in the printed structure can also be 
calculated [19, 20, 21, 22]. This real-time data, when 
transmitted to a central IoT platform, enables researchers to 
remotely analyze and visualize the performance of different 
fluid combinations throughout the printing process [23]. 

II. DESIGN AND SIMULATION

The inkjet design exhibits a high degree of organization, 
featuring discrete areas labeled as follows: inlet, nozzle, 
outflow, and target, as illustrated in Figure 1(a). These 
regions also offer a comprehensive perspective of the 
inkjet's physical dimensions, which are presented in Figure 
1(b). Notably, we have optimized the particulate size, a 
critical design parameter in bioprinting, in the development 
and dimensions of our inkjet [4]. 

(a)       (b) 
Figure 1 Geometry of the inkjet (a) and (b) Dimensions of the inkjet

To aid comprehension of the inkjet's performance, a two-
dimensional axisymmetric model that was intended to 
replicate real-world circumstances was constructed. The 
model illustrates the progression of ink from the inlet, 
through the ink supplementation phase that lasts for a 
duration of 10µs, filling the space between the inlet and the 
orifice. The surge of ink induces a regulated expulsion from 
the orifice, resulting in the separation of an ink particle that 
persists on its path until it arrives at the intended location 
[4]. At the entrance of the nozzle, a one-phase fluid flow is 
detected, which subsequently evolves into a two-phase flow 
as the ink passes through the air [10]. 

The simulation investigations required the assistance of 
laminar two-phase flow with two-dimensional axisymmetry. 
By applying the level-set physics principle, we investigated 
the motion of fluids and air with an emphasis on momentum 
and mass. The scope of the present inquiry included three 
distinct fluids, each represented by a different concentration 
and time interval: silk (5%), silk and PCL (5%–16%), and 
silk-PCL-eggshell (5%–16%) [4]. To obtain a thorough 

comprehension of the fluid dynamics, time intervals among 
0s and 2e-4s [4] was examined. 

The deliberate design of the mesh structure as a free 
triangular mesh guarantees the seamless identification of 
fluid flow. The following three conditions were identified as 
critical. 
1. A bioink composed of silk fibroin (SF) and oxygen as

the medium.
2. Silk fibroin in the medium of air with PCL as the

bioink.
3. Eggshell membrane (ESM) and silk fibroin with PCL

as the bioink and oxygen as the medium

The visual depictions of the initial air and ink distribution 
within the inkjet are presented in Figures 2(a) and (b), 
which offer insights into the characteristics of these fluids. 
In order to provide a comprehensive reference for our 
investigation, the material properties of air, silk fibroin, silk 
fibroin with PCL, and silk fibroin-eggshell membrane with 
PCL have been compiled in Table I. 
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(a)       (b) 

Fig. 2 Initial regions of (a) air and (b) ink distribution in the designed inkjet 

TABLE I MATERIAL PROPERTY OF AIR AND SILK FIBROIN 

Composition Concentration Name Value Unit 

Air 
Dynamic viscosity 1.867x10-5 Pas 
Density 1.225 kg/m3 

Silk Fibroin Solution SF- 5% 
Dynamic viscosity 0.0099 Pas 
Density 1400 kg/m3 

Silk fibroin with PCL SF- 5% 
PCL- 16% 

Dynamic viscosity 0.12 Pas 
Density 1700 kg/m3 

Silk fibroin - egg shell 
membrane with PCL 

SF- 5% 
PCL-16% 
ESM-1% 

Dynamic viscosity 1.5 Pas 

Density 2000 kg/m3 

III. RESULTS AND DISCUSSION

The present investigation delves into the intricate world of 
velocity dynamics within inkjet bioprinting, with a specific 
focus on three key fluid conditions. The impact of varying 
time intervals on velocity magnitude, shedding light on how 
time affects fluid flow in this critical process was 
meticulously analyzed. In all scenarios, localized fluid 
distribution nearer to the nozzle, a consistent characteristic 
regardless of changes in time intervals was observed. It was 
found that even with varying time intervals, there was no 
substantial improvement in the distribution of silk 
throughout the inkjet. 

For silk as the primary fluid, velocity decreased with 
increasing time intervals. Notably, even at zero-time 
intervals, velocity gradients due to air flowing through the 
nozzle were detected. Figure (3a) presents the initial 

velocity gradient at zero-time intervals, and subsequent 
figures (3b-f) illustrate the varying velocity magnitudes for 
different time intervals. The scenario changed when silk 
was combined with PCL, which exhibited a more uniform 
distribution with increasing time intervals until 8x10-5 s. 
However, at 1.6x10-4 s and 2x10-4 s time intervals, the fluid 
localized closer to the outlet region of the inkjet.  

Comparatively, the 4x10-5 s time interval demonstrated the 
most uniform fluid distribution, thus representing the 
optimal choice for silk with PCL in the inkjet. In the third 
condition, employing a silk-egg shell membrane with PCL, 
a similar pattern emerged with a decrease in velocity 
magnitude as time intervals increased. Again, even at zero-
time intervals, velocity gradients due to airflow was 
observed. Figure (5a) showcases the initial velocity 
gradient, and subsequent figures (5b-f) display the evolving 
velocity magnitudes for different time intervals. 

48IJISS Vol.13 No.2 July-December 2023

J. Priyanka, T. R. Poorani and M. Ramya



(a)        (b) 

(c)        (d) 

(e)        (f) 

Fig. 3 (a-f) changes in velocity for different time intervals for silk in air medium 
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(a)        (b)

(c)        (d) 

(e)        (f) 

Fig. 4 (a-f) Changes in velocity for different time intervals for silk with PCL in air medium 
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   (a)       (b)

(c)        (d) 

(e)        (f) 

Fig. 5 (a-f) Changes in velocity for different time intervals for silk-egg shell membrane with PCL in air medium 

In summary, this research highlights that fluid viscosity 
plays a pivotal role in the extrusion of fluid. More viscous 
fluids tend to remain within the nozzle. Silk and silk-egg 
shell membranes with PCL, due to their high viscosity, do 
not extrude readily. In contrast, silk combined with PCL 

displays uniform distribution and extrusion due to its more 
manageable viscosity. Consequently, the combination of 
silk with PCL emerges as the superior choice for bioink 
applications in this context. 
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IV. CONCLUSION

In the pursuit of enhancing bioprinting techniques, a 
comprehensive comparative analysis of the rheological 
performance of three different fluids, each with its potential 
suitability for bioprinting was conducted. Employing 
COMSOL Multiphysics, engaged in simulation studies 
under three distinct fluid conditions, employing air as the 
surrounding medium. The first fluid, silk, showcased a 
localized fluid distribution nearer to the nozzle across all 
observed time intervals. In contrast, the combination of silk 
and PCL revealed a notable improvement in fluid 
distribution uniformity, especially at the 4 x 10-5s time 
interval. However, when the fluid composition 
encompassed silk, PCL, and eggshell membranes, the high 
viscosity resulted in a less uniform fluid distribution. So, 
our simulations showed that using silk combined with PCL 
at a time interval of 4 x 10-5s was the best way to make sure 
that the fluid was spread out evenly in bioprinting 
applications. These results provide valuable insights for 
assessing the performance of bioinks in the realm of 
bioprinting. IoT technology would transform this research 
by providing continuous and data-driven insights, enabling 
more efficient and effective bioprinting processes. 
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