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We report contactless measurements of the viscoelastic rheological properties of soft gels. The exper-
iments are performed using a colloidal-probe atomic force microscope in a liquid environment and in
dynamic mode. The mechanical response is measured as a function of the liquid gap thickness for differ-
ent oscillation frequencies. Our measurements reveal an elastohydrodynamic coupling between the flow
induced by the probe oscillation and the viscoelastic deformation of the gels. The data are quantitatively
described by a viscoelastic lubrication model. The frequency-dependent storage and loss moduli of the
polydimethylsiloxane gels are extracted from fits of the data to the model and are in good agreement with
the Chasset-Thirion law. Our results demonstrate that contactless colloidal-probe methods are powerful
tools that can be used for probing soft interfaces finely over a wide range of frequencies.
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I. INTRODUCTION

Mechanical properties of thin, soft solids are of great
interest for many emerging applications including surface
coatings [1-3], photonics [4,5], microelectronics [6,7], and
biosensors [8—10]. Methods like tensile or bending tests
and direct indentation are commonly used for the char-
acterization of soft materials [11—-14]. The atomic force
microscope (AFM) is a widely used device for surface
topography and is also used for mechanical measure-
ments with a nanometric resolution. AFM probes, with
known shapes, can be used as nanoindenters to measure
the mechanical response of thin films under applied normal
compression [15-23]. With such a device, one can perform
nanomechanical characterization of materials with elastic
moduli in the range from kPa to GPa.

However, there are limitations in the measurement of
elastic moduli for soft samples using the direct contact
method due to the adhesion between sample and probe,
which is inevitable at the nanoscale [23-26]. It is difficult
not only to accurately measure adhesion, but also to mea-
sure the area of an adhesive contact [12,27,28]. Sample
damage and probe contamination may also occur during
measurements of soft samples [29].

Contactless measurements are an alternative to direct-
contact methods. More precisely, elastohydrodynamic
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(EHD) interactions between a probing sphere and a soft
sample in a liquid environment provide a precise method
to assess mechanical properties [30,31]. At small liquid-
gap thickness between the sphere and the soft substrate,
the vibration of the former generates a hydrodynamic
stress field that might be large enough to deform the sub-
strate, which in turn perturbs the flow leading to an EHD
coupling. Based on this coupling, some tools have been
developed to probe the mechanical properties of soft inter-
faces without contact. Using surface force apparatus, the
mechanical properties of substrates of various rigidities,
ranging from soft elastomeric samples to hard glasses,
have been measured at low frequencies (less than 100 Hz)
[32,33]. Guan et al. have used a vibrating nanoneedle
glued onto an AFM cantilever to probe the viscoelastic
properties of polydimethylsiloxane (PDMS) samples [34]
and living cells [35]. However, in the AFM measurements
of Guan et al. [34,35], the experimental setup restricts the
probed frequency to a single value given by the resonance
frequency of the cantilever and usually in the range of tens
of kilohertz. With the setup proposed by Guan et al., the
viscoelastic properties of a sample can only be measured at
a single high frequency. Nanomechanical resonators were
also used to directly probe the stiffnesses of various sam-
ples [36,37], but the measurements were limited to the
resonance frequencies of the resonators.

Usually, the frequency-dependent rheology of soft solids
is probed at the macroscale with conventional shear
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rheometers, where the sample is fixed between two rotating
parallel plates [38—41]. Imposing a rotational displacement
to one plate and measuring the applied torque on the other
plate allows one to extract the complex shear modulus of
the system, u(w) = u'(w) +j 1" (w), where w is the angu-
lar frequency, u'(w) is the storage shear modulus, ©” (w)
is the loss shear modulus [42—44], and j is the imaginary
number such that j> = —1. This method requires perfect
contact between the sample and the plates of the rheometer.

In contrast, the dynamic colloidal AFM method [45] is
a good candidate for probing the substrate rheology at the
nanoscale for different frequencies and without such a con-
straint. It offers the key advantage of a large frequency
range using the same colloidal probe, from 20 Hz up to
a few kilohertz.

In this paper, we present measurements of the mechan-
ical response of immersed, thin, soft polymeric gels using
an AFM colloidal probe method as a function of the sepa-
ration distance between the probe and the soft substrate.
From the mechanical impedance, we obtain simultane-
ously the loss and storage moduli of the soft solid. The
measured viscoelastic properties of thin PDMS samples
at different frequencies are in good agreement with the
Chasset-Thirion model. Our study demonstrates that the
contactless colloidal probe is a powerful tool to charac-
terize soft interfaces in a noninvasive manner and over a
large range of frequencies.

II. EXPERIMENT

The studied samples are PDMS substrates prepared as
follows. First, uncrosslinked PDMS (Sylgard 184, Dow
Corning) and a curing agent are mixed with a weight
ratio of 70:1. Following a degassing process in vacuum, a
droplet of the mixture is spin-coated on a cover slide with
a size of 24 x 24 mm for a minute, to get a sample with
thickness e = 26 + 3 um. The sample is then annealed in
an oven at 50 °C and for 24 h, to promote an efficient cross-
linking. The employed viscous liquid is dodecane with a
viscosity of n = 1.34 mPa s. After swelling, the measured
thickness of the sample is 125 £ 5 um.

The experiments are performed using an AFM (Bio-
scope, Brucker) equipped with a liquid cell (DTFML-
DDHE) that allows one to perform measurements in a
liquid medium and that provides a clean cantilever exci-
tation spectrum (free from spurious peaks). A schematic
of the experimental setup is shown in Fig. 1. A borosili-
cate sphere with a radius R = 55 £ 1 um is glued at the
end of a silicon nitride cantilever (SNL-10, Brucker), and
the stiffness of the cantilever is determined by the drainage
method to be k. = 0.25 £ 0.02 N/m [46]. The resonance
frequency and bulk quality factor are obtained from
thermal spectral density as wy/(2mw) = 1375 + 5 Hz and
0 = 2.8 £ 0.1, respectively. The sample is fixed on a piezo
stage (NanoT series, Mad City Labs), which is used to

control the distance between the sphere and the sample
by imposing a displacement to the substrate at low veloc-
ity (less than 160 nm/s). The cantilever is excited by the
base oscillation A,e/“’ [45,47], where A, and w are the
amplitude and angular frequency of the base oscillation,
respectively, and where ¢ denotes time. The amplitude A
and phase ¢ of the oscillation of the cantilever are mea-
sured by a lock-in amplifier (Model 7280, signal recovery)
versus the piezo displacement. In addition, the dc com-
ponent of the cantilever’s deflection is also recorded to
determine the distance between the sphere and the sample
surface.

The system is modeled as a forced damped harmonic
oscillator, and the vertical displacement Z(7) of the sphere
satisfies [45,47]

m*Z + yZ + k.Z = F;+ Fy, (D)

where m* is the effective mass of the probe, y, is the
damping coefficient in the bulk liquid, 4. is the can-
tilever’s stiffness, F; is the driving force acting on the
cantilever, and F}, is the EHD force induced by the flow
between the sphere and the deformable sample. Using the
ansatz Z(f) = Ae/ @9 4+ 4,/ the complex mechanical
impedance G = G’ 4+ jG” can be defined and determined
by [45,48]

2 j j
F w . W Ad P —Anpe ¥
6=t =k [1- () 4] i
()

where Ao, and ¢, are respectively the amplitude and phase
measured far from the surface, i.e., where the EHD force
vanishes.

Figure 2 shows typical acquired data. Figure 2(a)
presents the amplitude and phase (4.0, Poo) Vversus the
oscillation frequency, far from the surface (D > 400 um),
where the EHD interaction between the substrate and the
sphere can be neglected. We observe the presence of spu-
rious peaks (related to the mechanical resonances of the
AFM) superimposed on the resonance excitation spectrum
of the cantilever. The experiments are performed with fre-
quency values avoiding such spurious peaks. Figure 2(b)
presents the measured amplitude 4 (red dots) and phase ¢
(green dots) as functions of the average separation distance
D for an oscillation frequency w/(27) = 500 Hz. Addi-
tional measurements (blue dots and black dots, respec-
tively) on a hard surface (silicon) are used to obtain the
base oscillation A,. Indeed, the silicon surface is hard
enough for us to neglect the sample deformation. Thus,
in that case, the interaction is purely viscous and can be
modeled by a Reynolds force (G’ = 0, G” = 6xnR*w/D)
[45,49]. Very close to the silicon surface, the imagi-
nary component G” of the impedance tends to infinity
(D— 0, G" — 00), and the amplitude [blue dots in

064045-2



CONTACTLESS RHEOLOGY OF SOFT GELS... PHYS. REV. APPLIED 17, 064045 (2022)

(@) z! F, ALY
Cantilever

Sphere 12(0 = Ae/'(wt+(p)+Abeij

..........

%
X

Substrat [

| Piezo stage

PDMS substrate

FIG. 1. (a) Schematic of the experimental setup. A borosilicate sphere is glued on the edge of an AFM cantilever, which is vibrated
vertically near a soft PDMS substrate within a viscous liquid (dodecane, n = 1.34 mPa s) by the base oscillation 4,¢/“" with an
amplitude 4, and an angular frequency w. (b) The motion of the sphere gives rise to an axisymmetric liquid-gap thickness profile
h(r,t) depending on the radial position » and time ¢, and related to the sample deformation u(r,?), the average distance D, and the

sphere vibration Z(f).

Fig. 2(b)] of the cantilever oscillation tends to the value
of the base oscillation (4 — 4) [45]. In practice, in
Fig. 2(b), the amplitude of base oscillation is determined
as A, = 3.1 nm at w/(27) = 500 Hz. Once this parameter
is measured, the complex mechanical impedance G can be
computed using Eq. (2).

III. ELASTOHYDRODYNAMIC MODEL

We focus on the regime of small distance, i.e., D < R,
but larger than a size of several molecules (tens of nanome-
ters), which allows us to neglect any confinement effect on
the viscosity. In the framework of the lubrication approxi-
mation, and no-slip boundary condition on the sphere and
substrate surfaces, the liquid thickness expression A(r, £) is
given by the Reynolds equation [49]:

Ah(r, ) __ — _1

at 12nr or

L (rh(r, 1) 2pe(r, ), (3)
where p,.(r, f) is the excess hydrodynamic pressure with
respect to the atmospheric pressure, with 7 and ¢ the radial
coordinate and time, respectively. The liquid-gap thick-
ness [see Fig. 1(b)] is related to the substrate’s deformation
u(r, t) and the sphere’s vibration Z (), through [49]

h(r, 1) = D+ 5 + Z(t) + u(r, 1). 4)

The amplitude of the base oscillation and the sample defor-
mation are very small compared with the average gap
distance D, and thus Eq. (3) can be linearized to get

dz(t)y | dur,ty _ 1 2\ s
o4t — ot (04 5) o).

The cantilever’s motion, the substrate’s deformation,
and the excess pressure are assumed to have harmonic
time dependences, in the form Z(f) = Zye/™, u(r, t) =
U(r)e®, and p,(r, 1) = P(r)e’®, respectively. Equation (5)

then becomes
. d )‘2
12/ ro> (Zo + U(r) = 4 r(D n 2R) <1p4y) . (6)

Integrating Eq. (6) once, we get [49]

6j nwr Zy
(D+(2/2R))°

12/ nw
r(D+(r2/2R))

4p(r) = 5 Jo UG dF. (7)

The substrate is assumed to be a semi-infinite viscoelas-
tic medium with Poisson ratio v and complex Young’s
modulus E(w), including the frequency-dependent storage
modulus E’'(w) (real part) and loss modulus £ (w) (imag-
inary part). Therefore, the deformation is related to the
pressure field through [34,49,50]

2P(k)
E* (w) k° (8)

Uth) =
where E*(0) = E(w)/(1 — v?) is the reduced Young’s
modulus, and where U(k) and P(k) are the zeroth-
order Hankel transforms of the deformation U(r) and
the pressure P(r), respectively, defined as f](k) =

* Jo(k)U(ryrdr and P(k) = [7°° Jo(kr)P(r)rdr, with
Jo the zeroth-order Bessel function of the first kind. For
incompressible materials, v = 0.5 and thus £* = 4/3(F).
In such a case, and inverting the transformation, we get

UGr) = [ otk Uk die = [° JoCr) 228 e, (9)

2E(w)

Injecting Eq. (9) into Eq. (7) and using the relation between
the zeroth-order gnd first-order (J;) Bessel functions of the
first kind, i.e., [y Jo(kr') ¥ dr' = rJy(kr)/k, we get

__ 6inwrZg
7)) =
") (D+(2/2R))’

18 no oo Jy (kr) P(k) dk
(D+(2/2R)) E(w) Jo k '
(10)
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(a) Amplitude and phase of the cantilever’s oscillation versus oscillation frequency measured far from the surface (D >

400 um). (b) Amplitude and phase measured as functions of the average separation distance between the sphere and either a soft
PDMS substrate or a rigid silicon substrate. When the sphere is very close to the silicon surface, the amplitude A4 is equal to the base

amplitude 4, =3.1 nm.

We further introduce the following dimensionless vari-
ables:

=7 — kJ/(2RD), p = PD?
~ kD 1T P = Rz
3 2/3 E
D, = 8R( >\ By = £,
4 (o) (@)

Using these variables, Eq. (10) becomes

12jx 3 (Dc)\3/21=B 400 p(g)(gx)
(1+x2)3 (1+x2)3 ( D ) 1+B2 fO q dq’

an

P ) =

where p(g) is the zeroth-order Hankel transform of p (x).
A first-order Hankel transform of Eq. (11) leads to a
Fredholm integral equation for p (¢):

. 3j DN\*1—jB >
= 24K 3= ") dg’
P(@) >4 1(q) + J(D) 1+82/0 p(q) dq

f+oo Ji1(g'x)J1(qx)
X ————————xdx
0 (1 +x%)qq’

(12)

where K, is the first-order modified Bessel function of
the second kind. The mechanical impedance is then given
by [49]

(13)

G(D) = _ZLO 0+°° 2w rP(r)dr = —%ﬁ(o),

which can be rescaled as

GD) = " (2, B). g (#. B) = —&p 0.
(14)

The dimensionless function g.(D/D., B) can be computed
numerically from Eq. (12) [49]. Doing so, we obtain the

mechanical impedance. In particular, at large distance, the
mechanical response is dominated by the viscous contri-
bution; hence, we get the asymptotic expression of the
impedance:

TR0 (| 9x? (De\3/2
G(D) = e (7 + 75 (%) k). (15)
IV. RESULTS AND DISCUSSION
Figure 3 shows the dimensionless mechanical

impedance GD./(6mnR?w) as a function of the dimen-
sionless distance D/D,, for two frequencies. Figure 3(a)
shows the results obtained from the data shown in
Fig. 2(b) and using Eq. (2), where the oscillation frequency
is w/(2m) = 500 Hz. The solid black lines correspond
to Eq. (14), where the values of the storage modulus
E’ =3.24 0.5 kPa and loss modulus £” = 2.0 + 0.2 kPa
are the fitting parameters. Figure 3(b) shows the results for
the frequency w/(27) = 50 Hz. Similarly, we obtain the
values of the storage modulus £’ = 1.6 4 0.4 kPa and loss
modulus E” = 0.6 & 0.2 kPa.

Furthermore, at large distances (D > D,), the viscous
component G” of the mechanical impedance dominates
and follows an approximately D~! scaling law [see Eq.
(15)], corresponding to the asymptotic expression of the
hydrodynamic damping between a sphere and a rigid plane
[49]: G"(D) = 6w nR?w/D. Nevertheless, the deformation
of the substrate leads to a nonzero elastic component G’ of
the mechanical impedance, that follows an approximately
D™3/? scaling law, in good agreement with the asymp-
totic prediction of the viscoelastic lubrication model [see
Eq. (15)].

At small distances (D < D,), both G’ and G” saturate
to constant values that are independent of the average gap
thickness. This is due to the fact that the deformation of
the soft sample cannot exceed the oscillation amplitude
of the sphere, and thus saturates, leading to a saturation
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FIG. 3.

Normalized real and imaginary parts of the mechanical impedance as functions of normalized distance, for two oscillation

frequencies. The solid lines are fitting curves using Eq. (14). (a) Results for an oscillation frequency of 500 Hz, as obtained from
the data shown in Fig. 2(b) and Eq. (2). The extracted free parameters are the storage and loss moduli, £' = 3.2 + 0.5 kPa and
E” = 2.0 £ 0.2 kPa, respectively. (b) Results for an oscillation frequency of 50 Hz. The extracted moduli are £’ = 1.6 £ 0.4 kPa and

E” =0.6 £ 0.2 kPa.

of the excess pressure. In this near-contact regime, the
sample deformation accommodates the sphere motion, and
the liquid is no longer expelled from the gap. Besides a
residual damping that occurs outside the gap due to the
viscous flow therein, another part of the damping occurs
inside the soft substrate itself due to the loss modulus of
the PDMS gel. This latter contribution increases as the
oscillation frequency increases and dominates at high fre-
quencies. From the numerical evaluation of Eq. (14), and
in the small B case (i.e., B < 2, which is valid for the
samples employed here), the limiting value of G” at small
distances (D/D. — 0) is found to depend on the moduli of
the viscoelastic substrate via the relation

G ~ %(2.01 —0.77B(w)),

G~ IR (1 16 + 1.34B(w)). (1o
Moreover, comparing Figs. 3(a) and 3(b), we observe that
for the lower oscillation frequency, the real and imagi-
nary parts of the mechanical impedance merge and saturate
to the same value at small distances, whereas for the
higher frequency the imaginary part remains larger than the
real part at all distances. Furthermore, the imaginary part
of the mechanical impedance increases as the frequency
increases. The dissipation is thus more pronounced at large
frequency.

The extracted storage modulus £’ and loss modulus E”
for various oscillation frequencies are shown in Fig. 4.
Both moduli increase as the frequency increases. In our
experiment, the PDMS sample is a viscoelastic material,
and the frequency dependence of its complex Young’s
modulus can be modeled by the Chasset-Thirion law [39,
44,51,52]:

E(@) = E'(0) +jE' (@) = (1 + o)), (1)

where E, indicates the static (w = 0) Young’s modulus,
T is the relaxation time, and # is an empirical exponent,
which all depend on the sample preparation (i.e., curing
procedure, stoichiometric ratio between PDMS and curing
agent).

To characterize the static modulus £ of the substrate,
the dc component of the cantilever’s deflection versus the
piezo displacement is also recorded, which allows us to
construct the force-indentation curve. The static force F is
obtained by multiplying the dc component of the deflection
by the spring constant k. of the cantilever. The indentation
depth § is obtained by subtracting the cantilever’s deflec-
tion from the piezo displacement. The relation between the

5 T T T

3t
©
o -
X
s 10 ¢ 1
'-U“ 0.8 :
W 06}

04+
10 100 1000
w/(2m) (Hz)

FIG. 4. Storage modulus £’ (red) and loss modulus E” (blue)

obtained from the fit in Fig. 3 versus the frequency. The green
dashed line represents the value of static modulus Ey = 1.3 +
0.1 kPa measured from the independent indentation measure-
ment. The solid lines are fits from Eq. (17), from which we get
two free parameters: n = 0.55 £ 0.05 and 7 = 0.9 £ 0.1 ms.

064045-5



ZAICHENG ZHANG et al.

PHYS. REV. APPLIED 17, 064045 (2022)

50

40

30

20

F (nN)

—_
o
|

1500

. | i
-500 0 500 1000 2000

6 (nm)

FIG. 5. Measured static force F' versus indentation depth §.
The solid line shows the best fit to Eq. (18), from which we obtain
the static Young’s modulus £y = 1.3 + 0.1 kPa.

force and indentation is given by the well-known Hertz
model:
F = 8ER25%2, (18)

Figure 5 shows the measured force F' as a function of
the indentation depth §. The solid line represents the best
fit from Eq. (18). From the fit, we obtain the static Young’s
modulus £y = 1.3 £ 0.1 kPa as a single free parameter. In
order to neglect the hydrodynamic force due to the velocity
of the substrate approaching the probe, we only perform
the fitting at large indentation depths.

With the obtained value of the static modulus Ey, the
extracted storage and loss moduli are fitted by Eq. (17)
where the relaxation time t and the exponent n are taken
as fitting parameters. In Fig. 4, the solid lines are the best
fits, from which we obtainn = 0.55 = 0.05and t = 0.9 £+
0.1 ms. The empirical exponent n typically takes values
between 1/2 and 2/3 [53].

As a final remark, we recall that the PDMS layer is
observed to swell and to increase in thickness by a factor
of approximately 5 when immersed in dodecane. There-
fore, the PDMS layer contains a large amount of dodecane
molecules that may flow across the pores of the network
upon compression. Remarkably, the gel appears here to
behave mechanically as a viscoelastic material follow-
ing the Chasset-Thirion law, with no clear evidence of
poroelastic response.

V. CONCLUSION

In conclusion, we have studied the viscoelastic response
of cross-linked PDMS substrates at several frequencies,
using a contactless AFM method. Specifically, a spherical
colloidal probe attached to the AFM cantilever is vibrated

in a liquid environment close and normally to a PDMS gel,
in order to generate a nanoscale lubrication flow within
the gap. This viscous flow generates a hydrodynamic pres-
sure that deforms the soft substrate, leading to an EHD
coupling. Based on soft-lubrication theory, we develop a
model to calculate the resulting mechanical force exerted
on the colloidal probe, including the viscoelasticity of the
substrate. Using this model, the storage and loss elastic
moduli of the PDMS gel are measured as functions of
the frequency. The frequency dependencies of the storage
and loss moduli are found to be in good agreement with
the Chasset-Thirion law for viscoelastic solids. Altogether,
this work demonstrates the robustness of broadband con-
tactless AFM rheological methods. Such methods might be
of interest for the gentle and precise frequency-dependent
investigation of the mechanical behavior of thin, soft,
fragile, immersed and/or alive systems, such as polymer
coatings, bubbles, biological membranes, etc. These meth-
ods can be used to simultaneously image samples and
measure their viscoelastic properties with a lateral spatial
resolution limited only by the hydrodynamic radius.

ACKNOWLEDGMENTS

The authors thank Elisabeth Charlaix, Hamid Kellay,
Dongshi Guan, Yacine Amarouchene, and Nicolas Fares
for fruitful discussions. They acknowledge financial sup-
port from the Agence Nationale de la Recherche (Grants
No. ANR-19-CE30-0012, No. ANR-18-CE06-0009-03,
No. ANR-21-ERCC-0010-01 EMetBrown, No. ANR-21-
CE06-0039 Fricolas and No. ANR-21-CE06-0029 Softer)
and the China Scholarship Council. They also thank
the Soft Matter Collaborative Research Unit, Frontier
Research Center for Advanced Material and Life Science,
Faculty of Advanced Life Science at Hokkaido University,
Sapporo, Japan.

[1] C. M. Stafford, C. Harrison, K. L. Beers, A. Karim, E. J.
Amis, M. R. VanLandingham, H.-C. Kim, W. Volksen, R.
D. Miller, and E. E. Simonyi, A buckling-based metrology
for measuring the elastic moduli of polymeric thin films,
Nat. Mater. 3, 545 (2004).

[2] A. P. S. Alexopoulos and T. C. O’Sullivan, Mechanical
properties of thin films, Annu. Rev. Mater. Sci. 20, 391
(1990).

[3] W. Allers, C. Hahn, M. Lohndorf, S. Lukas, S. Pan, U.
Schwarz, and R. Wiesendanger, Nanomechanical investi-
gations and modifications of thin films based on scanning
force methods, Nanotechnology 7, 346 (1996).

[4] M. Kolle and S. Lee, Progress and opportunities in soft
photonics and biologically inspired optics, Adv. Mater. 30,
1702669 (2018).

[5] Z. Zhang, D. Felipe, V. Katopodis, P. Groumas, C. Koulou-
mentas, H. Avramopoulos, J.-Y. Dupuy, A. Konczykowska,

064045-6


https://doi.org/10.1038/nmat1175
https://doi.org/10.1146/annurev.ms.20.080190.002135
https://doi.org/10.1088/0957-4484/7/4/007
https://doi.org/10.1002/adma.201702669

CONTACTLESS RHEOLOGY OF SOFT GELS...

PHYS. REV. APPLIED 17, 064045 (2022)

A. Dede, and A. Beretta et al., Hybrid photonic integration
on a polymer platform, Photonics 2, 1005 (2015).

[6] K. Xie, A. Glasser, S. Shinde, Z. Zhang, J. M. Rampnoux,
A. Maali, E. Cloutet, G. Hadziioannou, and H. Kellay,
Delamination and wrinkling of flexible conductive polymer
thin films, Adv. Funct. Mater. 31, 2009039 (2021).

[7] A. 1. Hofmann, E. Cloutet, and G. Hadziioannou, Mate-
rials for transparent electrodes: From metal oxides to
organic alternatives, Adv. Electron. Mater. 4, 1700412
(2018).

[8] A. Mateescu, Y. Wang, J. Dostalek, and U. Jonas,
Thin hydrogel films for optical biosensor applications,
Membranes 2, 40 (2012).

[9] P. C. Jeronimo, A. N. Aratjo, and M. C. B. Montene-
gro, Optical sensors and biosensors based on sol—gel films,
Talanta 72, 13 (2007).

[10] A. Hartl, E. Schmich, J. A. Garrido, J. Hernando, S. C.
R. Catharino, S. Walter, P. Feulner, A. Kromka, D. Stein-
miiller, and M. Stutzmann, Protein-modified nanocrys-
talline diamond thin films for biosensor applications, Nat.
Mater. 3, 736 (2004).

[11] S. S. Asif, K. Wahl, and R. Colton, Nanoindentation
and contact stiffness measurement using force modulation
with a capacitive load-displacement transducer, Rev. Sci.
Instrum. 70, 2408 (1999).

[12] P. McGuiggan, J. S. Wallace, D. T. Smith, I. Sridhar, Z.
Zheng, and K. Johnson, Contact mechanics of layered elas-
tic materials: Experiment and theory, J. Phys. D: Appl.
Phys. 40, 5984 (2007).

[13] X. Chen and J. J. Vlassak, Numerical study on the mea-
surement of thin film mechanical properties by means of
nanoindentation, J. Mater. Res. 16, 2974 (2001).

[14] W. C. Oliver and G. M. Pharr, Measurement of hardness
and elastic modulus by instrumented indentation: Advances
in understanding and refinements to methodology, J. Mater.
Res. 19, 3 (2004).

[15] R. Garcia, R. Magerle, and R. Perez, Nanoscale compo-
sitional mapping with gentle forces, Nat. Mater. 6, 405
(2007).

[16] D. Wang and T. P. Russell, Advances in atomic force
microscopy for probing polymer structure and properties,
Macromolecules 51, 3 (2018).

[17] Y. F. Dufréne, T. Ando, R. Garcia, D. Alsteens, D.
Martinez-Martin, A. Engel, C. Gerber, and D. J. Miiller,
Imaging modes of atomic force microscopy for application
in molecular and cell biology, Nat. Nanotechnol. 12, 295
(2017).

[18] R. Garcia, Nanomechanical mapping of soft materials with
the atomic force microscope: methods, theory and applica-
tions, Chem. Soc. Rev. 49, 5850 (2020).

[19] M. Heuberger, G. Dietler, and L. Schlapbach, Map-
ping the local Young’s modulus by analysis of the elas-
tic deformations occurring in atomic force microscopy,
Nanotechnology 6, 12 (1995).

[20] M. R. VanLandingham, J. S. Villarrubia, W. F. Guthrie, and
G. F. Meyers, Nanoindentation of polymers: An overview,
Macromol. Symp. 167, 15 (2001).

[21] H.-J. Butt, B. Cappella, and M. Kappl, Force measurements
with the atomic force microscope: Technique, interpretation
and applications, Surf. Sci. Rep. 59, 1 (2005).

[22] E. K. Dimitriadis, F. Horkay, J. Maresca, B. Kachar, and
R. S. Chadwick, Determination of elastic moduli of thin
layers of soft material using the atomic force microscope,
Biophys. J. 82,2798 (2002).

[23] J. T. Pham, F. Schellenberger, M. Kappl, and H.-J. Butt,
From elasticity to capillarity in soft materials indentation,
Phys. Rev. Mater. 1, 015602 (2017).

[24] K. L. Johnson, K. Kendall, and A. Roberts, Surface energy
and the contact of elastic solids, Proc. R. Soc. London, Ser.
A 324,301 (1971).

[25] K. Johnson, Contact Mechanics (Cambridge University
Press, London, UK, 1985).

[26] H.-J. Butt, J. T. Pham, and M. Kappl, Forces between a stiff
and a soft surface, Curr. Opin. Colloid Interface Sci. 27, 82
(2017).

[27] E. Barthel and A. Perriot, Adhesive contact to a coated
elastic substrate, J. Phys. D: Appl. Phys. 40, 1059 (2007).

[28] K. R. Shull, Contact mechanics and the adhesion of soft
solids, Mater. Sci. Eng., R 36, 1 (2002).

[29] Y.-S. Chu, S. Dufour, J. P. Thiery, E. Perez, and F. Pincet,
Johnson-Kendall-Roberts Theory Applied to Living Cells,
Phys. Rev. Lett. 94, 028102 (2005).

[30] F. Kaveh, J. Ally, M. Kappl, and H.-J. R. Butt, Hydrody-
namic force between a sphere and a soft, elastic surface,
Langmuir 30, 11619 (2014).

[31] L. Garcia, C. Barraud, C. Picard, J. Giraud, E. Charlaix,
and B. Cross, A micro-nano-rheometer for the mechanics
of soft matter at interfaces, Rev. Sci. Instrum. 87, 113906
(2016).

[32] S.Leroy, A. Steinberger, C. Cottin-Bizonne, F. Restagno, L.
Léger, and E Charlaix, Hydrodynamic Interaction Between
a Spherical Particle and an Elastic Surface: A Gentle Probe
for Soft Thin Films, Phys. Rev. Lett. 108, 264501 (2012).

[33] R. Villey, E. Martinot, C. Cottin-Bizonne, M. Phaner-
Goutorbe, L. Léger, F. Restagno, and E. Charlaix, Effect of
Surface Elasticity on the Rheology of Nanometric Liquids,
Phys. Rev. Lett. 111, 215701 (2013).

[34] D. Guan, C. Barraud, E. Charlaix, and P. Tong, Noncon-
tact viscoelastic measurement of polymer thin films in a
liquid medium using long-needle atomic force microscopy,
Langmuir 33, 1385 (2017).

[35] D. Guan, E. Charlaix, R. Z. Qi, and P. Tong, Noncontact
Viscoelastic Imaging of Living Cells Using a Long-Needle
Atomic Force Microscope with Dual-Frequency Modula-
tion, Phys. Rev. Appl. 8, 044010 (2017).

[36] K. Eom, H. S. Park, D. S. Yoon, and T. Kwon, Nanome-
chanical resonators and their applications in biologi-
cal/chemical detection: Nanomechanics principles, Phys.
Rep. 503, 115 (2011).

[37] C. M. Dominguez, D. Ramos, J. I. Mendieta-Moreno, J. L.
G. Fierro, J. Mendieta, J. Tamayo, and M. Calleja, Effect of
water-DNA interactions on elastic properties of DNA self-
assembled monolayers, Sci. Rep. 7, 536 (2017).

[38] J. Vega, A. Santamaria, A. Munoz-Escalona, and P.
Lafuente, Small-amplitude oscillatory shear flow measure-
ments as a tool to detect very low amounts of long chain
branching in polyethylenes, Macromolecules 31, 3639
(1998).

[39] M. Zhao, J. Dervaux, T. Narita, F. Lequeux, L. Limat, and
M. Roché¢, Geometrical control of dissipation during the

064045-7


https://doi.org/10.1002/adfm.202009039
https://doi.org/10.1002/aelm.201700412
https://doi.org/10.3390/membranes2010040
https://doi.org/10.1016/j.talanta.2006.09.029
https://doi.org/10.1038/nmat1204
https://doi.org/10.1063/1.1149769
https://doi.org/10.1088/0022-3727/40/19/031
https://doi.org/10.1557/JMR.2001.0408
https://doi.org/10.1557/jmr.2004.19.1.3
https://doi.org/10.1038/nmat1925
https://doi.org/10.1021/acs.macromol.7b01459
https://doi.org/10.1038/nnano.2017.45
https://doi.org/10.1039/D0CS00318B
https://doi.org/10.1088/0957-4484/6/1/003
https://doi.org/10.1002/1521-3900(200103)167:1<15::AID-MASY15>3.0.CO;2-T
https://doi.org/10.1016/j.surfrep.2005.08.003
https://doi.org/10.1016/S0006-3495(02)75620-8
https://doi.org/10.1103/PhysRevMaterials.1.015602
https://doi.org/10.1098/rspa.1971.0141
https://doi.org/10.1016/j.cocis.2016.09.007
https://doi.org/10.1088/0022-3727/40/4/021
https://doi.org/10.1016/S0927-796X(01)00039-0
https://doi.org/10.1103/PhysRevLett.94.028102
https://doi.org/10.1021/la502328u
https://doi.org/10.1063/1.4967713
https://doi.org/10.1103/PhysRevLett.108.264501
https://doi.org/10.1103/PhysRevLett.111.215701
https://doi.org/10.1021/acs.langmuir.6b04066
https://doi.org/10.1103/PhysRevApplied.8.044010
https://doi.org/10.1016/j.physrep.2011.03.002
https://doi.org/10.1038/s41598-017-00605-x
https://doi.org/10.1021/ma9708961

ZAICHENG ZHANG et al.

PHYS. REV. APPLIED 17, 064045 (2022)

spreading of liquids on soft solids, Proc. Natl. Acad. Sci.
U. S. A. 115, 1748 (2018).

[40] M. Gardel, J. H. Shin, F. MacKintosh, L. Mahadevan, P.
Matsudaira, and D. A. Weitz, Elastic behavior of cross-
linked and bundled actin networks, Science 304, 1301
(2004).

[41] R. H. Ewoldt, A. Hosoi, and G. H. McKinley, New mea-
sures for characterizing nonlinear viscoelasticity in large
amplitude oscillatory shear, J. Rheol. 52, 1427 (2008).

[42] H. T. Banks, S. Hu, and Z. R. Kenz, A brief review of elas-
ticity and viscoelasticity for solids, Adv. Appl. Math. Mech.
3,1(20110).

[43] D. T. Chen, Q. Wen, P. A. Janmey, J. C. Crocker, and A.
G. Yodh, Rheology of soft materials, Annu. Rev. Condens.
Matter Phys. 1, 301 (2010).

[44] E. Rolley, J. H. Snoeijer, and B. Andreotti, A flexible
rheometer design to measure the visco-elastic response
of soft solids over a wide range of frequency, Rev. Sci.
Instrum. 90, 023906 (2019).

[45] A. Maali and R. Boisgard, Precise damping and stiffness
extraction in acoustic driven cantilever in liquid, J. Appl.
Phys. 114, 144302 (2013).

[46] V. S. Craig and C. Neto, In situ calibration of colloid probe
cantilevers in force microscopy: Hydrodynamic drag on a
sphere approaching a wall, Langmuir 17, 6018 (2001).

[47] C. Jai, T. Cohen-Bouhacina, and A. Maali, Analytical
description of the motion of an acoustic-driven atomic
force microscope cantilever in liquid, Appl. Phys. Lett. 90,
113512 (2007).

[48] A.Maali, R. Boisgard, H. Chraibi, Z. Zhang, H. Kellay, and
A. Wiirger, Viscoelastic Drag Forces and Crossover from
No-Slip to Slip Boundary Conditions for Flow Near Air-
Water Interfaces, Phys. Rev. Lett. 118, 084501 (2017).

[49] S. Leroy and E. Charlaix, Hydrodynamic interactions for
the measurement of thin film elastic properties, J. Fluid
Mech. 674, 389 (2011).

[50] E. Gacoin, C. Fretigny, A. Chateauminois, A. Perriot, and
E. Barthel, Measurement of the mechanical properties of
thin films mechanically confined within contacts, Tribol.
Lett. 21, 245 (2006).

[51] R. Chasset and P. Thirion, in Proceedings of the Interna-
tional Conference, edited by Prins J. A. (North-Holland
Publishing Co., Amsterdam, 1965), pp. 345.

[52] D. C. Agudelo, L. E. Roth, D. A. Vega, E. M. Vallés,
and M. A. Villar, Dynamic response of transiently trapped
entanglements in polymer networks, Polymer 55, 1061
(2014).

[53] J. C. Scanlan and H. H. Winter, Composition dependence
of the viscoelasticity of end-linked poly(dimethylsiloxane)
at the gel point, Macromolecules 24, 47 (1991).

064045-8


https://doi.org/10.1073/pnas.1712562115
https://doi.org/10.1126/science.1095087
https://doi.org/10.1122/1.2970095
https://doi.org/10.4208/aamm.10-m1030
https://doi.org/10.1146/annurev-conmatphys-070909-104120
https://doi.org/10.1063/1.5064599
https://doi.org/10.1063/1.4824459
https://doi.org/10.1021/la010424m
https://doi.org/10.1063/1.2713860
https://doi.org/10.1103/PhysRevLett.118.084501
https://doi.org/10.1017/S0022112010006555
https://doi.org/10.1007/s11249-006-9030-y
https://doi.org/10.1016/j.polymer.2014.01.010
https://doi.org/10.1021/ma00001a008

	I. INTRODUCTION
	II. EXPERIMENT
	III. ELASTOHYDRODYNAMIC MODEL
	IV. RESULTS AND DISCUSSION
	V. CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


