
1 
 

Computational Study of Extrusion Bioprinting with Jammed Gelatin 

Microgel-based Composite Ink 

 

Kaidong Song1, Deming Zhang2, Jun Yin2, Yong Huang1,* 

 

1 Department of Mechanical and Aerospace Engineering, University of Florida, Gainesville, 

Florida 32611, USA 

2 School of Mechanical Engineering, Zhejiang University, Hangzhou 310028, China 

* Corresponding author: Department of Mechanical and Aerospace Engineering, University of 

Florida, Gainesville, FL 32611, USA, Phone: 001-352-392-5520, Fax: 001- 352-392-7303, 

Email: yongh@ufl.edu 

 

Abstract 

Material extrusion, a filament-based three-dimensional (3D) bioprinting technique, is commonly 

adopted to fabricate many complex constructs for its high efficiency, compatibility with a variety 

of biomaterials, and easy realization. During extrusion bioprinting, the morphology (including the 

shape and size) of extruded filaments is of great interest since the filaments are the basic building 

blocks for printed 3D structures and the filament morphology determines the printing resolution, 

surface quality, and part mechanical strength. The objective of this study is to computationally 

analyze the printing performance of the jammed gelatin microgel-based composite ink during 

extrusion in terms of the filament cross-sectional morphology and the influence of ink yield-stress 

fluid property on the structural printability. As seen from the rheological measurements, the 

jammed gelatin microgel composite ink is a viscoplastic fluid with the shear-thinning property, 

and its yield-stress fluid property enables it for self-supported printing applications. The ink 

printing process has been computationally modeled by using a fitted Herschel–Bulkley model to 

simulate the behavior of the jammed gelatin microgel composite ink for the first time, resulting in 

good modeling performance. In particular, the filament cross-sectional morphology under different 

printing conditions has been satisfactorily modeled. It is found that the cross-sectional shape turns 

flat rectangular under a small normalized gap distance (less than 0.6). Furthermore, the achievable 

maximum length (without collapse) of the jammed gelatin microgel-based composite ink, 
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deposited both between two supporting substrates and over a supporting substrate, has been 

satisfactorily estimated. 
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1. Introduction 

Three-dimensional (3D) bioprinting techniques are being more extensively utilized for engineered 

tissue/organ fabrication applications by depositing and assembling cells and biomaterials into 

viable 3D constructs [1-3]. Included amongst the suitable bioprinting techniques are laser-induced 

forward transfer printing [4, 5], inkjet printing [6-8], and material extrusion printing [9-12]. Of 

these, material extrusion bioprinting is widely used to fabricate complex structures such as blood 

vessels, bones, cartilages, neural tissues, pharmaceutical delivery, and drug screening systems 

because of its high efficiency, compatibility with a variety of biomaterials, and easy realization. 

 

During material extrusion, a filament printing process, materials are extruded onto a printing 

substrate through a nozzle and then rapidly solidify to ensure the fidelity of printed structures. 

Hydrogel materials, with their adjustable biochemical and biophysical properties and ability to 

provide a biocompatible extracellular matrix (ECM)-like microenvironment for living cells, have 

been favored for various tissue engineering applications for many years [13-16]. However, 

extrusion printing of hydrogel precursors is still an engineering challenge for tissue engineering 

applications [17, 18] since they need to be rapidly solidified to retain their shapes, which usually 

requires the use of additives or additional chemical modifications. 

 

Generally speaking, fluids such as hydrogel solutions and suspensions can be classified into two 

general types according to the relationship between the shear rate and fluid viscosity: Newtonian 

fluids whose viscosity is shear rate independent and non-Newtonian fluids whose viscosity is a 

function of shear rate. For non-Newtonian fluids, the viscosity changes with the applied stress, and 

they have two main types: shear-thickening and shear-thinning fluids. Some of the non-Newtonian 

fluids are also viscoplastic fluids, which receive the most attention and usually have a minimum 

stress threshold for deformation known as the yield stress when being stressed. Due to the yield-

stress fluid property, viscoplastic fluids can flow like a fluid when extruding through the nozzle 
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but rapidly stabilize as a solid to preserve the fidelity of the printed 3D structure, which meets the 

requirement for a self-supporting ink to fabricate freeform structures in air [12, 19].  

 

To improve the printability of hydrogel materials without additives or chemical modifications, 

they can behave as viscoplastic fluids and be printable by using their corresponding jammed 

microgel format [12, 19, 20]. During conventional hydrogel material printing, liquid hydrogel 

precursor inks are deposited onto a target substrate and allowed to cross-link in situ. In a similar 

manner, for a jammed microgel system, the densely packed microgels are immobilized by 

surrounding microgels through their physical interactions, which results in a material that can be 

treated as a solid when viewed macroscopically. Interestingly though, when sufficient applied 

stress overcomes the restrictive/immobilizing force which restricts the motion of the microgels 

within the jammed system, the microgels move relative to one another with the whole system 

behaving as a liquid [21-24]. The system recovers immediately after the applied stress is reduced 

to below the yield stress of the jammed microgel system. In short, the jammed microgel system 

can flow and recover by responding to applied stress (gel-sol and sol-gel transitions), making 

jammed microgels ideal for use in extrusion printing without the need for additional solidification 

in order to retain printed structures in situ. This interesting yield-stress fluid property can minimize 

the immediate need for any cytotoxic cross-linking process during printing. In addition, it permits 

a longer time for slow-reaction cross-linking processes such as enzymatic cross-linking [25-27].  

 

The objective of this study is to computationally analyze the printing performance of the jammed 

gelatin microgel-based composite ink during extrusion in terms of the filament cross-sectional 

morphology and the influence of ink yield-stress fluid property on the structural printability. Such 

a jammed composite ink has an interesting stress-dependent solid-liquid transition property as a 

non-Newtonian yield-stress fluid. Due to its good biocompatibility and biodegradability and 

suitable mechanical stiffness [28, 29], gelatin is used here to prepare the gelatin microgel-based 

ink. Computational experiments have been conducted to study the relationship between the 

printing conditions (gap height h and flow rate multiplier U/V) and filament morphology by using 

the Herschel–Bulkley model to capture the constitutive behavior of the jammed gelatin microgel-

based ink for the first time. It is noted that the jammed gelatin microgel-based ink herein can be 

considered as an example of non-Newtonian viscoplastic fluids with the yield-stress fluid property, 
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which are utilized for 3D printing in air. The modeling accuracy has been validated by the 

experimental results, and the modeling approach has been further applied to evaluate the structure 

printability when using the jammed gelatin microgel-based ink. 

 

2. Background 

During extrusion printing of 3D structures, the ink printability is typically evaluated in terms of 

the filament morphology, surface quality, and part mechanical strength while the filament cross-

sectional morphology is of particular interest. Generally, the fabrication resolution depends on the 

cross-sectional morphology and size of extruded filaments since the extruded filaments are basic 

building units for material extrusion applications and each filament size determines the printing 

resolution [9]. Surface quality along the z direction is also influenced by the layer thickness [10, 

30] which is typically selected according to the cross-sectional morphology of deposited filaments. 

When the layer thickness is too small, the subsequent filament overlaps with the previously 

deposited one, which leads to an over deposition phenomenon; a larger layer thickness leads to a 

fractured structure. In addition, the part mechanical strength is related to the contact area between 

two adjacent filaments, which is dependent on the filament cross-sectional morphology. For a 

layer-by-layer fabrication process, the cross-sectional morphology of filaments is critical to the 

bonding strength between two adjacent filaments, which decides the bonding area [31-33]. It is 

noted that the hatch distance and resulting infill density are also important to the surface quality 

along the xy plane. Furthermore, the knowledge of the filament cross-sectional morphology allows 

better control of part mechanical properties when printing structures with anisotropic mechanical 

strength [34, 35]. Therefore, it is of great importance to investigate the filament morphology during 

extrusion printing, which is the subject of this study. 

 

The filament morphology during extrusion printing can be studied experimentally or 

computationally, with computational modeling as a predictive tool providing an alternative 

approach to understanding and guiding the extrusion printing process. Material extrusion printing 

process has been studied computationally using both two-dimensional (2D) [36, 37] and 3D [38-

42] models. In addition to some macroscopic mechanical analysis studies [43, 44], the material 

extrusion printing process has been computationally modeled in terms of the heat transfer process 

[39], material residual stresses [40], structure microarchitectures [41], and filament morphology 
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[42]. In particular, D’Amico et al. [39] have simulated the heat transfer process during material 

extrusion and the effect of printing speed on the temperature. Brenken et al. [40] have predicted 

the residual stress of printed structures due to the material anisotropy and printing process. Gleadall 

et al. [41] have utilized a volume conserving model (VOLCO) to predict the microarchitecture of 

printed porous scaffold structures. In terms of the filament morphology, Comminal et al. [42] have 

used a Newtonian fluid model to study the dependency of its cross-sectional morphology and 

printing force on the printing speed and/or layer thickness. While most of the current 

computational simulation studies on extrusion printing have been performed under the 

assumptions of a Newtonian fluid [42, 45, 46], some works have used a non-Newtonian power-

law [37] or Carreau fluid model [47, 48] to conduct computational simulations, which cannot 

represent the yield-stress fluid property [12], the most important rheological property of microgel-

based inks, which are of interest in this study. While non-Newtonian models such as the Herschel-

Bulkley model have been utilized, they have only been used to predict the shear rate and velocity 

distribution [49] or control the flowrate [50] during printing. As such, accurate modeling of 

microgel ink printing still calls for an improved modeling approach that can capture the unique 

yield-stress fluid property of microgel-based inks for process planning, which is the subject of this 

study. It is noted that the jammed composite ink herein is a representative non-Newtonian yield-

stress fluid, so the studied approach is also applicable to the modeling of other yield-stress fluids 

during material extrusion printing. 

 

3. Preparation and characterization of jammed microgel-based ink 

3.1 Preparation of jammed microgel-based ink  

For jammed microgel-based ink preparation, a complex coacervation process was used to get 

gelatin-based microgels with smaller size and more uniform shape. Briefly, 2.0% w/v gelatin (100 

bloom type B, Fisher Scientific, Hampton, NH), 0.25% w/v F127 (Pluronic, Sigma-Aldrich, St. 

Louis, MO), and 0.1% w/v gum Arabic (Acacia gum, Sigma-Aldrich, St. Louis, MO) were 

dissolved in a 50% v/v ethanol solution (Ethanol 200 Proof, Decon Labs, King of Prussia, PA) at 

50 °C and adjusted to 7.50 pH by addition of aqueous 50% v/v sodium hydroxide (NaOH, Sigma-

Aldrich, St. Louis, MO). The beaker was then placed under an overhead stirrer (Fisher Scientific, 

Hampton, NH) set to 500 rpm to mix overnight and then allowed to cool to room temperature to 

form the slurry of gelatin-based microgels. Parafilm was used to seal the beaker to minimize 



6 
 

evaporation. Transglutaminase (TG) (Moo Gloo TI Transglutaminase Formula, Modernist Pantry, 

York, ME) powders were dissolved in deionized (DI) water, mixing thoroughly using a vortex 

mixer (Mini Vortexer, Fisher Scientific, Hampton, NH). The mixed TG solution was then 

incubated in a bead bath for 30 minutes at 37 °C to get a 20.0% w/v (TG) solution stock. To get a 

final concentration of 1.0% w/v TG, the TG solution was added to the gelatin-based microgel 

slurry at a 19:1 ratio using the overhead stirrer at 500 rpm for chemical cross-linking for one day. 

The resulting slurry was collected into 50 mL conical tubes and centrifuged at 1500 rpm for 5 

minutes to remove supernatant and compact cross-linked microgels. To deactivate the cross-

linking agent TG in the prepared microgels, the 50 mL conical tube packed with the gelatin-based 

microgels was put in 100 °C boiling water for 20 minutes. Then the microgels were resuspended 

in DI water to wash away ethanol and Pluronic F127. The gelatin-based microgel slurry was further 

processed three times using a centrifuge (5804 R, Eppendorf, Hamburg, Germany) with 1500 rpm 

for 5 minutes followed with 4200 rpm for 10 min to eliminate extra water. The collected gelatin 

microgels were mixed with gelatin dry powders at 3% w/v as in a previous study [12]. The mixture 

was blended with a vortex mixer thoroughly and then incubated in a bead bath incubator at 37 °C 

for 30 minutes until the gelatin powders were completely dissolved. The resulting composite was 

stored at 4ºC and recovered to room temperature before use. 

 

For comparison, a pure 5% w/v gelatin solution was used as a Newtonian fluid to investigate the 

significance of the yield-stress fluid property of the jammed gelatin microgel-based ink on the 

printing performance. The 5% concentration was selected based on the 2% gelatin microgel and 

3% gelatin solution used for the preparation of the jammed gelatin microgel composite ink. 

Specifically, the gelatin solution was prepared by dissolving proper amount of gelatin dry powders 

in DI water and incubated in a bead bath at 37 °C until they were completely dissolved.  

 

3.2 Determination of ink rheological properties 

To analyze the rheological properties of the jammed gelatin microgel-based composite ink and 

gelatin solution, a rheometer (MCR-702 TwinDrive, Anton-Paar, Graz, Austria) with a 25 mm 

sandblasted (Ra = 4.75 μm) parallel-plate measuring geometry and 1 mm gap was utilized to 

perform all rheology measurements. Steady rate sweeps were conducted at a low strain (1%) for a 

shear rate range from 0.1 s-1 to 100 s-1 to detect the fluid viscosity and yield stress, if have.  
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To get the surface tension of the jammed gelatin microgel composite ink and gelatin solution (both 

in air) for computational simulations, a tensiometer (Attension ThetaLite 101, Biolin Scientific, 

AB, Sweden) was used to characterize the resulting droplets under different situations based on 

the pendant drop tensiometry. 

 

4. Extrusion bioprinting setup and implementation 

4.1 Extrusion bioprinting setup 

To describe the filament deposition process during extrusion printing, a schematic of material 

extrusion process and the related computational model are illustrated in Figure 1a and 1b, 

respectively. The extrusion nozzle is simplified as a cylindrical tube with an inner diameter of D, 

which is placed above a substrate by a gap height (stand-off distance) h, the gap height is always 

considered as the layer thickness. As for the extrusion printing process shown in Figure 1b, the 

simulation model is set up as symmetrical with respect to a middle vertical plane of the nozzle in 

the printing direction, thus the entire modeling domain is cuboid, and the size is 6 mm × 2.5 mm 

× 3 mm. The remaining external surfaces of the numerical modeling domain are outlet boundaries, 

where the material is free to exit. Under the assumption that the flow at the nozzle exit is fully 

developed and laminar, the influence of nozzle length is neglected for the flow exiting the nozzle. 

Since the input-output volumetric flowrate is conserved, a relationship can be set up among the 

printing head velocity V, nominal filament cross-sectional area S, average velocity inside the 

nozzle U, and inner cross-sectional area of extrusion nozzle as follows [45]: 

2

4

D
VS U


=           (1) 

The stand-off distance h also affects the printing quality and filament cross-sectional area S during 

printing the jammed microgel-based inks. Herein, the filament cross-sectional morphology is 

characterized by two dimensionless parameters: the normalized stand-off distance h/D and the 

velocity ratio or flow rate multiplier U/V. The material flow rate is determined automatically 

according to parameters set in the ball-screw-based printer used in this work, including V, D, h, 

and U/V. Through adjusting U/V, the amount of extruded materials can be tuned to get over-

deposited (U/V is high) or undersized (U/V is low) filaments. For filament cross-section analysis, 

15 different groups of h/ D and U/V combinations are analyzed and measured using both 
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computational simulations and actual experimentation. The operating parameters selected for 

printing and computational simulations are listed in Table 1.  

 

 

Figure 1. (a) Schematic of extrusion printing in air, (b) computational model setup, (c) front view 

of a simulation of filament deposition, and (d) side view of a simulation of filament deposition. 

 

Table 1. Printing and simulation conditions. 

 

Variable Symbol Unit Value 

Gap height (stand-off distance) h mm 0.62, 0.92, 1.23, 1.54, 1.85  

Nozzle inner diameter D mm 1.54 

Normalized gap height (ratio) h/D None 0.4, 0.6, 0.8, 1.0, 1.2 

Flow rate multiplier (ratio) U/V None 1.0, 1.5, 2.0 

Extrusion temperature  T ℃ 25 

 

4.2 Extrusion bioprinting system and printing protocols 
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All printing work was conducted using a 3-axis ball screw motion-controlled 3D material extrusion 

printer (Hyrel Engine SR, Hyrel3D, Norcross, GA). For filament cross-section analysis and 

filament-based structure deposition (self-supported filament and cantilever filament), the prepared 

microgel composite and gelatin solution ink were extruded using a 14-gauge nozzle (1.54 mm 

inner diameter, EFD Nordson, Vilters, Switzerland) with a path speed of 2 mm/s. Printing path 

codes were generated manually as custom G-code scripts.  

 

4.3 Characterization of filament morphology 

The filaments were cut through filaments printed on a glass slide using a surgical knife, and the 

cutting direction was perpendicular to the direction of printing. The filament cross-sections were 

determined using an optical microscope (Stereomaster, Fisher Scientific, Waltham, MA) 

combined with a digital optical microscope camera (Summit K2, OtixCam, China). The cross-

section morphology of the printed filaments was analyzed using ImageJ (NIH, Bethesda, 

Maryland). 

 

5. Computational simulation setup 

In this study, a computational fluid dynamics (CFD) approach was conducted to evaluate the 

printability of the jammed microgel-based ink during extrusion printing in terms of the filament 

cross-sectional morphology and ink yield-stress fluid property using ANSYS® Fluent 19.0 

(Ansys, Canonsburg, PA). The simulation model was set up as symmetrical with respect to the 

middle plane of the nozzle in the printing direction as shown in Figure 1b. For computational 

efficiency, only half of the geometry was simulated. To guarantee the precision of the 

computational simulation, the geometry was meshed using tetrahedrons, and the maximum size of 

the control volumes was set as 0.05 mm, resulting in 581791 elements. The time-step interval was 

0.0001 s, and the max iteration/time step was 40 in all simulations. The initial speed of the substrate 

was 2 mm/s, the air volume fraction in this model was 100%, and the ink inflow from the top of 

the nozzle had a constant speed (2, 3, or 4 mm/s). The printing process of both the jammed 

microgel composite and gelatin solution inks was conducted under the following assumptions:  

(a) Both inks were considered incompressible, and 

(b) The interface condition between each ink and its counterpart (the surfaces of the receiving 

substrate and nozzle) was no slip. 
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For more intuitive understanding, the representative images of the printed whole filament and the 

cross-section of filament are shown in Figure 1c and 1d, respectively during the computational 

simulation process. The filament cross sections were measured 0.5 mm from the nozzle exit. The 

color distribution means the ink volume fraction, where the blue means the ink volume fraction as 

0% and the red means the ink volume fraction as 100%. Herein, a 70% volume fraction threshold 

was used to generate the filament cross sections. 

 

6. Extrusion printed filament cross-sectional morphology analysis  

6.1 Constitutive model of jammed microgel-based ink 

 

 

Figure 2. Rheological data of jammed microgel-based composite ink and gelatin solution. (a) 

Viscosity versus shear rate with a log scale, (b) shear moduli as a function of shear stress, and (c) 

shear stress versus shear rate. 
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As shown in Figure 2a, the jammed gelatin microgel composite ink is shear-thinning non-

Newtonian fluid while the gelatin solution has a viscosity being independent of shear rate as a 

Newtonian fluid under relatively low shear rates (below 1000 s-1) as reported before [51, 52]. The 

gelatin composite ink is a viscoplastic non-Newtonian fluid with yield stress as seen from Figure 

2b in addition to being shear thinning. For accurate modeling of extrusion printing using the 

composite ink, a suitable viscoplastic shear-thinning non-Newtonian model should be utilized in 

order to better capture the rheological properties of the composite ink. The Bingham model is 

considered as the simplest viscoplastic non-Newtonian model, which uses a linear relationship 

between the shear stress and shear rate as follows: 

0 k  = +           (2) 

where 𝜏 is the shear stress, 𝛾
˙
 is the shear rate, 𝜏0 is the yield stress, which can be determined by 

the extrapolated y-axis intercept, and k is the consistency index. The Herschel–Bulkley model is 

another viscoplastic non-Newtonian model, which combines the yield-stress effect of the Bingham 

model and the shear-thinning (or shear-thickening) behavior of power-law fluids: 

0

nk  = +           (3) 

where n is the flow index. If 𝜏 < 𝜏0 the composite ink behaves as a solid. If not, the composite ink 

behaves as a fluid. For 𝑛 < 1, the fluid is shear-thinning, whereas 𝑛 > 1, the fluid is shear-

thickening. 

 

Both the Bingham and Herschel–Bulkley models are fitted based on and compared with the 

experimental rheology data (Figure 2c) of the jammed gelatin microgel-based ink. The Herschel–

Bulkley model is chosen as the constitutive model for the jammed gelatin microgel ink since it is 

more consistent with the rheology data based on the coefficient of determination analysis (R2) (the 

Bingham model with a R2 of 0.878 and the Herschel–Bulkley model with a R2 of 0.999), and the 

resulting Herschel–Bulkley model is 
0.374390.9 128.3 = + .  

 

Microstructure wise, the non-Newtonian jammed gelatin microgel-based composite ink studied 

here consists of monodisperse granular cross-linked microgels (TG cross-linked gelatin) dispersed 

in a solution phase (gelatin solution). As needed, living cells can be easily included in the solution 
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phase of the composite ink as described in a previous study [12]. The polymeric particles 

(microgels) are obtained by a complex coacervation process. Granular microgels are a collection 

of materials consists of distinct, viscoelastic hydrogel microparticles (HMPs). The diameter of the 

HMPs is generally greater t an 10 μm. W en t e particle  iameter is greater t an t is si e, t e 

gravitational forces on those HMPs are relatively higher than thermal forces. Additionally, because 

the inter-particle frictional force is much higher than the van der Waals force between neighboring 

microgels, the van der Waals force can be ignored here. These granular microgels are different 

from particulate matter, such as colloidal gels, due to their special properties: the existence of inter-

particle friction, lack of thermal motion, and relatively larger particle size (Figure 3a). Owing to 

these unique features, for granular microgels in a jammed state, the packed disordered microgels 

can trans er  rom a ‘liqui -li e’ state to a ‘soli -li e’ state   en t e particle-to-volume ratio is 

higher than 0.58 which is  e ine  as ‘ran om loose pac ing’. W en granular microgels are more 

concentrated and higher than random loose packing, especially closer to a particle-to-volume 

 raction o  0.64 ( e ine  as ‘ran om close pac ing’), t ey can  e treate  as a soli    ic  possesses 

all properties of conventional hydrogels [53]. Herein the jammed microgel composite ink has a 

particle-to-volume fraction around 0.8 as determined based on the volume change after being 

centrifuged, and this value is higher than 0.64 because the gelatin microgels are deformable and 

irregular. Interestingly, this densely packaged bulk remains flexible in air, responds as displace 

particles under an application of sufficient stress [54, 55], and recovers to a whole bulk after the 

removal of the applied stress (Figure 3b). This reversible transition between the ‘solid-li e’ an  

‘liqui -li e’ states enables the jammed viscoplastic non-Newtonian ink as a good self-supporting 

ink for printing whose constitutive behavior can be adequately described using the Herschel–

Bulkley model for the computational simulation purpose. 
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Figure 3. Overview of jammed granular microgel ink. (a) Properties for hydrogel microparticles, 

and (b) reversible transition of jammed microgel-based composite ink during extrusion printing. 

 

6.2 Computational modeling fidelity using the Herschel–Bulkley model  

Computational studies were performed using the Herschel–Bulkley model as the constitutive 

model as well as the Newtonian model during extrusion printing of the jammed gelatin microgel 

composite ink. The related material properties needed for computational studies are listed in Table 

2. Specifically, filaments were deposited with U/V = 1.0 and h/D = 1.0. The modeling results are 

used to provide a qualitative comparison in terms of the printability as seen from the experimental 

and simulation results. 

 

Table 2. Parameters used in the computational simulations. 

 

Parameter De inition Value  nit 

𝜏0 Yiel  stress o  t e jamme  microgel composite in  390.9 Pa 

k Consistency o  t e jamme  microgel composite in  128.3 Pa·s 

n In ex o  t e jamme  microgel composite in  0.374 None 

ρ
𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 Density o  t e jamme  microgel composite in  1.07 g/cm

3

 

U Average in  velocity insi e t e no  le 2–4 mm/s 

V Printing  ea  velocity 2 mm/s 

ρ
𝑆olution  Density o  t e gelatin solution 1.05 g/cm

3

 

µ𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛  Viscosity o  t e gelatin solution 5.1 mPa·s 
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µComposite  
Eigen-viscosity o  t e jamme  microgel composite in  

 or simulation purpose 
5×105 mPa·s 

𝛾𝑆olution   ur ace tension o  t e gelatin solution in air 65.58 m /m 

𝛾𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 
 ur ace tension o  t e jamme  microgel composite in  

in air 
4.46 m /m 

D Inner  iameter o  t e no  le 1.54 mm 

OD Outer  iameter o  t e no  le 1.83 mm 

h  ap  eig t (stan -o    istance) 0.616–1.848 mm 

g
0  ravitational acceleration -9.81 m/s

2

 

 

Simulated and experimental cross-sectional morphologies of the jammed microgel composite are 

shown in Figure 4. The Herschel-Bulkley model (Figure 4a) is closer to the experimental result 

(Figure 4c) than the Newtonian model (Figure 4b). Due to the effect of yield-stress fluid property, 

a deposited filament from the jammed microgel composite ink can hold itself in air with an 

elliptical shape. When simulated using the Newtonian model, the cross section collapses, resulting 

in a half oval shape. The filament cross-section width (W) and height (H) as simulated by using 

the Herschel–Bulkley model are compared with those as measured in Figure 4d, demonstrating 

good modeling accuracy of the proposed computational study.  
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Figure 4. Cross-section morphology of filaments. (a) Simulation the Herschel–Bulkley model, (b) 

simulation result based on the Newtonian model, and (c) experimental result (U/V = 1.0 and h/D 

= 1.0) (red dashed line indicates the filament contour). (d) Dimensional comparison in terms of 

filament cross-sectional height and width.  

 

6.3 Evaluation of the effects of printing conditions on filament cross section 

To evaluate the effects of printing conditions on the filament cross-sectional morphology, the 

morphologies were measured, simulated, and compared under different U/V and h/D conditions. 

The computational simulation results under each condition are listed in the first graphical column 

of Figure 5 and three corresponding experimental cross-section contours are shown in the next 

three graphical columns, further confirming the modeling accuracy. As shown in all figures, with 

the increase of normalized gap height h/D, the cross-section morphology changes from rectangular 

with round corners to an increasingly circular shape. When h/D is 1.2, meaning that the gap height 

is larger than the nozzle diameter, the cross section is almost circular under U/V = 1.0. Under other 

flow rate and gap height combinations, the top of the cross sections may be flattened by the 

dispensing nozzle. With the increase of U/V from 1.0 to 1.5 to 2.0, which means more and more 

material is extruded out through the nozzle, the cross-sectional area becomes larger and larger.  

Width

H
ei
g
 
t

a) b)

c)  )

1 mm

Wi t 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

Cross-section height

D
im

en
si

o
n

 (
m

m
)

Cross-section width

 Experimental result

 Non-Newtonain model

 Newtonian model



16 
 

 

Generally, the cross sections of deposited filaments during extrusion printing are simplified as 

elliptical [56] or circular [10]. This simplification may not hold during the printing of the jammed 

microgel composite ink under a small normalized gap distance (h/D < 0.6) since the cross-sectional 

shape is flat rectangular. For h/D =0.4 with either U/V = 1.5 or U/V = 2.0, since there is too much 

material extruded out and the gap distance is too small, the deposited filaments have a side flow, 

and there is an observable dent in the middle of each filament; such printing conditions should be 

avoided. 
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Figure 5. Filament cross-section morphology from computational simulation and experimental 

triplicate results under different printing conditions (a) U/V = 1.0, (b) U/V = 1.5 and (c) U/V = 2.0 

(scale bar = 1 mm) (red dashed line indicates the filament contour). 

 

To quantitatively compare the filament cross-section contour dimensions, their computational and 

experimental results are represented in terms of the cross-sectional height H (Figure 6a-c) and 

width W (Figure 6d-f). For those filaments with a dent in the middle, the height H was measured 

according to the height of the dent. Both computational and experimental results show that H 

increases but W decreases with the increase of h/D. The simulated cross-sectional width and height 
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slightly underestimate the measurement results, and this underestimation can be compensated by 

fine-tuning the ink volume being dispensed if needed.  

 

 

Figure 6. Simulated and printed cross-sectional heights (a-c) and widths (d-f) 

 

6.4 Assessment of optimal vertical and horizontal printing overlaps 

During extrusion printing, a subsequently deposited filament overlaps with a previously deposited 

filament horizontally or vertically. Figure 7a shows a typical filament (W = 2.17 mm and H = 1.09 

mm as simulated) printed under U/V as 1.0 and h/D as 1.0, and Figure 7b, 7c, and 7d show different 

overlap situations with a vertical (z) or horizontal (x) distance at which the nozzle moves between 

adjacent layers/features in order to print a 3D structure. If the overlap distance is too large, the 

whole structure may have poor mechanical properties due to the weak connecting force between 

adjacent filaments/layers as shown in Figure 7b. If the overlap distance is too small, the 

subsequently printed layer overlaps with the previously deposited layer (Figure 7c), and the 

resulting over-deposition phenomenon can be obvious as accumulated after several layers. To 

make sure the structure has enough mechanical stiffness and minimize the over-deposition 

phenomenon, the overlap distance must be carefully selected. Generally, the cross section of 

deposited filaments is simplified as a perfectly circular or elliptical shape, which may introduce 
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some process planning errors as discussed before during printing of the jammed microgel 

composite ink since the cross-sectional shape may be elliptical or rectangular with different widths 

and heights under different printing conditions. A suitable overlap should make a printed structure 

with a good fusion between filament/layers which results in good mechanical strength. Herein the 

optimal overlap distances are determined when the filaments are tangent to those of adjacent layers 

in the vertical direction (z = H) but overlap with those in the same layer in the horizontal direction 

(x = 0.7W) (Figure 7d). 

 

To validate the proposed overlap selection, a plate structure (length 20 mm, width 10 mm, and 

height 6 mm) was designed (Figure 7e) and printed using three different overlaps as shown in 

Figure 7g, 7f, and 7h. When both the horizontal and vertical overlaps are set equal to the filament 

width as x = z = W, the distance between two adjacent layers is too large, and the inter-layer 

connection is weak. As a result, the deposited layers can be clearly seen and are laminated (Figure 

7f). When the horizontal and vertical overlaps are set to the filament height (x = z = H), the over-

deposition phenomenon occurs, and the nozzle may be trapped in the printed layers and damage 

previously deposited filaments for this particular case (Figure 7g). As shown in Figure 7h, when 

the optimal overlaps (x = 0.7W and z = H for this particular case) are implemented, the printed 

structure has a well-controlled geometry and smooth surface, and the filaments integrate well with 

each other at the same and different layers. For process planning purpose, both W and H values 

can be determined computationally as described before while using the non-Newtonian Hershel-

Bulkely model. 
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Figure 7. Printing overlap selection. a) Filament cross section with a height of 1.09 mm and a 

width of 2.17 mm (simulated and its schematic). b) Overlap distances along the vertical and 

horizontal directions set the same as the width of filament. c) Overlap distances along the vertical 

and horizontal directions set the same as the height of filament. d) Overlap as the filament height 

along the vertical direction and 30% overlap in the horizontal direction. e) Schematic of the 

designed plate structure. f) Printing with x = z = W = 2.17 mm (weak connection). g) Printing with 

x = z = H = 1.09 mm (over-deposition). h) Printing with x = 0.7W and z = H (good structure). 

 

7. Analysis of self-supported printing property  

In addition to the analysis of filament cross-sectional morphology, the structural printability of the 

jammed gelatin microgel composite ink should also be investigated. Since the simulation of entire 

structure printing is not of interest in this methodology study, the printing of complex structures is 

not simulated. The simulations were implemented based on the printing of a simply supported 

beam/filament (Movies M1) and a cantilever beam/filament as shown in Figures 8 and 9, 

respectively. Both were printed under U/V as 1.0 and h/D as 1.0 and simulated using the Herschel–

Bulkley model. For comparison, the 5% gelatin solution was also printed and simulated using the 

Newtonian model as specified in Table 2. Printing of simply supported gelatin microgel and gelatin 

solution beams/filaments was also recorded (Movie M2). 

 

7.1 Simply supported filament printing 

For printing of a simply supported beam, when the jammed gelatin microgel composite ink is 

extruded without any support, it can be switched from the sol state to the gel state immediately. 

As a result, a self-supported filament can be formed which can hold its shape in air as observed 

(Figure 8a-1) as well as simulated (Figure 8a-2). In contrast, the gelatin solution is not a yield-

stress material, so the viscous filament cannot bear any transverse shear stress due to the gravity 

effect when the filament is extended unsupported (beyond the edge of the supporting substrate). 

Instead, it breaks as illustrated in Figure 8b-1 and 8b-2. It is the yield-stress fluid property instead 

of the high viscosity that enables the non-Newtonian jammed gelatin microgel composite ink to 

be printed unsupported. The mechanics of such a simply supported beam is also illustrated in 

Figure 8c, where q  is the weight distribution along the beam as 𝑞 = 𝜋𝜌𝑔𝑅2,   is the density, g  
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is the gravitational acceleration, R  is the radius of the beam, and L  is the length of the beam, sF

is the maximum shear force (
1

2
𝑞𝐿), and axmM  is the maximum bending moment ( 2

max
1

8
M qL= ). 

 

 

 

Figure 8. Printing of a simply supported beam. a-1) Experimental result and a-2) simulation result 

of the jammed gelatin microgel composite ink. b-1) Experimental result and b-2) simulation result 

of the gelatin solution. c) Mechanical model of a simply supported beam. 

 

7.2 Cantilever filament printing 

For printing of a cantilever beam, the jammed gelatin microgel composite ink can be deposited 

beyond a supporting substrate and hold itself in air as observed (Figure 9a-1) and simulated (Figure 

9a-2). In contrast, the gelatin solution filament breaks once it leaves a supporting substrate as 

shown in Figure 9b-1 and 9b-2. The mechanics of such a cantilever beam is also illustrated in 

Figure 9c with sF qL=  and 2
max

1

2
M qL= . 
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Figure 9. Printing of a cantilever beam. a-1) Experimental result and a-2) simulation result of the 

jammed gelatin microgel composite ink. b-1) Experimental result and b-2) simulation result of the 

gelatin solution. c) Mechanical model of a cantilever beam. 

 

7.3 Evaluation of self-supported filament printability 

The mechanical analysis was conducted to study the printable simply supported and cantilever 

beams/filaments when using the jammed gelatin microgel composite ink. For the simply supported 

beam model, the filament printed between two supporting substrates can be simplified as a beam 

with a uniformly distributed load by its own weight as shown in Figure 8c. The maximum shear 

stress max  that always occurs at the two end points can be calculated by max
4

3

sF

A
 = , where A is the 

cross-sectional area of the filament with 𝐹𝑠 =
1

2
𝑞𝐿. As such, max

2

3
gL = . The maximum tensile 

stress that always occurs in the center of span can be calculated using max
max

M y

I
 = , where y  is 

the distance between the neutral axis and analyzed surface, which equals to the radius of the 

filament ( R ) herein and I  is the moment of inertia as 41

4
I R= . Then the maximum tensile 

stress can be rewritten as: 
2

max

2

gL

R


 = . To determine whether an overhang filament can be printed 

between two supporting substrates, the calculated maximum shear stress and maximum tensile 

stress are compared with the shear stress 𝜏𝑖𝑛𝑘 and tensile stress ink  of the jammed microgel-
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based composite ink. The ink tensile stress can be estimated by 
3

2
ink ink =  according to the 

octahedral shear stress theory based on the ink shear stress at 25 °C, which is determined as 390.9 

Pa based on the Herschel–Bulkley model. This results in a tensile stress value of 829.2 Pa. Then 

max   and max  are estimated as 52.27 Pa and 407.27 Pa, respectively (based on L= 8 mm and R = 

0.77 mm herein), which are lower than ink  and ink , so the filament does not break up during 

printing across an 8 mm span. 

 

Similarly, for a cantilever beam with the filament printed beyond the supporting substrate, it can 

be simplified as a beam with a uniformly distributed weight-induced load (Figure 9c). The 

maximum shear stress that always occurs at the connection point can be calculated by max
4

3

sF

A
 =

, and the maximum force occurring at the connection point is expressed as  𝐹𝑠 = 𝑞𝐿. As such, the 

maximum shear stress can be calculated as 𝜏𝑚𝑎𝑥 =
4

3
𝜌𝑔𝐿. The maximum tensile stress that occurs 

at the connection point can be calculated using max
max

M y

I
 = , which is 𝜎𝑚𝑎𝑥 =

2𝜌𝑔𝐿2

𝑅
. To 

determine whether a cantilever or overhang filament can be printed beyond the supporting 

substrate, the calculated maximum shear stress and maximum tensile stress are compared to the 

shear stress 𝜏𝑖𝑛𝑘  and tensile stress ink  of the composite ink. Then 
max  and 

max  of the 

cantilever beam are estimated to be 26.13 Pa and 101.82 Pa, respectively (based on L = 2 mm and 

R = 0.77 mm herein), which are lower than ink  and 
ink , so the cantilever filament does not break 

up during deposition. 

 

Furthermore, the achievable maximum length (without collapse) of the jammed gelatin microgel-

based composite and gelatin solution inks, deposited both between two supporting substrates and 

over a supporting substrate, were simulated, and the results are shown in Figure 10a-1, 10a-2, 10b-

1, and 10b-2. The maximum lengths are 12.6 mm and 6.3 mm for a simply supported beam and a 

cantilever beam, respectively, which are very close to the theoretical value (11.4 mm and 5.7 mm) 

(Figure 10c). When a structure with overhang features beyond these maximum lengths, the 

filaments collapse (Figure 10a-2 and 10b-2), and the structure design is inappropriate. It 
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demonstrates that the proposed computational approach can help better plan a printing process 

with satisfactory accuracy when using the jammed gelatin microgel composite ink. 

 

Figure 10. Prediction of maximum overhang length when printing a simply supported beam (a-1) 

deposition within the maximum length and (a-2) collapse when surpassing the maximum length. 

Prediction when printing a cantilever beam (b-1) deposition within the maximum length and (b-2) 

collapse when surpassing the maximum length. (c) Maximum length comparison between 

simulated and theoretical results. 

 

8. Conclusions and future work 

This research has computationally analyzed the printing process of the jammed gelatin microgel-

based composite ink during extrusion printing in terms of the filament cross-sectional morphology 

and influence of the yield-stress fluid property on the structural printability. For the first time, the 

computational modeling of jammed gelatin microgel composite ink printing has been 

accomplished by using a fitted Herschel–Bulkley model to capture the constitutive behavior of the 
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microgel composite ink. As seen from the rheological measurements, the jammed gelatin microgel 

composite ink is a viscoplastic fluid with the shear-thinning property, and its yield-stress fluid 

property enables it for self-supported printing applications. The non-Newtonian Herschel–Bulkley 

model has been fitted based on the rheological measurements and further utilized to describe the 

constitutive behavior of the jammed gelatin microgel composite ink, which has resulted in good 

modeling performance in predicting the filament cross-sectional morphology under different 

printing conditions and estimating the achievable maximum length (without collapse) of the 

jammed gelatin microgel-based composite ink, deposited both between two supporting substrates 

and over a supporting substrate. It is found that the simplification of filament cross sections as 

elliptical or circular may not hold during the printing of the jammed microgel composite ink under 

a small normalized gap distance (less than 0.6) since the cross-sectional shape turns flat rectangular. 

 

Future work may focus on analyzing other effects such as the printing temperature, nozzle shape, 

substrate material, and printing path on the filament cross-sectional morphology during extrusion 

printing of the jammed gelatin microgel composite ink and other types of non-Newtonian inks. 

The influence of additional living cells on the filament morphology should also be simulated for 

future biomedical applications. The improvement of the computational model which can simulate 

layer-by-layer structure printing processes and estimate the stress distribution within fabricated 

structures is also part of the future work. For practical process planning, the determination of the 

horizontal overlapping ratio between two adjacent filaments should be explored theoretically. 
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