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A Magnetic Post Approach for Measuring
the Viscoelasticity of Biomaterials

Kevin S. Bielawski and Nathan J. Sniadecki

Abstract— A wide variety of tools are used in studying the
viscoelasticity of materials. Devices used range from microbeads
dispersed in a fluid to standard cone-and-plate rheometers.
In order to further the techniques for in sifu testing of materials,
we have developed a new microdevice for measuring viscoelas-
ticity. The device uses a polydimethylsiloxane post filled with
magnetic microparticles. The force on the post is controlled with
oscillating magnetic fields in order to measure properties of a
fluid or gel. The device was calibrated with mixtures of glycerol
and then used to observe the gelation process for collagen gels.
The results from using the new device had good agreement with
previous experimental results. [2015-0197]
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I. INTRODUCTION

HEOLOGY is a field that studies viscoelastic nature of

materials and how they behave when exposed to different
conditions. There are a variety of devices used for measuring
rheological properties on the microscale, including magnetic
beads [1], atomic force microscopy (AFM) [2], magnetic
AFM [3], and embedded magnetic wires [4]. Although these
devices have been useful for studying fluid rheology, new tools
are continuing to be developed for application-specific endeav-
ors [5]-[7]. Some of the goals of new devices are to study
small volumes of fluid and to perform in situ measurements.

Measurements of rheology are performed by shearing a
fluid by moving two components of a system in relation to
each other. A common rheology tool is a cone and plate
rheometer that rotates a cone to shear a fluid [8]. One method
to move components is through the use of soft polymeric
structures, such as polydimethylsiloxane (PDMS), embedded
with magnetic material. Several devices using mixtures of
magnetic beads and PDMS have been built for applications
including agitating fluids through either the use of bio-
mimetic cilia [9], [10], or as larger flaps used to disrupt the
fluid [11]-[13]. Magnetic microposts have also been used to
pull on cells [14], and to act as actuators in a variety of
configurations [15]-[17].
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Fig. 1. Overview of the post with the magnetic field (a) off and (b) on.
A PDMS post with embedded magnetic particles is adhered to the bottom of
a well and deflects under the presence of a magnetic field. The deflection of
the top of the post, d, is measured with an optical microscope.

In this paper, we describe a new device which combines
magnetic microposts and rheological devices in order to make
a magnetically actuated tool which is capable of measuring
the rheological properties of fluids. The operating principle
of the device is to disturb the flow by bending the post in
an oscillatory fashion with an electromagnet and recording
the motion of the post with a microscope camera (Fig. 1).
The response of the post behaves as a first order system with
a modified spring constant and drag coefficient which relate
directly to the Young’s modulus and viscosity of the fluid.

II. MATERIALS AND METHODS
A. Device Fabrication

Devices were fabricated using replica molding in an
aluminum mold. Aluminum molds were made by drilling
250 pum through-holes in a 2.8 mm thick aluminum block.
PDMS (Dow Corning, Sylgard 184) was made in a ratio
of 10:1 base-to-crosslinker by mass. This mixture was then
further mixed with iron microparticles (Sigma-Aldrich, 44890)
in a ratio of 2:1 PDMS to iron by weight. After degassing, the
PDMS-iron mixture was placed as a drop on a piece of foil,
then the aluminum molds pushed against the drop to fill the
mold. After filling the mold, it was placed on plain PDMS with
a pre-cured PDMS backing. The purpose of this procedure was
to keep the base of the mold transparent, and to prevent excess
force on the post when a magnetic field was applied. The entire
structure was then cured for 20 minutes at 110 °C, then the
tops were sheared away with a razor blade, and the mold was
pealed from the base (Fig. 2). Some holes were clogged during
the peeling process, resulting in partially-formed posts which
were discarded. Posts were cut from each other with a razor
blade to form single posts standing on a base of PDMS. Each
post was then affixed to a P-35 petri dish using additional
PDMS at the base. A cloning ring (Fisher, 14-512-79) was
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Fig. 2. Fabrication process for embedding particles in a microdevice.

(a) Aluminum molds with through-holes are (b) filled with magnetically-doped
PDMS. (c) Excess doped PDMS is removed, and (d) non-doped PDMS is used
to affix it to a backing layer. (e) Posts are cured, and (f) the final posts are
made with a length of 3.8 mm and diameter of 250 um.

Electromagnet *Cloning Ring

Fig. 3. Picture of the post filled with collagen gel under the microscope.
A custom holder was manufactured to hold a petri dish in a position against
an electromagnet. The entire structure was positioned on a microscope stage.
Gels and fluids are contained in a cloning ring affixed to the petri dish.

then adhered to the dish with PDMS and located so the post
was in the approximate center of the ring (Fig. 3).

B. Experimental Setup

Tests were run under a 10x objective on a microscope
(Nikon, Eclipse NV100). A custom-built electromagnet was
used to vary the magnetic field in a sinusoidal fashion. Images
were taken at a rate of 45 frames/second using an Orca-Flash
2.8 camera (Hammamatsu, C11440-10C). The experimental
setup was controlled with LabView. Regardless of the direction
of the magnetic field, the post was pulled towards the magnet,
and the total current running through the electromagnet was
recorded using a DAQ (National Instruments, USB-6002).
During each 5 second run, 200 images and the input voltages
were recorded. Devices were calibrated with quasi-static runs
where the current through the coil was oscillated at 0.25 Hz.
The analysis runs were performed using a chirp signal.
We have included four supplemental videos to show the post
motion in collagen gels during a representative experiment.
These videos will be available at http://ieeexplore.ieee.org.

The current to the electromagnet had a peak-to-peak ampli-
tude of 1.5 A, which resulted in a peak-to-peak force of 2 uN.
The field from the magnet varied from 23 to 25 mT throughout
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37°C

time 0 min

Fig. 4. Posts in collagen gels formed at 37 °C often had significant motion
from the neutral position, while posts formed at 22 °C remained vertical.
Experiments for viscoelasticity measurements were taken at 22 °C.

the length of the post, resulting in a load on the post that is less
than 10%, as expected from modeling the electromagnet as a
dipole [18]. Although the field is not uniform, we have made
the assumption that the force is sufficiently uniform for our
analysis, and this results in a load on the post determined by

F = BMV = (uoi) (ui) V (1

where F is the force on the post due to the magnetic field,
B is the magnetic field generated by the coil, M is the induced
magnetism of the iron particles, V is the volume of magnetic
material in the post, o is the permeability of free space, u is
the permeability of iron, and i is the current in the coil [19].
As shown in (1) the force is dependent on the square of the
current.

C. Fluid and Gel Preparation

Mixtures of glycerol (J. T. Baker, 2136-01) and water were
used to calibrate the motion of the post in purely viscous fluids.
Mixtures were prepared by mixing a volume ratio of 90%,
96.5%, and 100% glycerol in order to achieve a wide range
of viscosities [20].

Collagen gels were formed with concentrations of 1 mg/mL
or 3 mg/mL of collagen per standard protocols [21]. Stock
rat tail collagen I with a concentration of 4.1 mg/mL
(BD Bioscience, 354236) was diluted to form 1 mL of
gel, with 10% volume of Medium 199 (Life Technologies,
11825-015). 1 N NaOH (Fisher, SS255-1) was added to the
solution until it reached a pH of 7.1, which was indicated
by a color change from yellow to pink. Water was added to
the solution until to make up the remaining 1 mL volume.
The solution was mixed throughly and pipetted into the wells.
Gels which had trapped bubbles near the post were removed
from analysis.

Collagen gels were initially formed at 37 °C, but there
was concern about movement of the post while the solution
underwent gelation, Fig. 4. In order to characterize the gelation
process, posts were observed while they underwent gelation
at either 37 °C or at room temperature (22 °C). As can be
seen in Fig. 4, when gelling at an elevated temperature, the
post moved significantly, whereas at room temperature,
the post stayed relatively in the same position. After observing
the significant motion of the post at 37 °C, rheology exper-
iments with collagen gels were run at 22 °C. The post was
actuated for four minutes at thirty minute intervals throughout
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Fig. 5. Posts moved from an (a) actuated to an (b) unactuated position when
the magnetic field is removed. A circular Hough fitting algorithm is used to
determine the center of the posts in each image. Side views of magnetic posts
with (c) reflective and (d) bright field show the density of microparticles.

(a) (c)

%5 Air > 200 Air

g4 37'% £ 190

T3 a 180

2 27 g

32 g g1

£ 1 T8 3160

o o

50 0% 150

3 T T 11 1T T T 1
0o 1 2 3 4 0o 1 2 3 4

Time, s Time, s
(b) (d)

% 5 Glycerol > 200 Glycerol

o o

S 4 3% g 19

o @ =1

c 3 2 - 180

= M c

g2 g S

£ 1 T8 8 160

E T % 50

ST T T 71T °2 T T T 1
0o 1 2 3 4 0 1 2 3 4

Time, s Time, s

Fig. 6. Raw data traces of the (a) applied current and force compared with
the resulting (b) position of the top of the post for air. The (c) applied force
was the same for glycerol, while the (d) position response was reduced.

the experiment in order to determine the viscosity and elastic-
ity of the fluid while it underwent the gelling process.

D. Image Analysis

Images were processed using a circular Hough fitting pro-
gram in Matlab [22]. The centroid movement was tracked
throughout the video and converted into micrometers. Typical
images of the top of the post can be seen in Fig. 5. The
voltage sent to the electromagnetic coil was measured and
converted into current based on the resistance of the coil
and the experimental setup. As previously mentioned, quasi-
static experiments (0.25 Hz) were analyzed to determine a
relationship between the square of the peak-to-peak current
and the peak-to-peak position of the centroid. After calibrating
the force relationship, parameters were determined using the
System Identification Toolbox in Matlab. A first-order system
was fit to the data and used to determine the constants in the
system. Sample data for the input force and resulting position
can be seen below in Fig. 6.

III. DEVICE THEORY

In order to characterize the dynamic motion of a post,
we started with a simple first-order approximation of the

@ o0, g, ®

Epcst’ post

Fig. 7. (a) Interactions of the post with the fluid or gel result in a (b) free
body diagram of the relevant parameters from a first order approximation of
the system.

relationship between the applied force and the displacement
of the top of the post

F(t)= (kp+ k) d@t)+ (br) 0 (2) 2

where F (t) is the total distributed load on the post, J ()
is the deflection of the top of the post, k, is given by the
elastic nature of the post, k¢ is an experimentally determined
coefficient relating to the elasticity of the fluid, and by is an
experimentally determined coefficient relating to the damping
in the system.

The loads on the post consist of the loading due to the
magnetic force, the restoring force of the post as a cantilever,
and the resistance on the post due to the fluid (Fig. 7). The
magnetic force was assumed to be uniform throughout the
post, and cross-sectional views of the post confirmed well-
distributed particles throughout the post. The resistance of the
fluid can be due to the viscosity of the fluid, or viscoelasticity
of the gels. Our system involves tracking the top of the post
instead of the entire length of the post and is operated at low
frequencies. As others have done for magnetic beads [23], we
assume that the effects due to the mass of the post are much
less than the effects due to the stiffness and drag, which results
in the first order approximation in (2).

A. Drag Forces

The drag force on the post is due to the fluid inside
the cloning ring. The Reynold’s number for our system is
much less than one, which indicates that the viscous forces
dominate over the inertial forces in the system. Stoke’s flow
around a bead can be used when the Reynold’s number is
much less than 1. In our system, there is a cylinder, and the
analogous description of its drag force is given by the Oseen
approximation [24]

F, drag oy (t )
L % —y —1In (%) ot
where L is the length of the cylinder, x is the viscosity of
the fluid, dy(¢)/ot is the velocity of the cylinder, y is Euler’s
constant, and Re is the Reynold’s number.

The equation given in (3) assumes a uniform flow around
a rigid cylinder, but our post is a cantilever bending into the
fluid, so the velocity along its length is not constant. Thus, we
approximate the flow around our cantilever by integrating (3)
across the length of the cylinder to obtain

4 u

3)

L oy (x,1)
Firas = | Dae @
0o -y —In(f) o
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The Reynold’s number and viscosity can be approximated as
constants with respect to x so the only parameter dependent
on x is the velocity of the fluid, oy (x, t) /0¢f, which gives us

4 La
mp / y(x,1) dx. )
0 ot

Firag =
T o (E)
Due to relatively small viscous forces compared with the
elastic forces on the post, the shape of the post can be
approximated as a cantilevered beam with a uniform load.
Thus, the deflection of the top of the post is given by
x* —4x3L + 6x%L?
y(x,1)=0() 3L (6)
where J(¢) is the motion of the top of the post, and x is a
position along the length of the post.

After combining (6) with (4) and integrating, we can deter-
mine a drag coefficient that can be used with the data from this
experiment to determine the viscosity of the fluid interacting
with the post

4 u 6
bf=———7-—L. @)
3=y —In(§)15

B. Elastic Forces

The restoring force on the post due to elastic forces,
kf + kp, is due to the elasticity of the post, along with any
elasticity from the viscoelastic fluid. Based on the geometry
of the system, we can approximate the spring constant based
on the relationship between displacement and force for a
cantilevered beam with a uniformly distributed load supported
on a Winkler foundation [25], where the gel in the well
is the Winkler foundation material. The Winkler foundation
is an infinite elastic half-space which is commonly used to
model loads on foundations in engineered structures. There
are exact solutions to numerous interactions between loading
configurations and Winkler foundations, including one for an
elastic beam interacting with the elastic foundation, which
involves the modulus of both the beam and the modulus of
the foundation

@)

2cosh (AL AL
b kb (1 ZEBUDEGD Y

cosh? (A1L) + cos? (AL)

where 1 is given by 4 = (Ep/4k1)1/4, E, is the Young’s
modulus of the PDMS post, k is the foundation modulus of
the gel in the system, and [ is the second moment of area of
the post cross-section.

The foundation modulus, k, can be related to the Young’s
modulus, E ¢, of the gel by assuming that the PDMS beam is
relatively stiff compared with the gel, and that the gel interacts
with a much stiffer base [26], [27]

(Ltvy) (L=2vf) H
(I=vp) b

where vy is the Poisson’s ratio of the gel, H is the depth of
the gel, and b is the width of the beam. In our system, we
assume that Poisson’s ratio of collagen is 0.25, although the
exact value for collagen is unknown [28]. Slight variations
in Poisson’s ratio change the final stiffness calculation of the

©)
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gels, but the stiffnesses are of the same order of magnitude.
The modulus of PDMS and the modulus of polystyrene are
both at least two orders of magnitude greater than the modulus
of collagen, so the beam and base are both stiff compared to
the gel.

The modulus of the PDMS-iron particle composite used
in our analysis is 2.5 MPa. The modulus of PDMS with
6% volume iron particles was found to be 20-30% higher
than that of plain PDMS through a tensile test, and that is
consistent with previous results [29]. The exact modulus of
PDMS, and PDMS with iron particles is highly dependent
on many factors, including mixing ratio, baking time, baking
temperature, storage time, and microparticle density [30].

In the event that the fluid in the ring is a purely viscous
fluid, the portion of the spring constant due to the fluid will
approach zero, and the material will behave as a Timoshenko
beam [31]

4 2
16 y(x,1) +m6 y(x,0) _
ox4 or?
where y(x, t) is the total deflection of any point on the post,
and it is determined based on the specific mass of the post, m,
the Young’s Modulus, E, the second moment of area, I, and
the external loading on the post, p(x, ). The magnetic forces
on the beam are uniformly distributed across the length of
the post, and the forces due to the mass of the beam are
much smaller than those due to the elasticity of the beam.
The solution to (10) can then be solved by using Castigliano’s
method [32] which relates the displacement of each point
on an elastic structure to the strain energy in the structure.
For a cantilevered beam with a circular cross-section and a
uniformly distributed load, the solution is
Epm d* (11
L3

where d is the diameter of the post, and L is the height of the
post. This result is obtained as the modulus of the fluid, E,
in (8) approaches zero.

E p(x,t) (10)

kp =

C. Governing Equation and Material Properties

By combining our initial first order system (2) with the
elastic forces (8) and the drag forces (7), we can put together a
relationship between the applied magnetic force and the known
and unknown parameters of the system

2 cosh (AL) cos (AL) ) 5()
cosh? (AL) + cos? (AL)

Foag (t) = EfL (1 -

47 u 6 .
H 7~ ) =L@
(=)

Comparing (2) and (13), the relationship between the experi-
mentally determined damping coefficient, b ¢, and the viscos-
ity, u, is given by
b 4z 6
< = T . 1 (Re\1sL
BT ()T
The relationship between the spring constant in (12) and the
fluid modulus is indirect, but can be calculated by solving (8)

12)

13)
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Fig. 8.  Experimental results of the post response in glycerol mixtures.
The (a) stiffness is equal to the post stiffness determined by (11), while
the (b) relationship between drag and viscosity matches closely with the
expected result from (13).

for Ey. These two relationships can then give insight into how
effective our new system is for determining material properties
and outputting the results in commonly used parameters.

IV. EXPERIMENTAL RESULTS
A. Viscous Fluids

In order to characterize the system, we first introduced
purely viscous fluids in the form of mixtures of glycerol and
air. As mentioned above, the stiffness of the post was governed
by (11). The system was first calibrated at low frequencies in
a quasi-static operation to set the ratio between the force and
the square of the current, as given in (1). The results of the
experiments can be seen in Fig. 8. The stiffness of the system
was approximately equivalent to the expected stiffness of the
post, which is due to the absence of any elastic component
to glycerol mixtures. The experimentally-determined damping
coefficient was linear, with a close approximation to the
expected trend of 0.0045 (Pa-s)~ L.

B. Viscoelastic Gels

Collagen gels were observed over time and measured as they
gelled. The stiffness and the damping coefficient were both
determined over time and can be seen in Fig. 9. As expected,
gels with a higher concentration of collagen ultimately had a
higher elasticity and viscosity. In the case of the 1 mg/mL and
3 mg/mL gels, the elasticity and the viscosity both increased
over time, while the 0.1 mg/mL gel behaved as a viscous fluid
throughout the experiment.

As discussed above and shown in Eq. 8, the stiff-
ness of the gel-post system can be used to determine the
Young’s modulus of the gel. There have been numerous

Fig. 9. Experimental results of the post response with different concentrations
of collagen gels, showing the (a) stiffness coefficient and the (b) drag
coefficient determined from the first order system. Experiments were run every
30 minutes during the gel formation.

TABLE I

EXPERIMENTAL VALUES FOR COLLAGEN GEL STIFFNESS
COMPARED TO PREVIOUS WORK

Concentration ~ Results (kPa)  Roder, et al. (kPa)
0.1 mg/mL  0.384 + 0.2
0.3 mg/mL 1.54 £ 0.507
1.0 mg/mL  3.792 + 0.1 10.7 £ 1.93
3.0 mg/mL. 9360 £+ 2.4 243 + 4.16

studies on the modulus of collagen gels, including studies
on the shear modulus [33], studies modeling gels to find the
Young’s modulus [34], [35], and studies on mixtures of
gels with cells [36] or gluteraldehyde [37]. Data on the
Young’s modulus of gels varies between studies, primarily due
to different methods of fabrication which affects the resulting
modulus [33], although Roeder et al. [35] made gels similar
to our technique, and gave a thorough analysis of the effects
of pH, strain rate, and collage concentration on the modulus.
The values found using our device are comparable to those
of the Roeder study, Table 1. Our values are generally lower,
which may be due to a shorter gelation time.

V. CONCLUSION

We have successfully built and tested a novel rheology
testing device which can be used to perform in situ testing
of fluids and gels. We provided an analysis of how the system
works and tested it against common fluids. In our device, fluids
can be tested over time without causing destructive behavior to
the fluids to determine how they behave. The device may also
find applications in biology, where continuous monitoring of
cell cultures over time can give an insight into the mechanical
responses of tissues.

This device can only be used for relatively weak gels and
fluids. The resolution of the position of the post does not
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enable measurements of the viscoelasticity in regimes where
the elasticity of the gel is high. This may be modified by
applying a higher force to the post or increasing the amount
of magnetic material in each post. Additionally, gels and fluids
must be optically transparent or translucent in order to use the
current system. Future systems may be able to make use of
magnetic sensing techniques to eliminate this limitation.

One advantage of this device over current technologies
is that it only requires small volumes in order to produce
measurements of the bulk properties of the fluid or gel. Exper-
iments in this paper were performed with 200 uL samples, and
the volume can be further reduced by changing the size of the
ring used to contain the fluid. This is particularly useful for
situations where reagents are expensive.

The small size and biocompatibility of this device will
make it useful for future studies with live cells or tissues
in situ [38], [39]. The small size of the overall device makes is
viable for studies which must be contained within an incubator
which is useful for long-term culture or assessing cells on
a continual basis. This device may be modified to provide
parallel studies of many groups of cells. The device can be
multiplexed and used for studying multiple interactions in situ.
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