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Abstract Cell printing, in which cell-laden droplets are
delivered to target positions using inkjets or other devices,
is an emerging technique in tissue engineering. Despite
significant progress, the survival rate of cells delivered to
these positions is often inadequate for targeted applications. Here, we developed a simple model for cell printing based on multiphase fluid–structure interactions. Using
this model, we reconstructed the droplet and cell dynamics during the droplet impact process in cell printing.
Based on extensive simulations, we developed a general
picture of the droplet impact process by dividing it into
four stages: the inertia stage, the interfacial flow stage, the
elastic response stage, and the viscous flow stage. We provided a simple estimation of the duration of each stage and
the magnitude of stress within the cell during each stage.
From that estimation, we determined that surface tension is
essential for controlling the deformation and stress inside
cell under low-to-moderate droplet impact velocities relevant to inkjet-based cell printing. Based on extensive
parametric studies, strategies for controlling the stress and
deformation of cells during cell printing are examined and
their practical implementations are discussed.
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1 Introduction
Cell printing is an emerging technique for use in tissue
engineering and bio-manufacturing. The essential idea is
to deliver living cells to target positions using droplets
generated via various mechanisms including thermo- or
piezo-jetting, laser-guided direct write technique, and
others (Boland et al. 2006; Ringeisen et al. 2006; Calvert
2007). By taking advantage of the intrinsic properties of
jet-based printing such as high spatial resolution (comparable to or even smaller than the size of single cells), high
throughput, non-contact printing, and capable of delivering droplets with different compositions, cell printing
can potentially address many critical challenges in tissue
engineering and bio-manufacturing applications (Mironov
et al. 2003; Varghese et al. 2005; Boland et al. 2006; Withers 2006; Villar et al. 2013). Despite the caveats inherent in the feasibility of cell printing (Jakab et al. 2004),
specifically, whether enough cells can survive the harsh
printing process, and whether those cells can form useful bio-structures after droplet deposition, advancements
have been nonetheless forthcoming (Mironov et al. 2003;
Roth et al. 2004; Xu et al. 2005, 2006). For example, cell
damage is now a manageable process for some cells (Calvert 2007). Not only can printed cells self-organize into
coherent structures, but also some printed structures have
even been implanted into animals and grow into functional tissues (Xu et al. 2008). Research on cell printing
experienced explosive growth and several comprehensive
reviews of cell printing technique and its applications in
various fields are now available (Nakamura et al. 2005;
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Boland et al. 2006; Ringeisen et al. 2006; Ferris et al.
2013).
Despite such great progress, cell printing is still in the
early stages of development with much current research
centering on enhancing the survivability of cells. In particular, while robust cells such as yeast and bacteria can be
printed with >90 % survival rate, more delicate cells such
as neurons have a much lower survival rate, e.g., ~75 %
(Xu et al. 2006). Conceivably, the survivability of cells can
be improved by optimizing cell printing parameters such as
droplet generation conditions and droplet impact velocities.
Given the vast parameter space of cell printing, optimization based on trial and error is difficult, however. Rather,
developing a fundamental understanding of the hydrodynamic and physiochemical processes underlying cell printing and the cell damage mechanisms during these processes
can be more effective for optimization. The dynamics of
droplet and cell in cell printing are expected to differ significantly from those dynamics studied in other scenarios,
e.g., conventional droplet impact (Pan and Law 2007; Chen
and Li 2010; Chen et al. 2011) and cell transport in human
capillaries or in microfluidic devices (Bagchi 2007; Doddi
and Bagchi 2009; Li et al. 2011; Ye et al. 2011; Luo et al.
2013). Despite the relatively short history of cell printing,
some computational research has been nonetheless undertaken to elucidate knowledge necessary for successful cell
printing. Specifically, in an analysis of cell deformation/
damage caused by the impact of high-speed (50 m/s, that is
relevant to laser-based jetting mechanisms) cell-laden droplets onto hydrogels, both primary and secondary impacts
were found to affect cell damage (Wang et al. 2008). In
addition, a detailed analysis of the interactions between
a droplet loaded with cells (modeled as viscous capsules
of liquids) and solid substrates has shown how the lateral
spreading of droplet and cell deformation depends on various printing parameters (Tasoglu et al. 2010). While these
works provided important insights into the cell printing
process, many scenarios relevant to practical cell printing
have yet to be investigated. For example, the impact of cellladen droplets into liquid pools at moderate impact velocities as encountered in many cell printing practices and the
coupling between the elastic deformations of cells and the
droplet dynamics both remain to be explored.
Here, we study the impact of cell-laden droplets with
moderate (<10 m/s) velocities into pools of viscous liquids,
which are situations encountered in inkjet-based cell printing for building three-dimensional (3D) cell constructs.
The rest of the paper is organized as follows. In Sect. 2,
we define the cell printing problem studied in this work,
develop mathematical models for our problem in form of
multiphase fluid–structure interactions, and present the
numerical methods used to solve these models. In Sect. 3,
we present a detailed analysis of the droplet and cell
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Fig. 1  A cutout view of the cell printing problem considered in this
work. A single cell (shown as green sphere) is loaded at the center of
a liquid droplet (shown as blue sphere). The liquid droplet impacts
into a pool of viscous solution (shown in yellow color) that is at rest
initially. For clarification, the surrounding air is not shown. Axisymmetric conditions are assumed for motion of the fluids and the cell
(color figure online)

dynamics during a typical cell printing operation. Based
on extensive simulations, we propose a general picture of
the droplet/cell dynamics during cell printing and show
that the stress in the cell and its evolution can be estimated
from key operating parameters of cell printing. From these
insights and parametric studies, we make several suggestions for enhancing the cell survival rate during cell printing. Finally, our conclusions are presented in Sect. 4.

2 Problem definition, mathematical models,
and numerical simulations
2.1 Problem definition
In this work, we will focus on the impact of a droplet
loaded with a single cell into a pool of viscous liquids. The
initial velocity of the droplet is less than 10 m/s, and the
depth of the liquid pool is on the same order of the droplet diameter. The cell diameter is comparable to the droplet
diameter, which is typical in single-cell cell printing experiments (Barron et al. 2005; Liberski et al. 2011; Yamaguchi
et al. 2012; Gross et al. 2013). Figure 1 shows a schematic
of the problem. The situation shown in Fig. 1 is encountered in many cell printing experiments. For example, it
resembles the process of printing single cell layers directly
onto pre-wetted porous membranes or well plates to form
cell patterns (Saunders et al. 2005; Boland et al. 2006; Calvert 2007), and it is also one of the key steps for fabricating
3D cell constructs using inkjet printers (Boland et al. 2003;
Xu et al. 2004, 2005, 2012; Boland et al. 2007). In the latter process, 3D constructs are built layer-by-layer through
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cell printing. To build each layer, droplets loaded with cells
are often printed into a pool of polymeric solutions (e.g.,
sodium alginate) with a depth comparable to the droplet
size (such pools are also called thin films. Here, we prefer
the term “pool” as the depth of these polymeric solutions is
comparable to the size of droplet, the characteristic length
scale in our problem). To form solid structures, gelation
agents such as Ca2+ ions are often introduced into droplet fluids. As a droplet impacting into a liquid pool, Ca2+
ions diffuse out of the droplet and induce cross-linking in
the polymeric solutions (this process is termed gelation) to
form solid hydrogels (Boland et al. 2007). Alternatively,
in situ formation of solid structures can be achieved using
thermal gelation or other methods (Boland et al. 2003).
2.2 Models of cell printing
2.2.1 Mathematical models
The mathematical model for the cell printing problem that
is illustrated in Fig. 1 is composed of two components: The
first describes the hydrodynamics of fluids and the second
describes the elastodynamics of the cell. Three types of fluids (air, droplet fluids, and pool fluids) exist in the problem, and all are modeled as incompressible Newtonian
fluids with different viscosities. Their dynamics are modeled using the Navier–Stokes equations for laminar flows.
The no-slip boundary condition was applied on the lower
and upper boundaries of the computational domain as well
as on the cell surface. An extrapolation boundary condition (Pan and Law 2007) was used on the right boundary,
by which capillary waves can propagate through the right
boundary without bouncing back into the computational
domain. The surface tension between droplet fluids and air
was taken as σ = 73 mN/m. The same value was used for
pool fluids–air interfaces because pool fluids in cell printing systems are aqueous solutions. The surface tension
between the droplet and pool fluids was taken as zero.
We modeled cell as a homogeneous elastic solid object
whose dynamics is governed by

1
∂ 2x
= ∇ · τ elas
∂t 2
ρ

(1)

where x is the deformed position vector of any material
point inside a cell. τ elas is the stress tensor of the solid
given by

τ elas = µs (A · AT − I)
∂x
∂X

(2)

where A =
is the deformation gradient tensor (X is the
position vector of a material point inside cell in the undeformed configuration), and μs is the shear modulus of the
cell. Cell is loaded at the center of the droplet and is at its
resting shape prior to droplet impact.

2.2.2 Justifications of mathematical models
While the cell printing problem defined in Fig. 1 is already
an idealization of the practical cell printing situation, the
mathematical model presented above represents further
simplification of the problem. Here, we explain the rationale for choosing the above models and their relevance to
practical cell printing problems.
2.2.2.1 Hydrodynamic models The first approximation is
that the viscoelastic nature of pool fluids is neglected. Such
an approximation is partially justified for dilute sodium alginate solutions that are widely used in cell printing. Prior
experimental works suggested that 0.5–1 % sodium alginate
solutions can show close to Newtonian behavior (Hsu et al.
1994). In addition, our simulations indicated that the liquid pool plays a rather limited role in the maximal stress
experienced by cells during the impact process as long as
the droplet diameter is at least twice the cell diameter. For
example, the maximal stress experienced by cell does not
vary greatly even when the pool depth is reduced to practically zero, which is equivalent to taking the pool fluids as a
rigid solid substrate. Therefore, neglecting the viscoelastic
nature of the pool fluids is deemed acceptable in the present
study.
The second approximation in the hydrodynamic models is that the formation of gel layers at the droplet-pool
interface and their impact on fluid flows are neglected.
Although these effects are neglected, the droplet impact
processes studied here can still represent the practical cell
printing well for several reasons. First, gelation, which is
driven by the diffusion of Ca2+ ions into polymeric solutions, is limited to an extremely thin layer near the droplet/pool fluid interface during cell printing. During the
droplet impact process, which occurs over a time scale of
~100 μs in the absence of gelation (see Sect. 3), notable
penetration of Ca2+ ions √
into polymeric solutions occurs at
most over a distance ∼ Dt , i.e., a few hundred nanometers (D is the diffusion coefficient of Ca2+ ions, which is
~0.8 × 10−9 m2/s (Li and Gregory 1974)). As such, even if
cross-linking is infinitely fast, the formation of hydrogels
will be extremely limited during the droplet impact process. Second, the elastic modulus and mechanical strength
of hydrogel formed during the impact process is likely
much weaker than those of hydrogels under typical laboratory conditions. The mechanical properties of hydrogels
depend strongly on the level of cross-linking, which is controlled not only by availability of gelation agents but also
by time. Prior studies suggest that formation of firm calcium alginate hydrogels requires 30 min of Ca2+ ion exposure time (Ofori-Kwakye and Martin 2005), and the elastic
modulus of calcium alginate hydrogel increases with aging
time up to 24 h (Ofori-Kwakye and Martin 2005). Because
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of the small thickness and expected small elastic modulus
of the hydrogels formed during droplet impact, neglecting
gelation and its impact on cell and droplet dynamics is a
reasonable approximation.
The third approximation in the hydrodynamic models is that the mixing of droplet fluids and pool fluids is
neglected. During the droplet impact process, polymers in
the pool fluids can diffuse into the droplet fluids and causes
mixing of the droplet and the pool fluids. Neglecting such
mixing during the short droplet impact process is justified.
Specifically, 
the mixing of droplet/pool fluid occurs in a
region lD ∼ Dpoly t across the pool–droplet interfaces.
Since the diffusion coefficient of long-chain alginate polymers, Dpoly, is smaller than the diffusion coefficient of Ca2+
ions (Ribeiro et al. 2011), lD can reach at most hundreds
of nanometers during droplet impact. Since such a distance
is much smaller than the droplet diameter, the mixing of
droplet and pool fluids during the droplet impact process
can be neglected.

of the cell dynamics during cell printing, and the insights
gained here, while applicable only to cells with strong elastic nature, can form foundation for more quantitative studies of cell printing under more general conditions.

2.2.2.2 Cell model Living cells are heterogeneous, viscoelastic objects with rich internal structures (e.g., nucleus)
and surface features (cell membrane). Many types of models
have been developed, e.g., the liquid drop model, the cortical shell-liquid core model, the linear elastic solid model,
and the linear viscoelastic solid model (Yeung and Evans
1989; Lim et al. 2006). Each of these models is appropriate
for studying the response of a certain class of cells to certain
types of mechanical loads, and developing a model broadly
applicable to a large class of cells probed by arbitrary form
of mechanical loads remains a great challenge.
In most prior fluid dynamics research, cells were modeled as liquid capsules featuring an elastic membrane. For
cells like red blood cells, whose elastic nature is not distinct in typical situations, these models have been proven to
be very successful (Bagchi 2007; Doddi and Bagchi 2009;
Luo et al. 2013). However, for other cells, different models
may be more appropriate. For example, platelets are often
modeled as rigid particles (see, for example Reasor et al.
2013). For cells used in printing experiments, we chose the
elastic solid model described above. Our rationales are as
follows. First, many cells printed in experimental studies,
e.g., endothelial cells, fibroblasts, and chondrocytes (Nakamura et al. 2005; Saunders et al. 2008; Cui and Boland
2009), have a distinct elastic nature that requires elastic
or viscoelastic solid models to be used. Second, as will be
shown later, the droplet impact processes in cell printing
typically occurs at a time scale of a few hundred microseconds. Since cells deform significantly and recover to resting shape during such a short time, the solid nature of cell
should dominate its mechanical response. Hence, adopting
an elastic model for cell is reasonable. With the cell model
adopted here, we aim to capture the most essential aspects

2.3.1 Calculation of FSI and multiphase flows
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2.3 Numerical methods
Equations 1 and 2, along with the Navier–Stokes equations,
form a complete mathematical description for the multiphase fluid–structure interaction (FSI) problem shown in
Fig. 1. To solve these equations, we used the method developed by Zhao, Freund, and Moser (hereafter referred to as
the ZFM method (Zhao et al. 2008)) to handle the fluid–
structure interactions, the continuum surface force (CSF)
method (Brackbill et al. 1992) to compute multiphase
flows, and level set functions to capture fluid–fluid interfaces (Sussman et al. 1994). Here, we present the most
essential aspects of these methods and their implementation that we have recently published (He and Qiao 2011).

The ZFM method for FSI is a fixed grid technique in which
the dynamics of fluids and solids are described by a single
set of equations (Zhao et al. 2008):

∇ ·u=0

(3)

1
1
χs
∂u
+ u · ∇u = − ∇p + ∇(2µf D) + Fff + ∇ · τ elas + Fs
∂t
ρ
ρ
ρ

(4)
where u is fluid/solid velocity, p is pressure,
D = 21 (∇u + ∇uT ), μf is the fluid viscosity, Fff is the
fluid–fluid surface force. Following the CSF method, we
used Fff = − ρ1 σ κnff δff , where σ is the fluid–fluid interfacial tension, δff is the Delta function representing the fluid–
fluid interface, and κ and nff are the curvature and normal
direction of the fluid–fluid interfaces. χs is the solid identification function (χs = 1 inside solid and 0 elsewhere),
Fs = − ρ1 τelas · nsf δsf is the surface force due to fluid–solid
interactions (nsf is the normal direction of the fluid–solid
interface, and δsf is the Delta function describing the fluid–
solid interface). In Eq. 4, the equation of solid motion
(Eq. 1) is re-written in an Eulerian form with fluidic terms
added. Because the added fluidic terms u · ∇u, ρ1 ∇p and
1
1
ρ ∇(2µf D) are much smaller than ρ ∇ · τ elas inside solids,
Eq. 1 is still solved effectively (Zhao et al. 2008).
In the ZFM method, fluids are treated using the Eulerian
approach and solid objects are discretized into Lagrangian
meshes. The solid stress τ elas is computed using the finite
element method. In computing ∇ · τ elas, a ZZ patch technique (Zienkiewicz and Zhu 1992) is used to ensure its
continuity. To distribute Fs computed on the Lagrangian
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meshes to the Eulerian grid, Fs is first smoothened by convoluting it with a smooth kernel to obtain Fhs. Since both Fhs
and χρs ∇ · τ elas are spatially continuous, their interpolation
onto the Eulerian grid is straightforward. For details such as
the definition of the smooth kernel for calculation of Fhs and
numerical interpolations, we refer the interested readers to
Eqs. 20–23 and the related discussions in Zhao et al. (2008).
To march the solid object, the velocity field computed on
the Eulerian grid is interpolated onto the Lagrangian mesh.
To ensure the incompressibility of the solid object, a correction is applied to the displacement computed from the
velocity field as described in Zhao et al. (2008).
2.3.2 Handling of interfaces
There are many methods for handling fluid–fluid interfaces,
e.g., the front tracking method (Tryggvason et al. 2001) and
the level set method. Though the widely used front track
method does effectively compute the interfacial quantities
(see, for example Luo et al. 2013), special algorithms are
required to handle the merging and splitting of interfaces,
which can occur during cell printing. Here, we used the
level set method, a front capturing method that can handle
topology change of interfaces easily. In this method, a level
set function ∅ describes a certain region in a system and its
interface with other regions, e.g.,

 < 0 x is inside the region
0 x is on the interface
∅(x) =
(5)

> 0 x is outside the region
where x is the position of a given point. Following convention, each fluid–fluid interface was defined as the 0-level
contour of separate level set functions. ∅(x) at a point x was
taken as the closest distance of this point to the interface
and its sign is negative/positive if the point is inside/outside
the region. Clearly, interfaces are captured implicitly in
this method. Compared to the front tracking method, a primary limitation of the level set method is that it can suffer
from mass loss. Such an issue, however, can be alleviated
by using a fine grid. We have verified that the mass loss of
droplet was within 2 % in our simulations. The dynamics
of the level set functions are governed by

∂∅
+ u · ∇∅ = 0
∂t

(6)

where u is the fluid velocity. Since we have three fluids (droplet fluids, pool fluids and air) in our system, we need two
level set functions to describe these regions and their interfaces. Here, we used ∅1 < 0 and ∅2 < 0 to denote the droplet
region and the air region, respectively. Because of numerical
errors, ∅1 and ∅2 may develop overlaps and/or gaps between
them. To remove such artifact, we performed the following
Boolean operation after ∅1 and ∅2 were updated using Eq. 6:

∅new
= max(∅1 , −∅2 )
1

(7)

The level set function ∅new
was then used to replace ∅1.
1
We note that Boolean operations are widely used in geometric computations (Pasko et al. 1995) and the level set
functions obtained from such operations are still signed
distance functions (Sethian 1999; Osher and Fedkiw 2002).
Equation 7 represents a geometry intersection operation of
regions ∅1 < 0 and ∅2 > 0, and it removes the overlapped
droplet fluids in the air region and/or adds droplet fluids
into their gaps. Because the surface tension of droplet/air
and pool/air interfaces are the same and the surface tension
of droplet/pool interface is zero, the droplet–air and pool–
air interfaces form a unified liquid/air interface (represented by ∅2 = 0) as far as interfacial forces are concerned.
Equation 7 is adequate for reconstructing ∅1 because it
preserves such a unified liquid/air interface. To visualize
the pool fluids, we also computed a third level set function ∅3 = max (−∅1, −∅2). This level set function was not
updated using Eq. 6.
Using the above methods, the impact of cell-laden droplet into a pool was simulated. As in our previous work (He
and Qiao 2011), Eqs. 3 and 4 were solved using a semiimplicit fractional step method (Zang et al. 1994). Except
that an explicit unsplit Godunov scheme was used for
computing the advection term in the predictor step of time
marching (Colella 1985; Sussman et al. 1994), the differential terms in Eq. 4 were discretized using second-order
central finite difference schemes for grid points away from
fluid–fluid interfaces. The fifth-order Hamilton–Jacobi
weighted essentially nonoscillatory (HJ-WENO) scheme
(Jiang and Peng 2000) was used to calculate spatial derivatives of level set functions, and the third-order total variation diminishing (TVD) Runge–Kutta scheme (Shu and
Osher 1988) was used for time marching of level set functions. Every two steps, a re-initialization step, was performed to enforce the signed distance property of the level
set without changing the location of the interface (Jiang and
Peng 2000). The implementation of these algorithms in the
Level Set Method Library (LSMLIB) (Chu and Prodanovic
2013) was integrated into the in-house code for solving
multiphase FSI problems.
2.4 Simulation protocols
The code developed based on the models and methods
described in the previous sections was extensively tested
and validated by solving canonical droplet and particle dynamics problems (He 2011), the sample results of
which are summarized in the Supplementary Materials.
To begin a cell printing simulation, a droplet loaded with
a cell at its resting shape is first placed at a position 2 μm
above the pool fluids. Next, a body force is applied to the
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droplet and cell to accelerate them to the desired droplet
impact velocity in a short period of time (typically less
than 10−12 s). Once the droplet surface touches the pool
fluids, these fluids are merged immediately and the rest of
simulation proceeds according to the governing equations
for the fluid and cell dynamics described above. Note
that the merging process of pool and droplet fluids was
modeled approximately in this approach. The fluid–fluid
merging phenomenon is a multiscale process affected
by molecular level phenomena at fluid–fluid interfaces,
and it is known that atomistic forces can notably affect
the timing and behavior of merging (Pan and Law 2007).
Given that such complexity is prominent mainly if the
Weber number is small (Pan and Law 2007), which is not
the focus of this work (see Sect. 4), the simple treatment
described above is taken here. Nonetheless, we performed
simulations in which the merging of droplet and pool fluids was artificially delayed to mimic what was observed
experimentally during the impact of low-speed droplets
on liquid films, and the key features of droplet and cell
dynamics were found to closely resemble those obtained
from the simulations following the above protocol (He
2011).
2.5 Quantification of cell deformation and stress
While a mechanistic and quantitative model that relates the
cell damage (or survival rate) with the mechanical deformation of cell is still lacking, we expect that large deformation experienced by cell during cell printing is strongly
correlated with the damage of cell. To characterize the
deformation of cell and the associated stress, we focused
on the von Mises stress inside cell because such stress is
very relevant to the mechanical damage of materials. The
von Mises stress was computed using

(σrr − σθ θ )2 + (σθθ − σzz )2 + (σzz − σrr )2 + 6σrz2
σv =
2
(8)
where σrr, σθθ, σzz, and σrz are the various components of
the stress tensor. It would be interesting to examine the
stress on cell surface, which affects cells’ biological behavior under normal conditions. We defer the calculation of
such stress to future studies because how such stress damages cells during the significant, but brief deformation
encountered in cell printing is far from clear.
While the cell membrane is not explicitly modeled in this study (cell membranes are rarely explicitly modeled when solid-type models are used for cells
(Nakamura et al. 2005)), we can nevertheless compute
the deformation of cell surface to infer how the membrane of cell may be stretched during cell printing (for
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Fig. 2  A schematic for the calculation of the areal strain of cell surface. The area of an arbitrary segment i was computed using Ai = π
Li (Ri,l + Ri,h), where Li is the longitudinal length of the segment, and
Ri,l and Ri,h are the radius of the two ends of the segment in the r–z
plane, respectively

convenience, we will use cell surface and cell membrane
interchangeably hereafter). To this end, we divide the
surface of cell into N segments (cf. Fig. 2) to analyze
the membrane dilation during cell printing. The areal
strain of each segment of the cell surface is calculated
using εA = Sʹ/S0 − 1, where S0 is the surface area of the
segment at the resting state and Sʹ is the surface area of
the segment at any time instant. We caution that, as the
cell membrane was not explicitly accounted for in our
cell model, the areal strain computed in this work represents an order-of-magnitude estimation of the membrane
strain only.

3 Results and discussions
Using the numerical methods and simulation protocols
described in Sect. 2, a series of simulations were performed
to study the impact of a single cell-laden droplet into a pool
of fluids. Below, we first present and analyze the droplet
and cell dynamics in a representative case. Next, we summarize the general features of cell printing based on our
extensive simulations and present parametric studies aiming at identifying methods for reducing cell damage during
the impact process.
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Fig. 3  Droplet and cell dynamics during the impact of a cellladen droplet into a liquid pool (We = 16.6, Oh = 0.015, E = 1.03,
H = 1.003, and λ = 20). The red lines denote the interfaces between
the droplet/pool fluids and the air, the blue lines denote the interfaces
between the droplet and the pool fluids. The von Mises stress inside
the cell, measured in unit of kPa, is color-coded and overlaid on the

cell contour. Note that the scale bar of stress is different in each
frame to facilitate the visualization of the stress distribution within
the cell at different stages of the impact process. The moment when
the droplet first touches the pool fluids is defined as t = 0 (color figure online)

3.1 Cell and droplet dynamics in a representative cell
printing case

λ = μ2/μ1. The dimensionless number E characterizes
the relative magnitude of the elastic energy of the cell
and the surface energy of the droplet. As will be shown in
Sect. 3.3.3, this dimensionless number plays an important
role in controlling the cell deformation during the impact
process. Using the above values of cell printing parameters,
the representative case of cell printing considered here is
characterized by the following dimensionless numbers:
We = 16.6, Oh = 0.015, E = 1.03, H = 1.003, and λ = 20.
To perform the simulation, the entire domain was discretized into a uniform grid of 161 × 281 points. Simulations
using a finer 201 × 351 grid produced nearly identical
results except during the final stage of droplet impact when
the cell and all fluids almost come to rest. The solid cell
was discretized into a 6-nodal triangular mesh with 1,377
elements and 2,856 nodes.

We studied the impact of a cell-laden droplet into a pool of
liquids under typical cell printing conditions. The diameter
of the droplet D was 60 µm. The depth of the liquid pool
was h = 60.2 µm. The viscosity of the droplet fluids and
the pool fluids were μ1 = 1cP and μ2 = 20cP, respectively.
The densities of the droplet fluids, the cell, and the pool
fluids were ρ1 = 998 kg/m3. The density and viscosity of
the air were ρ3 = 1.226 kg/m3 and μ3 = 0.018cP, respectively. A single cell (diameter Ds = 30 µm; shear modulus
μs = 10 kPa) was loaded at the center of the droplet. The
size and elastic properties of the cell modeled here are similar to those of the endothelial cells printed in prior experiments (Nakamura et al. 2005; Kuznetsova et al. 2007).
The computational domain was 80 μm in the radial
(r-) direction and 140 μm in the height (z-) direction.
The initial impact velocity of droplet was U = 4.5 m/s,
which is typical of inkjet printers. The operating parameters of cell printing can be organized to obtain a group
of dimensionless numbers, and the most important ones
are the Weber number We = ρ1 DU2 /σ , the Ohnesorge
√
number Oh = µ1 / ρ1 σ D, E = μsD3s /σD2, H = h/D, and

3.1.1 Basic features of droplet and cell dynamics in cell
printing
Figure 3 shows the evolution of the droplet/cell contours
and the von Mises stress inside cell during the droplet
impact process. The impact dynamics of a cell-laden droplet with pool fluids shows qualitatively similar features
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Fig. 4  Evolution of the cell
shape and distribution of von
Mises stress inside cell during
the droplet impact process in
a representative cell printing
case (We = 16.6, Oh = 0.015,
E = 1.03, H = 1.003, and
λ = 20) (color figure online)

Fig. 5  Evolution of the maximal von Mises stress (a) and the maximal local areal strain of cell membrane (b) during the droplet impact
shown in Fig. 3. In (a), a–f corresponds to the frame a–f in Fig. 3.
During the time period 15 µs < t < 20 µs, the position of maximal

stress shifts rapidly among different positions on the top portion of
the cell and this leads to the weak fluctuation of the maximal stress
shown in (a)

with the impact of a neat liquid droplet into a liquid pool,
e.g., following the merging of droplet and pool fluids, the
droplet fluids penetrates toward the interior of the pool, and
a crater forms and subsequently recovers. The dynamics of
the cell shows very interesting features. As the cell-laden
droplet impacts onto the surface of the pool fluids, the bottom portion of the cell deforms more than the top portion
(cf. panels a and b). While such a mode of cell deformation during the earliest stage of the impact process bears
some similarity to that observed during “dry impact”
(i.e., when an elastic ball impacts onto a dry surface (Tanaka et al. 2003)), it becomes distinctly different from the
“dry impact” as the droplet penetrates deeper into the
pool. In fact, as the droplet merges with the pool and the

crater grows, the top portion of cell becomes significantly
deformed and even becomes flat (cf. panels c to d). As the
crater recovers, the cell also recovers from its significantly
deformed state (cf. panel e) and briefly becomes stretched
vertically (cf. panel f) before relaxing to its resting shape at
t ≈ 50 μs. To better illustrate the deformation and the stress
inside the cell during the impact process, the cell contour
and von Mises stress within are also shown in Fig. 4.
Clearly, while the entire droplet impact process lasts
only a very short period of time, the cell experiences significant deformation and stress during this process. Figure 5a,
b show the evolutions of the maximal von Mises stress
and the maximal local areal strain during the impact process. We observe that, while notable stress and membrane

13

Microfluid Nanofluid (2015) 18:569–585

stretching is already induced during the earliest stage of
droplet impact (t ≤ 8 μs), cell experiences the largest stress
(~23 kPa) and areal strain (~70 %) when the top portion
of cell is flattened at t ≈ 20 μs. This highlights that the
deformation mechanisms of cell during droplet impact differ fundamentally from that during the “dry impact.” The
magnitude and duration of the stress and strain experienced
by cell should directly impact their viability and other biological properties. However, as there is as yet no mechanistic understanding of the casual relationship between the
cell deformation and stress with their bio-functionalities,
we will not pursue the biological implications of the cell
deformation and stress detailed in Figs. 4 and 5. Nevertheless, it is known that the mechanical rupture of cell membrane depends strongly on the rate of loading and can occur
when it is stretched beyond a few percents (Winterhalter
2000), and cell lysis occurs when the average areal strain
(i.e., stretching of cell surface) reaches ~20 % (Youn et al.
2008). Since Fig. 5b shows that local membrane stretching can reach ~70 %, our simulation suggests that the cell
membrane is most likely ruptured at least locally during
cell printing. This conjecture seems to be partially supported by indirect experimental evidence. For example, Xu
and colleagues used ink-jet printers to deliver porcine aortic endothelial (PAE) cells mixed with plasmids encoded
with green fluorescent protein (GFP) into 1 mg/mL collagen aqueous solution (Xu et al. 2009). The cell printing
conditions used in their study were qualitatively similar
to that considered in this study. For example, the elastic
moduli of PAE cells are ~5 kPa (Costa et al. 2006) and
the droplet impact speed in their study is likely <10 m/s
because thermal inkjet printers were used. Furthermore, a
collagen solution with concentration of 1 mg/mL was close
to the Newtonian fluids with a viscosity of ~7cP (Nestler
et al. 1983; Li and Cheng 2006). Xu et al. (2009) found that
the transfection efficiency of the printed cells, determined
by GFP expression, was over 10 %. Since plasmids cannot
transfect intact cell membranes, this result indicated that
cell membrane may have been ruptured during the printing
process, which is also predicted by our simulations. However, the apparent agreement between the membrane rupture predicted by our simulations and that which is inferred
from experiments should be viewed with a degree of prudence. Specifically, cell membranes may rupture during
other steps of cell printing that are not modeled here, e.g.,
during the generation of cell-laden droplets as suggested by
Xu et al. Nevertheless, the present study provides an alternative explanation for the cell membrane rupture phenomenon inferred from experiments, which emphasizes the need
to study this important phenomenon in more details in the
future. Interestingly, Xu and colleagues also found that the
viability of post-transfection cell was >90 %, suggesting
that the brief rupture of cell membrane can be tolerated by
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some cells and cell printing may even be harnessed intentionally for mechanical gene transfection of cells.
Note that Fig. 5a shows that the von Mises stress inside
the cell does not return to zero at the end of our simulation.
This is a numerical artifact and likely originates from the
ZZ patching process used to construct continuous derivative of solid stress and the smearing of the surface force of
fluid–cell interactions in Eq. 4. These processes introduce
small errors into Eq. 4 and cause microflows near cell–fluid
interfaces and consequently small residual stress. We have
verified that such residual stress can be reduced using finer
grids, and the small numerical error does not affect the
droplet/cell dynamics except near the very end of the cell
printing process.
The results shown in Figs. 3, 4 and 5 provide a detailed
picture of the droplet/cell dynamics during the droplet
impact process. Although it is desirable to validate these
results against experimental data, such data do not yet exist
and are unlikely to emerge soon because of the tremendous
difficulty in obtaining droplet/cell dynamics information
during cell printing. To validate the computational results
on the droplet/cell dynamics, the impact process must be
resolved with a temporal resolution of ~1 μs and a spatial resolution of a few microns simultaneously, which is
extremely challenging. Also the most important information for validating simulation results, i.e., images showing
the evolution of cell contour during the impact process, is
difficult to obtain because cells are fully immersed within
fluids during the impact process. Given these difficulties,
we cannot presently validate the simulation results presented above by comparison with experimental data.
3.1.2 Mechanisms of droplet and cell dynamics in cell
printing
To ensure that the numerical results on droplet impact
process shown in Figs. 3, 4 and 5 conform to fundamental fluid dynamics principles and to gain insights into the
mechanisms underlying these dynamics, here, we analyze
the coupled fluid and cell motion during the droplet impact
process. To help illustrate the motion of fluids, the velocity field at each time instant included in Fig. 3 is shown in
Fig. 6. To facilitate discussion, we divide the impact process into four stages based on the dominating mechanisms
during each stage, i.e., the inertia stage, the interfacial flow
stage, the elastic response stage, and the viscous flow stage.
3.1.2.1 Inertia stage The droplet dynamics during this
stage is controlled mainly by inertia effects. As soon as the
droplet merges with pool liquids, a liquid neck forms at the
pool–droplet interface and spreads laterally at high speed
due to surface tension forces (see Fig. 6a). Meanwhile, the
droplet moves toward the interior of pool. At t ≈ 7 μs (panel
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Fig. 6  Evolution of the velocity field during the droplet impact process shown in Fig. 3. The red lines denote the interfaces between the
droplet/pool fluids and the air; the blue lines denote the interfaces
between the droplet and the pool fluids; the black lines denote the cell

surface. Arrows denote the velocity vectors. The scale of the arrows
in all panels is the same. In (a), the maximum magnitude of fluid
velocity is 13.5 m/s (color figure online)

b in Fig. 3), the droplet penetrates by one half of the droplet diameter into the pool fluids. During this short period
of time, the droplet fluids near the south pole of droplet
slow down greatly (see Fig. 6b) and the local fluid pressure increases sharply. This large pressure, together with the
capillary pressure acting on the top surface of the droplet,
compresses the cell and drives it to deform nearly globally
(cf. the cell contour in Figs. 3b, 4) toward an ellipsoid shape.
Due to the quasi-global nature of cell deformation, the von
Mises stress inside cell is distributed relatively uniformly
and stretching of cell membrane occurs near both the south
and north poles of cell (cf. Fig. 4). Nevertheless, we can still
identify that the stress is slightly more concentrated in the
bottom portion of the cell (similar to that in “dry impacts”)
and the position where the stress reaches maximum moves
gradually from the south pole (at t = 0) toward the interior
of the cell (at time up to 7.7 μs, cf. Figure 3b and 4).

ily by interfacial flows. To understand the origins of these
interfacial flows and the stress they induces, we note that, by
t = 7.7 μs, the flow of droplet fluids due to interfacial tension effects start to become significant. Specifically, upon
the merging of the droplet fluids with the pool fluids, a liquid neck forms at the droplet–pool–air three-phase line and
moves laterally and upwardly. Meanwhile, the interfacial
force at the top portion of droplet surface increases the fluids
pressure nearby. This pressure drives droplet fluids downward, and together with the lower pressure induced by the
negative curvature of the droplet neck (cf. Fig. 7a), squeezes
droplet fluids through the gap between the top surface of
droplet and the cell. Finally, because the cell is slowed down
notably but the fluids on top of still have rather large velocity (see Fig. 6b, c), the fluids on top of the cell are deflected
by the cell and move in lateral direction due to inertial
effects. The combination of these effects induces significant
flows. For example, as shown in Fig. 7b, the maximal fluid
velocity within the droplet reaches ~5 m/s at t = 15.04 μs
(corresponds to Fig. 3c), which exceeds the original droplet impact velocity. These strong flows shear the surface of
the cell and lead to a concentration of significant von Mises
stress near the shoulder of the cell (cf. Fig. 4). The maximal
magnitude of these localized stresses is larger than the more

3.1.2.2 Interfacial flow stage After t = 7.7 μs, the droplet continues to penetrate deeper into the pool and remains
being decelerated by the fluids beneath it although the deceleration rate reduces. As such, the quasi-global compression
of cell originating from inertia effects reduces. Instead, the
deformation and stress inside cell starts to be affected heav-

13

Microfluid Nanofluid (2015) 18:569–585

579

Fig. 7  Pressure (a) and velocity (b) distribution near the droplet at t = 15.04 μs in the cell printing case shown in Fig. 3. The maximal magnitude of fluid velocity is 5.3 m/s, which is larger than the original impact droplet velocity (4.5 m/s) (color figure online)

evenly distributed stress originating from inertia effects (cf.
Fig. 4). As a result, the maximal stress experienced by the
cell increases sharply and reaches 20.2 kPa at t = 15.04 μs.
At t > 15.04 μs (after frame c in Figs. 3, 6), the column of droplet fluids above the cell keeps moving downward under the action of interfacial forces, while the cell
has already been significantly slowed down by the fluids
beneath it. Thus, a compressive loading is created on the
top portion of the cell. This compressive action, concurrent
with shearing of cell by the interfacial flow near its shoulder, significantly deforms and even partially flattens the top
portion of the cell. During this time period, the maximal
von Mises stress inside the cell increases sharply (cf. Fig. 5)
and a significant fraction of the cell experiences large stress
(cf. Fig. 4). The von Mises stress reaches its highest value
during the entire cell printing process when the top portion of cell is flattened (t = 20.23 μs, Fig. 3d). Clearly,
during this time period, the mode of cell deformation differs greatly from that of “dry impact” and this highlights
the importance of interfacial (i.e., surface tension) forces
during cell printing. A more detailed view of the stress
evolution inside cell during the time period from 15.04 to
20.23 μs is provided in the Supplementary Materials.

We note that, for elastic sphere in vacuum, the period of
the lowest eigen-frequency
spheroidal mode vibrations is

te = π/2.13 ρ1 Ds2 /µs = 14 µs (Ye 2000). The fact that
the time lapse between minimal and maximal stress state
(3.1 μs) is close to 1/4te supports the idea that the overelongation of the cell during this time window originates
mostly from the elastic nature of the cell.
3.1.2.4 Viscous flow stage At t = 30.28 μs (frame f in
Figs. 3, 6), the slightly elongated cell begins to relax toward
its resting state. Since the elastic energy stored inside the
cell is small, the dynamics of cell and fluids are now dominated by the interactions between viscous dissipation and
interfacial tension, which eventually bring all fluids to rest
and the cell to its resting shape. Hence, the duration of this
stage should be governed by the viscocapillary time scale
tμ = μ2D/σ, which characterizes the time needed for a perturbed interface to regain its shape against viscous forces.
Figure 5a shows that, by t ≈ 40 μs, the maximal stress
inside cell decreases to a very small value, thus indicating
that the duration of this last stage is ~10 μs, which agrees
with tµ = 16.7 µs qualitatively.
3.2 General picture of cell printing and parametric studies

3.1.2.3 Elastic response stage At t > 20.23 μs (frame d in
Figs. 3, 6), the crater formed during droplet impact recovers
due to the upward pull by interfacial forces and the fluids
above the cell no longer exert significant downward pressure on the cell. Consequently, cell relaxes toward its resting
shape, and both the stress inside cell and surface areal strain
of the cell membrane reduces (cf. Fig. 5). When cell relaxes
toward its resting shape, as is the case for elastic objects
vibrating in vacuum, it does not immediately stop when it
approaches its resting shape (Fig. 3e). Instead, cell becomes
slightly elongated along its axis than at resting shape and
the stress inside it increases moderately (cf. Fig. 3f and
stress evolution during 27.12 μs < t < 30.28 μs in Fig. 5).

In addition to the representative cell printing case described
in the previous section, we have performed extensive simulations to study the impact process of cell-laden droplets.
Specifically, we examined the situations in the parameter
space of We = 16.6–82.2, Oh = 0.0076–0.045, E = 1.03–
10.3, λ = 6.67–40, H = 1–1.5, and Ds/D = 0.5. Based on
these simulations and the insights gained from discussion in
Sect. 3.1.2, we can deduce a general picture of the droplet/
cell dynamics during cell printing. Since the stress experienced by the cell during the impact process is likely the most
relevant parameter to the survival and biological functionality
of cells after cell printing, our general picture of cell printing

13

Microfluid Nanofluid (2015) 18:569–585

stress

580

2

~

~

~
3

~

~

2

time
Fig. 8  A general picture of the von Mises stress evolution inside cell
during cell printing. R and D are the radius and diameter of the droplet, respectively. t = 0 is the time when droplet first merges with pool
fluids. This picture is for cell printing under the condition of We ≤ 80,
H ≥ 1.0, λ ≥ 1, Oh ≪ 1, and Ds/D ∼ 0.5

will focus on the von Mises stress as the observable. Figure 8
shows a schematic of the magnitude, timing, and duration of
the stress experienced by the cell during cell printing. Similar
information, together with descriptions of the key features of
cell deformation and droplet dynamics during cell printing,
is also summarized in Table 1. Note that, in estimating the
time scale of interfacial
 flow stage, we used the surface tension time scale tσ = ρ1 R3 /σ , which characterizes the time
scale of surface tension-driven motion well. To estimate the
order of magnitude of cell stress during the interfacial flow
stage, we made two assumptions: First, a fraction of the surface energy of droplet is converted into the strain energy of
the cell during this stage; second, the cell deforms uniformly
during this stage. The second assumption is reasonably consistent with the fact that, although the top portion of cell is
deformed most significantly during this stage, large strain
(and consequently stress) exists inside a large portion of the

cell (cf. cell stress during 18.26–20.23 μs in Fig. 4). Under
these assumptions, we have 43 πRs3 · 21 µs ∫2 ∼ βσ · 4π R2,
where ε is the strain and β is the fraction of droplet surface
energy converted into cell strain energy.
 It follows that the
stress inside cell is given by stress ∼ 6βσ R2 µs /Rs3 . Since
in cell printing with single-cell resolution, the size of cell and
droplet are comparable, the magnitude of stress in cell dur√
ing the interfacial flow stage is on the order of 12βσ µs /Ds
. Empirically, we found that if β is taken as 1/3, the scale
of the maximal stress inside cell is predicted reasonably well
by this formula in the parameter space examined here. While
our detailed simulations show that such a simple formula
overestimates the dependence of stress on the shear modulus (see Sect. 3.3.3), it predicts the dependence of the cell
stress on the surface tension quite well (see Sect. 3.3.4). It
is desirable to estimate the order of magnitude of cell stress
during the inertia stage of cell printing, but we were not able
to obtain such estimation.
3.3 Parametric studies of cell printing
and recommendations
Here, we perform parametric studies of cell printing to
examine how the maximal von Mises stress in cell depends
on the key operating parameters of cell printing. Based on
these studies, we make suggestions on how to tune these
operating parameters to minimize the stress and deformation of cells during cell printing.
3.3.1 Effects of impact velocity on cell printing
It is possible to vary the droplet impact velocity from
a few to tens of meters per second by selecting different
droplet generation devices such as piezoelectric or thermal inkjets or laser-assisted nozzle-less droplet generation
platforms. Here, we selected three different impact speeds,

Table 1  Summary of key events during cell printing and the associated magnitude/duration of the von Mises stress experienced by the cell
(1 < We ≤ 80, H ≥ 1.0, λ ≥ 1, Oh ≪ 1, and Ds/D ∼ 0.5)
Events

Inertia stage

Scale of duration Scale of cell stress

Droplet dynamics

Cell dynamics

Droplet slows down while moving
downward; liquid neck grows
laterally and moves upward

Cell deforms globally toward an
ellipsoid while bottom flattens

Interfacial flow stage
I

tc = R/U

Formation of liquid crater; drainage and Shearing deformation of cell shoulder;
collapse of liquid column above cell
top portion of cell flattens
II
Recovery of liquid crater
Top portion of cell recovers
Elastic response stage Recovery of liquid crater
Damped spheroidal mode of vibration

tσ =


ρR3 /σ

Viscous flow stage

te =


ρDs2 /µs

tµ = µ2 D/σ

a

Flow gradually vanishes

Cell returns to its resting shape

This formula overestimates the dependence of the cell stress on cell’s shear modulus (see Sect. 3.3.3)
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Fig. 9  Evolution of the maximal von Mises stress inside the cell
for cell printing cases with different impact velocities (i.e., We).
Other operating parameters are the same in all cases (Oh = 0.015,
E = 1.03, H = 1.003, and λ = 20)

Fig. 10  Evolution of the maximal von Mises stress inside cell during cell printing under droplet viscosities of 0.5, 1.0, 2.0, and 3.0 cP.
Other operating parameters are the same in all cases (We = 16.6,
E = 1.03, H = 1.003, and μ2 = 20 cP)

i.e., 4.5, 8, and 10 m/s, all of which can be generated in
common inkjets. All other operating parameters are identical to that in the representative printing case detailed in
Sect. 3.2. The Weber numbers in these cases are 16.6, 52.6,
and 82.2, respectively. Figure 9 compares the evolution of
the maximal von Mises stress during the droplet impact
process. We observe several interesting features. First, as
the impact velocity increases, the first local maximal of
the stress becomes more distinct and also shifts to earlier
time. This is consistent with the general picture of cell
printing pointed earlier and confirms the expectation that,
as the impact velocity increases, cell deforms more significantly during the inertia stage and experience higher level
of stress. Second, as impact velocity increases, the global
maximal stress does not increase appreciably and remains
to be dominated by the interfacial flows. However, as the
impact velocity increases, cell experience significant stress
during a longer period of time and this may negatively
impact the survivability.
These results suggest that reducing the impact velocity
will help reduce duration of cell experiencing significant
stress. However, aggressively reducing the impact velocity
(e.g., below 4.5 m/s in the present case) may not lead to a
significant benefit as the stress experienced during the inertia stage at U = 4.5 m/s is already small compared to the
maximal stress induced by interfacial flows.

varying its chemical and biological compositions. Here,
we examine to what extent the droplet viscosity affects the
stress experienced by cells during cell printing. Figure 10
compares the maximal von Mises stress inside cell when
the viscosity of the droplet is varied from 0.5, 1, 2, to 3cP,
which corresponds to Oh = 0.0076, 0.015, 0.03, and 0.045,
and λ = 40, 20, 10, and 6.67, respectively, and all other
parameters are the same as those in the representative case
detailed in Sect. 3.1 (We = 16.6, E = 1.03, and H = 1.003).
We observe that the timing and magnitude of the first stress
peak (corresponding to the inertia stage), the global stress
peak (corresponding to the maximal stress during interfacial flow stage), and the last stress peak (corresponding to
the elastic response stage) all change little as the droplet
viscosity increases by a factor of 6. These observations are
consistent with the general picture of cell printing illustrated in Fig. 8 and Table 1. From these results, we can conclude that, at least within the parameter space examined in
this work, one can tune the viscosity of droplet fluids without notably increasing the magnitude and duration of the
stress experienced by cells during droplet impact.

3.3.2 Effects of droplet viscosity on cell printing
The viscosity of the droplet fluids used in cell printing
may need to be tuned to achieve the desired jet-ability by

3.3.3 Effects of a cell’s shear modulus on cell printing
The mechanical properties of cells depend on their type,
growth stage, and health, among other factors, and they
can be regulated by a multitude of chemical and biological
agents. The shear modulus of cells can range from 10 Pa
to 1 MPa (Mathur et al. 2001; Collinsworth et al. 2002;
Matsumoto et al. 2002; Lanero et al. 2006; Kamgoue et al.
2007; Lin et al. 2008) and can be manipulated by chemical
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Fig. 11  Evolution of the maximal von Mises stress inside the
cell (a) and the maximal local
areal strain of cell membrane
(b) during the droplet impact
phase of cell printing with
different cell modulus (or
equivalently, E). Other printing
parameters are same as the
representative case described
in Sect. 3.1 (We = 16.6,
Oh = 0.015, H = 1.003, and
λ = 20)

or biological means (Lim et al. 2006). Here, we perform
cell printing using the shear modulus of 10 and 100 kPa to
delineate how shear modulus affects the stress evolution
of cell during the droplet impact process. Other operating
parameters are the same as that in the representative cell
printing case. Therefore, these cases are characterized by
We = 16.6, Oh = 0.015, H = 1.003, λ = 20, and E = 1.03
or 10.3. Figure 11a shows that increasing the shear modulus does not notably affect the maximal stress experienced by the cell during the droplet impact process. This
is against the scaling shown in Fig. 8, which predicts the
stress to scale as square root of cell’s shear modulus. This
discrepancy can be understood as follows. As cell’s shear
modulus increases, its deformation during the impact process reduces, and the interfacial flow, instead of deforming
the cell, is redirected by the stiffer cells. Consequently, a
smaller fraction of surface energy of droplet is converted
into the strain energy of cell, and the stress experienced by
cell does not increase as much as predicted in Fig. 8. Figure 11b shows that, as cell’s shear modulus increases by a
factor of 10, the maximal surface areal strain of membrane
decreases by a factor of ~20. Together, these results suggest that, if the shear modulus of the cell can be increased
prior to cell printing, it helps reduce the tendency for cell
membranes to rupture, although it will not greatly affect the
stress experienced by cells during the droplet impact phase
of cell printing.
3.3.4 Effects of fluids–air surface tension on cell
deformation
The analyses in Sects. 3.1 and 3.2 suggest that surface tension plays a fundamental role in controlling both the magnitude and the duration of cell deformation during cell
printing and thus may be tuned to enhance cell’s survival.
Here, we perform three series of simulations to investigate the effects of surface tension on the cell stress during
cell printing at different impact velocities. Specifically, we
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performed simulations with three different impact velocities (U = 4.5, 8, and 10 m/s), and for each impact velocity,
we examine the impact process under two different surface
tensions, namely σ = 73 and 36.5 mN/m. All other printing parameters are the same as those in the representative
cell printing case discussed in Sect. 3.1. Since the dimensionless groups We, Oh, and E all vary as surface tension
changes, we will discuss these simulation cases in dimensional units here. Figures 12a shows how the surface tension affects the evolution of the maximal von Mises stress
inside cell at an impact velocity of U = 4.5 m/s. Figures 12b, c show similar comparisons at impact velocities
of 8 and 10 m/s, respectively. These figures show three
key features. First, the cell stress during the inertia stage
(t < 10 μs) of droplet–pool impact is nearly independent of
the surface tension since inertia forces dominate cell deformation in this stage. Second, the duration of the interfacial
flow stage as inferred from the local minimal of cell stress
(cf. Figure 8) increases by 36–74 % when surface tension
is reduced by a factor of two under the three impact velocities examined here, which is in reasonable agreement with
the increase of 41 % predicted in Fig. 8. Third, the maximum cell stress during the interfacial flow stage reduces by
32–68 % as surface tension is reduced by a factor of two
under the three impact velocities examined here, which is
in reasonable agreement with the reduction of 41 % predicted in Fig. 8. Together, these results suggest the simple
scaling results shown in Fig. 8 can describe the effects of
surface tension on cell printing reasonably well.
The above results suggest that reducing the surface tension can effectively lower the stress experienced by cell
during cell printing, though it increases the duration of
cells undergoing notable stress. In the absence of a mechanistic model of how the magnitude and duration of the
stress experience by cells affects their viability, it is difficult to conclude that a reduction in the surface tension will
certainly benefit the cell survival rate. In practice, reducing the surface tension is usually achieved by introducing
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Fig. 12  Evolution of the maximum von Mises stress inside cell under different droplet impact velocities (a U = 4.5 m/s; b U = 8 m/s; c
U = 10 m/s). All other printing parameters are the same as those in the representative cell printing case described in Sect. 3.1

surfactants into the system, but this must be done with
caution as excessive amount of surfactants can induce cell
lysis. In this regard, we note that recent cell printing experiments using dilute surfactant solution as droplet fluids suggest that low concentration of surfactants are well-tolerated
by some cells (Parsa et al. 2010). Finally, we note that, if
surfactants are used to reduce the surface tension, the transport of surfactant on the droplet–air interface can affect the
surface tension as well. Since such transport is not considered in our current simulations, caution must be used when
extrapolating the results obtained here to the situations
when surfactants are introduced into the system. Another
potential difficulty with reducing the droplet fluids surface
tension is that it can negatively affect the printability of the
droplet. These practical issues must be considered simultaneously when attempting to optimize cell printing by introducing surfactants into cell printing systems.

4 Conclusions
We used numerical simulations to reconstruct the process
of a cell-laden droplet impacting into a pool of viscous fluids to gain insights into the droplet/cell dynamics during
cell printing. We developed a minimal mathematical model
for this process by modeling cell as an elastic solid object
and by taking into account the surface tension at liquid–
air interfaces. The resulting multiphase FSI problem was
solved using a fixed grid method. Simulations under typical
cell printing conditions indicate that cell experiences significant stress (~tens of kPa) and local membrane surface
areal strain (~70 %) during the impact process. The latter
suggests that the cell membrane is most likely temporally
and locally ruptured during cell printing, which may help
explain the gene transfection observed during some prior

cell printing experiments. Through systematic simulations,
we developed a general picture of the droplet/cell dynamics during cell printing and provide an estimation of the
duration and magnitude of cell stress during cell printing.
We particularly emphasized the essential role of surface
tension in controlling the stress experienced by cell under
droplet impact velocities relevant to inkjet printer-based
cell printing.
Based on extensive parametric studies, we examined
several strategies for controlling the stress and deformation of cells during the droplet impact phase of cell printing
and examined their practical implementations. The insights
gained from these studies should help guide the rational
design of cell printing systems and optimization of cell
printing operation parameters to improve the survivability
of cell. For example, for a given type of cells to be printed,
Fig. 8 and Table 1 can be used to estimate the duration and
magnitude of the stress experienced by cells under various printing conditions. Such information, when combined
with models that predicts how cells’ viability depends on
the history of the mechanical stress they experience, will
help guide the optimization of cell printing.
We must, however, note that the present study has several limitations. First, our simulations are based on a very
simplistic model for the cell, which does not take into
account several important aspects of cell mechanics such as
cells’ viscoelasticity and the heterogeneity of their mechanical properties. Second, the results obtained from our simulations (e.g., the mode of cell deformation shown in Fig. 3)
have yet to be validated against experimental data because
of the tremendous difficulty in acquiring high-resolution
images of cells during the fast cell printing processes.
While resolving these limitations are challenging, it provides exciting opportunities for advancing both theoretical
and experimental research of cell printing.
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