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Abstract
Protein-based hydrogels are commonly used as in vitro models of native tissues because they can
mimic specific aspects of the three-dimensional extracellular matrix present in vivo. Bulk
mechanical stimulation is often applied to these gels to determine the response of embedded cells
to biomechanical factors such as stress and strain. This study develops and applies a linear,
biphasic formulation of hydrogel mechanics that includes a Brinkman term to account for viscous
effects. The model is used to predict fluid pressure, relative velocity, and estimated shear stress
exerted on cells seeded within a cyclically strained collagen hydrogel with and without imposed
cross flow. The model was validated using a confined compression creep test of a cardiac
fibroblast-seeded collagen type I hydrogel, and the effect of the added Brinkman term was
assessed. The model indicated that the effects of strain and interstitial fluid flow are strongly
interdependent in the collagen hydrogel. Our results suggest that the contribution of the Brinkman
term is greater in protein hydrogels than in native tissues, and that studies that apply cyclic strain
to cell-seeded hydrogels should account for the induced interstitial fluid flow. This study,
therefore, has relevance to the increasing number of studies that examine cellular responses to
mechanical stresses using in vitro hydrogel models.
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Introduction
Cell-seeded collagen hydrogels have been used for decades as in vitro models of biological
tissues.1,3,8,14 Hydrogels provide a controlled, three-dimensional environment that can be
used to imitate several components of the milieu surrounding cells in the body. These gels,
or those consisting of similar natural polymers, are often exposed to tensile, compressive,
and shear stresses in order to understand the effect of mechanical stress on the phenotype of
cells in 3D.10,11,13,28,29 Determining the local stress or strain environment at the cellular
level is often complicated by the viscoelastic and nonlinear mechanics of the gels. In
addition, protein- and polysaccharide-based hydrogels have very high porosities (often
>95%) in the hydrated state. Therefore, the stress exerted on cells has both a fluid and a
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solid component. Because of the dual nature of the stress state, a biphasic formulation of the
fluid and structural constitutive equations can provide the basis for a finite element model
describing the stresses within the hydrogel.

Originally applied to cartilaginous tissue, biphasic theory has been used in the biomedical
field for nearly 30 years, as pioneered23 and extended by Mow et al.21 This biphasic model
is derived from mixture theory4,17,19 and couples intrinsically incompressible solid and fluid
phases. In its simplest form it yields a time-dependent, viscoelastic-like response related to
the flow of the fluid phase relative to the solid phase. In virtually all applications of this
model to physiological tissues such as cartilage, a Darcy equation that does not account for
viscous effects is used. Consequently, such models are unable to describe shear stresses
exerted by the interstitial fluid. Subsequent models have been derived that add increased
sophistication to the original linear model, including nonlinear deformation, intrinsic
viscoelasticity of the solid phase, anisotropy, as well as the addition of a Brinkman term to
the fluid constitutive equation.6,18,27 The Brinkman term comes from the Brinkman
equation, which is a semi-empirical equation that accounts for viscous effects of interstitial
fluid. Using the biphasic formulation in the absence of the Brinkman term, fluid velocity is
derived from the solved values of fluid phase pressure and solid displacement. Biphasic
models incorporating a Brinkman term have been used to analyze viscous effects at the
interface between fluid and biphasic domains, for example to develop theoretically
consistent boundary conditions and study interactions between cartilage and synovial fluid
boundaries in articulated joints.2,18 However, these studies have largely concluded that the
Brinkman term can be neglected when considering the response within physiological tissues
like cartilage.

This study incorporates a Brinkman term into biphasic theory to create a finite element
model that estimates stresses within mechanically stimulated protein hydrogels. Previous
studies have used computational models to estimate stresses within fibrillar collagen
matrices,31 as well as stress exerted on cells embedded within various soft tissues.5,30 For
example, a recent study used neo-Hookean strain energy density functions to describe the
structural deformation of dermal tissue, and used the calculated strain of cell membranes to
determine calcium uptake through stretch-mediated channels.26 Biphasic models have also
been used to determine stress exerted on chondrocytes.16 These models have illuminated the
complexity of cell–matrix interactions at the microscale.

The model described here assumes a biphasic continuum and does not simulate the cells and
extracellular matrix individually. The solid phase was modeled using linear deformation
theory, and the fluid component model included a Brinkman term to account for viscous
effects. A main goal of this study was to determine whether inclusion of a Brinkman term
increased the utility of the biphasic model in predicting the mechanical behavior of
hydrogels. The 2D model was validated by predicting the creep behavior of a cell-seeded gel
in confined compression. The computational results were compared to experimental results
to examine the significance of this term in predicting the behavior of collagen hydrogels.
The model was then further applied to estimate stresses within a cyclically stretched cell-
seeded hydrogel, and specifically to determine how the stress state within the gel changed
between three testing configurations: strain only, cross flow only, and combined strain and
flow. The results of this study illuminate differences in the mechanical behavior of protein
hydrogel tissue analogs and native tissue mechanics, and also have utility in estimating
stress and strain levels in engineered tissues.
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Experimental Methods
Gel Preparation and Flow-Strain Apparatus

Collagen type I hydrogels were prepared using a method described in a previous study.12

Briefly, acid-solubilized bovine collagen type I (MP Biomedicals, Solon, OH) was diluted to
a final concentration of 2.0 mg/mL with 10% FBS, DMEM, and 0.1 M NaOH at
physiological pH on ice. Rat cardiac fibroblasts were suspended in the cold liquid collagen
solution at a concentration of 0.5 × 106 cells/mL. These cells, which range in size between
30 and 60 μm, were chosen because they have been used for previous measurements of gel
properties.12 For both gel parameter testing and the creep validation, gel solution was
polymerized in 24- or 12-well plates, respectively. For use in the previously described flow/
strain apparatus,11 0.7 mL of the suspension was placed on top of previously polymerized
0.3 mL of acellular 2.0 mg/mL collagen. Gelation was then initiated at 37 °C in a humidified
5% CO2 to create a homogeneous, cell-seeded 3D collagen hydrogel. The construction and
preparation of the flow-strain apparatus, including the acid etching used to facilitate gel
attachment and flow visualization to validate the layering approach, has been described in a
previous study.11 Briefly, axial strain is applied to the PDMS wells during simultaneous
cross flow imposed by a syringe pump delivering 10 μL/min of culture medium. A strain
magnitude of 5% was chosen because previous studies have shown that strains as small as
3% can stimulate a significant effect on cardiac fibroblasts.15 The PDMS wells are within a
culture medium bath that is kept at 37 °C and physiological pH using 2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethane-sulfonic acid (HEPES) buffer.

Model Parameters
The parameters incorporated into the computational model include the elastic modulus,
Poisson's ratio, permeability, and porosity of the hydrogel, in addition to the viscosity of the
fluid within the gel. Gel properties were measured after 24 h of incubation at 37 °C and 5%
CO2. The elastic modulus was measured in unconfined compression, using a 30%/s strain
rate to 30% strain. The elastic modulus was calculated by taking the slope of the resulting
stress–strain curve near 10% strain to assure the validity of the infinitesimal strain
assumption. After an initial toe-in region, the stress–strain curve was linear in this strain
regime. To determine the Poisson's ratio, the same unconfined compression setup was used
to control strain in the y direction and the resulting radial strain was measured optically
using ImageJ software.

The permeability of cell-seeded gels was also measured in a previous study, and was found
not to significantly depend on strain for values ≤5%.11 Strains larger than 5% may certainly
affect permeability, as detailed by previous studies.7,22,24 Porosity can be determined from
the collagen concentration in the hydrogels, using a formula presented in a previous study25

that takes into account the specific gravity of the collagen. Since the collagen concentration
was 2.0 mg/mL, or 0.2% weight/volume, the porosity was calculated to be 99.6%. The fluid
in the gel is primarily water, so the viscosity was assumed to be equal to that of water, 0.1
cP at 25 °C.

Confined Compression
2.0 mL hydrogels were created in standard 12-well plates, and after 24 h transferred to a
compression chamber confined to restrict strain in the radial direction during axial
compression. The inner diameter of the chamber was machined to have the same diameter as
the plate wells, so the sides of the gel contacted the walls of the compression chamber. The
top platen consisted of a stainless steel plate with through holes of 1 mm diameter spaced
apart by 2 mm (center to center), to allow fluid to escape the gel during compression. An
image and schematic of this setup are shown in Figs. 1a and 1b, respectively. The resistance
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to fluid flow through the platen was considered negligible. The boundary conditions used for
the validation simulation are shown in Fig. 1c. A uniaxial testing system was used to apply a
constant load of approximately 280 N for 10 min. The creep rate was determined by taking
the slope of the strain-time curve near the 5 min time point, when the curve was linear and
the strain was held < 10% to maintain the linear deformation assumption.

Viscous Biphasic Formulation
For purposes of the following presentation, assume standard tensor notations, Cartesian
coordinates, xi, i = 1, 2, 3, a comma to denote spatial differentiation (e.g., uij = ∂ui/∂xj), and
a dot for a time derivative (e.g., u˙i = ∂ui/∂t). Superscripts s and f refer to the solid and fluid
phases, respectively. Biphasic theory17 assumes that the medium is saturated, so that the
solid and fluid fractions (solidity and porosity, respectively) sum to unity, and for linear
models are constants:

(1)

where φ is the volume fraction. The conservation of mass was expressed as a function of
both the porosity and solidity. Continuity was described by:

(2)

where u is displacement. The solid and fluid constitutive equations were given by:

(3)

(4)

where p is the fluid phase pressure and σij represents the Cauchy stress tensor, since the
present model assumes linear deformations. Cijkl represents the stiffness tensor of the solid
phase, which consists of only the elastic modulus and Poisson's ratio of the hydrogel, since
the model also assumes isotropy. The fluid constitutive equation incorporated a Brinkman
term to account for the effects of fluid viscosity, μ. The momentum balances for the solid
and fluid fractions were expressed as follows:

(5a)

(5b)
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where k represents the permeability of the medium, in units of (m3s/kg). Boundary
conditions complete the mathematical description and will be taken up separately below.

Kinetic Boundary Conditions
To describe the boundaries between the biphasic domain and impermeable walls, conditions
for both the solid displacement and fluid velocity must be specified. Roller constraints,
which restrict solid displacement normal to the wall but allow frictionless parallel
deformation were applied to these interfaces:

(6)

where n is the unit normal vector and Γ represents the boundary. A traditional no-slip
condition was not appropriate for specifying the fluid velocity at the wall in our viscous
biphasic formulation. However, the fluid must have zero velocity relative to the solid
fraction, even if the solid fraction is deforming. Previous models have applied a “pseudo-no-
slip” condition to describe this viscous biphasic kinetic boundary condition.6,18 These
references provide a full explanation of the theory supporting this condition, and it is
typically implemented by setting the weighted velocity equal to zero at all stationary
biphasic–solid interfaces:

(7)

However, when the wall itself has a velocity, this condition is invalid. In this case, to
prescribe no flow at the boundary  the weighted velocity was set to the solid
velocity of the wall:

(8)

Kinematic Boundary Conditions
To describe open boundaries on the biphasic domain (i.e., a free draining condition for
confined compression), fluid phase tractions must be set at the boundary. The following
condition from a previously published model18 was used:

(9)

where is the prescribed fluid phase stress at the boundary. Since an open boundary by
definition has zero-fluid phase stress at the boundary, Eq. (9) reduced to the following:

(10a)
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In order to prescribe interstitial cross-flow condition at a boundary, the same formula can be
used and the fluid phase stress set to the applied pressure:

(10b)

Inviscid Formulation
To reduce the viscous biphasic formulation to an inviscid biphasic model, the Brinkman
term was removed from the governing equations. Removing the viscous term reduced Eq.
(5b) to the following:

(11)

By removing this term, fluid velocity became a derived variable, and the dependent
variables reduced to the solid displacement and fluid pressure, as in standard linear biphasic
analyses. However, when using roller boundaries, the boundary conditions changed slightly.
Since fluid/weighted velocity is no longer a primary variable, a nonslip condition was
unnecessary. Rather, a zero-flux condition was applied at these surfaces. Moreover, setting a
free draining boundary at the top surface was accomplished by simply setting fluid pressure
to zero at this boundary. Also, pressure for a cross-flow condition was set directly. These
boundaries conditions are expressed below:

(12)

(13a)

(13b)

It can be shown that these boundaries are identical to the viscous formulation for zero
viscosity.

Computational Implementation of Governing Equations
COMSOL Multiphysics software version 3.5a was used to construct the finite element
formulation for the biphasic model with viscosity. COMSOL implementation involves
defining an appropriate set of unknown primary variables, defining the governing equations
in terms of those variables, and then modifying built in equations in COMSOL to provide
the exact viscous biphasic equations internally, with appropriate coupling. Three governing
equations were required to describe the biphasic medium in COMSOL: the continuity
equation (Eq. 2) and conservation of momentum equations for both the solid and fluid
phases. In order to implement this in the COMSOL software, the conservation equations
were described in terms of the three selected variables, solid displacement, fluid pressure,
and weighted velocity. The continuity equation is already in terms of weighted velocity, and
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needed no further manipulation. However, to find the conservation of solid momentum, Eq.
(3) was substituted into Eq. (5a) to produce:

(14)

Similarly, the conservation of fluid momentum was derived by substituting Eq. (4) into Eq.
(5b).

(15)

As expected, for a rigid medium in which there is no solid displacement, Eq. (15) simplified
to the Brinkman equation.

Equations (2), (14), and (15) sufficiently describe the viscous biphasic medium, and all three
equations are functions of weighted velocity, solid displacement, fluid pressure, or a
combination of these variables. Quadratic shape functions were utilized to discretize the
equations, and the direct, linear solver “unsymmetric multifrontal sparse LU factorization
package” (UMFPACK) was used to find a time-dependent solution. UMFPACK was chosen
because of its ability to solve unsymmetric linear systems.

Boundary Condition Implementation
The boundary conditions must also be implemented in the COMSOL software. The roller
constraints were applied directly, since solid displacement was a selected variable. The same
can be said for the pseudo-no-slip condition and the weighted velocity. However, to apply
the open or cross-flow boundary conditions in COMSOL, several manipulations were
necessary. For a general stress boundary, COMSOL allowed for the input of f0, the applied
force at the boundary:

(17)

Substituting Eq. (10a), the open boundary condition was implemented by setting the normal
force, Fi:

(18a)

Likewise, cross flow was implemented by adding the set pressure directly to Eq. (17):

(18b)
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Prescribing solid phase tractions on a boundary in COMSOL required that the software's
definition of solid traction, , be modified, as it contains only the stress from solid
phase displacement:

(19)

In order to be consistent with our biphasic definition, we defined total traction as:

(20)

Combining Eqs. (19) and (20), we prescribed traction consistent with the COMSOL
implementation of the biphasic domain via:

(21)

Equation (21) required that traction be defined in COMSOL in terms of the prescribed total
traction (first term, known) as well as the pressure and fluid-phase strain rate, both of which
were unknown. The software calculated these two fields so that they properly satisfied the
traction condition. Prescribing a solid traction for the inviscid model was executed in a
similar manner, with the exception that the fluid stress tensor did not include a viscous term.
Hence, for an inviscid formulation, Eq. (21) reduced to the following:

(22)

Matching Boundary Conditions to Experimental Apparatus
A schematic of the location of the cell-seeded gel within the PDMS wells of the flow-strain
system is shown in Fig. 2a, and is described further in our previous work.11 The cell-seeded
gel was polymerized on top of an acellular gel, which was used to distribute fluid flow
entering the PDMS well. The cell-seeded hydrogel was bounded on the left and right by the
sides of the PDMS, and below by the acellular gel, which was about 4-fold thicker than the
cellular gel. For cases involving an imposed cross flow of 10 μL/min, the pressure drop
across the gel was calculated using Darcy's equation and the thickness and permeability of
the gel, and was shown to be approximately 77.6 Pa. A summary of the boundary conditions
for the strain, flow, and combined strain and flow configurations is shown in Figs. 2b–2d.
For all cases, the right boundary was held fixed (to simulate gel attachment to the PDMS),
the top boundary is open to atmosphere, and the bottom boundary was supported by rollers
(to simulate attachment to the acellular gel while allowing deformation in the direction of
strain). At unconstrained boundaries, the solid phase stress was set to zero and at all
boundaries, the solid phase shear stress was set to zeroAt unconstrained boundaries, the
solid phase stress was set to zero  and at all boundaries, the solid phase shear
stress was set to zero .
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Calculating Variance of Model Predictions
As the model incorporated measured values of parameters including elastic modulus,
Poisson's ratio, and permeability, its predicted creep rate also had a variance. In order to
calculate the magnitude of this variance, the simulation was run using the average values of
these measured parameters as well as with values ±1 SD of the measurement. The standard
deviation of the model prediction was calculated by taking the difference between the creep
rate calculated using average parameter values and that produced by parameters ±1 SD.

Results
Using values for elastic modulus, Poisson's ratio, permeability, and porosity for the cell-
seeded gels at the 24 h time point, the model was used to predict the creep rate of the gels in
confined compression. These values were compared to experimental measurements obtained
by applying several different stress magnitudes to collagen hydrogels and determining
resulting creep rates, using the boundary conditions described in Fig. 1c. In the experimental
studies, an average creep rate of 2.48E−3 ± 5.12E−4 kPa−1s−1 was measured using the
confined compression test apparatus, where creep rate was defined as the deformation of the
top surface of the gel per unit time and per applied stress. The 2D biphasic model
incorporating the Brinkman term predicted a normalized creep rate of 2.525E−3 ± 2.44E−4
kPa−1 s−1, which was 1.4% higher than the experimental value. To test the importance of
adding the viscous term in the biphasic simulation, the model was run again using a linear
biphasic formulation. This inviscid simulation yielded a creep rate of 3.35E−3 ± 1.68E−4
kPa−1 s−1, a value 35% higher than the experimentally determined value.

Using the creep rate comparison as validation of the viscous biphasic formulation, the model
was then used to predict fluid pressure within the hydrogel during cyclic strain. To further
analyze the effect of the Brinkman term, fluid pressures were also calculated using the
inviscid linear biphasic formulation. A comparison of the fluid pressure within the gel
during half of one cycle of 5% tensile strain with and without the Brinkman term is shown in
2D contour maps shown in Figs. 3a and 3b, respectively. When incorporating the Brinkman
term, the calculated pressure was considerably increased, with the peak pressure occurring at
the end of the gel being deformed. The contour plots display a small region of high pressure
area that dissipates as the gel expands. This contrasts with the inviscid formulation, which
predicts a symmetric pressure distribution with respect to the y–z plane throughout the
loading cycle. Figures 4a and 4b plot the pressure profile along the x axis centerline of the
gel during this strain cycle with and without the Brinkman term. Away from the boundary
being strained, the pressure profile between the Brinkman and linear formulations appeared
quite similar. These plots again demonstrated the symmetry of the linear formulation, which
did not capture the rise in pressure near the cycling end of the gel, and appeared to be
approximately constant with respect to the x coordinate. To assess the importance of the
Brinkman term over a range of permeability values, the pressures at the y axis centerline of
the gel were averaged for formulations with and without the term, and Fig. 4c shows the
average ratio between the two predictions. For a range of permeabilities between 0.25E−11
and 5.0E−11 m3s/kg, the addition of the Brinkman term substantially affected the predicted
pressure. For the highest permeability value (k = 5.0E−11 m3s/kg), the formulation
excluding the Brinkman term overestimated the fluid pressure along the y axis centerline.

To determine the effects of parameters like porosity and permeability on the predicted fluid
pressure and velocity, different values were input into the model. As Fig. 5a indicates
decreasing the porosity by a factor of two (φ = 0.498) while keeping the permeability
constant did not substantially affect the pressure distribution along the x axis centerline of
the gel at 5% strain. The only difference appeared near the end of the gel being cycled, while
changing the permeability by a factor of two (k/2 = 0.715E−11 m3s/kg, 2*k = 2.86E−11
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m3s/kg) had a much larger effect on pressure. As expected, permeability inversely affected
the fluid pressure and relative velocity in the y direction (Fig. 5b). In contrast to its effect on
fluid pressure, porosity had a greater effect on the relative fluid velocity.

Based on the established importance of adding the viscous Brinkman term to the biphasic
model for hydrogels, we then used the full model to determine the differences in pressure,
relative fluid velocity, and von Mises stress distributions caused by adding a cross flow to
the gel, both with and without applied cyclic strain. Figures 6a and 6b show the pressure
distribution along the centerline parallel to the y direction for cyclically strained gels,
without and with the addition of cross flow, respectively. Addition of cross flow
superimposed a pressure gradient on the pressure distribution caused by strain alone (Fig.
6b). For both solutions, the pressure at the top boundary of the gel was fixed at zero.
However, for the cross-flow solution, the pressure at the bottom boundary was constant at
the applied pressure of 77.6 Pa throughout the strain cycle. As expected, the pressure
distribution became progressively more negative as the gel expanded.

As a comparison, the modeled pressure and fluid velocity profiles in hydrogels exposed only
to cross flow are shown in Figs. 7a and 7b. The gel experienced negligible deformation from
the applied pressure gradient compared to the gels that were cyclically strained. The
simulation predicted an almost linearly decreasing pressure profile through the centerline of
the gel (Fig. 7a) and a relatively constant fluid velocity in the y direction of approximately 1
μm/s (Fig. 7b). This is the pressure drop and y velocity expected for a simple Darcy flow for
the given pressure drop. Conversely, the fluid velocity in the gels exposed to cyclic strain,
with and without cross flow, indicated that strain produced velocities ranging from about
−10 to +10 μm/s (an order of magnitude higher than the static cross-flow case). Plots of
these strain-induced velocities along the gel midpoint in the x direction are shown in Figs. 8a
and 8b for three time points during the 5% tensile strain cycle without and with cross flow.
The plots indicate that without the addition of cross flow, there is no relative fluid velocity
in the middle of the gel; fluid enters and exits the top and bottom boundaries, but there is no
net relative fluid flow across the length of the gel in the y direction. Conversely, the addition
of cross flow induces a relatively constant relative fluid flow in the y direction. Because of
the addition of the Brinkman term, the relative fluid velocity is zero at the left and right
boundaries. The relative fluid velocities can be used to estimate shear stress caused by the
fluid flow on cells within the gel. Figures 9a–9c show the results of this calculation along
the midpoint of the gel in the y direction for strain only (Fig. 9a), strain and cross flow (Fig.
9b), and cross flow only (Fig. 9c). To determine shear stress from relative fluid flow, an
equation derived by Wang and Tarbell32 in a previous study of interstitial flow-induced
shear stress on embedded cells was used:

(30)

For the cross flow-only condition, there was a constant shear stress of about 0.1 dyn/cm2 in
the y direction. For the cases involving strain, the shear stress oscillated between −1 and 1
dyn/cm2. The only difference caused by the addition of cross flow was manifested in a 0.1
dyn/cm2 increase in shear stress throughout the cycle.

The von Mises stress, a scalar measure of the combined principal stresses, can be computed
from the solid stress tensor defined in Eq. (3) and analyzed for the three different stimulation
scenarios. These stress distributions are shown in Figs. 10a–10c for a centerline along the x
component of the gel for strain only (Fig. 10a), strain and cross flow (Fig. 10b), and cross
flow only (Fig. 10c). As expected for the cases involving strain, the stress peaked near the
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left boundary of the gel for each point in the strain cycle, corresponding to the pressure rise
in Fig. 4a. Interestingly, the addition of cross flow to cyclic strain did not substantially affect
the von Mises stress, indicating that the stress induced by the cyclic strain-dominated stress
induced by the cross flow. Finally, the von Mises stress for the cross flow-only condition
was about an order of magnitude less than the other conditions. This result implies that the
strain caused by the cross flow was much less than the strain caused by the cyclic
deformation of the gels.

Discussion
The results of this study demonstrate the applicability of a biphasic computational
formulation to describe the mechanics of cell-seeded protein hydrogels, a commonly used in
vitro experimental model. The computational model was validated using experimentally
determined and estimated material parameters in a confined compression test configuration.
The analysis emphasized the importance of incorporating the Brinkman term to the biphasic
formulation in order to accurately predict material behavior. The validated model was
subsequently used to estimate the fluid pressure, relative fluid velocity, and von Mises stress
distributions in gels exposed to different combinations of cyclic strain, cross flow, and
combined strain and flow. These results have applicability to multiple studies that have
applied cyclic deformation to cell-seeded hydrogels to create in vitro models of cartilage,20

bone,33 vasculature,9 as well as other tissue types.

Confined compression was chosen to validate the model because the relevant geometry and
boundary conditions are well defined and easily implemented computationally. Measuring
the creep rate produced consistent experimental results. The control system for the uniaxial
testing system maintained a constant load ±0.5 grams-force over the test interval, which
provided uniformity when normalizing the creep rate to applied stress since the stress was
averaged over the testing interval. Also, the geometry of the 2D model was created so that
the aspect ratio matched the actual dimensions of the experimental collagen hydrogels.
Under these conditions, inclusion of the Brinkman term in the biphasic model resulted in a
close match to experimental results, whereas removal of the term caused the computational
model to overestimate the creep rate by 35%. This disparity highlights the importance of
viscous effects, since the resistance to deformation during creep is primarily from the
viscous component of the material. Therefore, describing the viscosity of the fluid fraction
of the biphasic model via the Brinkman term can more accurately model the viscous
mechanics of the gel. Applying the model to a recently designed flow/strain apparatus
further demonstrated the importance of the Brinkman term; the fluid pressure distributions
for a 5% tensile strain cycle were compared with and without the addition of the viscous
term. Adding the Brinkman term caused an asymmetry in the pressure distribution, with a
peak in pressure occurring at the end of the gel being strained.

This study applies the biphasic formulation to a hydrogel consisting of a specific collagen
density, seeded with a specific cell density. To make these results applicable to researchers
using hydrogels with different native proteins (fibrin, Matrigel, etc.) or synthetic scaffolds
(PLGA, PEG, etc.), different values of porosity and permeability were input into the model.
It is possible that for materials with different porosity or permeability, the Brinkman term
may not be as clearly relevant. In Fig. 5a, increasing the permeability by a factor of two
attenuated the rise in pressure near the cycling end of the gel that distinguished the
formulation with the Brinkman term in Fig. 4a. This result showed that there may exist a
range of values for which the Brinkman term is unnecessary. Figure 4c addresses this issue
by taking the ratio between the average pressure predicted by formulations with and without
the Brinkman term. The effect of the Brinkman term on the solution increases as
permeability decreases. This result is intuitive because at lower permeabilities, the solid
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phase has greater relative surface area. This would increase the importance of accounting for
viscous interactions between fluid and solid phases using the Brinkman term, as is reflected
in the simulation results. Predicting the pressures, relative velocities, and solid stresses
within mechanically stimulated hydrogels is important when analyzing the response of
embedded cells. This holds true not only for the particular experimental configuration used
in this study, but also more broadly for any system that applies solid or fluid stress to three-
dimensional cell-seeded hydrogels. Cells are exposed to solid stress from the deformation of
the matrix as well as shear stress from the flow of fluid within the gel. Models such as the
one we have developed can therefore provide insight into the specific mechanical factors
that affect cell function. In this study, we applied cyclic strain, cross flow, or a combination
of both. The results indicated that although cyclic strain can induce fluid flow, imposing a
cross flow causes negligible strain in a biphasic medium. In fact, the fluid velocity induced
by 1 Hz cyclic strain was about 10 times higher than for a static gel exposed to cross flow
for the same pressure difference across the gel. Similarly, the maximum von Mises stress for
the cyclically strained gels (900 Pa) was about an order of magnitude higher than that of the
cross-flow gels (90 Pa).

The results of the simulation indicate that for all three loading scenarios, cells embedded in
hydrogels were exposed to some level of both interstitial fluid flow and structural strain.
Combining cross flow and cyclic strain did not substantially affect the von Mises stress
within the gels, but did affect the relative velocity in the y direction. Without cross flow, the
relative fluid flow at the centerline of the gel in the x direction was zero, indicating no net
fluid flow across the gel. Applying a common analogy between fluid flow and electric
current, cyclic strain can be considered to induce an AC current while cross flow causes a
DC offset to that current. Therefore, even though the effects of strain and cross flow are very
much intertwined, the three loading scenarios of cyclic strain, cross flow, and a combination
of both create three different stress states within the gels. Consequently, the response of cells
imbedded in the gels should differ depending on which loading scenario is used.

This study highlights aspects of cell-seeded 3D collagen hydrogels that are of importance
when using them used as in vitro models. The impact of the Brinkman term in our model
shows that viscous effects in pure protein matrices can cause a fundamental difference in
mechanical response, when compared to more dense native tissues. In addition, application
of strain to such hydrogels induces interstitial fluid flow that acts in concert with the applied
solid deformation, and these flows can be of a magnitude that affects cell behavior. Together
these results suggest that applying mechanical strain to 3D protein hydrogels can induce
mechanotransduction in embedded cells through strain, fluid shear, or a combination of
both.
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Figure 1.
Creep test validation. (a) Image of the confined compression system used for the creep
testing. (b) Schematic of the platen and chamber. (c) The constant compressive force applied
by the compression platen is represented by a row of arrows.
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Figure 2.
(a) Schematic of the cell-seeded hydrogel within the PDMS flow/strain wells and its
dimensions. The gel was bounded on both sides by PDMS, open to atmosphere at the top
boundary, and attached to the acellular region on the bottom boundary. (b) Boundary
conditions for application of cross flow: a dotted line represents an open boundary, a triangle
denotes a boundary that is fixed in both the x and y directions, and a roller support restricts
deformation only normal to the boundary. (c) Boundary conditions for cross flow and cyclic
strain combined. The only difference between (b) and (c) is the addition of the cyclic strain
condition on the left boundary. (d) Boundary conditions for cyclic strain only: both the top
and bottom boundaries are open to fluid flow.
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Figure 3.
Pressure contours with and without the incorporation of the Brinkman term. These contours
are shown for three points in the strain cycle (top row: 0% strain, middle row: 2.5% strain,
bottom row: 5% strain).
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Figure 4.
Pressure distribution along the x axis at the midpoint of the gel for formulations with (a) and
without (b) the viscous Brinkman term. The diagram in the bottom left-hand corner shows
the direction of the arc-length along the gel, and the three points in the cycle are shown and
are color-coded. (c) The ratio of predicted fluid pressure averaged over the length of the gel
along the y axis centerline (P̄) between formulations with and without the Brinkman term.
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Figure 5.
(a) Pressure distribution along the x axis at the midpoint of the gel at 5% tensile train for
four different sets of porosity and permeability values (solid line = original k and φ, dashed
line = k and φ/2, square line = k/2 and φ, triangle line = 2k and φ). (b) y relative velocities
along the y axis at the midpoint of the gel for the same four sets of parameter values.
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Figure 6.
Pressure distribution along the y axis at the midpoint of the gel for cyclically strained gels
with (a) and without (b) the addition of cross flow. The imposed pressure gradient of 77.6 Pa
is evident at zero arc-length in (b). Again, a diagram illustrates the direction of the arc-
length and the three points of the cycle analyzed.
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Figure 7.
Pressure drop (a) and y component of relative velocity (b) for the static, cross flow-only
case. These distributions are taken along the y axis at the midpoint.
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Figure 8.
Y component of relative fluid velocity along the x axis at the gel midpoint for cyclically
strained gels with (a) and without (b) the addition of cross flow. Note that at the left and
right ends of the gel (arc-length = 0, 0.01 m) the relative fluid velocity is constrained to zero.
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Figure 9.
Y component of shear stress along the y axis at the gel midpoint for cyclically strained gels
with (a) and without (b) cross flow and static cross flow (c). The colors again correspond to
the 0, 2.5, and 5% points in the loading cycle.
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Figure 10.
von Mises stress distributions along the x axis at the gel midpoint for cyclically strained gels
with (a) and without (b) cross flow and static cross flow (c).
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