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Determination of the Reduced
Creep Function of Viscoelastic
Compliant Materials Using
Pipette Aspiration Method

Determining the mechanical properties of soft matter across different length scales is of
great importance in understanding the deformation behavior of compliant materials
under various stimuli. A pipette aspiration test is a promising tool for such a purpose. A
key challenge in the use of this method is to develop explicit expressions of the relation-
ship between experimental responses and material properties particularly when the tested
sample has irregular geometry. A simple scaling relation between the reduced creep
function and the aspiration length is revealed in this paper by performing a theoretical
analysis on the aspiration creep tests of viscoelastic soft solids with arbitrary surface
profile. Numerical experiments have been performed on the tested materials with different
geometries to validate the theoretical solution. In order to incorporate the effects of the
rise time of the creep pressure, an analytical solution is further derived based on the gen-
eralized Maxwell model, which relates the parameters in reduced creep function to the
aspiration length. Its usefulness is demonstrated through a numerical example and the
analysis of the experimental data from literature. The analytical solutions reported here
proved to be independent of the geometric parameters of the system under described con-
ditions. Therefore, they may not only provide insight into the deformation behavior of
soft materials in aspiration creep tests but also facilitate the use of this testing method to
deduce the intrinsic creeplrelaxation properties of viscoelastic compliant materials.
[DOI: 10.1115/1.4027159]

Keywords: pipette aspiration test, reduced creep function, analytical analysis, finite

element simulations

1 Introduction

Mechanical characterization of compliant materials (e.g., soft
tissues, polymeric gels, and soft elastomers) is essential to many
areas of science and engineering. For instance, in virtual surgery,
realistic mechanical properties of soft tissues are required to build
a reliable and interactive tissue model that provides the surgeons
the skills that are difficult to learn from real patients [1]. In tissue
engineering, the artificial soft tissues should have the mechanical
properties similar to the real tissues in order to guarantee the me-
chanical compatibility [2]. Mechanical properties are also needed
in understanding growth-induced deformation behavior of soft tis-
sues as well as the responses of cells to various external stimuli
[3-8]. Uniaxial tension, biaxial tension, and compression tests
have been frequently used to measure the overall material proper-
ties. However, it is impossible or difficult to measure regional
properties of compliant materials using these conventional testing
methods. During past years, indentation tests [9—11], magnetic
bead method [12,13], and the pipette aspiration method [14-23]
have been frequently used to determine the mechanical properties
of soft materials at a local area. This study is concerned with the
aspiration creep tests of viscoelastic soft materials, in which the
viscoelastic properties of soft materials could be measured by
monitoring the variation of the aspiration length with time under
given pressure [14,20,21]. When the geometries of both the pip-
ette and the tested material are simple, e.g., the pipette is an ideal
hollow cylinder, and the tested material can be assumed to be a
half-space, analytical solutions are available to relate the material
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properties to the experimental responses [14,20,21]. Otherwise,
the interpretation of the pipette aspiration tests may have to rely
on the finite element simulations and the inverse analysis [22,24],
which remains a challenging issue when the geometry of the
tested material is irregular and/or the pressure imposed region is
comparable to the size of the tested sample.

In this study, the pipette aspiration creep test of viscoelastic
compliant materials (e.g., biological soft tissues, polymeric gels,
and soft elastomers) is explored with the purpose to determine the
reduced creep function. To this end, the following issues have
been addressed: (1) the analytical solutions in the literature
[14,20,21] to determine the creep function are applicable to the
case where the pipette and the tested material have ideal geome-
tries. Inspired by recent studies on the indentation of viscoelastic
materials [25,26], it is expected that the geometric parameters of
the system may play a negligible role in the determination of the
reduced creep function under certain loading protocol. This issue
is interesting and deserves systematic investigations. (2) The ana-
lytical solutions that permit evaluation of the creep function are
established within the framework of linear elastic-viscoelastic the-
ories. Previous studies [19,23,27] have demonstrated that the ana-
Iytical solutions may contain significant errors when the
deformation of the tested material is large. However, the critical
deformation beyond which the linear elastic-viscoelastic theories
are not applicable any more has not been clearly identified by
investigating different hyperelastic material models and a broad
material property range. (3) A linear relationship between the
aspiration length / and the imposed pressure p forms the basis to
derive the analytical solutions [14,20,21]. In a single pipette aspi-
ration test, material, geometry, and boundary nonlinearities may
be involved simultaneously, which can lead to a nonlinear p —/
relation. As aforementioned, effects of the material and geometric
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nonlinearities have been demonstrated in the literature [19,23,27],
to what extent the boundary nonlinearity affects the p — [ relation
has not been carefully examined.

This paper is organized as follows. In Sec. 2, the definition of
the reduced creep function and the importance to determine it are
first discussed. We then reveal a simple scaling relation between
the reduced creep function and the aspiration length based on
dimensional analysis and elastic-viscoelastic correspondence prin-
ciple. We show that this scaling relation is independent of the geo-
metric parameters of both the pipette and the tested material
provided that the p — [ relation is basically linear. Effects of the
material, geometry, and boundary nonlinearities on the p — / rela-
tion have been discussed in Sec. 3. The results on one hand estab-
lish the conditions under which the theoretical solution derived in
Sec. 2 is valid, and on the other hand may guide the practical ex-
perimental setup. In Sec. 4, we validate and illustrate the useful-
ness of our results using numerical experiments. In Sec. 5, effects
of the pressure rise time involved in the pipette aspiration creep
tests have been explored and an analytical solution is derived to
relate the aspiration length to the reduced creep function. The
result is demonstrated to be useful by analyzing the experimental
data from the literature. Section 6 gives the concluding remarks.

2 Theoretical Analysis

The creep function illustrated in Fig. 1(a) can be written in the
following form: J(r) =J(0)J, where the instantaneous creep com-
pliance J(0) defines the elastic deformation behavior of the mate-
rial. The reduced creep function J(¢) determines the intrinsic
time-dependent deformation behavior of a linear viscoelastic soft
material, which is the main concern of this study. For a general-
ized Maxwell model, the reduced creep function J is usually
written in the form of Prony Ji=1
+3°F @il — exp(—t/7;)], where 7 is the time, g; and t; are mate-
rial constants. When J is known, the reduced relaxation function
E may be determined using the relation of [jE(&)J(r—¢&)
dé = 2(1 4 v)r. Either J or E enables us to determine the loss fac-
tor [25,28], which is a key parameter measuring the damping
property of viscoelastic compliant materials, e.g., soft tissues.

Our analysis starts from the pipette aspiration test of an elastic
compliant material as shown in Fig. 1(b), and then adopts the
elastic-viscoelastic correspondence principle [28] to deal with the
test of viscoelastic materials. We assume that the geometries of
the tested material and the pipette are arbitrary provided that the
full contact between the aspiration tube end and the sample can be
reached so that the negative pressure could be successfully
imposed. The aspiration length, measuring the displacement of a
point (e.g., point A in Fig. 1(b)) at the surface of the tested mate-
rial, must be a function of the following independent parameters:

l=f(p,E,V,Cl,C2,.. .,dN) (1)

series, i.e.,

-7CM7dl7d25 ..

where p is the imposed pressure, E and v are the elastic modulus
and the Poisson’s ratio of the tested material. The parameters

C1,€2,...,cy and dy, dy, ..., dy define the profile of the pipette and
2 Tes’t’ed material Aspiration tube
5 ~U(0) I
R.
o '
Time, t
(a) (b)
Fig. 1 (a) Schematic plot of the creep function; (b) illustration

of the aspiration test, negative pressure is imposed to the sur-
face of a tested material through a cylindrical tube with the
inner radius Ry and outer radius R,
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tested material, respectively, with M and N being finite integers.
Dimensional analysis is adopted in this study, which states that a
physical law does not depend on the arbitrariness in the choice of
units of physical quantities [29]. Dimensional analysis has been
frequently used to derive the relationships among the physical
quantities involved in a physical process. For instance, it was first
used in this way by Lord Rayleigh to understand why the sky is
blue [30]. Here, we use this method to characterize the correlation
between the experimental responses and the geometric and physi-
cal parameters of the system. Applying Buckingham Pi theorem
in dimensional analysis [29] to Eq. (1) gives

ey di dy dN) @)

p (&5}

l=clly|=,v,— — T =
A ceey YT Ty e ey T
E 6/132’ CfM ¢ ey ey

where ¢; and E have the independent dimensions, [
(K=1,2,...,M)and y, (L =1,2,...,N) are real numbers. c¢; has
the length unit and may represent the inner radius R, of the pip-
ette. Ilp is a dimensionless function. Equation (2) represents a
general expression of the p — [ curve for the pipette aspiration
tests of a linear elastic material. The theory of linear elasticity pre-
dicts a linear relationship between p and /. Then, Eq. (2) can be
further rewritten as

c cy di d d
l—cl%rh(v S —‘%)—N> 3)

YT R T B
sz C{M S S

where I1; is a dimensionless function. It is noticed that the linear
relationship between the pressure and aspiration length has been
used in previous studies [14,20,21] as well. In a practical pipette
aspiration test, material, geometry, and boundary nonlinearities
may be involved. Their effects will be addressed in Sec. 3, and the
results may guide the experimental setup.

We then turn to the pipette aspiration tests of linear viscoelastic
materials. Here, we focus on the case where the Poisson’s ratio
can be assumed as time independent, e.g., many soft tissues and
elastomers are usually assumed to be incompressible with v=0.5.
Invoking the elastic-viscoelastic correspondence principle
[28,31], the p — [ relation can be obtained from Eq. (3) by replac-
ing the elastic modulus E with E*(s)s

% . p*(s) 2
I(S) 7(/1SE*(S)HI v7$7“'>617ﬁ47?1!17c;l'27"'7w

v d] d2 dN
1
= cosJ" (s)p* (s)IT )

where E£*(s) and J*(s) are the Laplace transform of the relaxation
modulus and the creep function, respectively, and s is the trans-
form variable. J*(s) is related to E*(s) by J*(s) = 1/(s*E*(s))
[28]. p*(s) and [*(s) represent the Laplace transform of the
pressure and the aspiration length, respectively. The elastic-
viscoelastic correspondence principle was originally proposed for
the problem for which the boundary conditions do not change
with time. In pipette aspiration creep tests, the contact area
between the aspiration tube and the tested material usually
increases somehow during the creep procedure. We validate in
Sec. 3 via finite element simulations that when the variation of the
contact area is much smaller than the area of the pressure imposed
region, the use of the correspondence principle is appropriate.
The inverse Laplace transform of Eq. (4) gives

ot
I(t) = CIHIJ J(t—t)dp (5)
0
which can be further rewritten as
t dp
()y=c I | J(t—r1)——drt (6)
0 d‘f
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In a pipette aspiration creep test, the pressure may be described by
the Heaviside step function.

_ }J P = Pmax (tZO)

where ppayx is the creep pressure. The differential of the Heaviside
step function gives the Kronecker delta function, and therefore
inserting Eq. (7) into Eq. (6) gives

t

(1) = cll_IIJ J(t — T)pmax0(t)d7 8)
0

Based on the integral property of the Kronecker delta function,
from Eq. (8) we have

l([) = Hlpmax-’(t) (9)

Equation (9) indicates that all the geometric parameters are

included in the term of 61H1<v,%, 7%7%7%7 ,("—x), which
('1' ('I “1 °1 1

is time independent. Equation (9) also gives /(0) = ¢;ipmaxJ(0),

which together with Eq. ) gives

1(1)/1(0) = ¢\ Tipmaxd () / (c1 Tipmax (0)) = J (£) /7 (0), i.e.,

J(1) = 1(2), 10)

where [(r) = I(£)/1(0). Here (0) represents the aspiration length
at the starting point of the creep test. Equation (10) provides con-
siderable insight into the deformation behavior of a viscoelastic
compliant material in pipette aspiration creep tests. In particular it
reveals that the evolution of the normalized aspiration length with
time is determined by the reduced creep function and has nothing
to do with other geometric and physical parameters. Equation (10)
is supported by the analytical solution in the literature for the pip-
ette and the tested material with simple geometries [14] and the
main contribution made in this study is that we prove through the
derivations above that Eq. (10) is a purely physical relation and
independent of the geometric parameters of the system. In this
sense, the reduced creep function can be determined from the nor-
malized aspiration length using Eq. (10) even when the pipette
and the tested material have irregular geometries. It is emphasized
that the derivations above rely on a linear p — / relation. In Sec. 3,
we will investigate the effects of finite deformation and boundary
nonlinearity on the relationship between p and / and establish the
conditions under which a linear p — [ relation basically holds true.

3 Effects of Material, Geometry, and Boundary
Nonlinearities on the p — [ Relation

The linear relationship between p and / during loading proce-
dure forms the basis of the use of Boltzmann superposition and
elastic-viscoelastic correspondence principle involved in previous
studies [14,20,21] and this work. However, in practical loading
and creep procedure, material, geometry, and boundary nonlinear-
ities may be involved. It is therefore necessary and important to
investigate their effects. Indeed, previous studies [19,23,27] have
demonstrated the importance of considering the effects of finite
deformation. In this study, we make an effort to determine the
critical deformation below which a linear p — [ relation basically
holds true. In a pipette aspiration test, the maximum effective
strain in the tested material scales with the ratio the maximum
aspiration length /,,,« to the size of the pressure imposed region,
e.g., the pipette inner radius Ry. Therefore, /iy /R0 is used to mea-
sure the deformation in this study. To examine the effects of mate-
rial nonlinearity, a nonlinear viscoelastic model implemented in
ABAQUS [32] with viscous response characterized by a linear rate
constitutive equation [33] is used in our finite element simula-
tions. The initial elastic stored energy function in this model could
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have many choices [33]. Here, the strain energy functions for
Mooney-Rivlin, Fung, and Arruda-Boyce hyperelastic models
have been used as the initial elastic stored energy functions in the
nonlinear viscoelastic equation [32,33]. In our simulations, the
hyperelastic parameters in the Mooney—Rivlin [34,35], Fung [36],
and Arruda—Boyce models [37], respectively, vary in a wide
range. The fast loading procedure has been taken in which the
loading time is much shorter than the characteristic relaxation
time of the material. Finite element simulations give the p —/
curves. Our results show that the linear relationship between p
and [ basically holds true when /,,.x /Ry < 0.3; in this sense, the
deformation corresponding to /max/Ro = 0.3 may be regarded
as the critical deformation beyond which the effects of material
and geometric nonlinearities are significant. This conclusion is
basically consistent with that drawn from the simulations of
pipette aspiration of time-independent hyperelastic materials
[38]. In principle, the solution proposed in this study is appli-
cable to a free-standing soft film, but an additional condition of
Imax < h is required considering the effects of finite rotation
[39].

We then investigate the effects of boundary nonlinearity caused
by the variation in the contact area between the pipette and the
tested material. This important issue to the authors’ knowledge
has not been addressed in previous studies and examined in this
study based on finite element simulations. Our results show that
the effects of the contact area variation depend on the pipette wall
thickness. Provided that the pipette wall thickness is much smaller
than the pipette inner radius so that the ratio of contact area to the
pressure imposed area is small, contact area variation has negligi-
ble effects on the linear relationship between p and /. But when
the contact area between the pipette and the tested solid is not
small in comparison with the area of the pressure imposed region
and changes significantly during the loading and creep procedure,
the p — [ relation is not linear any more even when the deforma-
tion of the tested material is small. Figure 2 represents critical
examples illustrating this issue, in which the pipette has geometric
defects, i.e., the end of the pipette is nonflat. Three cases are
explored where the pipette wall thicknesses are different, and the
initial line contact between the pipette and the tested material
changes to the surface contact during the loading and creep proce-
dure, Fig. 2. The maximum contact area decreases from case I to
case III, and in case III it is much smaller than the pressure
imposed area. Figure 3 represents the identified reduced creep
function using Eq. (10) for different cases, which indicates that
Eq. (10) is pretty accurate provided the variation in the contact
area is much smaller than the pressure imposed area. Based on the
discussions above, it is suggested to adopt a thin wall pipette in
practical experiments to deduce the reduced creep function using
Eq. (10) considering the effects of boundary nonlinearity in partic-
ular when the tested material has irregular shape and/or the pipette
has geometry defects.

4 Numerical Experiments

Numerical experiments are carried out to illustrate the useful-
ness of the scaling relation given by Eq. (10). Using a general
purpose finite element software, ABAQuUs [32], we simulate the
pipette aspiration creep tests of the samples with different pro-
files as shown in Fig. 4. In our simulations, the instantaneous
modulus E is taken as 2 MPa, and the Poisson’s ratio v =0.48.
Both traction-free and fixed boundary conditions are explored. In
the simulations, the effects of finite deformation have been
included. Four axisymmetric examples are studied here for the
sake of simplicity of simulations though our theoretical analysis
does not have this restriction. In these examples, the two condi-
tions identified in Sec. 3, i.e., lmax/Ro < 0.3 and the variation in
the contact area is much smaller than the pressure imposed area,
are satisfied under which the effects of finite deformation and
boundary nonlinearity are negligible and the p —/ relation is
basically linear.
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Fig. 2 Finite element models used to examine the effects of
the variation in the contact area on the identified reduced creep
function using Eq. (10). (a) and (b) represent the computational
model and the deformation of the tested material for case I; (c)
and (d) represent the computational model and the deformation
of the tested material for case ll; (¢) and (f) are the computa-
tional model and the deformed configuration of the tested mate-
rial for case lll.

20

16

Case ll b
o Caselll
Actual solution 7

14+ o

1.2

1.0 B

Reduced creep function

06 R

0 20 40 60 80 100
Creep time (s)

Fig. 3 A comparison of the identified reduced creep functions
using Eq. (10) with the actual solution input in the finite element
simulations: J () = 1 + (1 — exp (— t/10)) for different cases
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4.1 Example A. We first consider a pipette aspiration creep
test of a viscoelastic half-space, where the inner pipette radius Ry
is much smaller than the size of the tested soft material. Figure
4(a) illustrates the computational model. A total of 4947 eight-
node quadrilateral axisymmetric elements are used to model the
substrate. The creep pressure is taken as pm,x = 0.3 MPa. Figure
4(b) presents the deformed configuration. The ratio of /. /Ro is
around 0.25 in this example, where /[, is the maximum aspira-
tion length. A; in Fig. 4(a) is fixed to eliminate the rigid-body
motion in the simulations.

4.2 Example B. This example dedicates to verify the applic-
ability of Eq. (10) to the circumstances under which the tested
solid is not a flat half-space and its size is comparable with the
pipette inner radius. The axisymmetric computational model is
given by Fig. 4(c). To model the tested material, 2137 eight-node
quadrilateral axisymmetric elements are used. The creep pressure
is taken as pmax = 0.15 MPa. The maximum aspiration length is
around 0.16 Ry in this example, and the corresponding deformed
configuration is presented in Fig. 4(d).

4.3 Example C. In this example, we explore a pipette aspira-
tion creep test of a free-standing film. The computational model is
given by Fig. 4(e) and a total of 3630 eight-node quadrilateral axi-
symmetric elements are used to model the soft film. Since the pip-
ette inner radius is comparable with the film thickness, the tested
solid cannot be assumed as a half-space. The creep pressure is taken
as pmax = 0.15 MPa. Figure 4(f) presents the deformed configura-
tion of the film and the ratio of /. /R0 in this example is 0.29.

Pipette wall A,

/

Symmetric surface Traction free

ipette wall

Symmetric Traction free

surface

Fixed boundary

Pipette wall

Symmetric surface

Fig. 4 Numerical experiments used to illustrate the usefulness
of the analytical solution given by Eq. (10). (a), (c), and (e) repre-
sent the finite element models for examples A, B, and C, respec-
tively. A; and A; in (a) and (c) are fixed to eliminate the rigid-
body motion of the tested materials, other points can be
selected which has on effects on the identified results. (b), (d),
and (f) are the deformed configurations. The displacements at
B;i(i=1,2,3) are recorded as the aspiration lengths.
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Pipette wall

Symmetric surface Traction free

Fixed

Fig. 5 Pipette aspiration test of soft layer bonded to rigid sub-
strate. (a) Finite element model; (b) deformed configuration of

the tested material, the displacement at the center point of the
upper surface is recorded as the aspiration length.

4.4 Example D. Finally, we consider a pipette aspiration creep
test of a viscoelastic soft layer bonded on a rigid substrate as shown
in Fig. 5. This example is different from the example C at the
boundary condition. In this example, the bottom is fixed instead of
traction free. With the increase in the aspiration length, the effect of
the rigid substrate on the p — / relation will come into play. Theo-
retical analysis in Sec. 2 shows that Eq. (10) is applicable for this
problem. The creep pressure is taken as pm.x = 0.3 MPa. Figure
5(b) presents the deformed layer under /a5 /Ro = 0.12.

For all the examples above, the variation of the aspiration length
with time in the creep procedure is recorded, which gives the /(7).
Then, the reduced creep function J(¢) is determined from Eq. (10)
and plotted in Fig. 6 (points). The actual J(¢) used as the input in
our finite element analysis is included in Fig. 6 for comparison
(lines). Figure 6 indicates that indeed Eq. (10) is basically geomet-
ric independent and applicable to the case where the tested material
has irregular shape and/or the size of the specimen is comparable
with that of the pressure imposed area provided that the conditions
identified in Sec. 3 are satisfied. But it should be pointed out that
the effects of finite deformation appear to be more pronounced in
Example D in comparison with other examples.

5 Interpreting the Experimental Data
by Incorporating the Effects of the Pressure
Rise Time

In the theoretical analysis in Sec. 2, the creep pressure is
described with a Heaviside step function as given by Eq. (7).
However, in practical pipette aspiration creep tests, it takes time
for the pressure to reach the imposed value. This time period is
here named as the pressure rise time #,, and illustrated in Fig. 7(a)

25 T T T T T T T T

-y
kel
©
e i
2
a £ Actual solution
8 5 o Identified solution using Eq. (10), example A
s 10} 4 |dentified solution using Eq. (10), example B
3 + |dentified solution using Eq. (10), example C
S o ldentified solution using Eq. (10), example D
T o5t i
o
0.0 T T T T
0 50 150 200

10
Creep time (s)

Fig. 6 A comparison of the identified reduced creep functions
using Eq. (10) and the aspiration lengths given by finite element
simulations with the actual solution. The actual solution is
taken here as J(f) =1 + 0.1(1 — exp (—1)) + 0.9(1 — exp (—1/18)).
Here, the actual solution represents the reduced creep function
input in the finite element simulations.
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as well. Provided that #, is much shorter than the characteristic
relaxation time of the tested material, its effects are negligible but
it may play a role when it is not small. Merryman et al. [20] have
incorporated Boltzmann superposition into the half-space model
to account for effects of pressure rise time. We here derived a the-
oretical solution based on Eq. (6) for a viscoelastic material with
arbitrary profile and described by the generalized Maxwell model
(Fig. 7(b)) to incorporate the effects of #,. The creep function for
the generalized Maxwell model may be written in the form of a
Prony series

K
7(6) = 1(0) (1 + gl - exp(t/m]) an

where g; and t; (i=1,2,3) are material constants. The reduced
creep function in this case is J(1) =1 + S5 | [l — exp(—1/17,)].
For the loading procedure illustrated in Fig. 7(a), inserting Eq.
(11) into Eq. (6) leads to the following relation:

1+

I(t) = !

L+ i1 = Diexp(—1,/71))

i=1

8i(1 = ®;exp(—1/m))

K

(r>1) (12)

where ®; = (1,/t,)[exp(t,/t;) — 1], is an affecting factor depend-
ing on the ratio of material time constants to the pressure rise time
t,. Again, Eq. (12) is independent of the geometry of the system.
t, — 0 leads to ®; — 1, and under this circumstance Eq. (12)
reduces to Eq. (10), i.e., (1) =1+ YK | &1 — exp(—/1,)]. Here,
we focus on the widely used standard linear solid model (Zener
model) [28]. In this case, Eq. (12) reduces to the following form:

i) = L= Crexp(—t/m))
1 +gl(l — (I)l exp(*fr/Tl))

(t>1t) (13)

Py (a)

Priad T
) )

Creep time t.=t-t, )2 )

20

5

Finite element, t/7=0.1
Finite element, t/7=03
Finite element, t/7=0.5
—Eq. (10)

- (
05 Eq. (
- (
L (

Normalized aspiration length
: 3
4 > o o

o
o

2b 40 éO 8.0 100
Creep time, t_ (s)

Fig. 7 (a) lllustration of the loading procedure in an aspiration
creep test, where t; is the time at which the negative pressure reach
the maximum value and then is kept as constant; (b) schematic
plot of the generalized Maxwell model, where K., K1, Kz, ..., K; are
spring constants and 1, 11,, . . ., 1j; are viscosity coefficients; () nor-
malized aspiration lengths given by finite element simulations and
those predicted using Egs. (10) and (13)
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where @, =1/t [exp(t, /1) — 1], 71 is the characteristic relaxa-
tion time of the tested material. Consider the example shown in
Fig. 4(a), finite element simulations are carried out to determine
[(¢) for the Zener model with g; = 1 and 7; = 10 s. {(7) given by
the finite element analysis and those predicted using Eqgs. (10) and
(13) are plotted in Fig. 7(c) for different ratios of 7, /t;. This plot
indicates that Eq. (10) is pretty accurate when #,/7;<<1. When ¢,
is comparable to the material time constant, Eq. (12) or Eq. (13)
should be used for determining J(z). To further illustrate the use-
fulness of Egs. (12) and (13), we analyse the experimental data
reported in the study of Merryman et al. [20]. Figure 8(a) repre-
sents the variation of the aspiration length with loading and creep
time. The experimental data given in Fig. 8(a) permits determina-
tion of /(r) as given in Fig. 8(b). Using the Zener model to
describe J(t), Fig. 8(b) and Eq. (10) give the material constants
7y =15s and g; = 3.75. 7, and g, determined using Eq. (13) and
Fig. 8(b) are 1y =155, and g; = 6, respectively, where ¢, =2.5s
following Merryman et al. [20]. The above results indicate that
Eq. (10) underestimates the parameter g; when the pressure rise
time is not much smaller than material relaxation time. It is
emphasized here that in the use of both Eqgs. (10) and (13), the
knowledge on the geometric parameters of the system is not
required. The experimental result is used here to illustrate the im-
portance to consider the pressure rise time in Eq. (13). Provided
that the experiment suffers from the effects of the boundary nonli-
nearity and the finite deformation of the tested material, the esti-
mated material constants may contain significant errors.

(a)

Aspiration length (um)

@ Experimental data from Merryman et al. [20]
—— Theoeretical solution given by Eq. (10),
2 1,=15s, 9,=3.75 T
- - - Theoeretical solution given by Eq. (13),
r1=155, g1=6, tr=2.55

Normalized aspiration length

0 1 1 1 1
0 20 40 60 80

Creep time, t_ (s)

100

Fig. 8 Experimental data used to illustrate the difference
between the result identified using Eq. (10) and that given by
Eq. (13). (a) Variation of the aspiration length with time given by
the experiments of Ref. [20]; (b) normalized aspiration length
I(t) at the creep stage.
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6 Concluding Remarks

In this study, we have explored the pipette aspiration creep tests
of compliant materials for determining the reduced creep function
J(t), which defines the intrinsic creep/relaxation behavior of a
linear viscoelastic material. In summary, the following contribu-
tions have been made.

First, our theoretical analysis based on dimensional analysis
and elastic-viscoelastic correspondence principle leads to a simple
scaling relation between the reduced creep function and the nor-
malized aspiration length, i.e., J(¢) = [(r). We prove that this scal-
ing relation is independent of the geometric parameters of the
system provided that the p — [ relation is basically linear. There-
fore, the analysis and the solution reported here are particularly
useful for determining the reduced creep function when the tested
material has irregular profile and/or the pipette is not an ideal cy-
lindrical tube.

Second, effects of material, geometry, and boundary nonlinear-
ities on the p — [ relation are examined. The conditions under
which a linear relationship between p and [/ exists have been
established. In this study, the ratio of /,x/Ro, which scales with
the maximum effective strain in the tested material, is used to
measure the effects of the material and geometry nonlinearities.
Our results show that the effects of the material and geometry
nonlinearities are negligible when /,,.x /Ry < 0.3. This conclusion
indicates that the analytical solutions in the literature [14,20,21]
and those obtained in this work may be of limited use when the
size of the tested material is very small, e.g., soft microparticles.
In this case, a measurable /;,,x may be comparable or even
greater than R,. However, the analytical solution obtained in this
study may find wide applications in the testing of some biologi-
cal soft tissues, e.g., livers and kidneys, and the compliant
artificial materials at macroscale, where the condition of
Imax/Ro < 0.3 can be easily satisfied by taking an appropriate Ry.
Effects of boundary nonlinearity strongly depend on the contact
area and its variation. If the contact area between the pipette and
the tested material is not small in comparison with the pressure
imposed region and its variation is significant during the test, the
p — [ relation can be nonlinear even when the deformation is
small. Based on this finding, we suggest the use of a thin wall
pipette when adopting the analytical solution reported in this
study to measure the reduced creep function, which could effec-
tively avoid or alleviate the nonlinearity introduced by the varia-
tion in the contact area.

Third, considering that it takes time for the pressure to reach
the maximum value in a pipette aspiration creep test and the
Heaviside step function is an approximation of the practical load-
ing procedure, analytical solutions (Eqgs. (12) and (13)) are derived
to incorporate the effects of the pressure rise time. The usefulness
of Egs. (12) and (13) has been demonstrated using a numerical
example and the analysis of the experimental data from literature.
We show that the analytical solutions given by Eqgs. (12) and (13)
are independent of the geometric parameters of the system as
well. Therefore, they can be used in the case where the pipette is
not a cylindrical tube and/or the tested material can not be
assumed as a half-space.

The analysis and the findings in this study should help under-
stand the pipette creep test and facilitate the use of this testing
method to characterize the mechanical properties of time-
dependent compliant materials. It is worth emphasis that this
study is limited to the determination of the reduced creep func-
tion. Writing the creep function in the form of J(r) =J(0)/, the
creep function J defines the intrinsic time-dependent deformation
behavior of viscoelastic materials. We show that the determina-
tion of J does not require the knowledge of the geometric parame-
ters if the p — [ relation is linear. However, this conclusion is not
applied to the determination of J(0), which cannot be obtained
from the analytical solutions proposed here. Besides, this study is
concerned with the pipette aspiration of viscoelastic compliant
materials. Viscoelasticity and poroelasticity commonly coexist as
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time-dependent behaviors in some soft materials, e.g. polymer
gels. Very recently, Wang et al. [40] have proposed a method ca-
pable of separating viscoelasticity and poroelasticity of gels in
various mechanical tests. Their method may help understand the
pipette aspiration of polymer gels when poroelastic properties are
the main concern and this issue deserves further investigation.
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