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ABSTRACT 

Hydrogels have been used previously by many 
investigators as substrates for cell attachment in many 
types of cell culture. The mechanical properties of 
hydrogels as substrates influence cell morphology, 
growth, and differentiation. Hydrogels are viscoelastic 
by nature [1] and thus have both elastic and viscous 
components. The goal of the present investigation is to 
use non-intrusive methods to quantitatively determine 
the different components of the viscoelastic behavior of 
bis-acrylamide and collagen gels. Magnetic beads were 
embedded in microliter samples and a calibrated 
magnetic field was applied to the beads, causing a time 
dependent displacement. Simoultaneously, images 
were captured in ten second intervals and used for 
analysis. The Young’s modulus (E) of the gels was 
computed using established equations [2]. The loading 
and unloading behavior of the hydrogels was also 
studied and it was concluded that, even though the 
viscoelastic experiments did not reveal any specific 
viscoelastic model for the hydrogels, they still exhibited 
viscoelastic properties. 

INTRODUCTION 

A polymer gel is defined as a cross-linked, polymer 
network, with infinite viscosity, swollen in a liquid 
medium. Crosslinks in the gel may form chemically, 
which are thermo-set, or physically, which are thermo-
reversible. Hydrogels are polymer gels in which the 
solvent is water [4, 5].  

In this study, we attempt to characterize the mechanical 
properties and qualitatively evaluate the viscoelastic 
properties of polyacrylamide and collagen hydrogels. Soft 
hydrogels, which are used in this study, have been 
previously studied as substrates for tissue engineering and 
mechanical manipulation of different cell types by many 
investigators. Hydrogels are used as substrates to assist in 
stabilizing cells and provide a growth template for 
anchorage dependant cells. Alginate [13], polyacrylamide 
[2], collagen [12] and DNA cross-linked polyacrylamide 
gels [2] have been used as substrates for fibroblasts [4], 
macrophages [2], epithelial cells [2] and spinal cord 
neurons [1] among many other cell types. These 
mammalian cells are anchorage dependant and require a 
surface to attach, grow and proliferate.  

These past studies demonstrate the biocompatibility of 
bis-crosslinked gels and its flexibility as a substrate with 
easily controllable compliance. This led researchers to 
investigate the mechanical interaction between the cells 
and the underlying substrate. It was found that apart from 
the chemical and thermal cues the mechanical properties 
of the substrate also play an important role in the cell 
locomotion [4], proliferation [4], adhesion and 
differentiation [4]. 

In previous studies, researchers have used methods such 
as uniaxial compression and tension [7], macroscopic or 
microscopic indentation [2], rheology [12] and atomic 
force microscopy [2] among many others to evaluate the 
stiffness of the hydrogels. However these are limited in 
their ability to work in the presence of cells because they 
are mostly destructive in nature. Because of this, we used 
embedded magnetic beads which can be displaced in the 
presence of a strong magnetic force. Knowing the applied 
force and the displacement of the beads, closed-form 
solutions were developed to determine the elastic moduli 
of the gels [2]. Similar methodology has been used in the 
present study to qualitatively evaluate the viscoelastic 
response of two types of hydrogels; namely bis-
crosslinked polyacrylamide (PAAm) and collagen.  

RELATED WORK 

In a previous study by Dr. Noshir Langrana’s 
group, advanced biomaterials were designed to repair an 
injured spinal cord [1]. They have designed and performed 
in-vitro experiments on an implantable bi-functional 
hydrogel construct for spinal cord repair. The 
characterization of the gel confirmed its mechanical 
stiffness, as well as revealed its functionality with cell 
response. Another study was also performed which 
focused on the non-destructive measurement of elasticity 
of a new class of hydrogels named DNA-crosslinked gels 
[14]. The method of embedding beads was shown to 
correlate with the bulk elasticity properties of the small 
gels and supported the application of this method in our 
research. 

PAAm hydrogels have applications in drag reduction 
agents, thickening agents, cutting fluids, soil stabilizers, 
soaps, textiles, and enhanced oil recovery [10]. These gels 
are used in polyacrylamide gel electrophoresis (PAGE) as 
a porous supporting medium through which molecules 



migrate due to an electric field. In the medical field, the 
versatility of PAAm provides vascular applications [9, 
10], reconstructive surgery and even bone implants [11].  

Collagen gels have been widely studied previously by 
many researchers. During the remodeling of these three-
dimensional matrices, the global environment of the 
matrix, either restrained or free, determines its 
organization. If the matrix is restrained, the collagen 
fibrils become oriented in the same plane and tension 
develops within the matrix. If the matrix is free (floating), 
then no tension is developed. In compliant, floating 
collagen matrices, cells project a dendritic network of 
extensions, which resemble neuronal extensions that 
respond to stimulation [14]. 

ELASTICITY BACKGROUND 

In this research, a force was applied to a magnetic bead, 
which caused deformation in the gel. Force is defined as a 
push or pull that causes an object to accelerate, which 
causes stress on the material. Stress is the measurement of 
average force (F) or load exerted per unit area (A) and 
given by equation (1).  

      (1) 

There are various types of stresses such as compressive, 
tensile, shear, bending and torsion. Compressive stress is 
applied to the cross-sectional area of the sample resulting 
in compaction, whereas tension elongates them. These 
stresses are found in our research as the steel bead moves 
within the gel, causing the material around it to compress 
or elongate. Shear is a stress applied tangentially to the 
plane of materials in opposing directions.  

Strain is the measure of the deformation of materials due 
to the applied stress. This is calculated as the ratio of the 
change in length to the original length and given by 
equation (2)  

�  =       (2) 

Young’s modulus is a measure of the elasticity of a 
material and is defined as the ratio of stress and strain. For 
a spherical bead embedded in infinite space the elastic 
modulus was previously derived by Lin et. al. [reference 
10] and given by equation (3).  

� � � � (3) 

The elastic deformation exhibited in the hydrogels is one 
in which the material recovers quickly (or returns to its 
initial stage) upon removal of the stress. This linear 
behavior is present up to the yield limit [7]. Upon reaching 
the yield limit, the material tears, permanently deforming 
the sample. 

Another type of deformation is plastic deformation. The 
material, after a load is applied, will not revert back to its 
original position. At the yield limit, the sample will not 
revert back to its original position, but rather remain 
deformed.  

In the present study the mechanical properties of 
hydrogels were studied to determine their viscoelastic 
behavior. Viscoelastic materials exhibit both viscous and 
elastic properties when deformed. Viscous materials resist 
shear flow and strain linearly with time, whereas elastic 
materials do not. In viscoelastic materials, energy is lost 
when a load is applied. 

There are two viscoelastic models that could be used to 
describe the nature of these hydrogels: the Maxwell model 
and the Voigt model. A material that follows the Maxwell 
model will have a sudden displacement with the 
application of load, and then gradually creep as the load 
remains constant. A gel that follows the Voigt model, on 
the other hand, will not have a sudden deformation upon 
an increase of load.  

 

Figure 1. (a) Maxwell Model. There is a sudden 
deformation as soon as the load is applied and then 
gradually creeps with constant force. (b) Voigt Model. 
The deformation increases steadily with application of 
load [reproduced from Y.C Fung 11]. 



 

Figure 2. Representation of the Maxwell and Voigt 
models of viscoelasticity. In Maxwell model, the dashpot 
and the spring are connected in series, while in the Voigt 
model they are connected in parallel [reproduced from 
Y.C Fung 11]. 

METHODS 

a) Polyacrylamide gel preparation: 200 µl 
polyacrylamide gels were prepared in micro-centrifuge 
tubes with acrylamide/bis-acrylamide stock solution (40% 
W/V 37.5:1 Acrylamide/Bis-Acrylamide mixture, 
Sigma.). The polymerization is induced by 5% of initiator 
ammonium persulfate (APS) and catalyst N, N, N’, N’-
tetramethylenthylene diamine (TEMED) with 1:5 dilution. 
Two gels each with concentrations of 3% and 4% were 
prepared. The concentration represents the percentage of 
bis-acrylamide solution in the gel mixture. 

b) Collagen gel preparation: Type I collagen gels were 
prepared by mixing 20 µl of 1M Hepes buffer, 140 µl of 
0.1N Sodium hydroxide, 100 µl of 10X PBS, 60 µl of PBS 
(Invitrogen, Carlsbad, CA) and 677µl of 3.0 mg/ml 
collagen (Elastin Products Company, Owensville, MO) to 
make a 2.0 mg/ml collagen solution. 200 µl of needles in 
water is finally added to this solution. The collagen 
solution self-assembles into a gel upon incubation at 37 
ºC. 200 µl of this gel is then transferred into a micro-
centrifuge tube for doing the viscoelasticity experiments. 
 
c) Experimental Procedure: 800 micron diameter steel 
beads (Small Parts Inc, Miramar, FL) were suspended in 
the center of the micro-centrifuge tube containing the 
hydrogel. The stiffness of the gels is calculated by 
applying a calibrated force to the steel bead and measuring 
the displacement of the bead using a USB CCD camera. 
Figure 3 shows the experimental set up. The magnet is 
placed as close as possible to the tube to allow for 
maximum force to be applied. 
 

As we move away from the magnet the force acting on the 
bead decreases. The force applied on the bead at different 
distances was calculated by the falling bead method. In 
brief, the steel bead is placed in a tube containing water 
and the magnet is placed on top of the tube. The current 
supplied to the electromagnet is decreased to the point 
where the bead falls owing to gravity. At that particular 
distance and voltage, the force applied by the magnet is 
equal to the buoyant weight of the bead. This procedure is 
repeated for different distances and a calibration curve is 
developed as shown in Figure 4. ImageJ (US National 
Institutes of Health, Bethesda, Maryland, USA) software 
was used to analyze the images taken by the CCD camera.  
 
 

 
Figure 3. Experimental set up showing the magnet and the 
micro-centrifuge tube containing the gel with the bead 
embedded in it. A CCD camera captures the displacement 
of the bead when a force is applied by the magnet. 
 

 
Figure 4. Calibration curve showing the change of the 
constant of proportionality, a(x), relating the force 
applied by magnet to the voltage supplied to magnet with 
respect to the distance of the bead from the magnet 
 



For determining the viscoelastic behavior, similar 
procedure as described above was used, the difference 
being the introduction of time factor for viscoelastic 
calculations. Images were taken in intervals of 10 seconds 
for 2 minutes after applying the force. The displacement 
of the bead at the end of each of the 10 seconds was 
measured. An effort was made to observe the change in 
displacement over a period of time when a constant force 
was applied, and to fit this data to the existing viscoelastic 
models. 
 
In addition, the unloading pattern was also determined by 
reducing the force acting on the bead in similar intervals 
of 10 seconds over a period of 2 minutes. The loading and 
the unloading patterns were also compared to determine if 
the samples demonstrate viscoelastic behavior. 

RESULTS 

Table 1 shows the elastic moduli of the 3% and 4% 
PAAm gels and the collagen gels utilized in the present 
work. 2 samples of each gel were used. The displacement 
of the embedded beads upon application of a magnetic 
force was calculated in each case at the end of 2 minutes. 

Table 1. Elastic moduli of PAAm and collagen hydrogels. 

As can be seen from the table, the stiffness of the PAAm 
gels increases with the increase in the concentration of the 
crosslinker. The elasticity of the collagen falls between the 
3% and 4% PAAm gels. 

In Figure 5, the displacement-time and force-time graphs 
of a 4% PAAm gel depict the viscoelastic behavior. 
Visually, there is a steep slope for the initial 120 seconds, 
followed by significantly decreased slopes for the rest of 
the 600-second experiment. Analyzing the data presented 
in the following graphs allows researchers to graphically 
compare data to theorized viscoelastic behaviors, such as 
Maxwell’ and Voigt’s models. 

 

�
Figure 5. One sample of 4% PAAm exhibited the accepted 
behavior of the Maxwell model of viscoelasticity.  

�
Figure 5. One of the samples of the 4% PAAm exhibited 
the properties of a Maxwell body.  
 

�
Figure 6. Loading and unloading behavior of a collagen 
gel sample. The blue line represents the loading while red 
represents the unloading. As can be seen not all the 
energy is conserved, suggesting the viscoelastic behavior 
of the gels 
 
As shown above, the displacement during the loading and 
unloading of magnetic force caused the bead to follow 
different paths. The area between the between the loading 
and unloading lines is referred to as the hysteresis loop 
[12] and indicates the amount of energy lost (as heat) 
during the cycle. 
 

Gel # Samples Avg. E (Pa) 
3% PAAm 2 324.47 
4% PAAm 2 6843.66 
Collagen 2 890.07 



DISCUSSION  

Hydrogels have been used as substrates for cell culture of 
anchorage based cells like fibroblasts, neurons and stem 
cells by many investigators in the past [13]. The growth, 
proliferation and the differentiation of these cells rests 
largely on the mechanical properties of the underlying 
substrate. The present study focuses on obtaining the 
Young’s moduli of such hydrogels using non-destructive 
methods and to qualitatively analyze the viscoelastic 
behavior of the gels. 
 
A method previously developed by the Langrana group 
[14] in which spherical beads embedded in hydrogels are 
displaced by a calibrated magnetic force, was utilized. 
After analyzing the six samples employed in this study, 
we found that one of the samples exhibited the 
characteristics of a Maxwell body. When a force was 
applied to the beads inside the gel and then kept constant, 
the displacement of the bead suddenly jumped from zero 
and then gradually increased with time in a linear fashion. 
Each of the remaining samples initially had a sudden jump 
in the displacement, but then the displacement remained 
constant with time, and creep within the gel was not 
measurable. The techniques used to measure the 
displacements and the resolution of the camera can be one 
of the reasons for not being able to measure sufficient 
displacement over a period of time. The resolution of the 
CCD camera was 0.15 pixels per micron which was 
sufficient to measure the micron displacements when the 
force was increased, but may not be small enough to 
measure the displacements over a period of time under 
constant force application. Although the remaining 
samples did not demonstrate this trend, a loading-
unloading graph showed that the energy was not fully 
conserved and some of it was lost as viscous losses. Along 
with this, the camera was not entirely stable during the 
experiment, (which was later corrected) and the image 
analysis proved difficult. The elastic moduli obtained in 
this study agreed well with the values obtained previously 
by other researchers [13]. 
 
One of the samples utilized was too soft, which caused a 
tear in the gel when the force was applied. Consistency in 
the gel preparation also becomes an issue but can be 
eliminated by careful pipetting. The positioning of the 
bead is another factor which might effect the calculations 
of the elastic modulus and the viscous properties of the 
gel. If the bead is positioned too close to the magnet, a 
small increase in the force can cause a tear in the gel, 
while if the bead is too far away, the force applied may 
not be sufficient to provide a measurable displacement in 
the bead. So the bead should be placed at an optimum 

distance, preferably at the center of the micro-centrifuge 
tube.  
 
CONCLUSIONS  

In this investigation two types of gels namely, bis-
crosslinked polyacrylamide and collagen, were utilized 
and an effort has been made to obtain their elastic 
modulus and a qualitative analysis of their viscoelastic 
behavior. The elastic moduli of the hydrogels were 
obtained successfully and the results compared well with 
the existing data. All the samples also demonstrated 
viscoelastic behavior, although the exact viscoelastic 
model could not be evaluated in this short study. We were 
able to fit one of the samples to the Maxwell viscoelastic 
model while the other five samples did not exhibit a 
change in displacement over time under a constant load. 
The loading/unloading patterns of the hydrogels was also 
studied which demonstrated the viscoelastic behavior of 
the gels.  
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