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Three-dimensional bioprinting as an additive manufacturing technology for constructing biomimetic tissues by
the deposition of individual layers is an ever growing and evolving ﬁeld. Bioprinting has found many
applications across tissue engineering and regenerative medicine disciplines, including medical research,
regenerating human tissues for transplantation, and conducting stem cell research. In order to maintain the
forward momentum of bioprinting, it is necessary to consider major factors limiting bioprinting's capabilities:
post-printing cell viability and printing resolution. Computational modeling has the capacity to investigate the
impact dynamics of encapsulated cells as they are deposited, with a particular focus on determining the
deformation of the encapsulated cell and the rate of deformation, which are dependent on, among other factors,
viscoelastic features, droplet size, and velocity. Similarly, computational models can be utilized to optimize
ﬁlament integrity in extrusion-based bioprinting. By harnessing the power of modeling, experimental
parameters can be predicted and ﬁne-tuned to improve cell viability and/or shape ﬁdelity. Herein, we review
extrusion-based, droplet-based, and laser-based bioprinting techniques. The respective computational models
are then presented, including compound droplet impact models for droplet-based bioprinting, which
incorporated a Newtonian-model and viscoelastic features, and computational models applied to extrusionbased bioprinting. We then conclude with the future direction of bioprinting theory.

1. Introduction
Three-dimensional (3D) bioprinting is an advancing technology for
the fabrication of biomimetic tissues and organs. Bioprinting, in
essence, is an additive manufacturing method whereby complex,
functional living 3D structures are formed by depositing progressive
layers of cell-laden bioinks. The need for precise, on-demand, and
high-throughput production of cell-laden structures bolsters bioprinting's growing importance and relevance. This need for bioprinting is
supported by the several emerging application ﬁelds within tissue
engineering and regenerative medicine [1], including: organ-on-a-chip
for medical research [2–4]; replicating diseased tissues, such as tumoron-a-chip, for investigating the process of diseases [5–8]; regenerating
human tissues, such as skin, cartilage, and bone, for transplantation
[9–12]; and conducting stem-cell research [13]. As the ﬁeld of
bioprinting continues to grow, progress must look towards remedying
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the limiting factors of bioprinting, such as preserving post-printing cell
viability and improving the resolution of printing techniques.
Modeling oﬀers a way to investigate the impact dynamics of
encapsulated cells as they are deposited [14,15]. Modeling of the
bioprinting process can be grouped according to deposition principles
or actuation principles. Firstly, deposition principles encompass the
form in which material is deposited, such as droplet-based or extrusion-based printing [15]. For instance, modeling of droplet-based
deposition would consider the impact of the droplets and printed
constructs, while modeling of extrusion would look at the point in time
when constructs are created to the point when they are deposited.
Secondly, actuation principles include the speciﬁc manner by which the
deposited material is formed. Taking droplet-based deposition as an
example, possible actuation principles include piezoelectric or thermal
inkjet printing, among other techniques, for which modeling would
focus on the pressure wave's or vapor bubble's eﬀect on the liquid
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ink writing, and pressure-assisted micro-syringe. There are also additional techniques which have not been directly applied for bioprinting
but do promise biological applications, such as low-temperature
deposition and robocasting.

steam, respectively. Similarly, for laser-based deposition, modeling
may look at the actuation principle of laser-induced thermal eﬀect on
gel substrates. In general, when modeling the bioprinting process, the
cells and the cell-encapsulating liquid – together, these form the
bioink– are each treated as a ﬂuid [15]. For instance, the modeling
of droplets may consider an inner droplet representing a cell, an
encapsulating droplet, and the ambient ﬂuid. In order to predict the
eﬀect of the bioprinting process on cells, cell viability is considered to
be a function of various characteristics of the encapsulated cell [14].
Bioprinting simulations are performed for a range of parameters to
determine the deformation/elongation of the encapsulated cell and the
rate of deformation with respect to droplet-size and velocity, both of
which are theorized to be related to cell damage.
Herein, we begin with a review of the existing technologies for 3D
bioprinting. The technologies described are categorized by deposition
principles into extrusion-based, droplet-based, and laser-based printing techniques. We then discuss the corresponding computational
models for these techniques. For droplet-based bioprinting, compound
droplet impact models are covered, including a Newtonian model and a
discussion of viscoelastic features. A future perspective is also oﬀered
for using such modeling to enable informed decision making in regards
to setting experimental parameters. Computational models are then
discussed for application to extrusion-based bioprinting. Finally, we
conclude with a look towards the future of 3D bioprinting theory.

2.1.1. 3D plotting
A basic extrusion-based printing technique is 3D plotting, which is
compatible with a variety of biocompatible materials, including hydrogels, nanocomposites, polymers, and biologics such as proteins, growth
factors, or cells [21–24]. 3D plotting utilizes a syringe with a microsized needle through which loaded material is extruded [25]. Using a
stepper motor or a pneumatic valve for volume- or pressure-driven
extrusion, respectively, the material loaded into the syringe is dispensed as a micro-strand. The thickness of the micro-stand is
dependent on various parameters, including the viscosity of the
printing material, the rate of extrusion, and the diameter of the needle.
3D plotting has been demonstrated for tissue engineering scaﬀolds by
plotting directly into a liquid solution of similar density to that of the
printed material [25]. The printed material is cured by a reactive
substance included in the liquid solution, or by using a mixing nozzle
which combines the printing material with an initiator during printing.
2.1.2. Direct ink writing
Similar to 3D plotting, direct ink writing, or direct write assembly,
is a straightforward pneumatic extrusion printing technique whereby
hydrogels are forced through a cylindrical nozzle and oriﬁce by
compressed air [26]. In direct ink writing, the hydrogel is deposited
onto a stage in such a way that the hydrogel is either pre-cured or cures
upon deposition. To improve the structural integrity of the printed
structures, hydrogels must include a larger proportion of solids, such as
nanoparticles or colloidal networks [27].

2. 3D bioprinting technologies
There are several technologies and methods that have been
demonstrated for 3D bioprinting, which may be categorized into
extrusion-, droplet-, and laser-based printing techniques [16,17].
Each technique utilizes a diﬀerent overarching printing scheme.
Extrusion-based techniques print with a continuous stream of material.
Droplet-based techniques deposit material in the form of individual
drops, which commonly results in higher resolution than extrusion.
Laser-based printing, which is also a high-resolution technique, uses a
laser to deposit cell-laden material onto a receiving substrate or
consists of a reservoir of material that is cured or solidiﬁed by some
form of a laser. Herein, we detail the unique features of each individual
technology within these categories.

2.1.3. Pressure-assisted micro-syringe
The pressure-assisted micro-syringe technique uses compressed air
and a pneumatically-driven micro-syringe for hydrogel microfabrication. The micro-syringe is typically constructed from a steel syringe,
which oﬀers temperature control of the material, and a glass capillary
needle, which enables small feature size [28–30]. This micro-syringe is
aﬃxed to a computerized, three-axis micro-positioner which allows for
precise positioning, coupled with the precise deposition provided by
the micro-syringe [28]. For the purpose of fabricating hydrogel
structures without living cells, a solution can be made of the desired
printing material and a volatile solvent; however, for printing with
cells, a diﬀerent biocompatible curing method would need to be
implemented.

2.1. Extrusion-based printing techniques
Extrusion-based printing is a very common technique within the
ﬁeld of 3D printing which entails extruding, or forcing, a continuous
stream of melted solid material or viscous liquid through a sort of
oriﬁce, often a nozzle or syringe (Fig. 1). Speciﬁcally, for bioprinting,
extrusion-based techniques are limited to those compatible with
aqueous hydrogel materials since the process of heating the material,
as required for solid materials, is damaging to hydrogels and reduces
biocompatibility [18–20]. Such techniques include 3D plotting, direct

2.1.4. Additional techniques
Low-temperature deposition implements a screw-style nozzle by
which solidiﬁed hydrogels are able to be printed. Since the hydrogel is
not subjected to any heating process, heat related degradation is
avoided [31]. However, since the nozzle deposits the solid hydrogel
onto a sub-zero degree (freezing) platform, this process is not
compatible with printing live cells. Low-temperature deposition is
more well-suited for printing scaﬀolds, material sans living cells, by
freeze drying to remove any remaining water-based solvent from the
solidiﬁed hydrogel, thereby yielding a semi-rigid structure. Multiple
nozzles can be combined to enable gradients and more complex
structures [32].
Another technique that is indirectly related to bioprinting for
scaﬀold fabrication is robocasting. Robocasting uses a nozzle-equipped
dispensing head to extrude a slurry mixture from a syringe to a
movable platform [33]. Traditionally, robocasting has been applied
for manufacturing ceramic scaﬀolds by printing with hydrogels highly
loaded with ceramic powder. After printing, the hydrogel would then be
burned out, resulting in a ceramic structure that could be sintered into
a rigid form. Although ceramics are not pertinent to bioprinting, the

Fig. 1. Extrusion-based printing techniques [6]. Extrusion-based techniques, in general
terms, are pneumatic-, piston-, or screw-driven. Pneumatic extrusion uses compressed
air to force bioink through the nozzle's oriﬁce. Piston extrusion utilizes a motorcontrolled piston to apply mechanical force to extrude the bioink. Screw extrusion has
an inlet for bioink which is drawn through nozzle by a screw positioned down the middle
of the nozzle. For all types, the bioink is extruded as a continuous stream. Reproduced,
with permission, from [6].

2

Bioprinting 11 (2018) e00034

E. Lepowsky et al.

still ejected in discrete droplets. The material is pneumatically forced
through a nozzle and then broken up into continuous droplets by
leveraging Rayleigh-Plateau instability [41]. Rayleigh-Plateau instability results in a phenomenon by which a cylindrical volume of liquid jet
is perturbed by the potential energy of the surface energy of the jet and
the kinetic energy of the motion of the jet [16,42]. The perturbation
grows exponentially when the wavelength of the perturbed jet exceeds
its initial radius such that the product of the wave number and the
initial jet radius is less than one [16]. Eventually, the jet of bioink
distorts to minimize its potential energy, thereby breaking into a
continuous stream of droplets, not to be confused with the unbroken
stream of material seen in extrusion-based printing (Fig. 2C).

robocasting process shows potential for fabricating hydrogel-based
composites for various applications, including hydrogels loaded with
cells, growth factors, or other biological substances. As compared to 3D
plotting or direct ink writing which extrude cured or nearly-cured
material, robocasting is compatible with non-cured hydrogel materials
and introduces the concept of forming hydrogel composites by mixing
other substances into the hydrogel. Additionally, robocasting refers
exclusively to a moving extruder, whereas comparable techniques may
utilize a moving extruder and/or a moving platform.
2.2. Droplet-based printing techniques
As opposed to the continuous stream of material that is printed in
extrusion-based printing, droplet-based printing techniques deposit individual, discrete drops of material [34]. Droplet-based techniques oﬀer
relatively high resolution, as compared to extrusion, attributed to the small
volume deposited at a time. There are several droplet-based techniques
including acoustic droplet ejection, pressure-assisted micro-valve bioprinting, and inkjet bioprinting [16]. Inkjet bioprinting follows the same
concept as traditional inkjet printing on paper and can be further classiﬁed
into continuous inkjet printing and drop-on-demand printing, the latter of
which is more favorable owing to its economical operation, facile control,
and ability to produce complex or multi-material patterns [32]. Drop-ondemand inkjet printing techniques described below include thermal,
piezoelectric, electrostatic, and electrohydrodynamic jetting. Additionally,
inkjet printing can be applied to binder deposition.

2.2.4. Thermal inkjet bioprinting
Thermal inkjet printing is a drop-on-demand inkjet printing
technique that employs a thermal element within the print head to
generate droplets of the bioink (Fig. 2D). The heating element is
electrically controlled to produce cyclic spikes in thermal energy [43].
The thermal energy is transferred to the bioink causing partial
vaporization, forming a small bubble, thereby providing a small pulse
of pressure to force the bioink out of the nozzle as the bubble collapses
[1,44]. The elevated heating temperature is typically within the range
of 200–300 °C. Despite the high temperatures capable of denaturizing
hydrogel material, the heating time is suﬃciently short that the heating
has no detrimental eﬀect on the stability of biocomponents [45].
2.2.5. Piezoelectric inkjet bioprinting
Another drop-on-demand approach, piezoelectric inkjet printing
implements a piezoelectric actuator to form droplets (Fig. 2E). A
piezoelectric crystal within the print head is stimulated by an applied
voltage, which induces a rapid, reversible deformation [1]. This
deformation causes a sudden change in volume of the bioink chamber,
resulting in the propagation of acoustic waves [46,47]. These acoustic
waves then supply the pulse of pressure needed to exceed the surface
tension at the nozzle oriﬁce, disrupting the ﬂow of ink through the print
head, thereby producing droplets. To improve the eﬃciency and
reliability of the printing process, studies have focused on optimizing
the bioink constituents, piezoelectric element actuation modes, and
voltage pulse characteristics [48–51].

2.2.1. Acoustic droplet ejection
Acoustic droplet ejection utilizes an acoustic ﬁeld to eject droplets
from an open pool of printing material [35]. An acoustic bioprinter
consists of two-dimensional microﬂuidic channels in which the bioink
is contained. The bioink at the very small opening of the channels has
suﬃcient surface tension to prevent the bioink from spilling out. A
piezoelectric substrate with gold rings generates acoustic waves on
demand; the produced waves are circular and converge to a focal point
at the interface between the bioink and air at the channel exit. Droplets
are formed when the force exerted by the acoustic waves exceeds to the
surface tension [35,36]. Acoustic bioprinting is advantageous since the
bioink, along with any constituent living cells, are not exposed to heat,
high pressure, signiﬁcant voltages, or large shear stress during droplet
ejection, all of which are common stressors in droplet-based printing
techniques. However, acoustic bioprinting has drawbacks: the gentle
forces that acoustic ﬁelds produce may not be suﬃcient for forming
droplets of viscous bioinks (i.e. hydrogel with high cell concentration)
and the apparatus is prone to excessive droplet ejection due to external
disturbances.

2.2.6. Electrostatic bioprinting
The third type of drop-on-demand inkjet printer is electrostatic
printing. Functioning in a similar manner to piezoelectric inkjet
bioprinting, electrostatic bioprinting generates droplets by momentarily increasing the volume of the ﬂuid chamber (Fig. 2F) [52]. Instead
of a piezoelectric crystal, this technique implements a pressure plate.
By applying a voltage pulse between the pressure plate and an
electrode, the pressure plate deﬂects, thereby ejecting droplets from
the nozzle [53].

2.2.2. Pressure-assisted micro-valve bioprinting
A micro-valve bioprinter consists of a pressurized reservoir of liquid
bioink and a nozzle with an electromechanical micro-valve controlled
oriﬁce (Fig. 2A) [37–39]. Most typically, the micro-valve dispensing
head is constituted by a solenoid coil and a plunger which blocks the
oriﬁce when in its resting position [16]. When voltage is applied to the
solenoid, a magnetic ﬁeld is produced which pulls the plunger upwards,
unblocking the oriﬁce in the nozzle. While the nozzle is open, if the
back pressure in the reservoir is suﬃciently large to overcome the
surface tension at the oriﬁce, the pressure forces the bioink through the
oriﬁce. The pressure and the valve-gating time then collectively cause
the plunger to drop, sealing oﬀ the oriﬁce, thereby forming a droplet.
By controlling the pressure, oriﬁce geometry, bioink rheological
properties, and, when applicable, cell concentration, the droplet
volume and cell viability can be manipulated [40].

2.2.7. Electrohydrodynamic jet bioprinting
Electrohydrodynamic jet bioprinting generates droplets on a dropby-drop basis, similar to the three drop-on-demand inkjet printing
approaches. The diﬀerence arises in the formation of the droplet: dropon-demand inkjet bioprinters apply pressure to the bioink, whereas
electrohydrodynamic bioprinters use an electric ﬁeld to pull bioink
through an oriﬁce [54]. Electrohydrodynamic jetting operates by feeding
the bioink solution through a metallic nozzle with just enough back
pressure to form a spherical meniscus at the tip of the nozzle (Fig. 2G)
[54–57]. A high voltage is then applied between the nozzle and the
receiving substrate which generates an electric ﬁeld between them
[55,58]. The electric ﬁeld produces an accumulation of ions in the
bioink, and the electrostatic repulsions between the ions deform the
meniscus at the nozzle's tip into a conical shape. As the electrostatic
stresses overcome the surface tensions at the oriﬁce, bioink is ejected.
The form of the ejected bioink, known as the jetting mode, is determined

2.2.3. Continuous inkjet bioprinting
Continuous inkjet bioprinting refers to the manner of producing the
droplets: droplets are formed continuously, but the printing material is
3
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Fig. 2. Droplet-based printing techniques. (A) Pressure-assisted micro-valve bioprinting [16]. A micro-valve bioprinter consists of a pressurized reservoir of liquid bioink and a nozzle
with an electromechanical micro-valve. When a magnetic ﬁeld is produced, the plunger moves upwards, unblocking the oriﬁce in the nozzle. Reproduced, with permission, from [16]. (B)
Binder deposition [18]. Inkjet printing techniques can be applied to binder deposition, in which a binding solution is deposited into a bed of loose photosensitive powder or uncrosslinked photosensitive liquid. Reproduced, with permission, from [18]. (C) Continuous ink jetting [16]. Bioink is continuously jetted from the nozzle in the form of a stream of
discrete droplets formed by the Rayleigh-Plateau instability. (D–G) Drop-on-demand printing techniques [16]. Drops are formed on an individual, controlled basis. (D) Thermal inkjet
printing. A thermal actuator momentarily vaporizes the bioink producing a vapor bubble. The pressure from the expansion and collapse of the bubble forces a droplet out of the nozzle.
(E) Piezoelectric inkjet printing. In response to an applied voltage, a piezoelectric crystal induces a rapid, reversible deformation in the bioink chamber, and thereby a volumetric change
which produces a droplet. (F) Electrostatic inkjet printing. An applied voltage pulse between the pressure plate and an electrode cause the plate to deﬂect. The plate's deﬂection causes a
volume change which forces out a droplet. (G) Electrohydrodynamic jetting. A high voltage is applied between the nozzle and the receiving substrate to generate an electric ﬁeld. The
electric ﬁeld causes an accumulation of ions in the bioink, and the electrostatic repulsions between the ions deform the meniscus at the nozzle's tip into a conical shape. As the
electrostatic stresses overcome the surface tensions at the oriﬁce, bioink is ejected. Reproduced, with permission, from [16].

by the voltage applied: low voltage resulting in dripping, intermediate
voltage produces distinct droplets, and high voltage produces a continuous stream [54,59]. The strength of the electric ﬁeld, in addition to the
ﬂow rate of the bioink and the bioink properties, aﬀects the long-term
post-bioprinting cell viability [60]. Also related to cell viability, by relying
on the electric ﬁeld to generate droplets, this technique alleviates the
need for high pressure which can be damaging to cells contained within
the bioink. Furthermore, electrohydrodynamic jetting is particularly
well-suited for applications involving very small oriﬁce diameters and
highly concentrated bioinks, referring to both hydrogel weight per
volume and cell concentration [61].

spread over the build surface by a roller and pressed to form the
appropriate layer thickness. The binder solution is spotted onto the
powder by one of the aforementioned inkjet printing techniques
(Fig. 2B). Upon contact with the powder, the binder solution causes
adjacent powder particles to bind into a solid form. For each layer, the
bed is lowered and a new layer of powder is rolled. This technique is
compatible with several materials including ceramics, metals, polymer,
and even hydrogels [65–68]. Binder deposition can also be adapted by
replacing the powder bed with a vat of liquid material [69]. The binder
solution then takes the form of a liquid crosslinking initiator while the
vat of liquid contains un-crosslinked hydrogel.

2.2.8. Additional techniques
Inkjet printing is implemented for binder deposition, a 3D printing
technology which functions, most often, by depositing a liquid binder
solution into a bed of thermal-sensitive powder [62–64]. The powder is

2.3. Laser-based printing techniques
Laser-based techniques for 3D bioprinting can be divided into two
types: those in which the laser is used to collect printed material on a
4
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stage rises [18]. Rather using a physical mask to block and ﬁlter the
light to produce the exposed area, digital light projection uses a digital
mirror device or liquid crystal displays to directly provide a light
pattern (Fig. 3D) [18]. Several mirrors or LCD pixels combine to form a
dynamic pattern generator which switches on/oﬀ between each layer
and reconﬁgures to pattern diﬀerent layers. Owing to this precise
manner of patterning, digital light projection allows for very high
resolution, reportedly between 25 and 150 µm, which can be further
reﬁned by lens systems to focus the light source [18,83].

receiving substrate, and those in which the laser builds the 3D
constructs from a bulk medium. The former can further be classiﬁed
into laser-guided direct writing and laser-induced forward transfer
[70]. For both of these techniques, the laser is used to form or deposit a
droplet, similar to the droplet-based techniques from above. As for
techniques which build from a vat of bulk material, the laser-based
bioprinter builds 3D structures by curing layers of photocurable
material [18,71]. These techniques include stereolithography and
digital light projection. Generally speaking, such laser-based printing
techniques are very high resolution and relatively fast. Additional laserbased 3D printing techniques that have not yet been applied for
bioprinting, two-photon polymerization and solid ground curing, are
also described.

2.3.5. Additional techniques
Two-photon polymerization is a new, advanced stereolithographic
approach to fabricating nano-scale structures. Instead of a typical UV
laser, two-photon polymerization relies on femtosecond pulses of an
infrared laser which is focused into a volume of photocurable liquid
material (Fig. 3E) [18,83,86]. The infrared laser light used beneﬁts
from nonlinear behavior and the existence of a polymerization threshold, which allows for direct fabrication of 3D structures within the vat
of liquid with extremely high resolution down to a focal spot size of 200
nm [18,83]. At the focal spot of the laser pulses, photolytic polymerization of the material occurs without the need for any sort of masking.
Speciﬁcally, two high-intensity laser beams are focused at the same
spot, providing two photons to the liquid in that spot; the photons
provide the excitation energy required for the photo-initiator contained
within the liquid to produce free radicals. The free radicals break
unstable bonds of the monomers in the liquid, thereby initiating the
polymerization process as the monomers form into chains.
Unsurprisingly, the high resolution and precision of this method also
makes it considerably more complicated: insuﬃcient free radical
density and the minuscule focusing area make this method diﬃcult
to implement [87,88]. Nonetheless, two-photon polymerization proves
to be a promising 3D printing technique that can be used for
bioprinting. Since infrared light is harmless to living cells, cell-laden
structures can be directly printed [89]. Additionally, since this method
is not a layer-by-layer approach and operates without masks, 3D
structures containing pores can be fabricated, which is impossible
using other bioprinting techniques; such pores enable the precise
control of cell position, movement, and organization within bioprinted
tissues [88,89].
Another stereolithography-based technique is solid ground curing.
Using the masking approach, solid ground curing implements a highpowered UV lamp ﬁltered by a patterned mask placed between the
lamp and photosensitive material [83,90,91]. The mask is machinefabricated on glass, requiring separate masks for each individual,
distinct layer. What makes solid ground curing diﬀerent from traditional stereolithography is an intermediate process performed between
each layer [83,90]. Each layer begins with a spray application of fresh
photocurable material, as opposed to the submerging that occurs in the
previously mentioned techniques. After UV irradiation, uncured material is removed by vacuum while the remaining cured material is ﬁlled
with wax for support, allowing for overhanging material to be printed
in subsequent layers. After printing, the wax is melted to reveal the 3D
structure. This laser-based 3D printing technique has not been applied
for bioprinting but may be adapted to help fabricate more complex
structures in tissue engineering.

2.3.1. Laser-guided direct writing
Laser-guided direct writing is a laser-driven, droplet-based bioprinting technique [72,73]. A weakly focused laser beam is directed
towards a cell suspension, optically traps cells, and then guides them
onto a receiving substrate (Fig. 3A) [74–77]. Eﬀectively, this technique
leverages the diﬀerence in the refractive indices of cells and surrounding media to trap and guide them onto the receiving substrate below
the cell suspension. Since this technique is dependent on refractive
indices, and consequently the optical trapping forces, laser-guided
writing is limited to very few compatible materials and biologics [76].
2.3.2. Laser-induced forward transfer
Similar to the laser-guided writing approach, laser-induced forward
transfer uses a laser to form droplets [77]. Laser-induced forward
transfer bioprinters consist of three main components: a pulsed laser
source, a laser-absorbing interlayer made of a quartz ribbon, and a
receiving substrate (Fig. 3B) [70,78]. Focused laser pulses from above
locally heat the bioink through the interlayer. The localized heating
causes a vapor bubble in the bioink to rapidly expand and collapse,
sending a pressure wave through the medium. This pressure wave
propagates through the bioink, forcing droplets to be ejected from the
interlayer ribbon down to the receiving substrate [79–81]. The size and
frequency of droplets can be manipulated by controlling parameters
such as the bioink viscosity and laser intensity.
2.3.3. Stereolithography
Using a computer-controlled ultraviolet (UV) laser, a stereolithography bioprinter functions by focusing the laser within a vat of
hydrogel or resin which is made to be photosensitive by the addition
of a photo-initiator (Fig. 3C) [82]. Upon exposure to the UV laser, the
liquid solidiﬁes; speciﬁcally, the energy provided by the laser results in
the formation of covalent bonds between adjacent polymer chains. For
each layer, the laser scans across a 2D pattern [18]. By submerging the
stage in the vat of liquid and moving it up/down a distance equal to the
layer height, the material is built in layers to form the ﬁnal 3D
construct [18,83]. The resolution of a stereolithography bioprinter is
dependent on various factors, including the power of the laser,
scanning speed, exposure time, laser-spot size, and the wavelength of
light used [83]. Given the precision of this technique and the ability to
ﬁne tune the aforementioned parameters, stereolithography oﬀers very
high printing resolution. Furthermore, recent advances have been
made in micro-stereolithography, using both scanning, described
above, and masking approaches [84,85]. Masking involves the use of
a physical mask to strategically block out light while letting a speciﬁc
light pattern to pass through to the vat of material; the material
exposed to the non-blocked light cures to form a layer.

3. The importance of computational modeling for
bioprinting
There is strong experimental evidence that many geometrical
features and controllable material properties can have signiﬁcant
eﬀects on cell viability and proper formation of the desired tissue
structure. Given the vast number of possible combinations of geometrical metrics and material properties, in addition to the abundance of
bioprinting methods available, it only makes sense to develop and
utilize computational models to develop a better understanding of the

2.3.4. Digital light projection
Digital light projection follows the masking approach of stereolithography, whereby an entire layer is exposed at once. The same vat of
photosensitive material is used here as in stereolithography, providing
an automatic supply of fresh material during the printing process as the
5
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Fig. 3. Laser-based printing techniques. (A) Laser-guided direct writing [6]. A laser directed towards a cell suspension guides the cells from the suspension to a receiving substrate by
optical entrapment. (B) Laser-induced forward transfer [6]. A laser is focused on a laser absorbing ribbon which carries cell-laden hydrogel beneath it. The energy from the laser causes
droplets to form oﬀ of the ribbon and onto a receiving substrate. Reproduced, with permission, from [6]. (C) Stereolithography [18]. The printed structure is formed from a vat of bulk
photocurable material by scanning a laser at the surface of the liquid following a computer-generated 2D pattern. As each layer is cured, the platform is raised/lowered to replenish the
liquid material at the surface. (D) Digital light projection [18]. Using the same vat of liquid material as stereolithography, digital light projection uses a digital mirror device or liquid
crystal displays to directly provide a light pattern. Rather than a scanning laser as in stereolithography, digital light projection exposes an entire layer at once by using several mirrors or
LCD pixels to form a dynamic pattern generator. (E) Two-photon polymerization [18]. Two high-intensity infrared lasers are focused at the same spot within a volume of liquid. Laser
pulses provide two photons to the liquid; the photons provide the excitation energy required for the photo-initiator contained within the liquid to produce free radicals which break the
unstable bonds of the monomers in the liquid, thereby initiating the polymerization process as the monomers form into chains. Reproduced, with permission, from [18].

Computational methods should be introduced to model the eﬀect of
droplet generation and crosslinking mechanisms in order to predict cell
viability.
Computational modeling can be applied to several other applications pertaining to cell survival and geometrical integrity. One such
application is predicting the eﬀect of dispensing pressure and nozzle
diameter on the viability and functional behavior of cells in solid
freeform bioprinting. Experimental results have revealed mechanical
damage to cell membrane integrity caused by the bioprinting process,
marked by a quantiﬁable loss in cell viability [93]. For creating fullscale tissues and organs, blood-vessel-like channels would need to be
bioprinted to provide channels for nutrient transport and waste
removal. Tubular, cell encapsulating channels have been demonstrated
by Yu et al. The direct fabrication of the cell-laden tubular channels was
facilitated by a custom coaxial nozzle assembly, which showed a direct
correlation between cell survival and various printing parameters,
including dispensing pressure, coaxial nozzle geometry, and biomaterial concentration [94]. Again, computational modeling can be implemented to purposefully design the coaxial nozzle to yield optimum cell

bioprinting process, rather than relying solely on experimental research. For instance, the long-term viability and culture of cells within
encapsulating droplets has been shown to be highly dependent on the
relative location of the cell within the droplet. Kamperman et al.
showed that oﬀ-center encapsulated cells that touched the outer edge
of the droplet often protruded and subsequently escaped from the
droplet within a few days after droplet formation (Fig. 4A) [92]. The
oﬀ-centered location of cells can adversely aﬀect the interaction of the
hydrogel droplet with biochemical and biomechanical stimuli that play
important roles in cell culturing. If cells are positioned at the interface
of the droplet within the ﬁrst milliseconds of droplet formation, the
cells are then predisposed to being oﬀ-center. Using a typical crosslinking scheme, the hydrogel is immediately gelled after deposition,
locking the cell into this oﬀ-center position. Conversely, delayed
enzymatic crosslinking was shown to outperform more common
physical and photo-crosslinking hydrogels systems by allowing for
the cell to re-center before gelling [92]. Delayed enzymatic crosslinking
results in higher levels of cell survival, metabolic activity, and multilineage diﬀerentiation over a prolonged period of time (Fig. 4B,C).
6
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Fig. 4. Examples of the usefulness of computational modeling for improving cell viability and geometrical integrity. (A–C) Analysis and control of cell position within encapsulating
droplet [92]. (A) Oﬀ-center encapsulated cells that are touching the boundary of the droplet, protruding from the droplet, or have escaped from the droplet entirely, which adversely
x
with x , rgel , and rcell as the distance from the cell's center
aﬀects the viability of the cells. (B) The position of the cell within the encapsulating hydrogel droplet was quantiﬁed by
(rgel − rcell )

to the hydrogel's wall, and diameters of the hydrogel and cell, respectively. (C) Cell position analyses of various combinations of distinct hydrogel materials (Dextran-tyramine, Dextranhyaluronic acid-tyramine, and Poly(ethylene glycol) diacrylate), cell types (MIN6, MSC), and crosslinking methods (enzyme-based, delayed enzyme-based, and delayed photocrosslinking). Delayed crosslinking exhibited increased cell-centering, as compared to the conventional microﬂuidic encapsulation approach where emulsiﬁcation and gelation are
coupled. Reproduced, with permission, from [92]. (D) The fusion of multicellular cylinders, shown as snapshots of a two-dimensional Lattice Boltzmann simulation that models the
evolution of the transversal cross-sectional [97]. Images show the morphogenesis of the following conﬁgurations: a hexagonal arrangement which fuses into a tubular cylinder, a
defective hexagonal arrangement with two misplaced cylinders which results in a solid cylinder, a contiguous square lattice which fuses into a tissue-like construct, and a planar
arrangement which fuses into a sheet-like structure. Reproduced, with permission, from [97].

– it is clear that computational modeling can be an extremely powerful
and useful tool in optimizing the cell viability and geometrical integrity
of bioprinted constructs. In the following sections, computational
models are discussed for application to bioprinting and post-printing
fusion of printed constructs. For the process of bioprinting itself,
computational methods are discussed for droplet-based bioprinting,
extrusion-based bioprinting, and the ability to set experimental parameters with informed decisions via modeling.

viability results, as opposed to a lengthier, and likely costlier, iterative
approach involving the design, fabrication, and experimental testing of
diﬀerent nozzles.
Justiﬁably, a signiﬁcant amount of work has been conducted to apply
computational modeling to bioprinting for these purposes. The eﬀect of
needle geometry and air pressure has been studied experimentally and
correspondingly simulated by models to specify the inﬂuence of process
parameters on the ﬂow rate of cell-laden printing material and the cell
viability within the printed structures [95]. The models are useful for
optimizing process parameters with the goal of preserving cell viability and
achieving the desired cell distribution. Computational modeling has also
been demonstrated to create well-designed tissue engineering constructs
using a speciﬁc spatial pattern of cells in a matrix to improve tissue and
bone regeneration [96]. Speciﬁcally, a cell-gradient pattern of cell-laden
hydrogels consisting of varying cell densities yielded a higher cell viability
post-printing, as compared to uniform constructs. In addition to using
computational modeling to simulate the bioprinting process itself, computational methods can be used to study the mechanisms involved in the
fusion of multicellular constructs. For instance, using the Lattice Boltzmann
method, post-printing rearrangement of cells was simulated to predict the
geometry and stability of printed structures [97]. Several shapes were
tested, including a hexagonal formation of cylinders which fuses into a
cylindrical tube, a defective hexagon, a square lattice which fuses into a
tissue-like structure, and a series of cylinders which fuses into a planar
construct (Fig. 4D). Such simulations allow for new working hypotheses to
be tested in a faster and lower-cost manner than in the laboratory.
From the works described – notably just a few reports from a wide
realm of bioprinting, computational modeling, and cell viability studies

4. Computational models applied to droplet-based
bioprinting
4.1. Compound droplet impact model: Newtonian-model
Cells may be modeled as Newtonian droplets whose viscosity is
signiﬁcantly higher than that of the ambient ﬂuid. This is accomplished
by simplifying the complicated internal structures of cells into an
apparent viscosity. Assuming a Newtonian model, the ﬂuid motion of
the impact and spreading of a compact droplet is governed by the
incompressible Navier-Stokes equations. Although an oversimpliﬁcation, the cell is modeled as a highly viscous inner droplet surrounded by
encapsulating liquid and surrounding air, all of which are assumed to
be Newtonian ﬂuids with diﬀerent material and interfacial properties
[15]. A ﬁnite-diﬀerence front-tracking method from Unverdi and
Tryggvason [98] and Tryggvason et al. [99] was implemented by
Tasoglu et al. [15,100]. By this computational method, a separate
Lagrangian grid is used to track the interfaces between the inner and
outer droplets and between the outer droplet and the surrounding
7
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ﬂuid. Each Lagrangian grid consists of linked marker points that move
with the local ﬂow velocity, which itself is interpolated from a
stationary Eulerian grid. The surface tension is then determined from
the Lagrangian grid, which is then distributed onto Eulerian grid points
near the interface using Peskin's [101] cosine distribution function; the
surface tension is also added to the momentum equations as body
forces, as described by Tryggvason et al. [99]. At each time step, the
ﬂuid properties inside and outside the droplet are computed by an
indicator function, which requires the solution of a separable Poisson
equation, yielding a smooth transition across the interface. This is
accomplished by distributing unit magnitude jumps in a conservative
manner on the Eulerian grid points near the interfaces using Peskin's
[101] cosine distribution function followed by integrating them to
compute the indicator function everywhere. With each time step,
the Lagrangian grid is restructured by deleting the front elements,
portions of the Langragian grid between two marker points, that are
smaller than a speciﬁed lower limit and splitting the front elements
that are larger than a speciﬁed upper limit. This maintains the
front element size to be nearly uniform and comparable to the
Eulerian grid size.
Using the front-tracking ﬁnite-diﬀerence method described, the
impact of a compound droplet on a ﬂat surface was computational
modeled for a variety of parameters [15]. The relaxation of a compound
droplet from a spherical initial condition to its ﬁnal equilibrium shape
was studied for various values of the Eötvös number, which is
representative of the ratio of gravitational and surface tension forces.
With the density of the inner and encapsulating droplets equal, as well
as the respectively viscosities being set equal, the test case becomes
equivalent to a simple droplet when the ratio of surface tension
coeﬃcients is large [100]. The static shape of the droplet generally is
dependent on the equilibrium contact angle, the Eötvös number, and
the ratio of surface tension coeﬃcients. When Eötvös number is very
small, the equilibrium shape of the droplet is then dependent on the
surface tension force and the encapsulating droplet forms a spherical
cap. Conversely, when the Eötvös number is large, the shape of the
compound droplet is dominated by gravitational and surface tension
forces. These ﬁndings are in agreement with the normalized static
droplet height as a function of Eötvös number, presented in Fig. 5A
[15]. The computed normalized droplet height agrees well with the
asymptotic solutions when the Eötvös number is very small or large,
and the diﬀerence between the computational and asymptotic solutions
decrease monotonically as the Eötvös number increases. However, the
solution deviates from the asymptotic solution for large Eötvös
numbers as the surface tension coeﬃcient ratio increases. A base case
σ
d
of dimensionless parameters We = 0.5, Re = 30 , do = 2.85, σ0 = 2541,
and

μc
μd

i

4.2. Viscoelastic features
In addition to modeling droplet-based bioprinting by Newtonian
droplets, viscoelastic features should also be considered. The bioinks
used in bioprinting surround cells in encapsulating droplets, as
previously described. The bioink eﬀectively provides a barrier of
protection for the cells against stresses during the bioprinting process.
In particular, bioinks consist of polymers of long-chain molecules, and
thereby exhibit viscoelastic behavior [102]. Additionally, the cells
themselves contain proteins which are composed of long-chain molecules, as well. Since both the cell and the cell-encapsulating droplet
possess long-chain molecules capable of viscoelastic behavior, it is easy
to justify the implementation of a viscoelastic model for droplet-based
bioprinting. Consequently, it is fundamentally important to understand
the eﬀects of viscoelasticity on the bioprinting process.
Numerous studies of droplets and cells have reported numerical
simulations which factor in viscoelastic eﬀects. For instance,
Khismatullin and Truskey implemented a three-dimensional numerical
simulation which included the eﬀects of cell deformability and viscoelasticity to study receptor-mediate leukocyte adhesion to surfaces
[103]. Luo et al. modeled leukocytes as compound viscoelastic capsules
with a nucleus and investigated the eﬀects of cell length, inclination
angle, and drag and lift forces on the ﬂow dynamics of a nucleated cell
tethered under shear ﬂow [104]. Chung et al. studied the eﬀect of
viscoelasticity on drop dynamics in microchannel ﬂow [105].
Speciﬁcally, they investigated the drop dynamics for various viscosity
ratios between the droplet and medium, capillary numbers, droplet
sizes, and values of ﬂuid elasticity. Their result showed that viscoelasticity plays an important role in drop dynamics with increasing
viscosity ratios for a Newtonian droplet in a viscoelastic medium.
Chung et al. had also previously studied the eﬀect of viscoelasticity on
drop deformation in simple shear through a planar contraction/
expansion microchannel [106]. In this case, in addition to a
Newtonian drop in a viscoelastic medium, a Newtonian drop suspended in a viscoelastic medium was also considered, demonstrating
the signiﬁcant role that viscoelasticity plays on drop dynamics and drop
shape, which may prove useful in the modeling of bioprinting. Despite
the varied focused of these previous studies, they demonstrate the
capability of modeling droplets with viscoelastic features.
Using these works as a foundation, future work can be performed to
create computational models to study the eﬀects of viscoelasticity in the
bioprinting process [107]. For instance, Izbassarov et al. implemented
a front-tracking method to computationally study the eﬀects of
viscoelasticity of bio-inks on cell viability during the deposition of
cell-laden droplets on a substrate. The cell and encapsulating droplet
were modeled as viscoelastic liquids, while the ambient ﬂuid was
Newtonian. They showed that the Weissenberg number, which compares the elastic forces to the viscous forces, and the polymeric
viscosity ratio have a signiﬁcant inﬂuence over cell viability and can
be useful parameters in controlling and improving droplet-based
bioprinting systems [107]. Promising results, particularly for application to bioprinting, demonstrated that viscoelasticity of the encapsulating droplet actually enhances cell viability.

i

= 10 was selected based on experimental data and consideration

for numerical stability and convergence. For this base case, the shape
evolution of the impact and spreading of a compound droplet can be
seen in Fig. 5B (initial shape) and 6C (shape after some passing of
time) [15]. From this base case, the eﬀects of each non-dimensional
number were also studied by systematically varying its value while
keeping all other parameters equal to the base case. The deformation
and rate of deformation of cell as a function of dimensionless time were
studied for varying Reynolds numbers, Re = 15, 20 , 30 , 40 , and 45
(Fig. 6A) [15]. The maximum deformation and rate of deformation was
shown to increase as Reynolds number increases. The deformation and
rate of deformation of the cell was also plotted for varying Weber
numbers, We = 0.25, 0.5, 1.0 , 2.0 , 5.0 , and 10.0 (Fig. 6B, C) [15]. The
maximum spread initially decreases as Weber number increases, then
starts to increase with increasing weber number. Additionally, it can be
seen that the encapsulating droplet reaches equilibrium faster as
Weber number decreases. Deformation ﬁrst decrease with Weber
number until We = 2 , then increases with increasing Weber number.
However, the rate of deformation consistently decreases as the Weber
number increases.

5. Computational models applied to extrusion-based
bioprinting
5.1. Cell viability
Computational models are not limited to droplet-based bioprinting;
Nair et al. has demonstrated a quantitative model for cell viability
prediction from process parameters and induced shear forces which
was used to model extrusion-based bioprinting [108]. More precisely,
the model considered the eﬀects of dispensing pressure and nozzle size
on cell viability which was validated experimentally. During the
extrusion process, similar to the droplet-based printing modeled by
8
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Fig. 5. Compound droplet impacting on a ﬂat surface [15]. (A) Normalized static droplet height vs Eötvös number for the range Eo = 0.01 to Eo = 64 . Solid and dashed lines denote the
analytical solutions for the limiting cases of Eo ≪ 1 and Eo ≫ 1, respectively. The inset image depicts the initial conditions for the droplet relaxation test. The computed normalized
droplet height agrees well with the asymptotic solutions; the diﬀerence between the computational and asymptotic solutions decrease monotonically as the Eötvös number increases. (B,
C) Compound droplet impacting on a ﬂat surface, where the left-half depicts the pressure contours and right-half depicts the pressure distribution on the surface of the cell, for the
μ
σ
d
following conditions: We = 0.5, Re = 30 , o = 2.85 , 0 = 2541, and c = 10 . (B) Snapshot at t* = 0.000 269. (C) Snapshot at t* = 0.5135. Reproduced, with permission, from [15].
di

σi

μd

between the ﬂow rate and the process and material parameters was
derived by generalizing Poiseuille's equation for an incompressible,
non-Newtonian ﬂuid ﬂow through a uniform circular cross-section. As
an extension of this model, the maximum shear stress was used to
predict cell viability by combining the quantitative model for cell
viability and process parameters with the shear stress model, resulting
in a predictive curve to determine the percentage of live cells for a given
set of process parameters and a given shear stress (Fig. 7) [108].
Resultingly, the combination of these two models provides an eﬀective
way to predict cell viability as a function of the maximum shear forced,
which itself is caused by various process parameters.

Blaeser et al., shear stresses imposed on the cell-laden hydrogel can
have negative eﬀects on cell viability. A factor inﬂuencing the amount
of shear stress at the tip is the nozzle size, while the applied dispensing
pressure induces compression or tensile forces on the printing material
[108]. With this knowledge, the goal was to develop a mathematical
model to predict the state of the cell as a function of the shear stresses
induced by the system to assist in optimizing the printing process, as
well as in studying the eﬀects of process-induced mechanical perturbations on cell viability. Experimentally, Nair et al. assessed a proprietary
pressure-driven bioprinter capable of solid freeform fabrication. The
bioprinter operated a room temperature and was controlled by
manipulating the dispensing pressure. Experiments were conducted
by printing at various air pressures, from 5−40 psi using nozzle
diameters within the range of 150 − 400 microns. Results indicated a
decrease in the percentage of live cells with increasing dispensing
pressure and decreasing nozzle diameter [108].
The experimental results were used to derive a quantitative model
relating cell viability to process parameters, namely the dispensing
pressure and the nozzle diameter. The ﬁrst model expressed the
expected value for the percentage of live cells, injured cells, and dead
cells as a function of the two independent variables, with constants
derived by correlating to the experimental data [108]. An analytical
model was also developed to predict the maximum shear stress within
the nozzle of the bioprinter based on the assumption that alginate, the
chosen hydrogel for the experiments, is a non-Newtonian ﬂuid [109].
The power-law function was used to relate shear stress with the
apparent shear rate, where the wall shear rate was expressed as
proportional to the deposition speed and inversely proportional to
the nozzle radius. The deposition speed was related to the deposition
ﬂow rate by the cross-sectional area of the nozzle. The relationship

5.2. Shape ﬁdelity
The shape ﬁdelity of extruded biomaterial has also been studied and
modeled. Bioprinted ﬁlaments should exhibit shear thinning behavior,
meaning that its viscosity decreases with increasing shear rate [110].
The ﬁlament should also have suﬃcient yield stress and quick recovery
kinetics, such that it behaves as a non-viscous liquid during extrusion.
Important for bioprinting geometrically and structurally accurate
structures, the ﬁlament must form a stable gel quickly after deposition
[111]. However, the rheological properties ideal for the shape ﬁdelity of
bioprinted forms requires a compromise with biocompatibility.
Namely, the ability of encapsulated cells to proliferate, diﬀerentiation,
and actively function may be adversely aﬀected as the ﬁlament becomes
more structurally rigid [111]. Due to this balancing act in implementing diﬀerent bioinks, the printability of the material should be carefully
evaluated in order to assess the physical deformation of the deposited
ﬁlament, predict the shape ﬁdelity of the printed structure, and
precisely control deposition during the bioprinting process.
9
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Fig. 6. Deformation and rate of deformation for various Reynolds and Weber numbers [15]. (A) Deformation and rate of deformation vs. non-dimensional time for Re = 15, 20 , 30 , 40 ,
μ
σ
d
and 45 for the following conditions: We = 0.5, o = 2.85, 0 = 2541, and c = 10 . Peak cell deformation and rate of deformation increase as Reynolds number increases. (B) Deformation
di

σi

μd

and (C) rate of deformation vs. non-dimensional time for We = 0.25, 0.5, 1.0 , 2.0 , 5.0 , and 10.0 for the following conditions: Re = 30 ,

do
di

= 2.85 ,

σ0
σi

= 2541, and

μc
μd

= 10 . The encapsulating

droplet reaches equilibrium conditions faster as Weber number decreases. Deformation ﬁrst decreases with Weber number until We = 2 , then increases with increasing Weber number.
The maximum rate of deformation consistently decreases as Weber number increases. Reproduced, with permission, from [15].

the ﬁlament, the angle of deﬂection can be related to the stresses acting
on the volume. Results of the ﬁlament collapse test showed that
ﬁlament sagging increased as the gap length between underlying
ﬁlament strands increased, as evidenced by an increase in the deﬂection angle. Additionally, an increase in yield stress resulted in a
decrease in sagging. The experimental results were compared to
numerical predictions; although both experimental and theoretical
results displayed a linear relationship between gap length and deﬂection angle, discrepancies were also revealed [112]. Furthermore,
results from the ﬁlament fusion test showed a nonlinear inverse
relation between the fused segment length, or the length of printed
ﬁlament that self-fuses, and the ﬁlament distance, or the distance
between parallel ﬁlaments. In both tests performed, an increase in the
gel concentration resulted in improved shape ﬁdelity. These results
demonstrate parameters relevant to shape ﬁdelity of extruded ﬁlaments which may be used within computational models. In Therriault
et al.’s work, the experimentally observed behavior of the ﬁlament
collapse test was also compared to numerical predictions based on a
simple theoretical model relating ﬁlament collapse with the yield stress
of the bioink [112,113]. Speciﬁcally, the printed ﬁlament was modeled
using beam mechanics. An expression from the quasi-static form of
Euler-Bernoulli viscoelastic beam theory was used to create a model for
the time-dependent mid-span deﬂection of a ﬁlament, which showed
good agreement with normalized experimental behavior [113]. These

During any extrusion-based 3D-printing process, inclusive of
bioprinting, deformation may occur in the form of collapsed overhanging ﬁlaments and the fusion of adjacent ﬁlaments. When such
deformations occur, the ability to build successive layers with desired
resolution and pore structure is compromised [112]. While it is rather
simple to qualitatively assess shape ﬁdelity via visual inspection of
printed constructs, Ribeiro et al. took this a step further by introducing
a quantitative method for evaluating the shape ﬁdelity of extruded
bioinks based on a ﬁlament collapse test by Therriault et al., which
measured the mid-span deﬂection of a suspended ﬁlament, and a test
for the ﬁlament fusion of parallel printed strands [113]. By this
method, the ability of extruded bioink to support itself was characterized by direct video imaging. Bioinks of poloxamer 407 and poly(ethylene glycol) blends were tested to provide a range of hydrogels with
varying yield stresses.
In Ribeiro et al.’s work, the theoretical model for predicting the
shape ﬁdelity of extruded bioink ﬁlaments assumed that after 20 s of
bioprinting, the deformation becomes negligible and the forces acting
on the bioprinted ﬁlament reaches equilibrium [112]. Speciﬁcally, the
force of gravity and the force resulting from the ﬁlament's resistance to
yield must sum to zero (Newton's Second Law of Motion for motionless
objects), where the vertical component of the resistance to yield is a
function of the deﬂection angle, measured between the ﬁlament and
the horizontal plane. By considering an inﬁnitesimal volume element of
10
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Fig. 7. Mathematical modeling results for the eﬀect of shear stress on cell viability for extrusion-based bioprinting [108]. (A) Maximum shear stress versus dispensing pressure for
nozzle diameter of 250 microns . The model predicts a non-linear increase in maximum shear force with increasing pressure. (B) Percentage of cell viability versus maximum shear stress.
(C) Probability density function (PDF) distributions for a nozzle diameter of 150 microns at various pressures. Reproduced, with permission, from [108].

studies of the shape ﬁdelity of extrusion-based bioprinting are a
necessary component in computationally predicting the results of
various printing and geometrical parameters, as the ability to predict
the shape ﬁdelity of printed structures is crucial for improving printing
resolution.

receiving substrate [14]. Fig. 8 provides a graphical overview of the
described experimental protocol and the key variable describing the
cell-containing droplets.
The model used by Hendriks et al. relied on the deformation and
elongation of the cell membrane. The cell membrane may increase in
area up to approximately ﬁve-percent without cell death, whereas
larger elongation can cause rupture in the cell membrane, and therefore cell death. The probability of survival was modeled as a function of
the relative cell membrane area, representative of the elongation of the
cell membrane [14]. Here, the base case was a cell impact on a hard
surface when the cell was considered a spherical Newtonian liquid
droplet with diameter Dc and velocity Vc (Fig. 8C, D), viscosity
μc = 12 mPa s, density ρc = 1015 kg/m3, and surface tension
σc = 0.072 N/m2 . The maximum spreading diameter was calculated as
a function of the Weber number, deﬁned as the ratio of kinetic and
surface energy [121–123]. The resulting shape of the cell was deﬁned
by assuming cell deformation into an oblate spheroid and volume
conservation [14]. The model also factored in the stiﬀness of the impact
surface, where a liquid pool of equal material properties to the droplet
is considered the soft surface limit. A droplet impacting such a soft
surface may be approximated as a droplet of twice the diameter and
half the velocity impacting a hard surface [124]. The results from the
described model are shown in Fig. 9. The viability probability of
individual cells as a function of impact velocity for diﬀerent sizes of
the encapsulating droplet (Fig. 9A) shows that at low velocities, the cell
viability is loosely dependent on the impact parameters due to the fact
that cell deformation is assumed to be small and constant for low
Weber numbers [14]. As velocity (and thus the Weber number)
increases, cell viability decreases. Furthermore, the size and viscosity
of the encapsulating droplet has a strong eﬀect on cell viability at
greater velocities. Larger surrounding droplets provide greater cushioning and thereby improve viability, while greater viscosity negatively
aﬀects cell viability. The eﬀect of droplet viscosity is plotted in Fig. 9B

6. Towards setting experimental parameters with informed
decisions via modeling
Computational modeling applied to bioprinting may prove extremely useful in improving the throughput, resolution, and viability of
bioprinting. In order to optimize these factors in droplet-based
printing, it is of utmost importance to understand the dependence of
cell viability on droplet impact. In other words, modeling of droplet
impact can be utilized to determine appropriate experimental parameters to preserve post-printing cell viability. Parameters pertinent to
droplet impact modeling include droplet size, velocity upon impact,
and material properties. Hendriks et al. introduced a model to describe
cell viability as a function cell-encapsulating droplet size, viscosity of
the droplet, and the impact velocity [14]. The proposed model was also
veriﬁed experimentally by cell spray experiments. As opposed to the
relatively narrow impact parameter space of drop-on-demand printing,
spray deposition allows for a much large range of impact parameters
[51,53,114–117]. Additionally, cell viability post-spraying can be
controlled, due to the signiﬁcant inﬂuence of spray parameters on
post-impact cell viability, to study the eﬀect of diﬀerent parameters
[15,118–120]. Furthermore, the shear stress exerted on the cell is
much lower during spraying than during impact, so the results are
highly dependent on impact and less so on the droplet deposition
method. In the experiments, droplet size and impact velocity was
measured to determine the corresponding model predictions, while cell
viability was assessed as a function of air pressure, liquid viscosity, the
distance from droplet formation to impact, and the stiﬀness of the
11
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considered by this model is the distance between the nozzle and
substrate: as the distance increases, the probability of viability also
increases due to the droplet velocity decreasing far from the nozzle. A
ﬁnal conclusion was that decreasing the surface stiﬀness improve
viability by oﬀering more cushioning during impact. The results of this
model are summarized in Fig. 9C, which shows viability as a function of
both droplet size and speed, while also considering the inﬂuence of
pressure and distance from the nozzle [14].
Another important factor in optimizing printing resolution and
viability is the shear stress that occurs during 3D-bioprinting.
Bioprinting involves a combination of mechanical and thermal stresses
which can adversely aﬀect cell viability and behavior post-printing
[14,45,93,108]. As investigated by Blaeser et al., shear stress is of
particular interest and concern, as it is unavoidable during any sort of
dispensing process and should be considered for any and all forms of
printing methods [125]. The level of shear stress inﬂicted upon the
printing medium is directly aﬀected by printing parameters including
nozzle diameter, applied pressure, and viscosity of the medium
[93,108]. Shear stress is an important consideration in bioprinting
since diﬀerent levels of shear stress can have varying impacts on cell
behavior. For instance, moderate shear stress can inﬂuence stem cell
diﬀerentiation, while excessive shear stress can disrupt cell membranes
and be damaging [126]. During the process of bioprinting, the medium,
which is often of high viscosity, is forced through a small oriﬁce;
however, Blaeser et al. showed that as viscosity increases and nozzle
diameter decreases, while printing resolution improves, it is at the cost
of greater shear stress. Accordingly, a micro-valve-based bioprinter,
coupled with a straightforward ﬂuid dynamic model, was used to test

Fig. 8. Overview of analytical model for cell viability after impact [14]. (A) A two-phase
spray nozzle, positioned a distance h from the surface, generates spray. Cell-laden liquid
of viscosity μ is delivered to the nozzle using by a syringe pump. Air at controlled
pressure P is applied to the nozzle gas inlet. The receiving substrate is moved horizontally
by a linear motor to ensure homogeneous impact. (B) Cross-section of the nozzle
depicting the ﬂow of air and liquid with indication of the coordinate system. (C, D) Key
variables and dimensions describing cell-encapsulating droplets for a droplet (C) in air
and (D) during impact. Reproduced, with permission, from [14].

[14]. As viscosity increases, cell death is more likely to occur since
deformation of the cell-containing droplet primarily occurs within the
cell itself, thereby stretching the cell membrane. Another factor

Fig. 9. Cell survival as a function of impact velocity, droplet viscosity, and droplet size and speed [14]. (A) Inﬂuence of droplet diameter (indicated by lines for

Do
Dc

= 1, 1.5, 2 , 2.5, and 3)

and surface stiﬀness (indicated by color gradient where S = 1 is stiﬀ and S = 0 is liquid). (B) Inﬂuence of droplet viscosity (lines plotted for μ0 = 1, 2 , 4 , 8, and 12 mPa s ). Solid black line
represents viability values for reference parameters of

D0
Dc

= 3,

μc
μ0

= 10 , and S = 1. Within the shaded Region (i), indicating low-Weber number regime (We < 5), cell deformation is small

and independent of impact velocity. Within Region (ii), viability decreases with increasing velocity due to increasing cell deformation. (C) Inﬂuence of droplet size and speed on cell
viability. Dots indicate mean diameter versus mean velocity as a function of spray pressure (arrow represents increasing pressure from 0.2∙105 to 1∙105 Pa ). Squares indicate distance
from nozzle (for 30 to 150 mm ). As pressure increases, droplet size decreases and impact velocity increases, thereby reducing viability. Reproduced, with permission, from [14].
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Fig. 10. Eﬀect of shear stress during the bioprinting process on cell viability [125]. (A) Schematic illustration of the velocity ( μ ) and shear stress (τ ) distribution of the cell-laden
hydrogel as it passes through the nozzle of a micro-valve bioprinter. Within the nozzle, the eﬀect of the shear stress on the viability of the cells is illustrated, showing greater cell damage
closer to the walls of the nozzle. (B) Plot of cell viability versus shear stress, demonstrating a decrease in viability as the level of shear stress increases. Reproduced, with permission,
from [125].

minimum tear-oﬀ speed without causing excessive shear stress.
Ultimately, the results of these experiments and the applied computational model demonstrated the capability of high-resolution, low-shear
stress bioprinting by careful and purposeful selection of printing
parameters, namely the viscosity of the printing medium, nozzle
diameter, and applied pressure, and consequently the drop speed.

the hypothesis that regulating shear stress can prove beneﬁcial in
achieving the balance between cell integrity and printing resolution. A
micro-valve bioprinter was used such that single droplets of cell-laden
hydrogel were dispensed. As droplets were formed, the cells were
exposure primarily to shear stress as the hydrogel ﬂowed through the
valves (Fig. 10).
The computational ﬂuid dynamics model for the transient ﬂow of
non-Newtonian ﬂuids used by Blaeser et al. was based on the Bernoulli
equation for unsteady ﬂow, the law of Hagen-Poisseuille, and the
Ostwald-de Waele relationship, also known as the Power-law [125].
These three equations were then transformed into a non-linear, ﬁrstorder diﬀerential equation to describe the ﬂow of hydrogel through the
micro-valve. The equation, resultingly, considered the eﬀects of wallfriction and shear stress. The equation was solved numerically in order
to calculate the average drop speed, drop volume, and shear stress
occurring within the valve as a function of nozzle diameter and length
and hydrogel viscosity [125]. To validate these calculated results,
alginate was selected as the experimental material, chosen for its
shear-thinning behavior [127,128]. The viscosity and power-law constants (K and n ) were measured using a dynamic sear rheometer for
wt
three diﬀerent concentrations of alginate solutions (0.5, 1.0 , 1.5 v %)
each with three diﬀerent cell concentrations (0 , 1, and 10 million cells
per milliliter) (Fig. 11A–C). As the cell number increased, the ﬂow
consistency index (K ) increased, the ﬂow behavior index (n ) decreased,
and the viscosity decreased; however, the eﬀective viscosity increased
while amplifying the shear thinning eﬀect [125]. Additionally, the drop
volume and speed were measured and compared to the calculated
values (Fig. 11D–F). A minimal speed, the tear-oﬀ speed, required to
form a single drop was experimentally determined and was in agreement with previously reported results on the drop kinetics of inkjet
printers [46,129,130]. With the validated results, the shear stress and
drop volume were able to be plotted against the drop speed, showing a
strong inﬂuence of nozzle size on both shear stress and drop volume
(Fig. 11G–I). Namely, larger valves result in lower shear stress at the
expense of larger drops [125]. The eﬀect of shear stress on viability was
ﬁnally studied and classiﬁed into three groups: <5 kPa , 5 − 10 kPa , and
>10 kPa . Viability of cells exposed to the lowest range of shear stress
was almost unaﬀected by the printing process (96% viability) while the
higher shear stress ranges resulted in more signiﬁcant losses in viability
(91% and 76% viability, respectively) [125]. In general, short-time
exposure to high levels of shear stress has an immediate and
detrimental eﬀect on cells and can negatively aﬀect the long-term
proliferation as well. With this in mind, the nozzle diameter and
pressure were selectively tuned to yield a drop speed very close to the

7. Post-printing: fusion of printed constructs
Another important component of the bioprinting process is what
happens after the bioprinter has deposited cell-laden bioink. Whether a
droplet-based or extrusion-based bioprinter, it deposits bioink in a
layer-by-layer fashion. Over time, cells within the printed material
proliferate and grow, and eventually the layers fuse into a single, solid
form. For droplet-based bioprinting, this self-assembly goes a step
further, as multicellular droplets must self-assemble. To aid in this
growth and fusion, the printed forms may be placed into a bioreactor,
facilitating the fusion process of self-assembly, maturation, and
diﬀerentiation [131]. For this crucial fusion step in the bioprinting
process, computational modeling can be used to model the fusion of
cellular aggregates in biofabrication. Various mathematical methods
can be applied for this purpose.
Utilizing a method often used to simulate the time evolution of a
process that occur with known transition rates among states, Sun and
Wang studied cell self-assembly and cellular aggregate fusion of
multicellular aggregate systems using kinetic Monte Carlo (KMC)
methods [132]. KMC was used to predict the time evolution of postprinting morphological structure formation during morphogenesis of
tissues. Speciﬁcally, a discrete, multicellular lattice model, which
describes the interaction between cells based on a diﬀerential adhesion
hypothesis, was used to predict equilibrium tissue conﬁgurations based
on the interfacial tensions between diﬀerent cell populations that
compose the bioprinted tissue (these interfacial tensions depend on
the adhesion between cells) [133–135]. In order to address how
conﬁgurations develop over time, the lattice model was implemented
in a list-based KMC algorithm to simulate the fusion of single-cell type
tissues in various geometries, including a ring, a sheet, and a tube
[136–138]. Additionally, the KMC model was employed to study the
process of cell sorting during the fusion of cellular aggregates of
multiple cell types with varying degrees of adhesion and compatibility.
An alternative mathematical model was developed by Yang et al.
who modeled the fusion of cellular aggregates in biofabrication using
phase ﬁeld theories. In particular, Yang et al. formulated a model which
considers the chemical-mechanical interactions of the cellular aggre13
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Fig. 11. Experimental and computational viscosity, drop volume, drop speed, and shear stress results for droplet-based bioprinting [125]. (A–C) Rheological characterization of
alginate hydrogels with and without cells. (D–F) Validation of computational ﬂuid dynamic model by comparison to experimental results for drop volume using diﬀerent applied
pressure and diﬀerent nozzle diameters. For all alginate solutions, drop volume consistently increased with increasing pressure. (G–I) Plot of shear stress and drop volume versus drop
speed. For all alginate solutions, shear stress and drop volume increased as drop speed increased. The minimum tear-oﬀ speed is indicated by the dotted vertical line. Results show that
shear stress and drop volume can be selectively minimized to improve both viability and resolution. Reproduced, with permission, from [125].

gates [131,139–141]. To this end, the cellular aggregates and the
surrounding hydrogel were modeled as a spheroid of complex ﬂuids
and a viscous ﬂuid, respectively. The aggregate and surrounding ﬂuid
may then be considered a binary ﬂuid mixture of two immiscible
complex ﬂuids. A mean-ﬁeld potential was then developed, integrating
both the long-range, attractive interactions between cells, as well as the
short-range, repulsive interactions due to the assumed immiscibility.
The phase ﬁeld model was then implemented using a higher order
spectral method to simulate the formation of fundamental geometries,
such as a ring, a sheet of tissues, and a y-shaped bifurcating vascular
junction, each geometry being comprised of layers of spheroidal
cellular clusters (Fig. 12) [131].

Fig. 12. Fusion of cellular aggregates modeled by phase ﬁeld theories [131]. Fusion of
cellular aggregates into various geometrical forms, including: (A) a sheet, (B) a ring, and
(C) a y-shaped junction. Snapshots are taken at the following time steps, relative to a
characteristic time scale determined by the growth time scale of the interface and the
cellular cluster fusion time scale: (A) 0 , 0.5, 1, 2 , and 3; (B) 0 , 0.1, 0.24 , 0.25 , and 0.5; and
(C) 0, 0.2 , 0.3, and 0.5. Reproduced, with permission, from [131].

8. Conclusions and future directions
Bioprinting is a maturing ﬁeld, harnessing the beneﬁts and capabilities of additive manufacturing for biomedical applications. Threedimensional bioprinting allows for the direct fabrication of biomimetic
tissues by depositing individual layers of biomaterial. This ability to
fabricate realistic tissues has been utilized in several applications in
tissue engineering and regenerative medicine. While experimental work
is useful in testing new bioprinting platforms and biomaterials, it cannot
sustain the rapidly growing trajectory of the ﬁeld. Computational
modeling enhances the ability to investigate the bioprinting process
from many diﬀerent standpoints, oﬀering an alternative method for
studying and advancing the capabilities of three-dimensional bioprinting. In particular, computational modeling should be utilized to address
the major limitations of bioprinting: post-printing viability and printing

resolution. For improving viability of bioprinted tissues, numerical
methods can be implemented to study the impact dynamics of encapsulated cells as they are deposited, allowing researchers to determine the
deformation of the encapsulated cell and the rate of deformation, which,
among other factors, depend on viscoelastic features, droplet size, and
velocity. Modeling can help to reveal how various parameters aﬀect postprinting viability without the need for entirely new experiments.
Furthermore, computational models can also be utilized to optimize
ﬁlament integrity in extrusion-based bioprinting.
The signiﬁcance of computational models applied to bioprinting
cannot, and should not, be understated: analytical models describing
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cell viability as a function of droplet impact parameters can be used not
only to predict cell-viability trends, but also be applied to determine
appropriate printing parameters. The numerical models presented
provide a framework for optimizing cell viability in future bioprinting
applications. As bioprinting forges ahead, high-throughput and highresolution fabrication of 3D tissue constructs will require tools for
preserving cell viability, even for more fragile cell types or highviscosity bioinks. For droplet-based bioprinting, parameters such as
the droplet diameter, the viscosity of the bioink droplets, the distance
from nozzle-to-substrate, and thus the impact velocity, and the stiﬀness
of the substrate can be manipulated to yield optimum cell viability,
based on computational model results. Likewise, the resolution and
structural integrity of extrusion-based printing can be optimized by
numerical simulation of ﬁlaments based on material properties and
geometrical parameters.
The future of three-dimensional bioprinting is dependent on the
ability to improve the viability and resolution. Future work may look
into resolving some of the underlying assumptions and remaining gaps
in current models. For instance, some models discussed assume cells
are centered within the droplet; however, in larger volume droplets, cell
may be located at the edge of the spreading ﬁlm where shear stresses
are higher than in the center. Also, for larger droplet volumes, the
number of cells per drop would likely increase. The eﬀect of viscoelastic
behavior of cell and encapsulating droplets should be more extensively
studied. Additionally, there remains a gap in computational models for
the shape ﬁdelity of droplet-based bioprinting schemes. Creating more
encompassing models, ones which address these remaining areas for
improvement, will prove even more impactful in setting experimental
parameters with informed decisions from modeling.
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