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Spherical Indentation of a Viscoelastic Half-Space

In anideal case, the exact tip geometry is known a priori—in lieu of such information, it is expedient to
make simplifying assumptions about the tip shape at the point of contact. One common assumption
is that the local surface deformations are small, such that the tip has a roughly spherical contact
geometry during indentation. This assumption is best made for larger diameter tips or specialized
colloidal probes, although it can be argued that smaller tips can still be approximated provided the
indentation depth is small. Lee and Radok [1] proposed a solution to the rigid spherical contact of a
viscoelastic half-space nearly sixty years ago. The indentation configuration is visualized in Figure

S1, which is based upon Figure 1 in their original manuscript.
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Figure S1: The quasi-static spherical indentation configuration as outlined by Lee and Radok in [1].

Here, the deepest indentation occurs at the center of the sphere (r = 0) and is labeled /(7). The
indenter has a radius of curvature R, and the distance from the center axis to the edge of contact,
known as the contact radius, is labeled (¢).

Two terms must also be introduced to describe the physical response of viscoelastic materials. First,
“retardation” is the delayed deformation of a material under an applied force or stress, as seen most
commonly in polymers. Second, “relaxation” refers to the gradual decrease in stress under a constant
applied deformation [2]. The material retardance (U) and relaxance (Q) are similarly a series of

linear operators in time that can take the form of differentials, algebraic descriptions of spring-dashpot
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mechanical models, or hereditary integral operators, all of which can approximate the viscoelastic
retardation or relaxation of the material. When defining the Laplace domain stress (5 (s)) or strain
(€(s)), the relaxance or retardance can be used to convert between the stress and strain. The form of U
and Q, and by extension their constituent linear operator terms i and g, is a point of discussion later.
For now they will be represented in equations as time-dependent operators of which the relationships
in the Laplace domain are:

F(s) = Q&(s), 0= “Relaxance” (S1)
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é(s) =Uda(s), U= “Retardance” (S2)
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In their solution, Lee and Radok specify the following boundary conditions:
1. The sphere is smooth, thus excluding adhesion and tangential forces;
2. the sphere is also rigid, meaning it will not deform throughout the contact;
3. the half-space is initially planar, and undisturbed;

4. the viscoelastic stress-strain relations take the linear, isotropic form. The stress tensor is split
between principal (07;) and deviatoric (s;;) components, and similarly with the principal strain
(€i;) and deviatoric strain (e;;). In an analogous fashion, the time-domain linear viscoelastic
operator terms (u(?),g(t)) are split between principal (1’,q") and deviatoric («#,q) components.

The stress—strain relationships thus take the form:

usij = qeij (S3)

u'oii = q€; (S4)

5. The boundary condition outside of the contact area (r > [(¢)) is zero surface traction;

S3



6. The boundary condition within the contact area (r < [(t)) is a normal displacement defined by

the geometry of the indenter.

By utilizing the Hertzian contact solution, an additional pair of requirements are implicit in Lee and

Radok’s derivation:
1. The strain is small, allowing the continuum mechanics strain tensors to be simplified;

2. the solution is Quasi-static, meaning that time only appears in the equations such that the

current value of the contact radius /(#) can be referenced.

The first Hertzian restriction is commonly applied in continuum mechanics derivations to enforce
the linearization of strain [3]. This condition is used for mathematical convenience, and affects
both translation between the Eulerian (deformed) and Lagrangian (initial) strains, and the approach
to simplifying the Clausius—Duhem inequality. Strain linearization causes the second-order (i.e.
nonlinear) terms to be removed from the strain tensors, meaning that the difference between the
Eulerian and Lagrangian strains is isolated to differences in the coordinate systems. For small
strains and rotations, these differences are subsequently negligible and the two reference frames
coincide. Similarly, neglecting the nonlinear strain simplifies the rate of deformation tensor (D)
to the extent that it can be replaced by the Green—Lagrange strain rate tensor (E) in the Clausius—
Duhem inequality. This step removes the need to calculate the spatial velocity gradients, which
can be difficult to measure, at the expense of limiting the range of applicable strains and rotations
for the resulting continuum relationships. One must determine the suitability of strain linearization
to a given problem before utilizing the approach described by Lee and Radok. The small strain
assumption most commonly holds for cases where both the displacement vector and displacement
gradient are significantly smaller than unity. By extension, within the context of AFM, this will
restrict the indentation strain to small numbers, and place inherent limitations upon any derived
relationships. Also note that the second Hertzian requirement means the boundary conditions of the
problem will change in time, since at each new time instance a point that was previously outside of

contact area moves within the contact radius /(¢), and therefore changes its boundary condition. The
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Hertzian solution for spherical contact of an elastic half-space takes the form:

1/2 (S5)

p(r,t) = %(f—v)Re[l(t)z — r2]

where the shear modulus G and Poisson’s radio v are sufficient to prescribe the pressure distribution
p(r,t) in space and time. From Equation S5, Lee and Radok argue that because the shear modulus is
a material parameter that converts shear strain into shear stress, it can be replaced by a corresponding

viscoelastic counterpart. In terms of the shear stress s;; and shear strain ¢;;:

us,-j:qel-j
ij = i
G~4 (S6)
u

For the case of an incompressible material, Poisson’s ratio is also taken to be %, further simplifying
Equation S5 and replacing the shear modulus term. This condition is not specifically required, but is
taken for simplicity during the Lee and Radok derivation [1]. The viscoelastic equivalent of Equation

S5 is therefore:

8 ¢q 2 21172

,t) = —(=)Rell(t)” - S7
p(r.t) = — (=)Re[l(D)* - r’] (S7)
The authors further reduce Equation S7 by replacing the radical term with a new function definition
f(r,t). This occurs purely for mathematical simplicity, since the function f(r,¢) will eventually be
transformed several times to and from Laplace space. The notation would become more complex if
the function was left in its real-operator radical form. It is most important to remember that f(r,t)

will only be nonzero inside of the contact area (i.e., < [(¢)). In its fully reduced form, the pressure

distribution of a viscoelastic half-space is then transformed to Laplace space.
8
L|ulp(r.nl = —qlf(r.0)] (S8)

S5



55 = L 7 ) (59)

Here, the quantity p(r, s) represents the Laplace transform of the time domain pressure distribution
p(r,t). To continue with the derivation, it becomes necessary to describe the surface displacement.
Integrating the surface pressure distribution presented in Equation S9 using the point-load solution
from elastic theory, Lee and Radok further limit the contact region to some “reasonable” limit A, .
This allows enforcing static spatial boundary conditions for the surface pressure integration, and due
to the real operator on the radical in f(r, t), the function value will remain zero outside of the contact
radius /(#) at any given time. By specifying [,,,, to be some arbitrary number sufficiently larger than
the expected maximum contact radius, the entire solution will be contained within the bounds of

integration. Writing the Laplace form of the displacement distribution:

_ B 1 a(s) p(r', S)
w(r,t)—//.zﬂq(s) . dA (S10)

Here, the variable p is the distance from a normal axis passing through the center of the spherical
indenter to a differential area element dA, with r’ being the radius coordinate being integrated across

the contact surface. Substituting Equation S9 into Equation S10 for p(r, s) gives:

3 1 a(s) p(r',s)
w(r1) = //27Tq(S) P a“

3 1 u(s) 8 g(s) -, , .1
W(I" l) // ﬂ%ﬂ'—Rmf(r’t);dA

max

w(r, t)—// fRf(rp D aa st

Due to the fact that fixed integration limits were enforced by specifying A, the inverse Laplace

operator can be moved inside of the integral without issue. Importantly, the definition for f(r,t)

conveniently allows the bounds of integration to be re-specified since f(r,t) = 0 for 7" > [(z). Thus,
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the displacement for r < [(¢) can be found as follows:

i (r, 1) = // ij(rPS) Al
w(r,t) = 2Rﬂf(r l)

2[1(0]*  r?
R (S12)

Equation S12 can be utilized to re-cast the description of f(r,7) in terms of a more useful quantity:

the central displacement of the indenting sphere. By evaluating Equation S12 at r = 0:

2[1(n)]?
R

h(t) = (S13)

Similarly, the pressure distribution can be manipulated to depend upon the total penetration force—
a more easily measured experimental quantity. In an analogous approach to enforcing constant
boundary conditions above, the pressure distribution is integrated to acquire the total force F(z) and
manipulated in the Laplace domain to allow mobility of the operators u and g. The process is as
follows:

(1)
F(r) = / p(r.1)2nrdr (S14)

0
1(1)

L[F(t)= | p(r,0)2nrrdr]
/

lmax

f(s) = / Lp(r,t)]2nrdr

lmax

= / L[igf(r, ) 2rrdr

mux

= %q(_ / f(r,s)2rdr

0
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/ f(r, s)rdr]
0

(1)
ulF(o)] =l [ (ordr

()
= %?q[/ (VRA(t) — r?)rdr]
0

Substituting x = th(t) 2, and dx = —2rdr:

(1)

6
= 241 [ 5 ra]
0
—16 e[
- 3/2
16 1
_—16 22)3/2
- 3Rq[( LRi(r) - ) .
= SRal-1(0)]
ulF ()] = 5pall]  OR: (S15)
u[F(1)] = 16#qu h(H)?) (S16)

Equation S16 represents the relationship between applied load and spherical indentation depth for a
viscoelastic material having characteristic operators u and g. It is the relationship upon which Lopez

et al. build a solution for the AFM experiment, and is originally presented as Equation 3 in their

paper [4].

Extending the Solution to Arbitrary Load History

Traditionally, when using creep-recovery experiments to parameterize the viscoelastic models under

study, a constant stress is first applied to a sample then removed later on. For example, one method
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involves hanging weights from a material for some time, then removing the weights and allowing the
material to recover. A strain gage or displacement sensor captures the deformation occurring during
both phases, and the data is used for fitting. The boundary conditions for such an approach dictate
a step-function in stress, and that one end of the sample is fixed. In that case, the constant load
history would suggest using the “creep compliance” J(t), an engineering quantity that represents the
change in strain as a function of time for a medium subjected to an instantaneous constant stress [1,4].
While applicable for this style of study, the tip—sample interaction during AFM experiments does
not apply a constant force (i.e., stress) in time—the load history is more reminiscent of a discrete
impulse function, where the contact time is short. As such, while the solution form could use the
creep compliance for fitting, it is more direct to use the material retardance. Before discussing the
benefits, the creep compliance is defined in terms of the applied stress o (z), strain €(¢), and material

retardance U (s):

0=t o) =0 (S17)
(o)
J(s) = U(s) (S18)

By taking the Laplace transform of Equation S16 and rearranging:

3
16\/_

- 3/2
16\/_u(5)f(8) g(s)L[{h(n)}"?]

3 du(s)
16\/_()

T Al <) — 3/2
16\/_U(S)f(S) L[{h(1)}"]

! [WU(s)f(S) L]{rny"]

L] ulF(0)] = q[{h(n)}**]]

——=f(s) = L[{h(1)}?]

ﬁ O/ U(t = {)F(Q)de = [h(1)]*? (S19)
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Equation S19 allows for the straightforward definition of the retardance U(#) according to an appro-
priate material model. The convolution integral replaces the multiplication of U(s) and f(s) in the
Laplace domain during translation back to the time domain. As mentioned previously, the approach
outlined here is preferred for the AFM as it both removes the requirement of a step function in
stress and measurement of the force application rate. Since an AFM-SFS experiment provides force
and indentation (deformation), the data streams can be utilized directly without requiring a discrete
derivative of force in time. Taking a discrete derivative can introduce undesirable oscillatory errors
into the resulting dataset, and thus obscure some of the information contained within. Equation S19

represents the strain (or deformation) response of a material to the unit stress impulse.
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