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Abstract

We present a magnetic force-based direct drive modulation method to measure local nano-

rheological properties of soft materials across a broad frequency range (10 Hz to 2 kHz) using 

colloid-attached atomic force microscope (AFM) probes in liquid. The direct drive method enables 

artefact-free measurements over several decades of excitation frequency, and avoids the need to 

evaluate medium-induced hydrodynamic drag effects. The method was applied to measure the 

local mechanical properties of polyacrylamide hydrogels. The frequency-dependent storage 

stiffness, loss stiffness, and loss tangent (tan δ) were quantified for hydrogels having high and low 

crosslinking densities by measuring the amplitude and the phase response of the cantilever while 

the colloid was in contact with the hydrogel. The frequency bandwidth was further expanded to 

lower effective frequencies (0.1 Hz to 10 Hz) by obtaining force–displacement (FD) curves. Slow 

FD measurements showed a recoverable but highly hysteretic response, with the contact 

mechanical behaviour dependent on the loading direction: approach curves showed Hertzian 

behaviour while retraction curves fit the JKR contact mechanics model well into the adhesive 

regime, after which multiple detachment instabilities occurred. Using small amplitude dynamic 

modulation to explore faster rates, the load dependence of the storage stiffness transitioned from 

Hertzian to a dynamic punch-type (constant contact area) model, indicating significant influence 

of material dissipation coupled with adhesion. Using the appropriate contact model across the full 

frequency range measured, the storage moduli were found to remain nearly constant until an 

increase began near ∼100 Hz. The softer gels' storage modulus increased from 7.9 ± 0.4 to 14.5 

± 2.1 kPa (∼85%), and the stiffer gels' storage modulus increased from 16.3 ± 1.1 to 31.7 ± 5.0 

kPa (∼95%). This increase at high frequencies may be attributed to a contribution from solvent 

confinement in the hydrogel (poroelasticity). The storage moduli measured by both macro-

rheometry and AFM FD curves were comparable to those measured using the modulation method 

at their overlapping frequencies (10–25 Hz). In all cases, care was taken to ensure the contact 

mechanics models were applied within the important limit of small relative deformations. This 
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study thus highlights possible transitions in the probe–material contact mechanical behaviour for 

soft matter, especially when the applied strain rates and the material relaxation rates become 

comparable. In particular, at low frequencies, the modulus follows Hertzian contact mechanics, 

while at high frequencies adhesive contact is well represented by punch-like behaviour. More 

generally, use of the Hertz model on hydrogels at high loading rates, at high strains, or during the 

retraction portion of FD curves, leads to significant errors in the calculated moduli.

1. Introduction

Soft matter includes a wide range of natural and synthetic materials including polymeric 

networks, hydrogels, colloid suspensions, foams, and other biological materials such as cells 

or tissues. Soft materials are often viscoelastic in nature, and display strain rate dependent 

mechanical properties. In addition, some soft materials are inhomogeneous and anisotropic, 

and may have features on multiple length scales resulting in neither ideal solid- nor liquid-

like behaviour. Methods to measure the viscoelasticity of macroscopic soft matter samples 

are well developed. However, nanoscale methods to probe the viscoelastic heterogeneities 

inherent to soft matter are lacking.

Polymeric hydrogels are one of the most widely used soft materials in biomedical 

devices,1–3 sensing platforms,4,5 artificial tissue scaffolds,6,7 and drug carriers,8,9 among 

other applications. Hydrogels are also frequently used as model surfaces, to study the 

mechanical properties of biological matter such as cells10 and tissues.11,12 This broad set of 

applications is enabled by the ease of tuning the Young's moduli of the hydrogels from a few 

kPa13–15 to a few MPa16 by varying the crosslinking density of the polymeric network. This 

spans the range of Young's moduli observed for different cells types and other soft tissues.17 

Further, hydrogels are isotropic and compositionally homogenous, rendering them ideal as 

well-defined platforms for biological studies.

The optimum functionality of a hydrogel in a specific application strongly depends on 

appropriate mechanical and rheological properties,18 especially elastic modulus, strength, 

and damping. Such properties are highly dependent on the composition of the polymer 

network19,20 as well as on their surrounding environment.21,22 In addition, the mechanical 

properties of soft materials, due to their viscoelastic nature, can be strong functions of strain, 

strain rate, and the length scale of the applied strain, among other conditions. Viscoelastic 

soft materials often possess multiple relaxation times, making it essential to measure the 

frequency-dependent mechanical response of these materials over a broad range of 

frequencies. Thus the development of new methodologies is necessary to measure 

viscoelasticity at the nanoscale and across several frequencies for better understanding of the 

relevant mechanical properties.

Atomic force microscopy (AFM) is a well-established tool to map the local mechanical 

properties of soft materials. AFM-based force spectroscopy enables mechanical property 

measurement across a wide range of forces (typically from pN to μN), time scales, and 

strains, with nanometer-scale spatial resolution. Modulation techniques can be employed in 

an AFM to determine the frequency-dependent viscoelastic properties of materials by 

sensitively measuring or controlling the changes in amplitude and phase of the cantilever 

Nalam et al. Page 2

Soft Matter. Author manuscript; available in PMC 2016 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



deflection while the tip is in contact with the sample.23–25 However, the quantitative 

determination of mechanical properties using AFM is limited by the instrumental noise, 

creep or drift of the piezo scanners, and the uncertain contact geometries between the AFM 

probes and the materials being probed.

A lock-in technique for a desired modulation frequency greatly reduces the influence of 

noise and allows smaller deflections and forces to be measured. However, it is intrinsically 

difficult to quantify the mechanical behaviour of the contact if the mechanical response of 

the instrument is non-uniform with drive frequency. Piezoelectric actuation of the cantilever 

holder or the entire sample is commonly used. However, this generally introduces a forest of 

spurious peaks due to multiple mechanical resonances of various components, particularly in 

liquid media, which couple with the actual cantilever response.26,27 This masks the actual 

frequency-dependent response of the tip–sample contact. The external environment of soft 

hydrogels or biological material can significantly influence their mechanical behaviour and 

hence it is essential to develop methodologies that enable AFM measurements under liquid 

environment. A direct drive method26,28–30 using, for example, external electromagnetic 

forces to actuate the AFM cantilever (also known as Lorentz force microscopy), overcomes 

this limitation because the excitation is localized just to the free end of the cantilever, 

eliminating mechanical excitation of other components of the AFM. This enhances the 

signal-to-noise ratio over a potentially wide frequency range, including on- and off-

resonance, enabling high resolution imaging and mechanical property measurements of soft 

materials under liquid environments.31 Both normal26 as well as torsional32 actuation of the 

cantilever can be achieved using direct drive methods to map the normal and lateral contact 

stiffnesses of a heterogeneous sample.

Several studies have used contact resonance force microscopy (CR-FM) methods for a 

quantitative estimate of the viscoelastic moduli of polymer blends33,34 and other biological 

entities.35 These CR-FM methods measure the viscoelastic properties of material near the 

resonance frequency of the cantilever which is typically between 25–100 kHz depending on 

the cantilever stiffness. However, such frequencies are often not biologically relevant. There 

is a wealth of important processes that occur in biology at frequencies well below the kHz 

regime. For example, the binding times for actin-crosslinking proteins such as α-actinin or 

filamin are typically in the range of 0.2–3.0 s (0.3 to 5 Hz36), and further at higher 

frequencies (around few kHz) structural mechanical transitions follow a weak power-law for 

living cells,37,38 motivating the need for nano-rheology measurement methods at low 

frequencies.

To access lower frequencies, off-resonance force modulation atomic force microscopy (FM-

AFM) is employed. AFM-based methods to measure the nanoscale viscoelastic properties of 

soft hydrogels and biological cells are mostly based on modulating the entire 

sample.23,24,39–41 For example, Mahaffay et al.10,24 and Radmacher et al.23 measured the 

viscoelastic response of polymeric hydrogels and cells using a modified piezoelectric 

scanner which oscillates the sample stage between 20–400 Hz. Igarashi et al. extended the 

modulation frequency up to 20 kHz using a sample stage piezoelectric actuator to determine 

viscoelastic properties of homopolymers and rubbers.42 One challenge in these approaches 

is that one must consider the influence of hydrodynamic drag on the oscillating probe by the 
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surrounding medium. This drag can confound the measurement of the viscous properties of 

the sample, and thus must be accounted for when quantifying mechanical properties.43

Here, a novel approach using direct drive force modulation AFM was used to explore the 

dynamic response of hydrogels over a wide frequency range (10–2000 Hz). In our work, we 

present a novel tip – based direct drive approach, where the modulation force is applied at 

the tip end of the cantilever, instead actuating the entire sample stage or cantilever chip. 

Magnetic-based excitation was employed for tip modulation (using the iDrive™ module, 

Asylum Research, USA) to obtain a stable, artifact-free amplitude and phase response of the 

cantilever at off-resonant frequencies in an aqueous environment. Since soft materials often 

have a frequency-dependent response, our methodology is potentially a powerful tool for 

quantitative determination of the elastic modulus and viscosity of soft materials in liquid 

environments. Furthermore, a tip-based approach also eliminates the need to estimate of 

hydrodynamic drag forces acting on the cantilever for appropriate measurement of sample 

viscosity.44

For quantitative assessment of viscoelastic properties using AFM, the contact geometry must 

be carefully considered. Soft hydrogels undergo large and potentially non-linear strains at 

relatively low applied forces, especially when probed by a sharp AFM tip.45,46 When probed 

with a sharp tip, the sample deformation can easily be much larger than the contact radius, 

resulting in larger strains (>20%) even at loads as low as 1 pN (shown in the ESI†). This 

violates the assumptions in Hertzian mechanics,47 the model that is most widely used to 

calculate the mechanical properties of the soft materials, potentially leading to large errors in 

calculated moduli (it also violates the assumptions of many other contact mechanics models, 

some of which are discussed below). Here, we employ spherical silica colloids with an 

experimentally-measured micrometer-scale radius (∼3 μm) and relatively low roughness 

(RMS ∼ 2 nm), attached to the end of the cantilever. Although this diminishes spatial 

resolution, the colloid reduces the applied contact stress and thus the sample deformation 

compared to sharp AFM tips, and thus presents a well-defined contact geometry to facilitate 

quantification. These larger probes enable highly compliant materials such as hydrogels to 

be probed over a much wider range of loads and indentation depths than nanometer-scale 

probes, while maintaining a contact radius that remains a small fraction of the probe radius, 

as required for the validity of Hertzian and other contact mechanics model47 (see ESI,† Fig. 

S2). In particular, we have contact radii typically varying between 10–35% of the tip radius, 

for the applied loads. Contact probes with radii larger than 3 mm were avoided as a trade-off 

between spatial resolution and contact deformation. Yoffe proposed a modified Hertz theory 

for spherical indentation (i.e. for contacts with high a/R ratios).48 For nearly incompressible 

materials (at Poisson's ratio ∼0.4), such as hydrogels, the error in using the parabolic Hertz 

model instead of a spherical model at high a/R ratios is less than 1.5%, thus justifying the 

use of parabolic Hertz contact mechanics in this research (see Fig. S2 in ESI†). Finally, the 

probe tip must have a smooth spherical shape for the Hertz model (and several other models) 

to apply; colloid roughness in particular can significantly affect the quantitative 

determination of mechanical properties49,50 Supporting experiments and analysis along with 

†Electronic supplementary information (ESI) available.
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methodological approaches to address these issues will be described in a future 

publication.51

Thus, this work presents a systematic study to measure the mechanical properties of soft and 

homogenous52 polyacrylamide hydrogels across a broad frequency range, from 0.1 Hz to 2 

kHz. While force modulation measurements were used to explore the mechanical properties 

at high frequencies (10 Hz to 2 kHz), slow force–displacement (FD) curves were used for 

low frequency response measurements. The hydrogel moduli depend on frequency, but the 

contact mechanical model to describe the system varies from a Hertz-type contact at lower 

frequencies to a dynamic punch-type model at higher frequency regime. At higher 

frequencies, the load dependence of the mechanical response shows deviations from the 

Hertz model, even at low depths of indentation. Specifically, with oscillatory motion of the 

tip at sufficiently high rates, we hypothesize that the sample does not have time to relax and 

thus the effect of intrinsic viscoelastic dissipation at the contact interface should be taken 

into account.

2. Materials and methods

2.1 Preparation of hydrogels

Polyacrylamide gels with two different crosslinking densities were prepared by mixing 

acrylamide and bis-acrylamide (Sigma-Aldrich, USA) stock solutions at different 

concentrations as summarized in Table 1. The details of the preparation of polyacrylamide 

gels are given in ref. 53. Briefly, glass slides, coverslips, and glass boats (vials) were piranha 

cleaned (70% H2SO4 and 30% H2O2) for 30 minutes at 80 °C, extensively rinsed with DI 

water, and then dried in a stream of dry nitrogen. The coverslips were then placed in a glass 

jar and were silanized via vapour deposition using 1 mL of 3-aminopropyltriethoxysilane 

(APTES) (Sigma-Aldrich, USA) for 2 hours at 80 °C inside a preheated oven. Silanized 

coverslips were placed in a glass jar containing 0.5 (v/v)% glutaraldehyde solution in PBS 

solution (Ca2+ and Mg2+ free, 0.016 M, Fischer, USA) for at least 30 minutes. The glass 

slides and the boats were placed in a glass jar containing 1 mL of dichlorodimethylsilane 

(DCDMS) (Sigma-Aldrich, USA) and were silanized for 45 minutes under a continuous 

nitrogen flow through the jar. Finally, radical polymerization was initiated between the 

monomer and the crosslinker solution (2 mL) by adding tetramethylethylenediamine 

(TEMED) (2 μL) (Sigma-Aldrich, USA) and ammonium persulfate (APS) (20 μL, 10 w/v% 

in PBS) (Sigma-Aldrich, USA) in an eppendorf tube.

Preparation of hydrogels for AFM measurements—A droplet (25 μL) of the 

polymer mixture was squeezed between the silane-coated glass slide and the coverslip; and 

the solution was allowed to polymerize for at least 15 minutes. After 15 minutes, the glass 

slides were removed, and the gels attached to the cover slips were immediately transferred 

into dishes containing phosphate buffer.

Preparation of hydrogels for macro-rheology measurements—About 1.5 mL of 

the polymer mixture was pipetted into the silanized boats. The solution in the boat was 

slowly rotated manually till the bottom of the boat was uniformly covered with the solution, 

avoiding air bubbles. The polymer mixture was allowed to set for at least for 30–45 minutes 
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before peeling the gels from the glass boats. The thick gels were also immediately immersed 

in the phosphate buffer.

The solvent inside the gels was exchanged with fresh PBS buffer at least 2–3 times to 

remove excess un-crosslinked monomers from the network. Gels were stored in PBS buffer 

at 4 °C. For measurements, the PBS buffer in the gels was exchanged with DI water by 

incubating the gels in a dish containing excess of DI water for at least 30 minutes before the 

use. To avoid substrate effects in the measurements of modulus, samples with large film 

thicknesses were prepared. The film thicknesses for hydrogels used in AFM and macro-

rheology measurement were approximately ∼20 mm and ∼2 mm, respectively. The 

magnitude of the measured modulus was found to be dependent on the sample age. Such 

effects were avoided by measuring only on “fresh” samples, i.e., within 5 days after the 

sample preparation.

2.2 Macro-rheology of hydrogels

Mechanical testing of the hydrogels was performed using a shear rheometer (AR series, TA 

instruments, New Castle, DE, USA). The rheometer was calibrated for instrumental inertia, 

air bearing friction, and gap compensation before the measurements. A 20 mm diameter 

aluminium based parallel-plate configuration was used in the current study. Unsupported 

polyacrylamide gels were placed on the lower platform (fixed) of the rheometer and the 

upper plate (movable) was slowly lowered until a small compressive force (∼1–3 N) on the 

gel was recorded. To avoid slip between the gel and the plate, especially from the thin water 

film formed from squeezing out of the solvent from the gel, rough emery sheets (Silicon 

Carbide paper, 240 Grit, South Bay Technology, San Clemente, CA, USA) were glued to the 

platform and the upper plate using a highly adhesive double-sided tape (Scotch, USA). 

Shear moduli of the hydrogels were acquired as a function of strain amplitude from 0.5 to 

5% at an oscillating frequency of 1 Hz to estimate linear viscoelastic regime for hydrogels. 

The dynamic storage modulus for hydrogels, measured using the parallel-plate shear 

rheometer, was found to be independent of strain amplitude until the amplitude exceeded 

1%, at which point the storage modulus decreases (Fig. S3, ESI†). Thus, strain amplitude of 

0.1% is employed and the frequency dependence response for hydrogels was measured by 

varying the angular frequency from 0.01–100 Hz with 5 data points measured per decade. 

The temperature of the system was controlled via a thermostat and was held at 24 °C. 

Dynamic shear moduli (G′ and G″) were measured and later translated to normal Young's 

storage and loss moduli (E′ and E″) using a Poisson's ratio of 0.45 for hydrated hydrogels.15 

The experiments were replicated thrice with duplicate repeat measurements on each gel.

2.3 Nano-rheology of hydrogels

Colloid attachment on AFM cantilevers—Silica colloids were attached to the iDrive™ 

cantilevers (AR-iDrive-N01, Asylum Research, Santa Barbara, USA) using a 

micromanipulator attached to a long-distance optical microscope (40×, Alessi REL-4100A, 

NJ, USA). Silicon dioxide microspheres (C-SIO-5.0, diameter ∼5 μm, Microspheres-

Nanospheres, Corpuscular, NY, USA) were glued to the cantilevers using two-part epoxy 

(JB Weld, Sulphur Springs, TXUSA) manipulated by a sharp tungsten wire (TGW0325, 

World Precision Instruments, Sarasota, FL, USA). The glue was allowed to cure overnight at 
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room temperature. Reverse imaging of the colloids usually showed debris and other organic 

contaminants, thus the cantilevers were cleaned in ethanol (Sigma-Aldrich, USA) and then 

UV-ozone treated (UVO Cleaner model 42, Jelight Co. Inc., Irvine, CA, USA) for at least 15 

minutes before use. Colloids with the lowest available RMS roughness (∼1.5–2 nm) were 

used for viscoelastic measurements.

The colloids' radii were estimated by reverse imaging the colloid-attached cantilevers against 

a clean test grating (MikroMasch, Spain) which contains tall spikes with sharp ends (∼10 

nm radius). The topographic images acquired represent a convolution of tip and sample 

features. Images with a scan size of 20 μm × 20 μm were acquired in contact mode and at 

low scan rates (0.5 Hz) to track the curvature of the colloid (ESI†). Image processing and de-

convolution of the tip radius was performed using commercial software (Scanning Probe 

Image Processor (SPIP): Image Metrology, Horsholm, Denmark).

The normal stiffness of the cantilevers was calibrated using thermal noise method54 using 

the MFP-3D controller. Thermal noise spectra were acquired in water after attaching the 

colloids to the cantilevers. The normal deflection sensitivities of the colloid-attached 

cantilevers were obtained by measuring the slope of FD curves (deflection (d) vs. Z sensor 

position (Z)) on a clean silicon wafer in DI water.

Slow loading measurements—Continuous, slow FD curves, without modulation, were 

obtained on both hydrogels. FD curves were obtained over a range of constant approach 

velocities. The maximum depth of indentation for the gels was held at ∼350 nm, well below 

the calculated contact radii of 1.1 μm. The effective frequencies for the static FD 

measurements were estimated as the distance travelled by the indenter in the sample 

(approach and retraction distance) divided by the constant speed of approach of the 

cantilever.55,56 This corresponds to a frequency range of 0.1 Hz to 10 Hz when the approach 

speeds were varied from 100 nm s−1 to 8 μm s−1. All measurements were conducted under 

DI water at a temperature of 22 °C. The elastic moduli were estimated using the contact 

mechanical fits available in Asylum Research Software, Version AR 12. Approximately 36 

FD curves were acquired across different locations on the sample to average the measured 

mechanical properties. The approach curves were used to estimate the depth of indentation 

in the hydrogel at an applied force.

Methodology for dynamic modulation measurements—Experiments were 

conducted using a commercial AFM (MFP-3D, Asylum Research, Santa Barbara, USA) 

using magnetically-driven iDrive™ cantilevers with normal stiffness of kn = 0.08–0.1 N m−1 

and normal resonance frequency of 6–8 kHz. An ARC2 controller with a built-in multi-

channel lock-in amplifier was used to record the amplitude and phase response of the 

cantilever during tip–sample interaction. The cantilevers were actuated in normal mode by 

applying an AC drive signal though the V-shaped gold-coated (back side) cantilever such 

that the electromagnetic field generated at the end of the cantilever is perpendicular to the 

magnetic field generated by an externally attached magnet in the tip holder, inducing forced 

oscillations (Lorentz force) at the end of the cantilever. The amplitude and the phase 

response of the cantilever in DI water using piezo actuation (Fig. 1a) and with magnetic 

actuation using an iDrive™ cantilever (Fig. 1b) show highly contrasting responses. The 

Nalam et al. Page 7

Soft Matter. Author manuscript; available in PMC 2016 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



‘forest of peaks’, usually associated with the piezo-driven cantilever due to the vibrations 

from the mechanical elements in the instrument is eliminated using the iDrive™ cantilever. 

The resonance frequency obtained (∼7.5 kHz) using magnetic actuation closely matches 

with the response determined from the thermal noise spectrum obtained for the cantilever in 

liquid medium (not shown). We also observe the first normal mode overtone of the 

cantilever at 58 kHz. Along with improved signal-to-noise ratio, the direct actuation 

increases the magnitude of the amplitude both on- and off-resonance, especially before the 

resonance peak. The spurious peaks in the amplitude and phase signal are still observed at 

frequencies below 1 kHz using the iDrive™ cantilever and are attributed to the electronic 

noise from the instrument at these frequencies.

At low modulation frequencies (f < 1 kHz), to avoid this electronic noise, a band filter along 

with appropriate notch filters were used to improve the signal to noise ratio of the cantilever 

response at each modulating frequency. The notch filters were placed to coincide with output 

1f and 2f signals of the modulating frequency (f) such that the output DC signal from the 

lock-in is not obscured. The acquisition rate was set to be at least twice the lock-in filter 

frequency to avoid aliasing. As a result, Fig. 1c in contrast to Fig. 1b, shows a nearly 

invariant response in amplitude and phase change of the cantilever at off-resonance 

frequencies (5 Hz to 2 kHz) in aqueous medium. The spurious peaks observed below 1 kHz 

in Fig. 1b were no longer observed. This frequency-invariant response, especially out of 

contact, is important for quantitative determination of the frequency dependence of the 

contact. A similar frequency-invariant response was observed for cantilevers in contact with 

a silicon wafer.

The dynamic response of the hydrogels were measured by loading the sample in discrete 

steps. The schematic representation of discrete loading used for dynamic modulation 

measurements is represented in ESI.† The cantilever was approached from out of contact to 

a set force with an indentation speed of 4 μm s−1 (1 Hz). Note that the approach rate of the 

indenter in dynamic modulation measurements, unlike the static FD measurements, was held 

constant for all the measured depths of indentation and modulation frequency. The normal 

static load on the gel was incremented in discrete steps of 0.5–2 nN for the low cross-linked 

gel, and 0.5–15 nN for the high crosslinked gels. The approximate depth of indentations 

obtained in hydrogels varied from 80–350 nm (depending on the applied load).

The drive, corresponding to an out of contact oscillating cantilever amplitude of ∼4 nm, was 

held constant at all frequencies. The amplitude and phase signals were recorded during 

dwell, and then the tip was retracted from the sample. Data were acquired over a period of 

64 seconds at single point of contact (zero scan area) at each fixed depth of indentation. The 

scan rate was kept slower than the time constants for the lock-in amplifier across all the 

measured frequencies. The amplitude and phase signals measured as a function of time, at a 

constant applied force, respectively showed a variation of 0.3 nm and 0.1 degree within the 

measured window. The drift in the Z-direction, when measured against a hard surface 

(silicon) was observed to be <0.01 nm s−1. Integral gain used for measurements was 

optimized such that the change in force with modulation was minimized to <0.03 nN from 

its mean value, and the drift in the force was held <0.08 nN s−1. Hydrogels showed 

relaxation within the first 1–2 s of dwell time (ESI†), beyond which the signal was stable 

Nalam et al. Page 8

Soft Matter. Author manuscript; available in PMC 2016 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with time. The effect of creep was avoided by neglecting the data acquired in the first few 

seconds after the dwell period. This discrete or step-wise loading is thus an advantageous 

approach for excluding creep effects, in contrast with continuous FD measurements. At each 

measured depth of indentation, the cantilever was modulated at a series of frequencies from 

10 Hz to 2 kHz. Both the frequency-dependent and the depth-dependent response of the 

cantilever were acquired from at least 3 to 4 different locations across the sample. The 

measurements were further repeated with 2 different tips. The increments in the frequency 

and load response were randomized. Finally, the storage and loss stiffnesses of the sample 

were estimated (discussed in the next section) from the recorded amplitude and the phase 

change signals of the cantilever.

The direct-drive actuation method, in principle, could be used to obtain measurements at 

even lower frequencies, i.e., below 10 Hz. This is desirable as it would extend the range over 

which the mechanical spectroscopy is analyzed. However, at lower frequencies, the 

measurements were more susceptible to 1/f noise including the effects of drift leading to 

unreliable results. Further improvements in the electronics and measuring conditions are 

currently being investigated to access the lower frequency regime.

3. Theory

3.1 Force modulation response using direct drive AFM

In force modulation measurements, a constant force at the end of the cantilever (F) is applied 

when the cantilever is out of contact or in contact with the sample. In the out of contact 

configuration, the force response of the cantilever is represented by a Voigt element as 

shown in Fig. 2a. When the tip comes in contact with the sample, the oscillating direct drive 

using the Lorentz force acts directly at the cantilever end, resulting in a parallel arrangement 

of two Voigt elements: that of the cantilever and that of the contact (Fig. 2b).25 In Fig. 2, the 

terms kn and ksample represent the elastic stiffness of the cantilever and the sample. Similarly, 

ηo represent the viscosity of the medium while oscillating in a medium, ηsample the damping 

in the viscoelastic sample respectively. At a constant drive, the force at the end of the AFM 

tip in the direct drive force modulation method is given as:

(1)

where Ao, Asample are the cantilever deflection amplitudes when the cantilever is out of and 

in contact with the hydrogel respectively. Similarly, ϕo, ϕsample represent the phase 

difference between the drive signal and the cantilever response when the cantilever is out of 

contact and in contact with the hydrogel, respectively. The effective stiffness of the sample 

(ksample) is estimated by rearranging the above equation to obtain:

or
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(2)

Setting Ao/Asample = Ā, the storage and loss stiffnesses for the sample can be represented as

(3a)

(3b)

respectively. The dissipation response of the sample compared to its stored energy is the loss 

tangent, tan δ, where δ is the phase difference between the input signal (ϕo) and the response 

of the sample (ϕsample), i.e.

(4)

Hydrodynamic drag measurements, similar to Navajas et al.,43 were conducted using the 

colloid probe cantilever on freshly cleaned silicon wafers immersed in DI water at room 

temperature. Out of contact amplitudes and phase shifts were measured at different distances 

away from the sample surface and at different modulating frequencies. Especially at high 

modulating frequencies, a decrease in phase shift with increase in distance between the tip 

and the sample was observed (not shown). This change in the phase shift with respect to the 

initial modulation drive signal is associated with the drag on the end of the cantilever from 

surrounding medium (ϕo), which is a function of both distance and as well the colloid 

diameter. However, when the cantilever comes in contact with the sample, the corresponding 

phase shift of the cantilever (ϕsample) now includes dissipation from the viscoelasticity of the 

sample and the drag forces from the surrounding environment near the sample. Thus the 

contribution to the phase shift from the surrounding medium is accounted and eliminated 

directly in eqn (2)–(4) by using ϕ = ϕo – ϕSample. Rebelo et al.44 derived equations of motion 

for the cantilever actuated by a direct drive, while in- and out of contact with the sample. 

These equations include the inertial retardation effects due to the cantilever mass and the 

hydrodynamic drag from the medium – by measuring the phase difference of the measured 

by the cantilever in air (ϕo) and on the sample (ϕsample), similar to the ones presented here 

(eqn (4)).

3.2 Contact mechanical response for linear-elastic materials

The contact mechanics for a sphere-plane contact can be described using the Hertz contact 

mechanics model.57 The contact force or load F as a function of the indentation depth (d) is:

(5)

where R is the radius of the colloid when indented against a flat surface, and 1/E* = (1 – 

νSample
2)/E where E is the elastic modulus of the sample and ν = Poisson's ratio (the tip is 
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assumed to be infinitely rigid in comparison to the sample). Note that the power index n for 

Hertzian contact (F ∝ dn) is 1.5. The stiffness of the material (S) as a function of load (F) for 

a Hertzian contact, using eqn (5) and S = 2E*a, is given by

(6)

where a is the contact radius for a circular contact, and .

The model is not universal: the materials are assumed to be macroscopic, homogeneous, 

isotropic, linear, and elastic. All strains must be small, i.e., d ≪ a ≪ R, and adhesion is 

neglected. For significant adhesion, the interfacial energies of the materials must be taken 

into account using the Johnson–Kendall–Robertson (JKR) model58 which applies to 

compliant materials such as hydrogels when indented with tips of sufficiently large radii 

(such as colloid probes) and sufficiently short-range adhesion. A detailed discussion on the 

contact mechanics of adhesive materials is provided in the ESI.† The JKR model can be 

applied to the FD curves using the following equations:

(7)

where W is the work of adhesion and the radius of the contact (ao) and pull-off forces (Fadh) 

at zero load are represented by

(8)

4. Results

4.1 Macro-rheology of polyacrylamide hydrogels

Assuming the hydrogels to be homogenous and isotropic with a Poisson's ratio of 0.45,15 the 

storage Young's moduli (E′) are estimated from the measured storage shear modulus (G′) 

using macroscopic shear plate rheometry. Fig. 3 shows the storage Young's modulus (E′) 

measured from 0.01 Hz (=0.062 rad s−1) to 50 Hz (=3.1 rad s−1). At higher rotational speeds, 

beyond 25 Hz, more scatter in the data is observed, attributed to vibrations in the rotating 

shaft and/or slip at the sample interface. Between 0.01 and 10 Hz, a small increase in the 

storage modulus is measured for both high- (∼8%) and low- (∼19%) crosslinked gels. The 

plateau storage moduli (average modulus of the hydrogel between 0.1–10 Hz) for low- and 

high-crosslinked gels are 5.0 and 17.2 kPa, respectively. The loss tangent values of 

polyacrylamide gels are represented in ESI,† where the low crosslinked gels exhibit higher 

loss tangent values in comparison to higher crosslinked gel. A transition is observed, for 

both the hydrogels, at 10 Hz beyond which an increase in tan δ values is observed with 

increase in frequency. However, the large error bars associated with both storage modulus 
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and tan δ values at frequencies beyond 10 Hz, will also include the uncertainties from the 

instabilities of the instrument operating at such high oscillating frequencies.

4.2 Nano-rheology of polyacrylamide hydrogels

Slow loading measurements—FD curves were obtained by slow linear loading (i.e., 
with no modulation) of the hydrogels. Representative FD curves obtained at ∼0.1 Hz on the 

low- and high-crosslinked hydrogels using a smooth colloid probe are shown in Fig. 4a. For 

the approach portion of the slow FD curves, pure repulsion is observed. Polyacrylamide gels 

which are electrically neutral showed repulsive forces between the colloid and the hydrogel 

upon contact. Steric repulsive forces with osmotic origin between the loose chain-ends 

present at the interface of the PAG and the colloid probe under compression dominate and 

result in negligible adhesion. However once the negatively-charged colloid comes in contact 

with the hydrogel, the colloid is believed to either interact with the local charges present 

along the polyacrylamide chains resulting in adhesion and possibly requiring dis-

entanglement of chains upon retraction (thus leading to multiple unstable rupture events 

upon separation).

Repeated FD curves acquired on hydrogels using the colloid probe across the sample 

presented similar slopes upon contact (estimated error <10%), indicating the absence of 

colloid contamination from polymer entanglement. Fig. 4b shows representative fits of the 

approach and retraction curves to the quasi-static FD curves measured at an approach rate of 

0.1 Hz. The approach curves showed a good fit to the Hertz model (eqn (5)); except in the 

initial part curve (first 10′;s of nm). The power index was treated as a free parameter which 

yielded a value of 1.47 ± 0.40 (yellow line, Fig. 4b). However, the retraction curves, for the 

hydrogels showed JKR-type behaviour (eqn (7)) showing a direction-dependent contact 

mechanics behaviour. The fit to the retraction portion (black line, Fig. 4b) was limited to the 

force at zero indentation depth (dotted line in Fig. 4b); the multiple, long-range rupture 

events were neglected in this fit. The estimated Young's moduli from quasi-static FD 

measurements, i.e., using a Hertzian fit for approach and JKR fit for retraction, are provided 

in Table 2. The different adhesive character of approach vs. retraction for each gel results in 

Young's moduli slightly higher, but comparable (<15%) during approach (Hertzian fit) in 

comparison to retraction (JKR). The pull-off force (Fpull-off) measured from the JKR fit was 

used to estimate the effective work of adhesion (Wadh,eff) using the relation: Wadh,eff = 

Fpull-off/(1.5πR) (Table 2). The Tabor parameter for high- and low-crosslinked hydrogels 

were estimated to be ∼150 and ∼200, respectively, justifying the use of the JKR model for 

the retraction curves (eqn (S1) in ESI†).

Unlike many materials, hydrogels showed Hertzian behavior on approach curve, while on 

retract the JKR model fit the data far more closely (Fig. S7, ESI†). In JKR-type materials, 

the attractive forces between the two surfaces cause spontaneous elastic deformation which 

increases the contact area until the surface energy is balanced with elastic strain energy. 

However, our results indicate that these hydrogels do not undergo this spontaneous elastic 

deformation upon approach. This may be due to the presence of steric repulsion forces of 

osmatic origin and/or due to negligible long-range attraction forces. Hydrogels being low 

density polymer structure result in smaller van der Waals forces which are further screened 
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by the surrounding water. Thus, the load is not affected by interfacial bonding during 

approach, and the Hertz model applies. We propose that the adhesion only begins to exist 

when the colloid comes in contact with the hydrogel; upon retraction, these interfacial 

adhesive bonds resist separation, and the contact follows the JKR model. Polyacrylamide 

hydrogels in water have shown high polymer–solvent interaction parameter (χ ∼ 0.5) 

resulting in high interactions between the polymer chains and the possibly with the 

colloid.59 Such adhesive interactions were observed to significantly reduce when the 

measurements were performed in PBS solution with ∼10 mM NaCl concentration or when 

the colloid probe was functionalized with neutral dextran molecules (poly-L-lysine-graft-
dextran). These effects are similar to salting – in effects (lowering χ values) possibly arising 

from partial hydrolysis of the −CONH2 groups along the polyacrylamide chains.59 Such 

adhesion hysteresis, i.e., a different work of adhesion between approach vs. retract have been 

previously reported by Israelachvili et al. for several organic systems.60

The Young's moduli were measured as a function of approach rates, as shown in the Fig. S8 

(ESI†). The depths of indentation for hydrogels were held at ∼350 nm and at different 

approach rates varying from 0.1 Hz to 10 Hz a negligible increase in modulus, similar to 

macro-rheology measurements, was observed for both high (<9%) and low (∼17%) 

crosslinked gels. The FD curves showed a valid Hertzian fit, even at higher frequencies (∼10 

Hz), upon approach.

Dynamic modulation studies—Fig. 5 shows the dynamic storage stiffness (k′) (eqn 

(3a)), loss (k″) stiffness (eqn (3b)), and tan δ (eqn (4)) as a function of modulating frequency 

for high- and low-crosslinked hydrogels. The high crosslinked hydrogels show higher 

storage stiffness values compared to low crosslinked hydrogels across the entire measured 

frequency range. As the frequency was varied from 10 Hz to 2 kHz, an approximate 135% 

and 105% of increase in the storage stiffness was observed for low- and high-crosslinked 

gels respectively (Fig. 5a).

Both hydrogels show an initial decrease in loss stiffness (up to 100 Hz; the effect being 

much stronger for the high crosslinked gel) and then a gradual increase with increase in 

frequency is observed. The loss tangent (Fig. 5b), similar to loss stiffness, reaches a 

minimum value of approximately 0.01 for both the hydrogel near 100 Hz when compared to 

values between 0.30–0.15 at the low- and high-frequency ends in the measured frequency 

ranges. This indicates similar dissipative characteristics of both gels.

Fig. 6 shows the dynamic storage stiffness (estimated using eqn (3a)) as a function of load 

for the two hydrogels obtained using direct cantilever actuation. The plots show 

representative storage stiffness data measured at three modulating frequencies: 10 Hz, 500 

Hz, and 2000 Hz for both low- (Fig. 6a) and high- (Fig. 6b) crosslinked hydrogels. As the 

amplitude and phase were obtained by incrementing the normal load on the gel in discrete 

steps, one would expect that the resulting stiffness–load plots would be comparable to the 

approach curves obtained using continuous static FD measurements (Fig. 4). However, the 

Hertz fits (dashed lines) to stiffness–load plots using eqn (6) deviates from the measured 

data for both gels, particularly more at higher frequencies. The deviations of the Hertz fits 

from the measured data are represented by the residual errors (%) plotted in Fig. 6. These 
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ranged from 30 (at low indentation depths) to − 15% (high indentation depths) at 2 kHz. 

Only at lower modulating frequencies, ∼10 Hz, the Hertzian fit is shown to closely fit the 

stiffness-load data (residual errors <15%).

5. Discussion

Unlike the non-modulated FD curves (Fig. 4), the stiffness–load curves obtained from 

dynamic modulation measurements (Fig. 6) deviate from the elastic Hertz model, especially 

at high modulating frequencies. Greenwood et al. showed61 that adhesive viscoelastic 

materials can exhibit adhesion hysteresis, i.e., more work is required to separate the surfaces 

than is gained when creating the contact. Under cyclic loading of viscoelastic or dissipative 

materials, as in our modulation measurements, the relaxation times for the material may be 

comparable to the applied modulating frequencies (the relaxation time (creep) for gels was 

obtained to be ∼0.5–1 s in Fig. S5, ESI†). The contact can thus resist the change in contact 

area, leading to a “punch-type” mechanical behaviour where the contact area remains 

constant despite the change in load. Correspondingly, the stiffness (S), which is proportional 

to the contact radius (a), remains constant. Greenwood defined a non-dimensional parameter 

(ω̄) for modulation measurements, where  describes the transition from 

elastic contact (ω̄ < 0.1) to viscoelastic punch-type contact (ω̄ > 5).61,62

The value of ω̄ depends on the modulation frequency (ω), the Tabor parameter μ (i.e., E*, R, 

zo, and W (eqn (S1), ESI†)) and the relaxation time of the material (τ). Our measurements 

show that PAG gels are reasonably dissipative, with comparable magnitudes for storage and 

loss stiffnesses observed using the nanoindentation measurements (Fig. 5a). This is further 

supported by the long relaxation times (τ), 0.5–1.0 s (ESI†), for hydrogels. We calculate ω̄ 

≫ 5 for hydrogels already at low frequencies and thus the punch-type model is applicable 

for hydrogels. Ebenstein et al. describe55 the frequency-dependent stiffness response, S(ω), 

when S is proportional to A (contact area) as

(9)

The values Fadh (the adhesion at zero stiffness) and S0(ω) (the stiffness at zero load) are 

determined from fits to stiffness-load data. The fits (Fig. 6, black solid lines) resulted in less 

than 5% residual error, in contrast with fits of the Hertz model (Fig. 6, black dashed lines), 

where residual error reached 30%. Thus, the dynamic punch model described the stiffness 

vs. load data more accurately than the Hertz model. The dynamic punch model is shown to 

fit best at all the explored modulating frequencies, including ∼10 Hz. The Hertzian fit 

deviates substantially from the measured data even at low indentation depths (Fig. 6), 

indicating the influence of viscoelasticity on the contact even at small strains. Thus, the 

deviation from the Hertz model cannot be attributed to high loads (high deformations), but 

rather, to a dynamic viscoelastic effect. The dynamic storage modulus (E′(ω)) from the 

stiffness–load curves can be obtained from:55
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(10)

where E*(0) is the reduced relaxation modulus obtained from the Hertz fit to the slow force–

distance curves (Fig. 4b). The stiffness–load plots for both hydrogels across all measured 

frequencies are shown in the ESI.† The dynamic punch model was applied and the values for 

Fadh and S0 were obtained (eqn (9)) to estimate E′(ω) at each frequency (eqn (10)). An 

approximate 35% and 22% increase in E′(ω) was observed for high-and low-cross-linked 

hydrogels respectively as the modulation frequency was increased from 10–2000 Hz (Fig. 7 

and 8).

Fig. 7 compares the E′ values obtained by applying both dynamic punch model and Hertz 

model to the force modulation measurements. Regardless of the fitting model used, the 

storage modulus increases with frequency, showing a viscoelastic stiffening behaviour. For 

the modulation measurements, the E′ values extracted from fitting the Hertz model to the 

stiffness vs. load data are higher than values extracted from fitting the dynamic punch 

model. The discrepancy is largest (∼250% and 180% for high- and low-crosslinked gels, 

respectively) at the highest frequency (2 kHz), and lessens as the frequency reduces thus 

indicating that the dynamic effects render the dynamic punch model a better fit than Hertz. 

Although we have not yet been able to extend the dynamic modulation measurements to 

frequencies below 10 Hz because of drift, collectively the data clearly indicate a transition 

from Hertzian behaviour at low frequencies to punch-like behaviour at high frequencies 

occurs around ∼10 Hz. The mechanical moduli values measured from Hertz and dynamic-

punch models are found to overlap ∼10–25 Hz (error between the two models <10%) for 

low crosslinked gel and similarly around ∼10 Hz (error between the two models <30%) for 

high crosslinked gel. A comparison of the two models for the FD curves measured using 

slow loading and the dynamic modulation data at 10 Hz showed an insignificant difference 

(see Fig. S10, ESI†). Thus a clear transition from the elastic – Hertz model to a dissipative 

dynamic punch model for PAGs occur at ∼10 Hz.

Thus for the dynamic modulation measurements, the dynamic response of the sample 

acquired while approaching to a desired load can be still be represented by the Hertz model 

at low frequencies. However, viscoelastic effects begin to manifest at higher frequencies 

leading to deviation from Hertz-like behavior. Instead, the punch model fits the dynamic 

modulation measurements for all frequencies. Thus, we propose that it is important to 

consider the loading history (i.e., adhesion hysteresis seen between approach and retract) 

and the loading frequency (viscoelasticity) before applying contact mechanics to analyze the 

material. Failing to take these issues into account may lead to large errors in extracted values 

of the modulus for example.

Comparisons of the storage moduli measured across 4 decades of frequency space using 

different length scale of measurement, i.e., nanoscale static FD measurements (applying the 

Hertz fit to extract E′), nanoscale modulation measurements (applying the punch fit to 

extract E′), and macroscale parallel-plate rheology measurements are presented in Fig. 8. 
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Note that the nano-rheology moduli presented in Fig. 8 are the average values of storage 

moduli obtained using two different tips (ESI†).

The values obtained from slow FD measurements are consistent with the values obtained 

from the dynamic punch model fits in forming a smooth increasing trend of E′ vs. frequency. 

While the static indentation measurements are effectively a non-sinusoidal modulation with 

large amplitude (∼depth of indentation), the dynamic modulation measurements are a 

sinusoidal modulation with small amplitude employed at a fixed depths of indentation. 

However, similar storage modulus for hydrogels are obtained from different approaches (by 

employing appropriate contact mechanical models) which indicate the fact that the 

frequency response of the storage modulus is a time-dependent (viscoelastic) effect, and is 

independent of the amplitude of the modulation.

Further, the E′ values extracted from macro-rheology measurements agree reasonably well, 

within the experimental error, with both slow FD and the dynamic modulation 

measurements across the overlapping frequency space. There are several differences 

between the different scales of experiments such as: the length scale of the applied strain and 

the measured responses; the nature of the imposed stress state; and the presence of surface 

effects in the nano-rheology measurement. Despite this, the agreement in elastic moduli 

values indicates a negligible scale effect on mechanical properties of the hydrogel. This 

comparison of the mechanical properties of hydrogels, using different techniques across a 

broad frequency range, is presented here for the first time. The reasonable agreement using 

different modes of measurements also indicates the appropriateness of the dynamic punch 

model for the modulation measurements. Storage moduli showed an approximate ∼95% and 

∼80% increase for high- and low-crosslinked hydrogels when the frequencies were 

increased from 0.1 Hz to 2000 Hz.

The non-monotonic dependence of the loss tangent on frequency is observed for both 

macro- and nano-scale measurements (Fig. S12, ESI†). Overall, both gels have similar 

magnitudes of tan δ at the low- (10 Hz) and high-frequency (2 kHz) ends of the measured 

frequency ranges, reaching minimum values near 100 Hz for nano scale measurements. 

However, in contrast to the AFM measurements, the minimum dissipation occurs near 10 Hz 

in macro-rheology measurements. Thus, unlike the storage moduli, a substantial difference 

is observed for loss tangent values obtained from the nano- and macro-rheology 

measurements. This indicates that the dissipative losses are more sensitive to the scale of 

measurement. These disparities can be attributed to multiple factors including surface effects 

(present only in the nanoscale measurements), different volumes of material being probed, 

and the very different stress states involved (pure shear for the rheometer, versus a 

heterogeneous stress state dominated by compression for the AFM). Such effects need 

further investigation, which is beyond the scope of the current paper.

Fig. 8 shows a plateau at low frequencies (∼up to 50–100 Hz) for both the hydrogels. Such a 

plateau is also observed in other force modulation studies of hydrogels.10 However, beyond 

this transition frequency, an increase in E′ is observed for both low-and high-cross-linked 

gels demonstrating significant frequency effects on the gels' mechanical responses. The 

frequency-dependent mechanical response for biphasic structures, under mechanical 
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compression can be attributed mainly to two phenomena: viscoelasticity and poroelasticity 

of gels. While viscoelasticity results from the relaxation of polymer chains between 

entanglements, poroelasticity results from the diffusion of solvent through the porous 

polymer network. The two processes can result in a complex time-dependent mechanical 

behaviour for hydrogels that can lead to the observed stiffening with increase in frequency.

Polyacrylamide gels are made by chemically crosslinking acrylamide (monomer) with bis-

acrylamide (crosslinker) to form a crosslinked elastic network. This network resists the 

rearrangement of crosslinkers, unlike that seen for ionically crosslinked gels, in the presence 

of external applied load, resulting in stress relaxation mainly through migration of water.63 

Dissipation due to flow-dependent poroelasticity depends on the characteristic contact length 

scales ( ) and the effective diffusivity (D) of the solvent through the network (τporo 

= a2/D). Kalcioglu et al.64 recently probed the poroelastic relaxation times for 

polyacrylamide gels at both macro- and micro-scales at different indentation depths. While 

the diffusion constants remained almost invariant, several orders of decrease in τporo was 

observed as the contact length scales were reduced. Using a similar diffusion constant (D ∼ 

2 × 10−10 m s−2) the τporo for PAG gels in our contact geometries (R ∼ 4.5 μm and depth of 

indentation ∼500 nm) were ∼0.01 s (f ∼ 100 Hz) indicating that diffusion is fast relative to 

the characteristic length scale.

Thus in Fig. 8, at lower frequencies, we propose that the gel behaves as a relaxed elastic 

solid with complete migration of solvent in and out of the network during load cycling.65 

The relaxation processes, such as motions of chain segments between cross-links, are 

relatively slow, resulting in nearly frequency-independent moduli at lower frequencies. 

However, when the modulating frequencies are comparable to the poroelastic relaxation 

times (f ∼ 100 Hz), it becomes harder for the solvent to migrate in and out of the network, 

increasing the stiffness of the gel and hence the storage moduli (as seen in Fig. 8 starting at 

∼ 50–100 Hz). The transition in tan δ (Fig. 5b) at f ∼ 100 Hz also might be attributable to 

this transition from an elastic solid without entrapped water to a gel with entrapped water. 

The dissipative contribution from both the rearrangement of polymeric network or from the 

diffusion of the solvent molecules through the network coupled with adhesion between the 

tip and sample can result in the contact area remaining constant as the load is cycled at small 

amplitudes. Thus, unlike elastic contact mechanics models such as the Hertz and JKR 

models where the contact area is changing during cycling, the dynamic punch model 

(constant contact area during cycling) more accurately captures the viscoelastic behaviour 

observed in these polyacrylamide gels and, correspondingly, leads to a more accurate 

determination of the moduli.

6. Conclusions

Soft materials, such as hydrogels and cells, often exhibit frequency-dependent mechanical 

properties. Since the mechano-sensing processes in biological materials, and the relaxation 

processes in polymers and gels often occur at low strain rates, we developed a direct drive, 

force modulation technique using magnetic actuation of a colloid-attached cantilever. As 

opposed to sample or cantilever chip drive, the direct-drive method modulates the free end of 

the cantilever (at the tip). Off-resonance frequencies of the cantilever were exploited to 
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measure the mechanical properties over a range of frequencies (nearly 3 decades) without 

measurement artefacts. Further, this method eliminates the necessity of estimating the drag 

forces between tip and sample. The method was employed to measure the frequency-

dependent mechanical response of model polyacrylamide hydrogels. Care was taken to 

ensure that indentations were small compared to the tip radius, an important condition for 

the contact mechanics models to be accurate. We measured the viscoelastic response of 

polyacrylamide hydrogels across a broad range of frequencies (0.1 Hz to 2 kHz) which 

enabled us to observe different mechanical regimes for hydrogels. Nanoscale measurements, 

were obtained via FD curves under slow loading (0.1 Hz to 10 Hz) and using a direct drive 

modulation technique (10 Hz to 2 kHz).

The FD curves acquired with a slow loading rate exhibited a direction-dependent contact 

mechanical response. While a repulsive, Hertzian-type contact behaviour was observed on 

approach, substantial tensile forces were needed to separate the contact due to adhesion, 

resulting in JKR-type contact mechanics for the retraction. The dynamic modulation 

measurements showed comparable magnitudes for the storage and loss stiffness, 

demonstrating a significant dissipative nature of the hydrogel networks. A transition from 

Hertzian behaviour at low frequencies (below 10 Hz) to punch-like behaviour at high 

frequencies (above 25 Hz) is observed. Applying the Hertz model at higher frequencies fails 

to fit stiffness vs. load data and significantly overestimates the Young's modulus. In contrast, 

the dynamic punch model fit the stiffness vs. load data extremely well for all the measured 

frequencies and depths of indentation. The storage modulus showed a distinct ∼95% and 

∼80% increase for high- and low-crosslinked hydrogel. We propose that the increase in 

modulus with frequency above ∼100 Hz reflects a stiffening of the mechanical response due 

to solvent confinement in the hydrogel.

Further, different loading approaches commonly used in the literature to measure the 

viscoelastic properties of soft materials were compared. The measured moduli are indeed 

highly dependent on the frequency of the applied load but not on the amplitude of the 

modulation. The novel measurement method presented here, coupled with proper analysis, 

thus opens up the possibility of using nanoscale viscoelastic spectroscopy to measure the 

relevant mechanical properties of soft matter generally, and to distinguish between different 

states of soft matter. The approach has potential for application to biological materials such 

as tissues and cells and to detect changes, e.g., due to diseased or stressed states.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
The amplitude and phase response of a cantilever (colloid attached, kn = 0.068 N m−1) as a 

function of frequency. The response of the cantilever with (a) piezo actuation and (b) 

magnetic actuation (using iDrive™) are shown. Resonant frequency of the cantilever was 

measured at ∼7.5 kHz. (c) The response of the magnetically-actuated AFM cantilever at off-

resonance frequencies (5 Hz to 2 kHz), after adding appropriate filters, is shown when 

oscillating the cantilever out of contact (closed symbols) and in contact with a silicon wafer 

(open symbols) in DI water.
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Fig. 2. 
Schematic representation of the response of colloid-attached, oscillating cantilever (a) out of 

contact and (b) in contact with hydrogel (sample) is shown.
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Fig. 3. 
The storage Young's modulus (E′) as a function of frequency obtained from parallel-plate 

rheometer for high- (red, circles) and low-(blue, squares) crosslinked polyacrylamide 

hydrogels. Applied strain = 0.1%, temperature = 24 °C.

Nalam et al. Page 23

Soft Matter. Author manuscript; available in PMC 2016 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
(a) The representative FD curves measured on low (blue)- and high (red)-crosslinked 

polyacrylamide hydrogels in DI water. (b) Representative Hertz fit (yellow) and JKR fit 

(black) to approach and retraction curves, respectively. Cantilever stiffness = 0.098 N m−1, 

approach and retract velocity = 100 nm s−1.
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Fig. 5. 
(a) The storage modulus (closed symbols), loss modulus (open symbols) and (b) tan δ as 

function of modulation frequency of the AFM cantilever for polyacrylamide gels with two 

different crosslinking densities.
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Fig. 6. 
Force-dependent response of storage stiffness for (a) low- and (b) high-crosslinked 

polyacrylamide hydrogels at three representative modulating frequencies of 10 Hz, 500 Hz 

and 200 Hz. The fits and the corresponding residual errors (%) from the Hertz and dynamic 

punch model are also shown.
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Fig. 7. 
The elastic moduli of low- and high-crosslinked hydrogels (blue and red respectively) 

obtained from dynamic modulation measurements calculated using Hertz (open symbols) 

and dynamic punch (closed symbols) fits.
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Fig. 8. 
Comparing the storage elastic modulus E′ of the low- (blue) and high-(red) polyacrylamide 

gels measured using nano-scale static FD curves (AFM, closed squares), nano-scale 

dynamic modulation (AFM, closed circles), and macro-scale rheometry (parallel-plate shear 

rheometer, open diamonds).
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Table 1
The weight percentage of the crosslinker (bis-acrylamide) and monomer (acrylamide) 
used in the preparation of polyacrylamide gels

Sample Weight% of crosslinker Weight% of monomer

Low crosslinked gel 0.225 5

High crosslinked gel 0.264 8

Soft Matter. Author manuscript; available in PMC 2016 April 21.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Nalam et al. Page 30

Table 2
The Young's moduli of the hydrogels estimated from Hertz and JKR fits to the approach 
and retraction curves respectively, effective work of adhesion and the corresponding 
Tabor parameters are obtained from the pull-off forces measured by the fitting the JKR 
model to the retraction curve until zero depth of indentation

Sample
Hertz fit to the approach 

curve (kPa)
JKR fit to the retraction 
curve (kPa)

Eff. work of adhesion (mJ 
m−2) Tabor parameter

High crosslinked gel 16.6 ± 0.9 14.6 ± 0.8 0.69 ± 0.11 150

Low crosslinked gel 8.1 ± 0.4 6.02 ± 0.8 0.75 ± 0.09 200
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