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This invention belongs to the technical field of cell mechan 
ics and provides a modified method to fit cell elastic modu 
lus based on Sneddon model . The process of the conical 
atomic force microscope probe compressing into the cell 
was simulated by ABAQUS . The simulation results are 
compared with the Sneddon model to get the error caused by 
Sneddon model . The fitting errors of Sneddon model under 
different circumstances were obtained by using the method 
of function fitting , so as to realize the modification of 
Sneddon model to fit cell elastic modulus . As a modified 
method to fit cell elastic modulus based on Sneddon model , 
it can be used to measure the elastic modulus of cells more 
accurately . The design process is convenient and fast . The 
design method is easy to master , and the process of use is 
convenient and simple . 
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MODIFIED METHOD TO FIT CELL 
ELASTIC MODULUS BASED ON SNEDDON 

MODEL 

TECHNICAL FIELD 

[ 0001 ] The invention belongs to the technical field of cell 
mechanics , and especially relates to the use of atomic force 
microscope ( AFM ) to measure the elastic modulus of cells . 
The modified method to fit cell elastic modulus based on 
Sneddon model can be used to extract the elastic modulus of 
cells more accurately . 

between the conical AFM probe and the cell increase with 
the increase of external force , which is a problem of non 
linear contact and large deformation . As ABAQUS has 
powerful mechanical simulation capabilities to solve com 
plex nonlinear problems , ABAQUS was chosen to simulate 
the compression process of the conical AFM probe into the 
cell . 
[ 0007 ] The invention uses ABACUS to simulate the pro 
cess of compressing a conical AFM probe into cells , and 
considers the influence of the curvature radius of conical 
AFM probe , half angle of the cone and the compression 
depth of the probe on the elastic modulus , and simulates the 
relationship between the force P and the compression depth 
d , so as to obtain the error generated by the Sneddon model 
fitting . Finally , through numerical fitting , the function 
among error and the geometry parameters of the conical 
AFM probe and the compression depth is obtained , and a 
modified formula is proposed , which can more accurately 
characterize the elastic modulus of cells . 

BACKGROUND 

SUMMARY OF THE INVENTION 

[ 0002 ] The elastic modulus of cells changes significantly 
during cell growth , development , maturation , proliferation , 
senescence , death and pathological changes . For example , 
the elastic modulus and viscoelasticity of healthy red blood 
cells is much greater than that of patients with sickle cell 
anemia . The elastic modulus of healthy breast cells is more 
than twice that of breast cancer cells , and the elastic modulus 
of benign breast tumor cells is 1.4-1.8 folds that of malignant 
breast cancer cells . The accurate measurement of the elastic 
modulus of cells is of significant importance for the devel 
opment of cell mechanics , and the research and development 
of new methods for disease diagnosis and treatment based 
on mechanical principles . 
[ 0003 ] When conical AFM probes are used to measure the 
elastic modulus of cells , Sneddon model is widely used for 
fitting the result . The formula of Sneddon model is 
expressed as : 

2 
P = -d ? ( 1 ) E 

tana 
- 04 ? 

[ 0004 ] Where , P is the force applied in the normal direc 
tion , a is the half angle of the rigid conical tip , d is the depth 
of the rigid conical tip compressed into the elastic half space , 
E is the elastic modulus of the elastic half space , and v is the 
Poisson's ratio of the elastic half space . When AFM was 
used to measure the elastic modulus of cells , the relationship 
curve between normal force P and compression depth d was 
obtained , and then the Sneddon model was used to fit the 
curve with the standard least square method to obtain the 
elastic modulus of cells . 
[ 0005 ] However , there are two important assumptions in 
Sneddon model : ( 1 ) The contact deformation must be small . 
( 2 ) The curvature radius of the rigid tip of the probe is 0. In 
practical experiments , AFM probes are usually compressed 
into cells at depths ranging from tens to hundreds of nano 
meters , which cannot be considered as small deformations 
compared to the thickness of several microns of adherent 
cells . In addition , due to the limitation of machining accu 
racy , the curvature radius of AFM probe tip can not be 0 , 
which is generally 20-60 nm . The above inconsistency 
between experiment and the hypothesis of Sneddon model 
means there will be significant errors when the Sneddon 
model is used to fit experimental data , which will make the 
obtained elastic modulus deviate from the eigenvalue , pre 
senting a great challenge for accurate measurement of the 
elastic modulus of cells . 
[ 0006 ] When the conical AFM probe is under the action of 
normal force , the contact area and compression depth 

[ 0008 ] The invention provides a modified method to fit 
cell elastic modulus based on Sneddon model . ABAQUS is 
used to simulate the process of the conical AFM probe being 
compressed into the cell . The simulation results are com 
pared with the Sneddon model , and the errors generated by 
Sneddon model are obtained . The fitting errors of Sneddon 
model under different circumstances are obtained by the 
method of function fitting , so as to realize the modification 
of Sneddon model to fit cell elastic modulus . 
[ 0009 ] The technical solution of the invention : 
[ 0010 ] Amodified method to fit cell elastic modulus based 
on Sneddon model include the following steps : 
[ 0011 ] 1. The design of shape parameters of the conical 
AFM probe 
[ 0012 ] Axisymmetric models of cells and conical AFM 
probes are established in ABAQUS . The cells are set as 
deformable elastomers with the elastic modulus of 5 kPa and 
a Poisson's ratio of 0.3 . The conical AFM probes are set as 
rigid body . The shape parameters of the conical AFM probe 
are set by changing the half angle of the cone a and the 
curvature radius of the cone at the tip r , where the half angle 
of the cone is selected from 200 ~ 60 ° , and the curvature 
radius of the cone at the tip is selected from 20 nm ~ 60 nm . 
[ 0013 ] 2. The finite element simulation analysis of the 
cells and the models of conical AFM probes with different 
shapes that designed in the first step 
[ 0014 ] 2.1 Simulation of the relationship between the 
normal force of a conical AFM probe and the compression 
depth 
[ 0015 ] When the conical AFM probe is under normal 
force , the contact area and compression depth of the conical 
AFM probe increase with the increase of external force , 
which is a problem of nonlinear contact and large deforma 
tion . ALE ( Arbitrary Lagrangian Eulerian ) method in 
ABAQUS is used to simulate the cell deformation under 
external force . The contact is set as surface to surface 
contact . The master surface is the side on which the conical 
AFM probe contacts with the cell , and the slave surface is 
the upper surface of the cell . The grid convergence is 
analyzed , and then the grid size is determined for calcula 
tion . The relationship between the normal force and dis 
placement of the conical AFM probe is extracted . 
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[ 0016 ] 2.2 The error analysis of the simulation results and 
Sneddon model 
[ 0017 ] The relative error can effectively demonstrate the 
deviation degree between the Sneddon model fitting results 
and the ABAQUS simulation results . The normal force of 
the conical AFM probe obtained from 2.1 is compared with 
the results of Sneddon model at the same compression depth 
and substituted into the following equation : 

PVA hydrogel and human osteosarcoma cells verify the 
accuracy of the fitting function obtained in the third step . 
[ 0023 ] Beneficial effects of the invention : This invention 
provides a modified method to fit cell elastic modulus based 
on Sneddon model . Using ABAQUS , which can solve 
complex nonlinear problems , the compression process of 
AFM probe into cells is simulated by finite element method , 
and the mesh convergence is analyzed . By changing the 
shape parameters of the conical AFM probe ( curvature 
radius of the cone at the tip and half angle of cone ) and the 
compression depth , the relative errors generated by Sneddon 
model fitting are calculated when the cone of different 
shapes are pressed into different depths . The error in fitting 
the elastic modulus of cells using Sneddon model is obtained 
by means of function fitting . The modified Sneddon model 
can be used to measure the elastic modulus of cells more 
accurately . The design process is convenient and fast and the 
design method is easy to master . And the process of use is 
convenient and simple . 

( 2 ) = P - PS 
PS 

2 S 

DESCRIPTION OF DRAWINGS 

[ 0018 ] The relative error in elastic modulus based on 
Sneddon model fitting is calculated . Where , d is the relative 
error in the elastic modulus of the cell based on the Sneddon 
model fitting , P is the normal force exerted on the conical 
AFM probe simulated by ABAQUS , and P , is the normal 
force exerted on the conical AFM probe calculated by 
Sneddon model . Because there exists the first order rela 
tionship between the normal force of the conical AFM probe 
and the elastic modulus of the cell in the formula of Sneddon 
model , the relative error of the normal force is equal to the 
relative error of the elastic modulus . 
[ 0019 ] 3 The function fitting of the relative error calcu 
lated in the second step 
[ 0020 ] The relative error of the conical AFM probe with 
sufficient shape parameters calculated in the second step are 
fitted as a function . During data consolidation , it is found the 
relative errors have the linear relationship with the ratio 
between the curvature radius of the cone at the tip and the 
compression depth r / d . The relative error should also be a 
dimensionless quantity . Considering these two points and 
the simplicity of the result of the fitting formula , the relative 
error d is fitted in the form of polynomial functions of r / d and 
a rather than in the form of Fourier series . The highest 
exponent of r / d in the polynomial is 1 . 
[ 0021 ] Experimental Verification of the Fitting Function 
Obtained Above : 
[ 0022 ] First of all , the Sneddon model is modified by the 
fitting function of relative error obtained in the third step to 
get the modified formula . Secondly , the force displacement 
curves of human osteosarcoma cells ( MG63 ) are measured 
using AFM probes with two shape parameters . The Sneddon 
model and the modified formula are used to fit the elastic 
modulus of the cells . By comparison , it is found that the 
elastic modulus fitted by Sneddon model increases greatly 
with the decrease of the compression depth , while the elastic 
modulus fitted by the modified formula changes marginally 
with the change of the compression depth . Then , the force 
displacement curves of polyvinyl alcohol ( PVA ) hydrogels 
are tested with AFM probes of two shapes . Sneddon model 
and modified formula are used to fit the elastic modulus of 
hydrogels , and then compared with the macroscopic elastic 
modulus of hydrogels obtained from macroscopic compres 
sion test on universal testing machine . By comparison , it is 
found that there is an error between the elastic modulus fitted 
by Sneddon model and the elastic modulus obtained by 
macro testing , and the error is larger with the smaller 
compression depth . However , the elastic modulus fitted by 
the modified formula agrees well with the elastic modulus 
obtained by macro testing , and the error has no obvious 
change with compression depth . The above experiments on 

[ 0024 ] FIG . 1 The design flow chart of the modified 
method to fit cell elastic modulus based on Sneddon model 
in the technical implementation scheme . 
[ 0025 ] FIG . 2 The numerical simulation process diagram . 
( a ) the deformation solution model established in ABACUS , 
( b ) the deformation contour of cell , ( c ) the change of the 
normal force of the conical AFM probe with the compres 
sion depth , ( d ) the comparison of the simulation results and 
the Sneddon model fitting results . 
[ 0026 ] FIG . 3 The relative error of the elastic modulus of 
cells fitted by Sneddon model when changing the curvature 
radius of the cone at the tip and compression depth of 
conical AFM probe with fixed half angle . 
[ 0027 ] FIG . 4 When r / d is taken as the abscissa , the 
relation between r / d and relative error d is approximately 
linear . 

[ 0028 ] FIG . 5 Polynomial function is used to fitted the 
errors which will occur when Sneddon model is used to fit 
the elastic modulus of cells . The probes with different shape 
parameters are pressed into different depths . 
[ 0029 ] FIG . 6 The verification of the modified model used 
in the elastic modulus test of human osteosarcoma cells . The 
force displacement curves of human osteosarcoma cells 
tested by AFM probe are fitted by Sneddon model and 
modified model , respectively , then the fitting results of the 
two formulas are compared . 
[ 0030 ] FIG . 7 The validation of the modified model in the 
elastic modulus test of PVA hydrogels . Sneddon model and 
the modified model are used to fit the force displacement 
curves of PVA hydrogel tested by AFM probe and the fitting 
results are compared with the macroscopic results obtained 
by the macroscopic compression test . ( a ) Comparison with 
the absolute value of the elastic modulus of hydrogels , 
where the shaded part is the elastic modulus obtained from 
the macro test . ( b ) Comparison with the relative ratios of 
elastic modulus of hydrogels where the relative ratio of the 
elastic modulus of the hydrogel is the elastic modulus 
measured by the AFM divided by the elastic modulus 
measured by the macroscopic test . 
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DETAILED DESCRIPTION 

[ 0031 ] The specific embodiments of the present invention 
will be further described below in conjunction with the 
drawings and technical solutions . 
[ 0032 ] FIG . 2 shows the numerical simulation process 
diagram , wherein ( a ) shows the deformation solution model 
established in ABAQUS , ( b ) shows the deformation contour 
of cell , ( c ) shows the change of the normal force of the 
conical AFM probe with the compression depth , and ( d ) 
shows the comparison between the simulation results and 
the fitted results of Sneddon model . FIG . 3 shows the 
relative error of the elastic modulus of cells fitted by 
Sneddon model when changing the curvature radius of the 
cone at the tip and compression depth of conical AFM probe 
with fixed half angle . FIG . 4 shows : when rd is taken as the 
abscissa , the relation between r / d and relative error is 
approximately linear . FIG . 5 shows that polynomial function 
is used to fitted the errors which will occur when Sneddon 
model is used to fit the elastic modulus of cells . The probes 
with different shape parameters are pressed into different 
depths . Where , P is the normal force of the AFM probe , a is 
the half angle of the AFM probe , r is the curvature radius of 
the AFM probe at the tip , and d is the compression depth of 
the AFM probe . d is the relative error between the cell elastic 
modulus fitted by Sneddon model and the simulation results . 
FIG . 6 shows the verification of the modified model used in 
the elastic modulus test of human osteosarcoma cells . The 
force displacement curves of human osteosarcoma cells 
tested by AFM probe are fitted by Sneddon model and 
modified model , respectively , then the fitting results of the 
two formulas are compared . FIG . 7 shows the validation of 
the modified model in the elastic modulus test of PVA 
hydrogels . Sneddon model and the modified model are used 
to fit the force displacement curves of PVA hydrogel tested 
by AFM probe and the fitting results are compared with the 
macroscopic results obtained by the macroscopic compres 
sion test . ( a ) Comparison with the absolute value of the 
elastic modulus of hydrogels , where the shaded part is the 
elastic modulus obtained from the macro test . ( b ) Compari 
son with the relative ratios of elastic modulus of hydrogels 
where the relative ratio of the elastic modulus of the hydro 
gel is the elastic modulus measured by the AFM divided by 
the elastic modulus measured by the macroscopic test . 

pression depth was extracted , as shown in FIG . 2 ( C ) . The 
grid convergence analysis was carried out to verify the 
effectiveness of the algorithm . The simulation results are 
shown in FIG . 2 ( d ) . 
[ 0035 ] ( 3 ) The simulated relationship between the normal 
force and the compression depth of a conical AFM probe 
was compared with Sneddon model to calculate the relative 
error in the elastic modulus of cells based Sneddon model 
fitting . 
[ 0036 ] ( 4 ) Based on the linear relationship between r / d and 
relative error 8 discovered during data consolidation , as 
shown in the FIG . 4 , polynomial function is used to fit the 
errors which will occur when Sneddon model is used to fit 
the elastic modulus of cells , as shown in the FIG . 5 , where 
the probes with different shape parameters are pressed into 
different depths . 
[ 0037 ] ( 5 ) Firstly , the Sneddon model is modified by the 
fitting function of relative error to obtain the modified 
formula . Secondly , the force displacement curves of human 
osteosarcoma cells ( MG63 ) were measured using AFM 
probes with two shape parameters . The Sneddon model and 
the modified formula were used to fit the elastic modulus of 
the cells , respectively . By comparison , it is found that the 
elastic modulus fitted by the Sneddon model increases 
significantly with the decrease of the compression depth , 
while the elastic modulus fitted by the modified formula 
changes marginally with the change of the compression 
depth , as shown in FIG . 6. Then , the force displacement 
curves of PVA hydrogels were tested with AFM probes of 
two shapes . Sneddon model and modified formula were used 
to fit the elastic modulus of hydrogels , respectively , and then 
compared with the macroscopic elastic modulus of hydro 
gels obtained from macroscopic compression test on the 
universal testing machine . By comparison , it is found that 
there is an error between the elastic modulus fitted by the 
Sneddon model and the elastic modulus obtained by the 
macro test , and the smaller the compression depth is , the 
greater the error is . The elastic modulus fitted by the 
modified formula agrees well with the elastic modulus 
obtained by the macro test , and the error is dependent on 
the compression depth , as shown in FIG . 7. The above 
experiments on PVA hydrogel and human osteosarcoma 
cells verify the accuracy of the fitting function obtained in 
the third step . 
[ 0038 ] The above implementation example only demon 
strates the implementation method of the invention and shall 
not be construed as limiting the scope of the patent for the 
invention . It should be noted that a number of transforma 
tions and improvements may be made by a person skilled in 
this field without deviating from the conception of the 
invention , which are within the scope of protection of the 
invention . 

Example 1 

[ 0033 ] ( 1 ) Firstly , the model of conical AFM probe and 
cell was established in ABAQUS , as shown in FIG . 2 ( a ) . 
The shape parameters of conical AFM probe were set . The 
shape parameters were designed by changing the half angle 
of the cone a and the curvature radius of the cone at the tip 
r . The compression depth d was set as 600 nm , the half angle 
of the cone a was set as 60 ° , the curvature radius of the cone 
at the tip r was set as 20 nm , 30 nm , 40 nm , 50 nm , 60 nm . 
[ 0034 ] ( 2 ) Under the action of the external force of the 
AFM probe , the cells deform along the shape of the AFM 
probe , and the contact area between the cells and the AFM 
probe gradually increases , which is a problem of nonlinear 
contact and large deformation . ABAQUS can solve complex 
nonlinear problems , so ABAQUS is selected to simulate the 
deformation of cell under external force . The deformation 
response under the action of external force was simulated in 
ABAQUS , as shown in FIG . 2 ( b ) . The relationship between 
the normal force of the conical AFM probe and the com 

1. A modified method to fit cell elastic modulus based on 
Sneddon model , comprising steps of : 

step 1 , designing shape parameters of conical atomic force 
microscope ( AFM ) probe ; 

establishing axisymmetric models of cells and conical 
AFM probes in ABAQUS ; setting the cells as deform 
able elastomers with an elastic modulus of 5 kPa and a 
Poisson's ratio of 0.3 ; setting the conical AFM probes 
as rigid body ; setting the shape parameters of the 
conical AFM probe by changing half angle of the cone 
a and curvature radius of the cone at tip r , where the , 
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Sneddon model at the same compression depth , and 
substituting into the following equation : 

P - Ps ( 2 ) = 
PS 

half angle of the cone is selected from 20 ° ~ 60 ° , and the 
curvature radius of the cone at tip is selected from 20 
nm 60 nm ; 

step 2 , finite element simulation analysis of the cells and 
the models of conical AFM probes with different 
shapes that designed in step 1 ; 

2.1 ) simulation of relationship between normal force of 
the conical AFM probe and compression depth 

when the conical AFM probe is under normal force , 
contact area and the compression depth of the conical 
AFM probe increase with increase of external force , 
which is a problem of nonlinear contact and large 
deformation ; using Arbitrary Lagrangian Eulerian 
( ALE ) method in ABAQUS to simulate the cell defor 
mation under external force ; setting the contact as 
surface to surface contact ; master surface is a side on 
which the conical AFM probe contacts with the cell , 
and slave surface is upper surface of the cell ; analyzing 
grid convergence , and then determining grid size for 
calculation ; extracting relationship between the normal 
force and displacement of the conical AFM probe ; 

2.2 ) error analysis of the simulation results and Sneddon 
model 

comparing the normal force of the conical atomic force 
microscope probe obtained from 2.1 ) with results of 

S 

a 

calculating relative error in elastic modulus based on 
Sneddon model fitting ; 

where , & is the relative error in the elastic modulus of the 
cell based on the Sneddon model fitting , P is the normal 
force exerted on the conical AFM probe simulated by 
ABAQUS , and P , is the normal force exerted on the 
conical AFM probe calculated by Sneddon model ; 

step 3 , function fitting of the relative error calculated in 
the second step 

fitting the relative error of the conical AFM probe with 
different shape parameters calculated in step 2 as a 
function ; finding that the relative errors have linear 
relationship with ratio between the curvature radius of 
the cone at tip and the compression depth r / d ; further 
fitting the relative error d as a polynomial function of 
r / d and a , in which the highest exponential of r / d is 1 . 

* * 


