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Abstract This paper presents a method for determining

the elastic modulus of human osteosarcoma (HOS) cells.

The method involves a combination of shear assay ex-

periments and finite element analysis. Following in-situ

observations of cell deformation during shear assay experi-

ments, a digital image correlation (DIC) technique was used

to determine the local displacement and strain fields. Finite

element analysis was then used to determine the Young’s

moduli of HOS cells. This involved a match of the max-

imum shear stresses estimated from the experimental shear

assay measurements and those calculated from finite element

simulations.

1 Introduction

The understanding the biological responses of bone cells to

mechanical loading has been a subject of interest in bioengi-

neering and sciences [1–3]. One of the major mechanical

stimuli that bone cells (osteoblasts and osteocytes) respond to

is the deformation-generated fluid shear stress exerted by the

insterstitial fluid flow through the lacunar/canalicular spaces

[1, 3]. Shear assay experiments using a parallel-plate flow

chamber have been used to study the in vitro behavior of

osteoblast-like cells subjected to shear flow [1–6]. Prior stud-
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ies have used the shear assay technique to explore fluid flow

shear stress-induced deformation [4], biochemical changes

[2], cell proliferation and differentiation [1, 5]. However, we

are unaware of any prior experimental shear assay studies

trying to relate the discrete nature of cell deformation to cell

elastic properties.

The characterization of bone cell mechanical properties,

especially their deformability, are crucial in the understand-

ing and simulation of the bone adaption to mechanical stimuli

[7]. The deformability of cells can be quantified by an effec-

tive elastic modulus. This is determined largely by the cell

cytoskeleton, which consists largely of networks of micro-

tubules, actin and intermediate filaments [8, 9]. The mechan-

ical deformation of bone cells subject to a fluid flow shear

stress is determined by the cell mechanical properties. It is

also worthwhile to explore an inverse approach, in which the

effective elastic modulus of bone cells can be determined

using the deformation contour obtained in a shear assay ex-

periment.

In this paper, the effective elastic moduli of human

osteosarcoma (HOS) cells were determined using a combina-

tion of shear assay experiments and finite element analysis.

Following an experimental study in which an in situ digi-

tal camera was used to examine cell deformation in shear

assay experiments, the digital image correlation (DIC) tech-

nique [10] was used to determine the displacement and strain

fields associated with the captured images. Finite element

modeling was then used to determine the cell mechanical

properties. The modeling involved the matching of the wall

shear stresses, which were estimated from the shear assay

experimental measurements and the shear stresses calculated

from finite element simulations. The resulting average elastic

moduli were in good agreement with recent results reported

by Shin and Athanasiou [11] for osteoblasts.
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2 Experimental methods

2.1 Cell culture

Human osteosarcoma (HOS) cells (cultured from a frozen

cell line obtained from ATCC, Manassas, VA) were cultured

in 25 cm2 medium-filled flasks (Becton-Dickinson, Franklin

Lakes, NJ). The cells were kept in an incubator containing

5% CO2, 95% air, saturated humidity, and held at a con-

stant temperature of 37◦C. A Dulbeccos Modified Eagle’s

Medium (DMEM) supplemented with 10% Fetal Bovine

Serum (FBS) and 1% penicillin/streptomycin/amphotericin

B was used as the cell culture medium (Quality Biological,

Gaithersburg, MD). At confluence, the cells were harvested

using 0.25% trypsin (sub-cultured by splitting). The cells

were then seeded on polished Ti-6Al-4V ELI (Titanium In-

dustries, Parsippany, NJ) substrates contained in polystyrene

dishes. Afterwards, the cells were placed in an incubator

for 48 h, before performing the shear assay experiments. The

cells were seeded initially in serum free Dulbecco’s Modified

Eagle’s Medium (DMEM−). This allowed the cells to attach

to the surface without the presence of artificial proteins that

are usually found in the cell media. After two hours, the media

was replaced with DMEM, supplemented with 10% Fetal

Bovine Serum and 1% penicillin/streptomycin/amphotericin

B (DMEM+). This DMEM+ contained nutrients required for

the cells to live for longer than two hours.

2.2 Shear assay experiments

A shear assay system was used to measure the interfa-

cial shear strength. This involved a laminar flow of a vis-

cous fluid through a parallel plate flow chamber. An in-

situ optical microscope was used to observe individual cells

being deformed under shear flow. The shear assay exper-

imental set-up and flow chamber are shown in Fig. 1.

The parallel plate flow chamber (Glycotech Corporation,

Rockville, MD) was designed to work on polystyrene dishes

that have a 35.0 mm inner diameter. The apparatus has

an outer diameter of 33.5 mm. The flow chamber dimen-

sions are determined by the size of the gasket used. The

gasket used in the present study had a chamber measur-

ing 2.5 mm width × 20.5 mm length × 0.254 mm height.

The gasket was attached to the substrate by a vacuum

seal.

Parallel Plate Flow Chamber  

Image Acquisition System 
  

Pump

Hot Water Bath

Microscope

(a)

Flow-Out 

Gaske
Substrate

Shear Apparatus 

Flow-In 

(b)

Fig. 1 (a) Shear assay

experimental setup and flow

chamber; (b) Cross-section of

shear assay setup
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Fig. 2 Typical image sequences

captured after the onset of flow

during an shear assay

experiment with the calculated

wall shear stress of 70 Pa.

(a) t = 0 s; (b) t = 1.19 s;

(c) t = 2.38 s; (d) t = 3.57 s;

(e) t = 3.64 s; (f) t = 3.85 s

A viscous flow medium of 60% methyl cellulose and 40%

DMEM− (viscosity = 3.34 × 10−2 kg/ms) was used. This

kept the flow rates (25 mL/hr to 500 mL/hr) and the Reynolds

number to a minimum, thus permitting laminar flow. The im-

ages were captured using a CCD video camera, and a desktop

computer. Typical image sequences captured during a shear

assay experiment are shown in Fig. 2. The wall shear stress

at the wall of the flow chamber τwall was determined from [6,

12, 13]:

τwall = 6μQ

wh2
(1)

where Q represents the volumetric flow rate, μ represents

the media viscosity, w and h are the width and height of the

chamber, respectively.

3 Modeling

3.1 Digital image correlation technique

Digital Image Correlation (DIC) [10] can be effectively uti-

lized to characterize the cell deformation pattern by sequen-

tial correlating the images recorded during the shear assay

test. The cell can be clearly distinguished at the center of

the images (Fig. 3). It is shown as a semi-transparent region

filled with dark and bright dots. These speckles provide the

necessary image texture for a successful image correlation

using a Global Digital Image Correlation (GDIC) approach.

In this technique a Lagrangian tracking of the material is

enforced by following a virtually over-imposed mesh on the

region of interest (in this case the cell) between two sub-

sequent images. The deformation mapping between these
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Fig. 3 Mesh superimposed on cell images. (a) The first undeformed cell and mesh; (b) Because one triangle element has been shrunk dramatically,

a new mesh (red) was generated within the boundary; (c) The final image and computed mesh

two images is obtained by a multi-variable minimization

which conducted on a constrained system determined by the

mesh.

The initial triangular mesh, which tiles the entire cell, is

shown in Fig. 3(a). Due to the severe deformations experi-

enced by the cell during the assay test, a remeshing step is

required to preserve the mesh quality and thus avoiding the

associate problems of accuracy loss and lack of convergence.

The remeshing step is indicated in Fig. 3(b). The final defor-

mation state for which the stress state is computed is shown

in Fig. 3(c). It should be noted that GDIC presents some ad-

vantages over the conventional or local DIC for this case.

Mostly due to the fact that the fuzzy cell boundary makes

one small portion of boundary on a local correlation window

often indistinguishable from the others.

3.2 Finite element analysis

A finite element model was used to calculate the defor-

mation and stress states of the cell. Cell deformation was

analyzed using prior described digital image correlation

technique. The DIC analysis was used to analyze the in-situ

image sequences that were recorded during the shear assay

experiments.
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Fig. 4 The obtained displacement fields using the digital image correlation technique for the cell images captured in the shear assay experiment.

The superimposed mesh is shown in (a); the deformation contours shown in (b), (c) and (d) are for t = 1.19 s, 2.38 s; and t = 3.57 s, respectively

The element strain vector ε was calculated using the ele-

ment local nodal displacements û through:

ε = Bû (2)

where B is the strain-displacement matrix [14]. The element

stress vector τ was then calculated through:

τ = Cε (3)

where C is the material elasticity matrix which is only de-

pendent on the elastic modulus E and Poisson’s ratio ν for

isotropic elasticity [14], which was assumed in the current

study. Then finite element modeling [14] of the object leads

to:

KU = F (4)

where U and F are the vectors of nodal displacements and

applied force, respectively; K is the stiffness matrix of the

element assemblage, which is given by:

K =
∑

m

K(m) =
∑

m

∫
V (m)

B(m)TC(m)B(m)dV (m) (5)

Therefore, the stress distribution in cells subjected to shear

deformation can be obtained using finite element simulations,

when the material elasticity matrix C is given. The maxi-

mum shear stress at the onset of cell detachment can then be

considered as a measure of interfacial strengths. This is usu-

ally around three times the wall shear stress [6, 12, 13, 15].

Hence, the effective Young’s modulus of the cell can be es-

timated by matching the calculated maximum shear stress to

three times of the measured wall shear stress. The ABAQUS

(HKS Inc., Pawtucket, RI) software package was used to

implement the finite element model. Triangular plane stress

elements were used. The cells were assumed to be isotropic,

linear elastic, and near incompressible [6, 7, 16]. The mea-

sured displacement fields obtained using the DIC technique,

were prescribed as displacement boundaries in the simula-

tions. Large displacement theory was used in the simulation

Springer



108 J Mater Sci: Mater Med (2007) 18:103–109

to fully account for the geometric nonlinearities in cell de-

formation, as in Ref. [6].

4 Results and discussion

The image sequences captured during a shear assay experi-

ment (Fig. 2) show that the cell deformed in response to the

applied shear flow, and finally, peeled off from the substrate

and flipped over. The wall shear stress was calculated to be

70 Pa. Although the cell experienced significant deformation,

when subjected to shear flow for several seconds, the initial

deformation within the first second was not very significant.

The superimposed mesh for the plotting the DIC analy-

sis results, and later the finite element analysis, is shown in

Fig. 4(a). The displacement fields obtained using the DIC

technique are shown in Figs. 4(b)–(d). These correspond

to the deformed digital images shown in Figs. 2(b)–(d), re-

spectively. When the cell was subjected to initial shear flow

(t = 1.19 s, Fig. 2(b)), there were some regions (A, B, C, and

D) in which the displacements were very small (with mag-

nitudes of ∼100 nm). Such regions correspond to the focal

adhesion (FA) sites [17].

However, the attachment of these focal point adhesions

was weakened during the shear assay procedure, since

the overall displacement increased with increasing time

Figs. 4(b)–(d). Note that the attachment of these focal ad-

hesion sites was not weakened uniformly, since the regions

with smallest displacements gradually changed from region

A, B, C, D at t = 1.19 sec, to region A, C, D, E at t = 3.57

sec (Figs. 4(b)–(d)). This may indicate the immobility of re-

gion B was weakened more than that in regions A, C and D,

and region E was the least weakened. At t = 3.57 sec, the

rear edge of the cell (region B) exhibited greater displacement

with respect to the front edge (region E). This is consistent to

prior cell motility studies in Ref. [18], in which higher mo-

bility was observed at the rear edge, compared to the front

edge subjected to shear flow. These cell responses to shear

flow are actually associated with changes in the cytoskeleton

that may include actin microfilament depolymerization and

stress fiber alignment [17, 18]. Since cell elasticity is largely

determined by the cytoskeleton [8], we will only focus on

the initial deformation of the cell subjected to the shear flow,

in which the change of cell cytoskeleton can be assumed to

be small.

We only focus on the first second after the onset of the

flow, which is much less than the cell relaxation time (above

60 sec) [19]. Although biological cells are essentially vis-

coelastic [8, 9], the cell should behave elastically in this early

deformation regime.

The shear stress distribution in the cell is presented in

Fig. 5. The maximum shear stress occurred at the rear edge

of the cell, but close to the focal adhesion site A. Figure 6

Fig. 5 The shear stress distribution of a cell subject to shear flow

(τwall = 70 Pa, E = 3 kPa, ν = 0.4)
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Fig. 6 The maximum shear stress calculated within the cell versus the

Poisson’s ratio for different cell moduli

shows the maximum shear stress calculated within the cell.

This is plotted against the Poisson’s ratio for different cell

moduli. The results suggest that the Poisson’s ratio does

not have a significant effect on the maximum shear stress.

This is true for Poisson’s ratios close to the incompressibil-

ity condition, which is typical of most biological cells [6, 7,

16]. Furthermore, as the cell modulus increased, the maxi-

mum shear stress increased significantly. Also, the calculated

maximum shear stresses were comparable to those reported

in prior studies [6, 12, 13, 15], in which the maximum shear

stresses were around three times the wall shear stresses. Con-

sidering that the applied wall shear stress is 70 Pa, the HOS

cell effective modulus can be estimated to be 2–3 kPa. This

is comparable to the effective modulus of 2 kPa measured

for MG63 osteoblast-like cells in Ref. [11].

5 Conclusions

This paper presents a shear assay method for determining the

elastic modulus of human osteosarcoma cells. The method

involves digital image correlation and finite element analysis.

The cell focal adhesions (along the cell front and rear edges)

were found to change when the cell was subjected to shear
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flow. An effective Young’s modulus of 2–3 kPa was obtained

from the combination of shear assay experiments and finite

element simulations. This is in good agreement with prior

results from osteoblask like MG63 cells, which have been

shown to have Young’s moduli of 2.05 ± 0.89 kPa.
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