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ABSTRACT

Soft, biphasic materials such as hydrogels are commonly used to mimic lubrication and confinement
mechanics of biological tissue such as articular cartilage or the cornea. In-depth understanding of such
mechanics is crucial for designing synthetic replacements for cartilage, contact-lens materials or soft
coatings for medical devices. Using colloidal-probe atomic force microscopy (AFM), surfaces can be
investigated at the nanoscale and information on the contact modulus, poro-viscoelastic properties and
the permeability can be extracted. Yet, probing the surface of a soft material in a liquid environment is
challenging, since the point of contact between a probe and sample surface during finite-rate indentation
can be obscured by viscous squeeze-out effects of temporarily confined liquid. To address this issue, we
have developed a 2-step indentation method that enables accurate alignment of finite-rate indentation
curves with respect to the contact point of quasi-static indentation of soft matter in liquid. In this work,
the issue and the method are illustrated by measurements on a commonly used poly(acrylamide)
(PAAm) hydrogel. We have shown that liquid squeeze-out may cause non-negligible force offsets that can
result in false contact-point determination during finite-rate indentation. The presented method allows
accurate alignment of the indentation curves, enables one to accurately study the rate-dependent contact
moduli and related stiffening effects, and thus greatly facilitates mechanical characterization of both

biological as well as synthetic soft materials.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Biological tissues such as articular cartilage have been of interest
to materials scientists and engineers for decades, due to their
unique load-bearing and lubrication properties. The low friction
and wear of articular layers has been attributed to the combined
effect of different lubrication modes, including fluid-film lubrica-
tion by synovial fluid [1], boundary lubrication by a variety of
molecules in synovial fluid [2], and lubrication by pressurisation of
the interstitial fluid [3].

Several studies have demonstrated that interstitial fluid pres-
surisation leads to fluid load support, which strongly influences the
frictional and mechanical response of cartilage [3—7]. Using rate-
dependent indentation experiments allows one to study intersti-
tial fluid pressurisation [8]. It was shown that bovine articular
cartilage, with an equilibrium contact modulus of about 1 MPa, can
effectively stiffen by a factor of six when fluid load support is
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involved. In fact, the fluid pressure can support up to 85% of the
contact load when the cartilage is indented at a rate of several pm/s.
This rate-dependent stiffening due to fluid pressurisation also ex-
plains the ability of cartilage to support contact stresses of up to
5 MPa occurring during normal joint usage [9]. In a related exper-
iment, a direct correlation has been found between increasing
fraction of total load supported by the fluid and decreasing friction
coefficient [5].

The critical role of fluid load support has been demonstrated by
degrading cartilage with proteolytic enzymes—known to cause
degenerative changes that are comparable to the effects of osteo-
arthritis. This enzymatically treated cartilage showed increased
friction and decreased effective contact modulus during rate-
dependent indentation experiments [4]. Similarly, depleting carti-
lage of proteoglycans showed reduced contact moduli and fluid
load support properties, when compared to a native, untreated
cartilage in a nanoindentation study [10].

Improved understanding of the lubrication mechanics of bio-
logical tissue has inspired numerous studies focussing on compa-
rable phenomena in synthetic materials, such as polymer brushes
or hydrogels [11]. Studying synthetic materials is not only impor-
tant for broadening our understanding of bio-lubrication, but is also
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crucial for designing synthetic replacements for cartilage, contact-
lens materials or even coatings for medical instruments [12]. It was
observed, for example, that both sliding and indentation at higher
rates induce fluid confinement within micrometer-thick, surface-
grafted poly(dodecyl methacrylate) brushes, provided that the
viscosity of the surrounding liquid is sufficiently high [13]. The fluid
confinement enhanced the effective contact modulus, presumably
shielding the polymer from the effects of load, similarly to the
situation with cartilage. This kind of behavior has been observed in
several oil-compatible polymer brushes [14—16], but the ability to
confine liquid is not only limited to viscous liquid environments.
The phenomenon was also observed in the case of aqueous sol-
vents, where chemical or physical interactions between the brush
and the fluid enable fluid-load support and prevent direct contact
between the brush-coated surfaces [17—19].

Colloidal-probe atomic force microscopy (CP-AFM) nano-
indentation has become a widespread technique for studying the
surface mechanical properties of soft matter [20—23]. For example,
CP-AFM enables the probing of surfaces on the nanoscale and the
extraction of information on poro-viscoelastic, permeability and
frictional properties. However, probing surfaces of soft matter in a
liquid environment is a challenging task, since the contact between
a probe and sample surface can be obscured by viscous squeeze-out
effects of temporarily confined liquid during finite-rate indentation
[24—26]. The phenomenon of liquid squeeze-out and its effect on
normal force during indentation is shown schematically in Fig. 1.
The liquid confinement in the area between the probe and the
hydrogel may be further amplified due to steric effects between
individual polymer chains protruding into the solvent at the diffuse
interface between the hydrogel and the liquid.

The drainage of liquid confined between a probe and surface-
grafted PEG brushes was analysed by Charrault et al. [27]. The
force-distance curves could in this case be aligned according to the
hard compliance region at the complete compression of the brush,
allowing the drainage forces to be identified and analysed by
applying the slip models of Vinogradova [25]. The authors
explained the obtained apparent slip values partially by deforma-
tion of the soft layer, partially by flow through the brush layer, and
partially by flow below the nominal surface, permeating through
the inherent roughness of the substrate.

In the case of macroscopic hydrogel layers, however, a hard
substrate cannot be reached to serve as a reference for the force-
indentation curve alignment, necessitating an alternative
approach. To this end, we have developed a 2-step indentation
method to accurately align any finite-rate indentation curves with
respect to the quasi-static indentation, where the point of contact
between a probe and soft material in liquid can be determined
more unambiguously. The method presented in this work not only

enables the accurate analysis of rate-dependent material properties
beyond the point of contact, such as rate- and depth-dependent
stiffening effects, but also allows one to study drainage forces and
related phenomena such as boundary slip, permeation of the fluid
or compliance of the surface. In this work, we present the method
applied to common poly-(acrylamide) (PAAm) hydrogels. However,
it can be used on a variety of soft materials in viscous liquids in
order to accurately characterize rate-dependent poro-viscoelastic
material properties. Moreover, the method becomes especially
important in viscous fluids and for large probe radii, since the
squeeze-out forces due to confinement scale linearly with viscosity
and indentation rate, and with the square of the probe radius [25].

2. Experimental
2.1. PAAm hydrogel synthesis

The acrylamide (AAm, Sigma-Aldrich, St. Louis MO, USA, > 99%)
and cross-linker N,N’-methylenebisacrylamide (bis-AAm, Sigma-
Aldrich, > 99.5%)) were dissolved in Milli-Q water at concentra-
tions of 7.5wt% and 0.3 wt%, respectively. The free-radical poly-
merization was initiated by ammonium persulfate (APS, Merck
Group, Darmstadt, Germany, GR for analysis) and catalysed by
N,N,N’,N’-tetramethylethane-1,2 diamine (Sigma-Aldrich, > 99%),
at a concentration of 0.01 wt% each. The reacting solution was
poured into a piranha-cleaned glass Petri dish to a height of 2 mm
and left to completely polymerize. After polymerization, the gel
was removed from the Petri dish and immersed in a large beaker
full of HEPES buffer solution for 48 h, to remove unreacted reagents
and allow swelling of the gel. The surface of the gel that had been in
contact with the glass Petri dish was used for the indentation
analyses.

2.2. The indentation method

Nanoindentation experiments were performed using an AFM
(MFP3D™, Asylum Research, Santa Barbara, USA). The thermal-
noise method was used to determine the normal spring constant
(k=1.31 N/m) of the Au-coated tipless cantilever (NSC-36, Mikro-
mash, Estonia) [28]. A silica microsphere (GP0083, Whitehouse
Scientific, Waverton, UK) with a radius of 43 um was glued with UV-
curable glue (Norland optical adhesive 63, Norland Products, Inc.,
Cranbury, NJ, USA) to the end of the tipless cantilever by means of a
home-built micromanipulator. The spring constant was then cor-
rected for the colloid position on the cantilever as k’=k (L'/
L)> =1.85 N/m, where L is the cantilever length and L’ is the dis-
tance from the base of the cantilever to the colloid position [29]. All
measurements were performed at room temperature of

Fig. 1. Schematic of the liquid squeeze-out phenomenon during finite-rate indentation. (a) The probe experiences no forces related to liquid confinement, however, viscous drag
may be present. (b) In the proximity of the surface, the probe experiences a force due to liquid squeeze-out. (c) Once in contact, a combination of forces due to squeeze-out effects

and deformation of the hydrogel are acting on the probe.
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22°C+1°C using a liquid cell with samples completely immersed
in HEPES I buffer solution in order to control the electrostatic forces
and minimize any capillary forces between the probe and the
investigated surfaces. Prior to the measurements, the optical lever
sensitivity was calibrated by pressing the probe against a hard
surface of a silicon wafer in the same buffer solution to obtain the
relation between the cantilever deflection and the photodiode
signal. Using the buffer solution resulted in only negligible adhe-
sion forces between the relatively large colloid and the silicon
surface.

An acquisition rate of 2000 Hz was used, resulting in data points
measured in time steps of At= 0.5 ms. Force maps of 5 x 5 force
curves were obtained over an area of 20 x 20 pm?. Representative
indentation curves are shown in the force plots, while the graphs in
Fig. 5 depict averages of the force maps collected and subsequently
analysed.

The method presented in this paper, however, does not depend
on the device used, and can be applied to any kind of indentation
that can be performed in liquid. It is based purely on the response of
viscoelastic materials and phenomena occurring during a squeeze-
out of confined fluid during a finite-rate approach of an indenter (of
any shape) towards the tested material surface.

2.2.1. The two steps

Each indentation consisted of two steps. The first step
comprised indentation at a finite rate up to a force set-point, Fig. 2a.
The effective approach rates were set to be approximately 0.4, 2.0,
7.0, 40 and 70 um/s, in order to cover a broad range of approach
velocities. The actual approach rates of the piezo z(t), were then
precisely measured using a Z-piezo displacement sensor and used
as such in further calculations. A set-point for the peak indentation
force was set to Fpax=210+5nN, which corresponds to
0.8—1.0 um of indentation depth for the hydrogel used in this work.
After reaching the set-point, the Z-piezo displacement was kept
constant for 2.0 s to allow for force relaxation or equilibration. The
selected equilibration time was sufficient for complete material
relaxation. Rate-dependent visco- or poro-elastic contributions to
the force initially sensed by the probe decayed by the end of the
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dwell period, at which point only the elastic contribution of the
compressed hydrogel was measured. This not only allows for the
analysis of the characteristic relaxation times, but also enables the
correct execution of the second, slow step, which is used for depth
alignment of the indentation curves.

Following the relaxation, the second step consisted of an addi-
tional piezo extension to a larger indentation depth at a slow rate of
indentation, in order to exclusively probe the elastic response of the
material. Fig. 2a depicts a schematic of a time-resolved force evo-
lution, showing both the first and the second step of indentation. In
the case of the PAAm hydrogel tested, a rate of 0.4 um/s was suf-
ficiently slow to result in no observable hysteresis between the
extension and retraction parts of the curve, thus revealing the
absence of any viscous response. However, the rate of the subse-
quent second step was set to an even lower value of 0.2 um/s. The
indentation depth of the second step needs to be sufficiently large
to allow substantial overlap of all second steps of force-indentation
curves obtained at either different rates and/or set-points during
the first step.

The final indentation depth of the colloid after completion of the
second step matches the depth reached at the end of the relaxation.
Now the retraction rate was matched with the initial rate of
indentation of the first step, allowing rate-dependent adhesion
properties to be studied.

Fig. 2b shows how the force-distance curve obtained from the 2-
step indentation shows firstly a classical force indentation profile
followed by a dwelling period and the additional second step. This
second, slow indentation allows for the precise depth alignment of
the force-indentation curves obtained at different indentation rates
applied during the first step. Through this, the point of contact
between the probe and the surface can be precisely determined,
despite the complicating hydrodynamic force offsets arising from
possible drainage of the fluid between the probe and the sample
surface [25,27,30].

2.2.2. Alignment of the curves
Individual indentation curves always require a baseline align-
ment, and in this methodology an additional alignment is
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Fig. 2. Schematic of the rate-dependent, 2-step indentation method. Z-piezo displacement and force response as a function of (a) time and (b) indentation distance. Differences in
force response after reaching Fp,ax for the three rates are omitted in the time representation for reasons of clarity.
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Fig. 3. Force curves at different rates, falsely aligned according to the distance point
where force starts to deviate from zero by 2¢ ~ 0.15 nN. The inset shows a magnified
part of the graph around the alignment point. A misinterpretation of the contact point
as a consequence of liquid confinement effects ahead of contact results in apparent
increasing depth of indentation with increasing rate of approach.

performed with respect to the indentation depth, in order to
accurately identify the point of contact between probe and sample
surface. The alignment of the curves obtained at different rates was
first performed in the direction of the force axis by subtracting the
baseline from the force curve. In our case, the measured force due
to the viscous drag acting on the colloid far from the surface should
be negligible. To confirm that, the viscous drag acting on the
colloidal probe while moving through the liquid was calculated.
Taking into account the highest rate used, v = 70 um/s, the radius of
the colloid, R =43 um, the density of the aqueous buffer,
p =106 g/m3, and the kinematic viscosity of the buffer at 22 °C,
7=0.9-10"3 Pa-s, the Reynolds number yields a value of
Re = @ = 0.007, which is sufficiently low to assume laminar flow
of the fluid around the colloid for all rates used in this work [31].
Consequently, the force acting on the colloid due to the viscous drag
of the laminar flow is given by Stokes' law: F; = 67nuR [32]. For the
highest rate used, the calculated drag force was F; = 0.05 nN. Since
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the root-mean-square (RMS) of the noise in the force signal
measured 0.07—0.08 nN in our experiments, the drag was assumed
to be negligible in this case. The drag acting on the cantilever was
indeed expected to be larger than the drag of the colloid due to the
larger projected area of the cantilever compared to the colloid.
However, the force read-out during the approach and retraction far
from the surface did not show any significant difference [33,34].
Due to the absence of substantial drag, a linear function was fitted
to the approach part far from the surface to account for any po-
tential instrumental effects (e.g. virtual deflection). The fitted linear
function was then extrapolated and subtracted from the entire
force curve. This was carried out for all rates used in this work. In
the case of higher rates or higher viscosities, a non-negligible dif-
ference in measured force during extension and retraction may
arise. In this case, viscous drag needs to be evaluated and sub-
tracted from the force curves accordingly [33,34].

After the force (y-axis) alignment, an alignment in the direction
of the distance axis was performed. A definite point of contact
between the probe and the surface of the sample was determined
by evaluating the slowest indentation curve (slow-rate), assuming
negligible effects due to fluid drainage close to the sample surface
at this rate. Due to the absence of noticeable adhesive or repulsive
electrostatic forces upon the approach, the point of contact was
defined at the piezo position where force values started to diverge
from zero (mean value far away from the surface) by more than two
standard deviations of the force noise (26 ~ 0.15 nN). In general,
other methods for contact-point determination during quasi-static
indentation could be applied depending on the type of contact (e.g.
adhesive or repulsive) [35,36].

If the curves for all higher rates (fast-rate), previously aligned in
the force direction, were simply aligned in the distance direction in
the same way as the slow-rate curves (e.g. force deviation from
zero), a false interpretation of indentation depth would be made
due to the liquid confinement and squeeze-out effects ahead of the
contact, Fig. 3.

To avoid the misinterpretation of the contact point by solely
determining the start of force deviation (Fig. 3), all fast-rate curves,
previously aligned in the force direction, can be accurately aligned
in the distance direction such that the second, slow-indentation,
step of the force-indentation curve overlaps with the second step
of the slow-rate curve, Fig. 4. Due to the absence of any adhesion
forces upon approach in the present study, the overlapping was
performed by fitting the second step of the slow-rate force-
indentation curve using the Hertzian model [37]:

b
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Fig. 4. Alignment procedure of the fast-rate curves to the slow-rate curve. (a) The second step of both curves is fitted with the same function, but with different offsets dy and dy in
the horizontal direction for the fast and slow rate, respectively. The fast-rate curve is then shifted for dy - do to align the curves. (b) Aligned curves.
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Fig. 5. Representative force curves upon indenting a PAAm hydrogel as a function of (a) time and (b) indentation distance.
layers on hard substrates (e.g. polymer brushes). In this case, if
Fo 4 EVR d—dnls (1) indented to the hard substrate, the second step would show a
T 31-— ,,2( —do) " singularity that could also be used for the alignment purposes.

Here, F is the measured force, E is elastic modulus, v is Poisson's
ratio, and d is the indentation depth. To account for the deviations
in force response from the classical Hertzian model (e.g. softer
surface layer), an indentation offset dp was introduced, Fig. 3a. The
Poisson's ratio was set to 0.5—a value used for comparable soft
materials [27,35]. The obtained modulus E was then used to fit the
second step of the faster-rate curves with the same model, but
shifted by dy:

_4 BVR
T 31-»2

The fitted fast-rate curves were then shifted by dy — dg, in order
to achieve the alignment of the second-step part of the indentation
curves, Fig. 4b. In principle, any other model or function that
accurately describes the force-indentation development (e.g. JKR
[38], DMT [39]) could be used for fitting and subsequent alignment
of the curves [35]. Moreover, the method can also be applied to thin
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Fig. 6. First-step part of the representative force-indentation curves fitted using the
Hertzian model. For clarity, only every 10th and every 100" point is shown for the
curves obtained at the nominal rates of 7.0 and 0.4 um/s, respectively.

After alignment, one might notice that the force measured at
zero indentation, i.e. at the contact point, for all fast-rate in-
dentations is larger than zero, Figs. 5b and 6. Specifically, this force
offset increases with increasing indentation rate due to forces
originating from the liquid drainage from the space between the
probe and the sample surface. It is this exact drainage force that
obscures the point of contact in conventional single-step indenta-
tion experiments, Fig. 3. Prediction of the drainage forces is theo-
retically possible using Reynolds equation, which was employed in
the models of Vinogradova [25], for example. However, several
phenomena such as surface roughness, surface slip and permeation
have a great effect on the drainage forces and therefore make their
prediction tedious and unreliable. A discussion and analysis of the
drainage forces is included in the Supplementary information.
Using the method presented here, however, we could obviate the
identification of the phenomena that affect the drainage forces. We
were able to determine the point of contact at each rate of inden-
tation and take into account the generated force offset. The results
of the alignment of the force curves and the determination of the
rate-dependent stiffening are presented and discussed in the
following section.

3. Results and discussion

Fig. 5a presents representative force curves as a function of time,
where the time axis was set for each curve such that the force set-
points Fpax (or beginnings of the dwell periods) coincide. For
clarity, of all the rates used in this study only the measurements
obtained at the nominal rates of 0.4, 7.0 and 70 um/s are depicted.
The same set of force curves is plotted as a function of indentation
depth in Fig. 5b. One can notice the overlapping parts of the second
steps, which were used for the alignment of the curves, as
described earlier. Characteristic poro-viscoelastic stiffening for
increasing rates of indentation applied during the first step of
indentation, as well as contact-force offsets can be clearly
identified.

Fig. 6 shows the indentation part of the three force curves from
Fig. 4b. All measured data points are shown for the curve obtained
at the highest rate of about 70 pum/s, whereas only every 10th and
every 100™ point is shown for the curves obtained at the nominal
rates of 7.0 and 0.4 um/s, respectively. The curves were fitted (solid
black lines) using the Hertzian model from Equation (1), where the
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Fig. 7. (a) Measured force offset at the point of contact at different indentation rates due to the drainage of the liquid between the colloid and the hydrogel surface. (b) Effective
contact moduli as a function of indentation rate, determined from Hertzian fits of the indentation curves originating at the unobscured point of contact.

contact force offset Foef was taken into account as:

4 EVR
3112

Foff was individually determined for each measured and aligned
force curve by linear interpolation of the two data points closest to
the contact point. The fits to the data are presented as black lines in
Fig. 6. The slow-rate indentation curve (0.4 pum/s) showed good
agreement with the Hertzian model, suggesting a homogeneous
structure of the tested hydrogel in the first 1 pm of depth. Also the
curves at fast rates showed good agreement with the model,
revealing uniform stiffening throughout the entire indentation
depth.

Fig. 7a and b shows average force offsets Fof and fitted moduli E,
respectively, as functions of indentation rate. The lowest value of
Foff corresponds to the slow-rate indentation curve and is basically
the force that was used to determine the point of contact. The force
offsets increased monotonically with indentation rate, reaching a
value of about 12 nN at the highest rate. These are non-negligible
values, considering the range of forces commonly explored dur-
ing the AFM nanoindentation, indicating that strong squeeze-out
phenomena are occurring at increasing rates of indentation be-
tween a probe and a sample surface. These effects might indeed be
negligible for sharp AFM tips in low viscosity liquids, however,
liquid squeeze-out becomes increasingly important in more viscous
fluids and for larger indenter sizes since the squeeze-out forces
scale linearly with viscosity and as the square of the probe radius
[25].

Despite the fact that the depth of the first indentation step could
be selected somewhat arbitrarily, a few limitations should never-
theless be considered. If the maximum force reached during the
first indentation step is much larger than the force offset induced
by the squeeze-out at the contact point (Fpax>> Foff), the
assumption of constant Fog throughout the indentation depth is a
good approximation. However, for Fpax that is comparable to Fyg
one should consider deriving the evolution of squeeze-out forces
for an immersing (indenting) sphere. On the other hand, the
maximum indentation depth is usually limited by the maximum
strain, for any given model to be valid. For example, a Hertzian
model could be applied for indentations up to 20% strain
(e = 4/d/R), meaning that the indentation depth should stay below
the value of 0.04*R, where R is the probe radius. However, for
materials with a Poisson's ratio around 0.4—0.5 (e.g. hydrogels), this
limit could be significantly higher and up to 50% strain or 0.25*R

F—Fop = (d—do)">. 3)

[40]. In this work, indentation depths below 0.03*R were used,
enabling the use of Hertzian contact mechanics.

The moduli shown in Fig. 7b were obtained from Hertzian fits, as
shown in Fig. 6, after subtracting the rate-dependent force offsets,
allowing evaluation from the unobscured point of contact. The
elastic modulus of the sample hydrogel, obtained from the slow-
rate curve, had a value of 18.4 kPa + 0.3 kPa with R? = 0.999, while
moduli increased up to a value of 21.1KkPa+0.4kPa with
R?=0.997 at a nominal rate of 40 um/s. No further increase was
observed at a rate of 70 um/s. Despite the modest increase of the
modulus (about 12%) compared to that observed for polymer
brushes or biological tissues, such as cartilage [5,8,13], the method
still enables one to resolve poro-viscoelastic stiffening, even for
materials showing predominantly elastic behavior. Comparable,
moderate increases in storage modulus with increasing driving
frequency for similar PAAm gels have also been observed by Nalam
at al. [41], for both frequency-modulated (FM) nanoindentation and
rheology. However, despite the remarkable matching of the data in
the overlapping frequency regions between FM nanoindentation
and rheology, they mention no noticeable changes in the modulus
at different indentation rates for conventional nanoindentation.
This could quite possibly be due to the issues in contact-point
determination discussed in our work. The method presented here
therefore not only enables substantial resolution in studying rate-
dependent stiffening effects of soft gels, but also shows values
that fall in line with other methods such rheology, for example.

4. Conclusions

We have developed a 2-step nanoindentation method to accu-
rately align finite-rate indentation curves with respect to the con-
tact point of quasi-static indentation of soft materials such as
hydrogels in a liquid. After a finite-rate indentation and relaxation,
the method uses a slow, second step of indentation for the unam-
biguous depth alignment of the indentation curves. This allows one
to identify and take into account the force offset that appears due to
the hydrodynamic drainage of the fluid confined between the
probe and the sample surface.

The method was demonstrated on a PAAm hydrogel, showing
that non-negligible drainage forces may appear during colloidal-
probe nanoindentation. These forces should especially be taken
into account in the case of viscous liquids and larger indenter sizes.
Identifying squeeze-out forces in our case, allowed us to clearly
resolve the rate-dependent contact moduli, despite the relatively
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modest poro-viscoelastic contribution in the sample hydrogel.

Therefore, the method represents an enabling approach for the
alignment of finite-rate indentation curves during indentation of
soft hydrogels in liquid environments, and allows the study of
material properties beyond the point of contact, such as rate- and
depth-dependent stiffening effects, as well as the drainage forces
ahead of contact.
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