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Abstract 6 

Force–distance curves (FCs) are direct probes of tip–sample interactions in atomic force 7 

microscopy, but their dynamic content is often suppressed by filtering, averaging and quasi-static 8 

analysis. Indeed, in the forty years since the invention of the AFM, this hidden dynamic signal has 9 

been largely ignored, with exceptions restricted to the large oscillations associated with relatively 10 

large adhesive separations (snap from contact) or to time-averaged approaches that carry their own 11 

challenges. Using high-bandwidth interferometric detection, we directly measure fast FCs, 12 

including short-lived cantilever oscillations during snap-in, contact and pull-off. Two excitation 13 

mechanisms coexist: thermal fluctuations and transients generated by rapid changes in the tip–14 

sample boundary condition. Cycle-resolved frequency and amplitude estimators provide time-15 

local observables of the evolving cantilever–sample system within single FCs, creating a pixel-by-16 

pixel mechanical-contrast channel that requires no external broadband excitation, resonant 17 

tracking or multi-pass imaging. A state-dependent harmonic-oscillator model incorporating van 18 

der Waals attraction, hysteretic capillary-bridge formation and rupture, hydration-mediated 19 

damping and repulsive contact stiffness partitions each FC into five interaction regimes and 20 

reproduces the observed responses. In repulsive contact, frequency shifts yield stiffness maps 21 

consistent with contact-mechanics estimates, enabling high-throughput stiffness mapping and 22 

localization of transient tip–sample events from individual pixels. More broadly, this hitherto 23 

hidden signal may pave the way for new ways of studying and exploiting Brownian motion in a 24 
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variety of systems, providing the capability to follow time-resolved (non-)Markovian and (non-25 

)ergodic dynamics mediated by the tip–sample interaction, including single-event dynamics. 26 

Introduction 27 

Since the invention of the atomic force microscope (AFM),1 force–distance curves (FCs) have 28 

played a central role in probing tip–sample interactions and local mechanical properties at the 29 

nanoscale.2 In a FC, the relative tip–sample separation is ramped while the cantilever deflection is 30 

recorded, yielding a direct measurement of the interaction force 𝐹, through Hooke’s law 𝐹 =  31 ,ݖ݇

where ݇ is the cantilever spring constant and ݖ is the displacement.  The approach and retract 32 

trajectories encode long-range forces (van der Waals, electrostatic, magnetic, and capillary3 33 

interactions), short-range repulsive contact forces related to elasticity and plasticity,4 adhesion, and 34 

non-conservative dissipation manifested as hysteresis and creep.2,5,6 35 

For much of the history of AFM, FCs were acquired slowly (order one curve per second), limiting 36 

their utility as an imaging mode. The development of Pulsed Force Mode7 and related fast force 37 

mapping techniques dramatically increased acquisition speed and enabled spatial mapping of 38 

stiffness and adhesion-related contrast in reasonable time frames.8,9 ,10 ,11 ,12, 13,14 Increasing force-39 

curve speed, however, brings cantilever dynamics to the forefront. Impulsive events associated 40 

with Brownian forcing and other rapid changes in the tip–sample boundary conditions excite 41 

oscillations whose decay occurs on microsecond-to-millisecond timescales. In principle, these 42 

oscillations contain useful information, yet these hidden dynamics have been largely ignored in 43 

the forty years since the AFM was invented. The few exceptions15,16 have been largely restricted 44 

to the large oscillations associated with relatively large adhesive separations (snap from contact) 45 

or to time-averaged approaches such as that of Eppell et al.,9 which carries its own challenges, as 46 

discussed below. Otherwise, the common approach is to treat these oscillations as noise and 47 
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suppress them by filtering. Here, we show that they represent the direct dynamical response of the 48 

coupled cantilever–sample system and distinguish thermal Brownian motion from boundary-49 

condition-induced transient motion.17  50 

In this work, we acquire high-bandwidth force curves using quadrature phase differential 51 

interferometry (QPDI). The low displacement noise floor of ≈ 5 ݂݉ ⁄ݖܪ√  (i) renders small 52 

cantilever motion directly observable throughout the modulation cycle and (ii) provides the 53 

necessary precision to sufficiently control the probing force to optimize the resolution with which 54 

a given interaction can be explored. To monitor, disentangle and quantify the transient and fast 55 

decaying phenomena we develop a “single-cycle” estimator for the oscillator amplitude and 56 

frequency that identifies peak to valley time-periods.   With this setup we can capture information-57 

bearing measurement-broken ergodicity. Here the observation window is shorter than the 58 

characteristic relaxation or transition time encoded in the mechanisms underlying the ergodic 59 

mean.  Averaging only increases precision relative to the persistent phenomena encoded in that 60 

mean. However, our  estimator captures information that is otherwise lost to the mean and that 61 

only short-window transients can carry. This includes history-dependent transitions with no single-62 

valued mean, fast-decaying relaxation whose transient shape encodes information absent from the 63 

converged mean, and singular events that occur only a finite number of times within the 64 

observation and  for which no ensemble average could ever be formed at all. In short, we treat 65 

transient events, Brownian fluctuations and general non-repeating, non-ergodic phenomena  as 66 

measurable and quantifiable signals, opening the path to high resolution fast-imaging of  pixel-by-67 

pixel contrast channels of single event phenomena. 68 

 69 
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 70 

Figure 1(a) Schematic of the experimental setup showing the scanner base position,  ݖ௕௔௦௘and the cantilever tip 71 
position, ݖ௧௜௣, measured during pulsed-force operation. The indentation is calculated from the relative motion between 72 
the scanner base and the cantilever tip, indentation ߜ = ௕௔௦௘ݖ −  ௧௜௣. (b) Representative displacement time trace from 73ݖ
a single pulsed-force modulation cycle comparing the optical beam deflection signal, OBD, with the quadrature phase 74 
differential interferometry signal, QPDI. The scale bars correspond to 1 nm in displacement and 0.5 ms in time. (c) 75 
Representative displacement plotted as a function of relative scanner motion, indentation ݖ௧௜௣, comparing the OBD 76 
and QPDI measurements. The OBD trace is shown in blue and the QPDI trace in black, highlighting the improved 77 
displacement resolution of QPDI during the tip–sample interaction. The horizontal scale bar corresponds to 10 nm. 78 

 79 

The experimental setup is illustrated in Figure 1a. Here, ݖbase is measured by the scanner z-sensor, 80 

as the sample is sinusoidally modulated along the z-axis, and ݖtip is measured by the QPDI 81 

detector. Figures 1b and 1c show representative force profiles illustrating how the data obtained 82 

for  ݖbase and ݖtip differ according to whether we employ a   QPDI detector or the standard OBD 83 

signal to monitor single event non repetitive phenomena.  These figures show a pulsed force 84 

displacement versus time and versus relative motion between the cantilever and sample, 85 

respectively. The OBD signal (with a noise floor of ≈ 150 ݂݉ ⁄ݖܪ√ ) is shown in blue and the 86 
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QPDI interferometer signal, (with a noise floor of ≈ 5 ݂݉ ⁄ݖܪ√ ) is shown in black. Figures 1b 87 

and c display oscillating signals in the QPDI data that are, for the most part, invisible in the 88 

simultaneous OBD measurements. Eppell et al.9 already attempted to resolve the “unexplored” 89 

portions of OBD-measured AFM force curves by averaging many curves made over a particular 90 

region (as many as 500) to show that there is real nanomechanical information hidden in the noise. 91 

In their case, the transition from van der Waals dominated to capillary dominated interaction 92 

excited a damped oscillation that was hidden below the noise in single force curves but became 93 

visible after registering and averaging multiple curves; the oscillation frequency and damping then 94 

provided contrast related to local stiffness and viscosity.  95 

 96 

An early and successful example of putting this oscillatory information to use is the “ringing 97 

mode” introduced by Dokukin and Sokolov.15 By analyzing the resonant ringing of the cantilever 98 

after the probe detaches from the sample surface—a signal otherwise filtered out or ignored in sub-99 

resonance tapping modes—ringing mode extracts up to five additional compositional channels, 100 

including the restored adhesion, disconnection energy loss and disconnection distance. This work 101 

established that the post-detachment transient carries genuine nanomechanical information rather 102 

than noise. It operates, however, exclusively on the post-detachment portion of the force curve—103 

the rupture-and-recovery we define as regime R5 in the segmentation introduced below—and in 104 

the limit of large oscillations excited by relatively large adhesive separations (snap from contact), 105 

where the energy transferred to the cantilever amounts to several hundred eV (in contrast to the 106 

thermal energy of ≈ 25ܸ݉݁) and is readily detectable even with conventional optical beam 107 

deflection. The resolution demonstrated in the present work, in comparison, extends down more 108 
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than two orders of magnitude below the p-p thermal amplitude at room temperature (ܣ௣−௣ ≈109 √2݇஻ܶ ݇⁄ ), giving access to both deterministic transients generated by changing tip–sample 110 

boundary conditions and phenomena associated with stochastic (Brownian) and non-ergodic 111 

events. While the improved temporal requires estimators appropriate for short, non-stationary 112 

signals, these measurements capture the dynamics experienced at each pixel, without requiring 113 

ensemble averaging. Furthermore, contrast images might be produced where true instantaneous 114 

and non-ergodic phenomena can be directly quantified and contrasted with pixel resolution.  115 

 116 

 117 

Figure 2. (a) Height/topography image of the PS/PCL blend over a 1.5 × 1.5 µm region, showing the mechanically 118 
distinct polystyrene (PS) and polycaprolactone (PCL) phases. Representative PS and PCL measurement locations are 119 
indicated by blue and green circles, respectively. (b) Spatially resolved maximum indentation map from the same 120 
region, highlighting the contrast in tip–sample deformation between the two phases. (c) Corresponding adhesion map 121 
showing phase-dependent variations across the PS/PCL interface. (d) Elastic modulus map, showing the strong 122 
mechanical contrast between the stiffer PS-rich region and the softer PCL-rich region. Scale bars in (a–d) are 400 nm. 123 
(e) Schematic illustration of the five tip–sample interaction regimes, R1–R5, corresponding to noncontact approach, 124 
capillary/meniscus formation, maximum indentation, withdrawal, and recovery. (f) Individual displacement versus 125 
time traces acquired at the marked PS (blue) and PCL (green) locations, with the five interaction regimes (R1–R5) 126 
labeled. Curves are vertically offset for clarity; the vertical scale bar corresponds to 1 nm and the horizontal scale bar 127 
to 500 µs. (g) The same events plotted as cantilever displacement versus Z-sensor position, showing the full approach 128 
and retraction branches for each material. Vertical and horizontal scale bars correspond to 1 nm and 5 nm, respectively. 129 
(h) Magnified view of the maximum-indentation regime (R3) from the dashed region in (f), revealing the material-130 
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dependent oscillation periods, TPS and TPCL, of the tip response on each phase. Vertical and horizontal scale bars 131 
correspond to 0.3 nN and 20 µs, respectively. 132 

Figure 2 summarizes the spatially resolved mechanical response of the PS/PCL blend and 133 

introduces the time-domain segmentation used throughout the remainder of this work. Figures 2a–134 

d show a 1.5 × 1.5 µm region of a spin-coated polystyrene/polycaprolactone film characterized 135 

with conventional nanomechanical analysis. Figure 2a shows the sample topography of the 136 

polystyrene (PS) and polycaprolactone (PCL) domains, with representative, color-coded 137 

measurement locations marked by circles (PS in blue, PCL in green; this color convention is 138 

maintained in panels f–h). Figures 2b–d show mechanical-property maps from the same region: 139 

maximum indentation (using the definition (ݐ)ߜ = (ݐ)baseݖ −  adhesion, and tip–sample 140 ,((ݐ)tipݖ

stiffness, respectively. These maps were generated using the conventional analysis tools available 141 

in the instrument software and serve as a baseline comparison for the higher-bandwidth, time-142 

resolved analysis developed later in the paper. As expected, the softer PCL region exhibits larger 143 

indentation and lower stiffness than the PS region, and the semicrystalline lamellar texture of the 144 

PCL phase is clearly resolved in the indentation and adhesion channels. Quantitative modulus 145 

determination remains limited by uncertainties in tip radius, contact geometry, adhesion, and the 146 

cantilever boundary condition; accordingly, we focus primarily on effective tip–sample stiffness 147 

(Figure 2d) rather than absolute modulus. 148 

 149 

Figure 2e schematically defines the five tip–sample interaction regimes into which we segment 150 

each modulation cycle: (R1) noncontact approach, (R2) capillary/meniscus formation and snap-in, 151 

(R3) maximum indentation, (R4) withdrawal with a stretched capillary bridge, and (R5) rupture 152 

and recovery to the noncontact state. This segmentation is central to the analysis that follows, 153 
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because—as discussed above—the approach and retraction branches constitute memory-154 

dependent states of a non-ergodic mechanism: the capillary bridge present during withdrawal (R4) 155 

has no counterpart on approach (R1), so the two branches encode distinct physical information 156 

that would be conflated by averaging. 157 

 158 

Figure 2f shows the individual interferometric displacement signals versus time for the marked PS 159 

and PCL locations from Figure 2a, with the five regimes labeled directly on the traces; the PCL 160 

trace is vertically offset for clarity. This time-domain representation makes explicit that the 161 

measured signal is not a quasi-static force curve. Instead, the cantilever undergoes transient 162 

oscillations whose frequency, amplitude, and decay depend on the instantaneous tip–sample 163 

interaction. This is most evident at the R1→R2 transition, where snap-in launches a pronounced 164 

ringdown that decays over several oscillation periods, and again in R4, where pull-off excites a 165 

second transient as the capillary bridge stretches and ruptures. Notably, the character of these 166 

transients differs between the two phases: the contact-coupled oscillations in R2–R4 occur at a 167 

higher frequency and decay differently on PS than on PCL, reflecting the different tip–sample 168 

stiffness and damping of each material. These short-lived events are precisely the class of 169 

information identified above as being suppressed by averaging—their kernel shape resides entirely 170 

in the transients. 171 

 172 

Figure 2g replots the same events versus Z-sensor position, i.e., in the conventional force-curve 173 

representation, showing the full approach and retraction branches for each material. In this domain, 174 
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the hysteresis between the branches—the signature of the non-ergodic capillary mechanism—is 175 

directly visible, as are the superimposed oscillations that a low-pass-filtered, pixel-level analysis 176 

would discard. Comparing Figures 2f and 2g underscores a central point of this work: the two 177 

representations contain the same raw data, but the time domain resolves the sequence and decay 178 

of transient events, while the Z-sensor domain resolves branch-dependent hysteresis; conventional 179 

mechanical maps (Figures 2b–d) compress both into a handful of scalars per pixel. 180 

 181 

Figure 2h shows a magnified view of the maximum-indentation regime R3, from the dashed region 182 

in Figure 2f. At this magnification, a material-dependent time delay between the drive and the tip 183 

response is resolved, denoted ௉ܶௌ and ௉ܶ஼௅ for the two phases, with the condition ௉ܶ஼௅ > ௉ܶௌ 184 

clearly visible in Figure 2h. These time period measurements constitute a direct, single-cycle 185 

observable of the local, Brownian-driven tip-sample interaction. Importantly, this quantity is 186 

extracted from a single time-resolved cycle rather than from an ensemble or cycle average, 187 

illustrating concretely how measurement-broken ergodicity gives access to material-specific 188 

information—here, a stiffness—that survives in each individual event but would be smeared or 189 

lost in the averaged curves of conventional analysis. 190 

 191 

In the following, we will broadly discuss some of the observations of the new information revealed 192 

and a general approach to modeling the cantilever dynamics as the tip explores five interaction 193 

regimes (R1–5), 1 approach, 2 snap to contact, 3 maximum indentation, 4 withdrawal, and 5 194 

recovery. Then, we will focus in much more detail on two specific domains: the formation and 195 
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collapse of a meniscus between the tip and the sample (regions R2 and R4) and the mechanical 196 

contact region (R3).18 We note that ambient force interactions are typically discussed as three 197 

regions19  (our regions R1-R3). R4 is not discussed either because the information is missing or 198 

because R2 and R4 are conflated. The distinction between R1 and R5 is more subtle since the 199 

system is assumed to, because  of ergodicity, produce the mean behavior of the free cantilever 200 

where material properties do not affect the dynamics. Here, however, our metrics show that 201 

contrast between domains is retrievable by exploring the transients.     202 

 203 

Region R1 corresponds to the noncontact approach, where the cantilever displacement is small 204 

and the tip–sample interaction is minimal. In R2, the tip snaps into contact with the meniscus, 205 

marking the onset of a new attractive force associated with the meniscus formation. Region R3 206 

corresponds to the repulsive contact portion of the interaction where the tip-sample interactions 207 

are dominated by mechanical viscoelastic contact between the tip and sample. During R4, the tip 208 

withdraws from the surface, and the interaction force decreases. This region is  often accompanied 209 

by adhesive or meniscus-mediated dynamics. Finally, R5 corresponds to recovery after tip–sample 210 

separation, where the cantilever only experiences weak van der Waals interactions and may retain 211 

residual oscillatory motion excited by the rapid snap-out transition. In particular, the snap-in and 212 

pull-off regions, R2 and R4, contain rapid changes associated with meniscus formation and 213 

collapse. R3 contains the contact-dominated response used for polymer stiffness and modulus 214 

estimation. The above segmentation provides the framework for the analyses that follow. Each 215 

regime can be analyzed separately to extract interaction-dependent observables such as force, 216 

stiffness, dissipation, oscillation frequency, and amplitude. In the next sections, we first discuss 217 

the broader dynamic behavior observed across R1–R5 and then focus in more detail on two 218 
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physically important parts of the cycle: the formation and collapse of the meniscus during R2 and 219 

R4, and the mechanical contact response during R3.  220 

 221 

Conventional force measurements make use of the smoothed displacement signal 〈ݖtip〉, low-pass 222 

filtered at a frequency much lower than the natural resonance, typically a few kHz.2 The quantity 223 〈ݖtip〉 can be used to fit various nanomechanical models and , by subtracting from the base motion 224 

of the cantilever, estimating the indentation of the tip into the surface. Figures 2b-d show the results 225 

of using filtered interferometric data to estimate different tip-sample mechanical properties. In 226 

addition to this standard analysis, the low noise, high bandwidth signals available from our 227 

interferometer data provides additional nanoscale tip-sample interaction information, specifically 228 

through tip oscillations that are driven both by stochastic Brownian impulses and by transient 229 

impulses originating from rapid changes in the tip-sample boundary conditions. 230 

To explore this, we analyze the oscillatory displacement using single cycle resolved estimators of 231 

both the amplitude ܣ௡ and frequency ௡݂, where the index n refers to a particular cycle. Briefly,  232 

local maxima and minima are detected using prominence-based criteria and are refined by 233 

parabolic interpolation. The local oscillation-frequency estimate is obtained from the interval 234 

between successive maxima ݐ௣,௡ and minima ݐ௩,௡, whereas the amplitude is calculated from each 235 

maximum to the following minimum. These quantities are referred to below as single-cycle 236 

amplitude  237 

 238 

௡ܣ = (௣,௡ݐ)tipݖ −  239  (1)   ,(௩,௡ݐ)tipݖ
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and frequency 240 

 241 

௡݂ = 1௧೛,೙+1−௧೛,೙.   (2) 242 

 243 

Since there can be both noise and higher mode signals, we limit the returned oscillation frequency 244 

to be in the range ௙݂௥௘௘ ܰ⁄ < ௡݂ < ܰ ௙݂௥௘௘, where ௙݂௥௘௘ is the free resonance frequency (typically 245 

in the range of 60-75 kHz for the levers we used here) and N is a bandwidth factor that excludes 246 

low and high frequency contributions, typically chosen to be 2–3. In the following analysis, we 247 

returned NaN values for estimates outside the boundary. An example of this is shown in 248 

Supplemental Figure S1. 249 

 250 

These metrics allow direct comparison between experimental and simulated FC dynamics. Direct 251 

observation of these high-bandwidth oscillations addresses a longstanding limitation of ambient 252 

force-curve measurements. Conventional displacement detection, detector noise and finite 253 

bandwidth can obscure thermally driven and transition-induced cantilever motion.19 Thermal-254 

noise spectroscopy has long been used to determine resonance frequency, quality factor and spring 255 

constant from stationary power spectra.20 Time-averaged thermally excited contact resonances 256 

have similarly been used to infer local elastic, viscoelastic and anelastic properties. 17 Passive 257 

overtone microscopy analyzes thermomechanical torsional or antisymmetric modes to estimate 258 

lateral or shear contact stiffness. 21 The present work extends this concept to individual fast force 259 

curves, in which the interaction state may change within even a single oscillation period. Previous 260 

transient-force-curve studies required extensive averaging to recover these dynamics.9  261 
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New Information Channels: Connecting Amplitude and Frequency Observables to Physics 262 

Brownian amplitude estimates 263 

 264 

Under sufficiently stationary conditions, thermal fluctuations provide a passive stiffness-sensitive 265 

signal; near abrupt interaction transitions, excess transient motion reports the release or 266 

redistribution of mechanical energy. Changes in resonance frequency provide a convenient 267 

measure of the effective normal dynamic stiffness acting on the cantilever. For small frequency 268 

shifts, the interaction stiffness can be approximated using a single-mode simple harmonic 269 

oscillator (SHO) model, yielding the tip–sample stiffness ݇௧௦,ௌுை: 270 

 271 

݇௧௦,ௌுை ≈ ݇௖ [(௙res௙0 )2 −1]. (3) 272 

 273 

While a closed-form relationship enables rapid estimation of stiffness, it becomes inaccurate when 274 

the interaction stiffness is large. In that case, a more complete model of the cantilever is required. 275 

Here we use an Euler–Bernoulli22, 23, 24 model to estimate the tip-sample interaction stiffness from 276 

the measured resonant frequency. Details are given in the supplemental materials section “Euler-277 

Bernoulli stiffness estimations” (Figures S3–S5). Briefly, a series of tunes were generated by 278 

solving the cantilever dynamics over a broad range of trial stiffness values spanning multiple 279 

orders of magnitude. For each value of ݇௭, the cantilever response was simulated under harmonic 280 

excitation, and the resonance frequency was identified as the first physically meaningful peak in 281 

the amplitude–frequency response. This procedure yields a monotonic mapping between stiffness 282 
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and resonance frequency ݇௭ → r݂es(݇௭). This function, in turn, was numerically inverted and 283 

interpolated to yield an estimate of the tip-sample stiffness, 284 

݇௧௦,ா஻ ≈ ௥݂௘௦−1( ௥݂௘௦).  (4) 285 

 286 

For the data analyzed here, the largest Region 3 frequency estimates at forces below approximately 287 

5 nN are less than 150 kHz. These values correspond to an interaction stiffness of approximately 288 

18 N m−1 in the SHO approximation and 16.5 N m−1 using the Euler–Bernoulli model, a 289 

difference of about 10%.  290 

 291 

Brownian- versus transient-dominated cantilever motion 292 

During a force curve, the cantilever motion contains contributions from two physically distinct 293 

sources. Thermal coupling to the environment continuously excites the cantilever, with a 294 

characteristic amplitude set by temperature and the effective stiffness of the cantilever–sample 295 

system. Abrupt changes in the tip–sample boundary condition—including snap-in, meniscus 296 

formation, contact formation, adhesive stretching and pull-off—can additionally inject mechanical 297 

energy and generate transient oscillations substantially larger than the equilibrium thermal scale. 298 

To distinguish these regimes, we compare the measured residual oscillation amplitude with the 299 

amplitude expected from Brownian motion. Using the contact-resonance stiffness ݇௧௦,CR discussed 300 

above, the instantaneous effective stiffness is approximated as ݇௭ = ݇௖ + ݇௧௦,CR, where ݇௖is the 301 

free cantilever stiffness. From equipartition, the expected mean-square Brownian displacement is 302 

⟨2ݔ⟩ = ௞ಳ்௞೥ . Thus, the expected Brownian RMS amplitude is ܣrms,Brown = √௞ಳ்௞೥ . Because the 303 
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measured oscillation amplitude is expressed as a peak-to-peak amplitude, we convert the RMS 304 

value to an approximate peak-to-peak Brownian amplitude using 305 

௣௣,Brownܣ ≈ 2√2√௞ಳ்௞೥ . (5) 306 

 307 

This conversion treats the local oscillation as approximately sinusoidal over the analysis window. 308 

It is therefore not intended as an exact statistical bound on Brownian fluctuations, but rather as a 309 

practical normalization for comparing measured oscillation amplitudes across regions with 310 

different effective stiffness. We define the Brownian amplitude consistency ratio as 311 

 312 

ܴ஺ = ஺೛೛,meas஺೛೛,Brown, (6) 313 

 314 

Here, ܣ௣௣,meas is the measured peak-to-peak residual amplitude and ܣ௣௣,Brown is the peak-to-peak 315 

scale obtained from equipartition using the estimated effective stiffness. Values of the Brownian 316 

amplitude consistency ratio, RA, of order unity indicate that the observed amplitude is compatible 317 

with the thermal scale. Because RA is calculated from short, local peak-to-peak observations rather 318 

than from a stationary ensemble average, it is used as a practical consistency indicator rather than 319 

a strict pointwise test of equipartition. Persistent values substantially greater than two indicate 320 

excess oscillatory motion relative to the thermal expectation and are consistent with transient 321 

excitation (see the supplemental materials section “Equipartition Validity Test” and Supplemental 322 

Figure S6). 323 

 324 
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Transient-dominated motion is not simply a larger thermal fluctuation. Rapid boundary-condition 325 

changes place the cantilever in a non-stationary state in which the observed motion depends on the 326 

recent interaction history. Over these short intervals, time-translation invariance and equilibrium 327 

fluctuation–dissipation interpretations need not apply. The measured oscillation therefore reflects 328 

both the evolving local stiffness and energy injected or dissipated during the preceding tip–sample 329 

transition. 330 

 331 

The force-curve regions can therefore be compared using RA, but the classification must be 332 

interpreted statistically. In regions where the regime-averaged RA remains of order unity—such 333 

as the pre-contact region or portions of stable repulsive contact—the amplitude is broadly 334 

compatible with thermal forcing after accounting for the estimated effective stiffness. In regions 335 

with persistently elevated RA—such as meniscus formation or post-detachment ringing—the 336 

measured motion contains excess energy that cannot be explained by the stiffness-dependent 337 

thermal scale alone. 338 

 339 

Thus, RA provides a compact normalization for comparing oscillation amplitudes across 340 

interaction states with very different stiffnesses. It does not establish thermal equilibrium from a 341 

single oscillation; rather, it identifies regimes whose amplitude statistics are compatible with, or 342 

substantially exceed, the expected thermal scale. In this framework, the frequency-derived 343 

stiffness serves both as a mechanical contrast channel and as the normalization required to identify 344 

non-thermal transient excitation. 345 

 346 
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Regions R1 and R5: van der Waals regions 347 

 348 

Regions R1 and R5, labeled in Figure 2 correspond to the long-range, non-contact portions of the 349 

force curve, where the dominant tip–sample interaction is the relatively weak van der Waals 350 

attraction. In R1, before meniscus formation and mechanical contact, the cantilever has already 351 

spent roughly half a force curve cycle out of strong contact with the sample and thus might be 352 

thermally equilibrated with its environment. This picture was generally consistent with 353 

experimental data, as illustrated, for example, in Figure 3a. In contrast, R5 occurs after meniscus 354 

rupture on retraction. Although the tip has returned to a nominally non-contact state, the cantilever 355 

may carry additional kinetic energy released during the snap-off event associated with liquid-356 

bridge rupture. Thus, R5 can exhibit a larger residual oscillatory response than R1, even though 357 

both regions are governed primarily by long-range attractive forces (Supplemental Figure S2). The 358 

above interpretation  is consistent with the experimental results shown in Figures 3a and 3b for the 359 

signal ⟨࢔࡭⟩ for regions R1 and R5 where the transition between PS/PCL is resolved only in R5. In 360 

the latter region, larger ⟨࢔࡭⟩ values are obtained for the PCL domain.  Consequently, the 361 

convergence of ⟨ܣ௡⟩  in region R1 points to similar near-field force profiles during approach, while 362 

the material transition resolved exclusively in R5 indicates that distinct, asymmetric transient 363 

forces govern the retraction phase over the PS and PCL domains.  364 
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 365 

Figure 3. Region-resolved comparison of transient cantilever dynamics in the non-contact approach region (R1) and 366 
the post-detachment recovery region (R5). Maps show the residual oscillation amplitude (a,b), instantaneous 367 
frequency (d,e), effective stiffness inferred from the frequency shift (g,h), and Brownian amplitude consistency ratio 368 ܴ஺(j,k) for R1 and R5. The corresponding pixel-wise distributions are shown in the right column for amplitude (c), 369 
frequency (f), stiffness (i), and ܴ஺(l). Matched color scales and histogram axes are used within each row to enable 370 



19 

 

direct comparison between regions. The vertical lines in panel l mark ܴ஺ = 1, corresponding to the equipartition-371 
based Brownian expectation, and ܴ஺ = 2, used here as the threshold above which the measured amplitude is larger 372 
than expected for Brownian motion alone. The shaded region indicates ܴ஺ > 2. 373 

 374 

Figure 3 compares the transient cantilever dynamics in the free-oscillation regions before and after 375 

the meniscus regions (R2 and R4). Region R1 captures the cantilever motion before the tip 376 

encounters the surface and after it has had more time for any meniscus release transition-driven 377 

oscillations to relax. As is apparent comparing Figure 3a and b, along with the associated RA maps 378 

in Figure 3j and k, the approach amplitude can act a reference for the thermal Brownian motion of 379 

the free cantilever. Region R5 occurs after pull-off, once the tip has detached from the surface. 380 

Although the cantilever is again nominally free in R5, it has just passed through adhesive and 381 

capillary interactions, so its motion can retain more unrelaxed energy injected during detachment.  382 

 383 

The amplitude maps in panels a and b show that the residual oscillations are much larger in R5 384 

than in R1. This difference is also clear in the amplitude distributions in panel c, where the R5 385 

histogram is shifted to higher amplitudes and is substantially broader than the R1 distribution. 386 

Because the two regions are analyzed with the same estimator and displayed on matched color and 387 

histogram scales, the contrast reflects a real change in the cantilever dynamics rather than a 388 

visualization artifact.  389 

 390 

The instantaneous frequency maps in panels d and e show a corresponding shift toward lower 391 

frequencies in R5. Since the local effective stiffness is estimated from the frequency shift, the 392 

stiffness maps in panels g and h show the expected reduction in apparent stiffness after detachment; 393 
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the corresponding frequency and stiffness distributions in panels f and i show the same systematic 394 

shifts. These results indicate that immediately after pull-off, the cantilever is not simply returning 395 

to the same free-oscillation state observed before contact. Instead, it oscillates in a dynamically 396 

softened state, consistent with the recent release of adhesive and capillary boundary conditions. 397 

The implication is that these transients  in R5 contain distinctive information that the ergodic mean 398 

does not encode, i.e., R5 ≠ R1. 399 

 400 

The final row tests whether the measured amplitudes are consistent with Brownian motion. The 401 

ratio ܴ஺compares the measured peak-to-peak residual amplitude with the thermal expectation 402 

calculated from equipartition using the local effective stiffness. In R1, the ܴ஺map in panel j and 403 

histogram in panel l are concentrated near ܴ஺ = 1, indicating that the pre-contact motion is largely 404 

Brownian-consistent. In contrast, R5 shifts to much larger ܴ஺values, with many pixels exceeding 405 

the ܴ஺ = 2threshold. These elevated values cannot be explained simply by the lower post-406 

detachment stiffness, because that stiffness is already included in the thermal amplitude estimate. 407 

The excess ܴ஺ therefore indicates that additional mechanical energy is transferred to the cantilever 408 

during pull-off. 409 

Regions R2 and R4: Capillary regions 410 

 411 
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 412 

Figure 4. Region-resolved comparison of transient cantilever dynamics during meniscus-mediated approach and 413 
withdrawal. Maps show the residual oscillation amplitude (a,b), instantaneous frequency (d,e), effective stiffness 414 
inferred from the frequency shift (g,h), and Brownian amplitude consistency ratio ܴ஺(j,k) for the approach meniscus 415 
region R2 and the withdrawal meniscus region R4. The corresponding pixel-wise distributions are shown in the right 416 
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column for amplitude (c), frequency (f), stiffness (i), and ܴ஺(l). Matched color scales and histogram axes are used 417 
within each row to enable direct comparison between the two regions. The vertical lines in panel l mark ܴ஺ = 1, 418 
corresponding to the equipartition-based Brownian expectation, and ܴ஺ = 2, used here as the threshold above which 419 
the measured amplitude is larger than expected for Brownian motion alone. The shaded region indicates ܴ஺ > 2, 420 
where the oscillation amplitude exceeds the thermal prediction.                          421 
 422 

Unlike the nominally free regions R1 and R5, regions R2 and R4 both occur while the cantilever 423 

is coupled to the sample through a liquid meniscus. However, these two meniscus-mediated states 424 

are not dynamically equivalent. R2 corresponds to meniscus formation during approach, when the 425 

liquid bridge first establishes a mechanical connection between the tip and surface. R4 corresponds 426 

to withdrawal, when the bridge is stretched and progressively weakened before rupture. The 427 

comparison in Figure 4 shows that this hysteresis produces a strong asymmetry in the cantilever 428 

response. 429 

 430 

The amplitude maps in panels a and b show substantially larger residual oscillation amplitudes in 431 

R2 than in R4. This contrast is also evident in the amplitude distributions in panel c: the R2 432 

distribution is shifted to much higher amplitudes and is much broader, whereas R4 is concentrated 433 

at low amplitudes. The larger R2 amplitudes indicate that meniscus formation acts as a strong 434 

transient excitation event. By contrast, during R4 the cantilever remains coupled through the 435 

stretched meniscus, but the measured oscillations are much smaller, suggesting that the withdrawal 436 

branch is mechanically quieter until final rupture. 437 

 438 

The instantaneous frequency maps in panels d and e show that R2 also has higher oscillation 439 

frequencies than R4. Since the frequency shift is converted into an effective stiffness, the maps in 440 

panels g and h and the distributions in panels f and i show the same trend: R2 exhibits a 441 
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substantially larger effective stiffness, while R4 is shifted toward lower stiffness. This behavior is 442 

consistent with a newly formed meniscus acting as a relatively strong restoring constraint during 443 

approach. During withdrawal, the liquid bridge is extended and closer to instability, so it provides 444 

a weaker effective constraint before detachment. 445 

 446 

The Brownian amplitude consistency ratio ܴ஺ provides an additional test of whether the measured 447 

oscillations can be explained by thermal motion alone. In R4, the ܴ஺ map in panel k and 448 

distribution in panel l are concentrated near unity and lie mostly below the ܴ஺ = 2 threshold, 449 

indicating that the withdrawal-region oscillations are largely consistent with Brownian motion 450 

once the local stiffness is accounted for. In contrast, R2 (panel j) is shifted to much larger ܴ஺ 451 

values, with most pixels exceeding the Brownian-consistent range. Because the equipartition-452 

based thermal amplitude estimate already includes the local effective stiffness, the elevated R2 ܴ஺ 453 

values cannot be explained simply by the higher stiffness in R2. Instead, they show that additional 454 

mechanical energy is injected into the cantilever during meniscus formation. 455 

 456 

These measurements demonstrate that the approach and withdrawal portions of the capillary 457 

interaction are strongly asymmetric. Although both regions involve a liquid bridge, R2 is 458 

characterized by larger oscillation amplitudes, higher instantaneous frequencies, larger effective 459 

stiffness, and a much stronger departure from Brownian equilibrium than R4. This indicates that 460 

meniscus formation excites the cantilever more strongly than meniscus stretching during 461 

withdrawal. The result highlights the hysteretic nature of the capillary interaction and shows that 462 
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transient dynamic analysis provides contrast that is not available from quasi-static force 463 

measurements alone. 464 

 465 

Region R3: Contact Mechanical region 466 

In the following section, we compare two estimates of the local stiffness in Region 3, the elastic-467 

contact portion of the force curve: (1) a conventional force–indentation analysis and (2) a contact-468 

resonance analysis. Standard force-curve analysis and contact-mechanics assumptions are 469 

reviewed elsewhere.2 470 

a. Conventional force curve analysis 471 

A typical analysis of a force curve stiffness can be made by evaluating the applied force versus 472 

indentation into the sample surface. Details of this standard analysis are described in the 473 

supplemental materials section “Sub-resonant, displacement based stiffness estimates”. Briefly, 474 

three contact-mechanics models were then applied to the filtered force-indentation data: punch, 475 

Hertz, and DMT. Under the punch approximation, force was modeled as linearly proportional to 476 

indentation, 𝐹 = ܵpߜ, and the mapped punch stiffness was taken directly as the fitted slope ܵp. For 477 

the Hertz model, force was fit as 𝐹 = ܵH3/2ߜ, corresponding to spherical contact with tip radius 478 ܴ. The fitted coefficient was converted to an effective modulus through ܧH = 3ܵH/(4√ܴ), and a 479 

local stiffness evaluated at the median positive indentation in Region 3, ߜmed, using ܭH med (Figure 6a). The DMT model was implemented as an adhesion-corrected Hertz form, 481 𝐹ߜܴ√Hܧ2 480= + 𝐹adh = ܵDMT3/2ߜ, with the corresponding modulus ܧDMT = 3ܵDMT/(4√ܴ)and local stiffness 482 ܭDMT =  med (Figure 6b). In the adhesion-based mode used here, the adhesion force 483ߜܴ√DMTܧ2
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was estimated directly from the retraction segment as the magnitude of the minimum baseline-484 

corrected force. 485 

 486 

The adhesion force entering the DMT model was taken from the most negative force during the 487 

retraction regime. With the cantilever treated as a spring, this corresponds to the minimum value 488 

of 𝐹(ݐ) = ݇௖(ݐ)ݓ in Region 4. This produces both the DMT correction term and the separate 489 

adhesion map shown in Figure 2c.  490 

b. Contact resonance and tip-sample stiffness. 491 

The contact-resonance frequency of a tip pressed into a surface is dependent on the normal tip-492 

sample stiffness ݇௧௦. This stiffness was estimated from the frequency shift as discussed above (see 493 

Equations (3) and (4)). 494 

 495 
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 496 

Figure 5. Region-resolved comparison of transient cantilever dynamics before tip–sample interaction and during 497 
repulsive contact. Maps show the residual oscillation amplitude (a,b), instantaneous frequency (d,e), effective stiffness 498 
inferred from the frequency shift (g,h), and Brownian amplitude consistency ratio ܴ஺(j,k) for the pre-contact non-499 
contact region R1 and the repulsive contact region R3. The corresponding pixel-wise distributions are shown in the 500 
right column for amplitude (c), frequency (f), stiffness (i), and ܴ஺(l). Matched color scales and histogram axes are 501 
used within each row to enable direct comparison between the free cantilever state and the contact-stiffened state. The 502 
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frequency and stiffness maps show the large upward resonance shift and increased effective stiffness that occur when 503 
the tip is mechanically coupled to the sample in R3. The vertical lines in panel l mark ܴ஺ = 1, corresponding to the 504 
equipartition-based Brownian expectation, and ܴ஺ = 2, used here as the threshold above which the measured 505 
amplitude is larger than expected for Brownian motion alone. The shaded region indicates ܴ஺ > 2. The R3 506 ܴ஺distribution remains largely below this threshold, indicating that the reduced contact-region amplitude is broadly 507 
consistent with Brownian motion after accounting for the increased local stiffness. 508 

 509 

Figure 5 shows that the transient oscillations observed during repulsive contact provide 510 

quantitative dynamic information that complements conventional force-curve analysis. The figure 511 

compares the pre-contact free-oscillation region R1 with the repulsive contact region R3, where 512 

the tip indents the sample and the cantilever is mechanically coupled to the surface. Unlike the 513 

capillary-dominated regimes R2 and R4, R3 corresponds to direct tip–sample contact, so the 514 

cantilever dynamics are governed primarily by the local contact stiffness. 515 

 516 

The amplitude maps in panels a and b show that the residual oscillation amplitude is reduced during 517 

contact. This reduction is also evident in the distributions in panel c, where the R3 histogram is 518 

shifted to lower amplitudes and is narrower than the R1 distribution. This behavior is expected 519 

because contact increases the effective stiffness of the cantilever–sample system. A stiffer 520 

boundary condition suppresses displacement fluctuations, so the thermally driven oscillation 521 

amplitude decreases during repulsive indentation. 522 

 523 

The instantaneous frequency maps in panels d and e show the complementary effect. In R3, the 524 

oscillation frequency increases strongly relative to the free-cantilever response in R1. This upward 525 

frequency shift reflects the additional stiffness introduced by the repulsive tip–sample contact. 526 

When the measured frequency is converted into effective stiffness, the resulting maps in panels g 527 

and h show clear spatial contrast between the two polymer domains, with the corresponding 528 
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distributions shown in panels f and i. The close correspondence between the R3 frequency and 529 

stiffness maps confirms that the transient resonance analysis is sensitive to local contact stiffness 530 

during the indentation portion of each force curve. 531 

 532 

The Brownian amplitude consistency ratio ܴ஺ provides an independent check on whether the 533 

measured amplitudes are consistent with thermal fluctuations after accounting for the contact-534 

induced stiffness increase. Although the absolute oscillation amplitude is much smaller in R3, the 535 ܴ஺maps in panels j and k and distribution in panel l remain largely below the ܴ஺ = 2 threshold. 536 

This indicates that the reduction in amplitude is mostly explained by the increased contact stiffness 537 

through the equipartition-based thermal amplitude estimate. In other words, R3 is not characterized 538 

by the large excess excitation seen during meniscus formation in R2. Instead, the repulsive contact 539 

region behaves more like a thermally driven oscillator constrained by a stiffer mechanical 540 

boundary condition. 541 

 542 

Thus, R3 is dynamically distinct from R1 as the large contact stiffness shifts the resonance upward 543 

and reduces the Brownian amplitude. The combined amplitude, frequency, stiffness, and 544 ܴ஺measurements show that transient oscillations during contact can provide quantitative contact-545 

stiffness contrast while also testing whether the measured motion remains consistent with thermal 546 

equilibrium under the local contact boundary condition. 547 

 548 
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 549 

Figure 6. Comparison of contact-region stiffness estimates obtained from contact mechanics and transient resonance 550 
analysis. Maps show the R3 stiffness calculated from Hertz contact mechanics (a), DMT contact mechanics (b), and 551 
the transient contact-resonance response (c). All three maps are displayed with the same color scale to enable direct 552 
comparison of spatial contrast and absolute stiffness values. The corresponding pixel-wise stiffness distributions are 553 
shown in panel d. The Hertz, DMT, and CR maps all recover the same two-domain material contrast, but the 554 
distributions differ in absolute stiffness and peak separation, reflecting the different assumptions and physical 555 
sensitivities of the three approaches. Hertz and DMT stiffness are derived from quasi-static contact-mechanics models, 556 
whereas CR stiffness is inferred dynamically from the contact-induced resonance-frequency shift during R3. 557 

 558 

Figure 6 compares three estimates of the R3 contact stiffness obtained from contact mechanics and 559 

transient contact-resonance analysis. The Hertz and DMT stiffness maps in panels a and b are 560 

derived from quasi-static force–indentation analysis, whereas the CR stiffness map in panel c is 561 

inferred directly from the transient resonance frequency during repulsive contact. All three 562 

methods recover the same broad spatial contrast between the PS and PCL domains, confirming 563 

that the R3 frequency shift is strongly coupled to local contact stiffness. However, the absolute 564 

stiffness values differ substantially between the models. 565 

 566 

The Hertz stiffness estimate disagrees most strongly with the CR stiffness. In the histogram 567 

comparison in panel d, the Hertz distribution is shifted to much lower stiffness than the CR 568 

distribution and does not reproduce the CR peak positions, particularly for the stiffer PS domain. 569 

This indicates that a purely elastic, non-adhesive Hertz model does not adequately describe the 570 
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contact mechanics in this measurement. By neglecting adhesion, the Hertz model underestimates 571 

the effective mechanical constraint experienced by the cantilever during contact. 572 

In contrast, the DMT stiffness agrees much more closely with the CR stiffness, especially for the 573 

PS domain. The DMT and CR maps show similar spatial structure, and their high-stiffness 574 

histogram peaks are much better aligned than the corresponding Hertz peak. This improved 575 

agreement is significant because the DMT model includes adhesive interactions while retaining an 576 

elastic contact framework. The comparison therefore suggests that adhesion makes an important 577 

contribution to the effective contact stiffness during R3. 578 

In this sense, the CR stiffness measurement has effectively “discovered” the importance of 579 

adhesion without assuming a particular contact-mechanics model in advance. The CR approach 580 

measures the dynamic stiffness through the cantilever’s resonant response, while the Hertz and 581 

DMT estimates impose different quasi-static contact assumptions. The fact that the CR result 582 

aligns more closely with DMT than Hertz indicates that the contact resonance is sensing an 583 

adhesive contact boundary condition, not a purely Hertzian elastic indentation. Thus, the transient 584 

resonance analysis provides not only a dynamic stiffness map, but also a way to test which contact-585 

mechanics assumptions are most consistent with the measured cantilever dynamics. 586 

 587 

Discussion 588 

High-bandwidth QPDI measurements show that individual fast force curves contain both ever-589 

present thermal fluctuations and event-driven transient oscillations. Segmenting the modulation 590 

cycle into five interaction regimes reveals systematic differences in amplitude and cycle-resolved 591 

frequency that are spatially correlated with the PS and PCL domains. A state-dependent single-592 
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mode model reproduces the principal qualitative trends and provides a framework for relating them 593 

to changes in stiffness, capillary coupling and boundary-condition transitions. 594 

The strongest non-stationary responses occur near snap-in, meniscus formation and pull-off. These 595 

events abruptly change the equilibrium position and mechanical boundary condition of the 596 

cantilever and can inject energy into its flexural motion. In contrast, the comparatively stable 597 

portions of R1 and R3 exhibit amplitudes that are broadly compatible with the stiffness-dependent 598 

thermal scale. The distinction is not absolute at the level of a single oscillation: the Brownian 599 

amplitude consistency ratio is a statistical diagnostic, and elevated values identify excess motion 600 

without uniquely determining the microscopic excitation or dissipation mechanism. 601 

A peak-and-trough estimator was used because the relevant oscillations often persist for only a few 602 

cycles and change frequency within the analysis interval. Windowed spectral and Hilbert-603 

transform methods are less reliable under these strongly non-stationary conditions, whereas cycle-604 

resolved estimates retain the local timing of the response. This advantage is accompanied by 605 

greater statistical scatter and sensitivity to peak selection. Frequency and amplitude should 606 

therefore be interpreted together with the raw trace, estimator bounds and spatial distributions 607 

rather than as exact instantaneous state variables. 608 

The per-pixel analysis preserves heterogeneity that would be suppressed by registration and 609 

averaging. Spatial variations in frequency, amplitude and decay can reflect differences in effective 610 

stiffness and in the energy transferred during capillary or adhesive transitions. Amplitude decay 611 

alone is not a unique measure of dissipation, because it is also affected by changes in stiffness, 612 

equilibrium position, mode coupling and detector bandwidth. Quantitative damping or loss 613 
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measurements will require explicit fitting of the transient response or an independently validated 614 

dynamical model. 615 

We emphasize that averaged curves, for example, those reported by Eppell et al. are qualitatively 616 

different from the single, time-resolved QPDI force curves reported here, despite being measured 617 

on similar materials with similar operating parameters. Formally, ergodicity implies that the time 618 

average of an observable o(t) over a single, sufficiently long trajectory equals the ensemble average 619 

over all accessible microstates Γ, weighted by their equilibrium probability ρ(Γ): 620 

lim்→∞ 1் ∫ 0்݋⟩ ≡  ݐ݀ (ݐ)݋ ⟩௘௡௦௘௠௕௟௘ = ∫  Γ  (7) 621݀ (Γ)ߩ (Γ)݋

 622 

On the other hand, non-ergodicity for a given measurement,  mechanism or phenomena implies 623 

that 624 

1் ∫   ݐ݀ (ݐ)݋ ≠ 0்݋⟩   ⟩௘௡௦௘௠௕௟௘  (8) 625 

When the inequality in Eq. (8) persists as T→∞, it describes strictly non-ergodic phenomena—626 

mechanisms comprising memory-dependent states, such as the approach and retraction branches 627 

of a capillary bridge. In such cases, an average over the branches can still be constructed, but it is 628 

artificial: the true material properties are encoded in each branch separately. A mean displacement 629 

retrieved for each individual branch contains state-dependent information that is absent from the 630 

artificial average. 631 

We now formalize the method, introduced above, that deliberately breaks ergodicity, which we 632 

term measurement-broken ergodicity: measuring with a time window shorter than that required to 633 
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recover the mean, when such a mean exists. As a trivial example, ergodicity is broken by 634 

measuring the response of a simple harmonic oscillator before a transient force has relaxed; if the 635 

transient response is large enough, the ergodic mean cannot be recovered. Notably, even for 636 

genuinely ergodic mechanisms such as Brownian fluctuations, the inequality in Eq. (8) holds for 637 

any finite observation time T. Averaging then preserves the reproducible components of the 638 

response, per Eq. (7), because the underlying system remains ergodic—but it suppresses stochastic 639 

thermal motion and cycle-to-cycle variability. 640 

There are several scenarios in which material properties can be recovered only by breaking 641 

ergodicity through measurement, and here we extend this concept to the individual branches of 642 

non-ergodic mechanisms such as the capillary bridge. The first scenario involves short-lived events 643 

whose decay contains material-specific information. Although a mean remains meaningful and 644 

recoverable, it is silent on the kernel shape of the decaying event: all of that information resides in 645 

the transients.25 The second scenario involves events that repeat only a finite number of times. 646 

Here there is no ensemble to average over, since the information is encoded in that event, or set of 647 

events, itself. 648 

For these reasons, even though a mean can be recovered for mechanisms involving capillary 649 

formation and rupture, atomic hopping, stick-slip, stretching or unfolding of polymer chains, 650 

charge trapping, ferroelectric switching, or domain depinning—and while such a mean is 651 

sometimes useful—it may (1) yield material properties quantified from an artificial average, (2) 652 

miss a material property entirely by missing a tip trajectory, or (3) discard non-repeatable transient 653 

information that the mean does not encode. 654 

 655 
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The present approach is complementary to intermittent-contact resonance AFM, driven contact-656 

resonance methods and ringing-mode analysis. Intermittent-contact resonance AFM synchronizes 657 

high-speed resonance tracking with the applied force during each intermittent contact.26, 27 Driven 658 

methods provide high signal-to-noise ratio and controlled excitation, but their interpretation can 659 

depend on the actuator transfer function.28, 29 Photothermal actuation reduces some of these 660 

complications, although frequency-dependent transfer-function effects remain relevant.30, 31, 32 661 

Thermal excitation avoids an applied resonant drive and can probe the contact with very small 662 

oscillation amplitudes, providing a direct connection to fluctuation-based mechanical response.33, 663 

34 Transition-induced ringing, by contrast, provides sensitivity to abrupt changes in adhesion and 664 

capillary state and is closely related to ringing-mode analysis.15 The cost is reduced statistical 665 

precision and a stronger requirement for low detector noise, high acquisition bandwidth and careful 666 

separation of stationary fluctuations from non-stationary transients. 667 

Several limitations define the present quantitative scope. The analysis assumes that a locally 668 

dominant flexural mode can be represented by a cycle-resolved frequency and converted to an 669 

effective normal dynamic stiffness using a prescribed cantilever model. The short signals limit the 670 

precision with which frequency and damping can be separated. The Brownian-consistency ratio is 671 

a practical statistical indicator rather than a direct pointwise test of equipartition. Conversion from 672 

stiffness to modulus additionally depends on tip radius, contact geometry, adhesion model and 673 

possible rate dependence of the polymer. Broader validation will require systematic measurements 674 

as a function of humidity, force-curve rate, loading force, cantilever stiffness and sample 675 

viscoelasticity. 676 

 677 
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The post-detachment dynamics are closely related to ringing-mode measurements, but the present 678 

force curves use comparatively small modulation ranges of approximately 10–40 nm. At fixed 679 

modulation frequency, reducing the range shortens the time spent in the interaction and can limit 680 

the development of rate-dependent adhesive processes such as capillary-bridge growth, polymer-681 

chain extension, viscoelastic relaxation and hydration-layer restructuring. The stored adhesive 682 

energy and the impulsiveness of detachment may therefore decrease, producing weaker pull-off 683 

signatures and smaller post-snap-off oscillations. 684 

 685 

From an energy-partition perspective, the ringing amplitude depends on the fraction of interaction 686 

energy transferred into cantilever motion. A smaller or more gradual detachment can dissipate 687 

energy locally at the interface rather than converting it into flexural kinetic energy. Conversely, 688 

longer-range or slower force curves may allow a capillary or adhesive junction to develop more 689 

fully and can increase the energy released at rupture. The ringing amplitude should therefore be 690 

interpreted as a rate- and history-dependent observable rather than as a direct measure of adhesion 691 

alone. 692 

 693 

Future experiments that vary modulation range and rate independently should test this 694 

interpretation by comparing pull-off work, rupture distance, post-detachment amplitude and decay. 695 

Such measurements would help separate the roles of capillary kinetics, polymer viscoelasticity and 696 

cantilever dynamics. 697 
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Conclusion 698 

High-bandwidth interferometric detection reveals that fast AFM force curves contain a dynamic 699 

response that is largely removed by conventional filtering and averaging—a signal that has 700 

remained essentially hidden in the forty years since the invention of the AFM, apart from the large 701 

oscillations associated with relatively large adhesive separations (snap from contact) and time-702 

averaged approaches with their own inherent challenges. Within an individual modulation cycle, 703 

the cantilever exhibits both ever-present thermal fluctuations and short-lived oscillations generated 704 

by abrupt changes in the tip–sample boundary condition. Segmenting each force curve into non-705 

contact approach, meniscus formation, repulsive contact, meniscus-mediated withdrawal and post-706 

detachment recovery makes these contributions spatially and mechanically distinguishable. 707 

 708 

The cycle-resolved oscillation frequency provides a stiffness-sensitive observable – the contact 709 

resonance frequency - during repulsive contact. On the PS/PCL blend measured here, frequency-710 

derived effective-stiffness maps recover the same material-domain contrast as conventional force–711 

indentation analysis without requiring an added resonant excitation or a separate imaging pass. In 712 

contrast, the enlarged oscillation amplitudes observed during meniscus formation and after pull-713 

off exceed the stiffness-dependent thermal scale, consistent with transient mechanical energy being 714 

transferred to the cantilever during rapid changes in the capillary and adhesive boundary 715 

conditions. 716 

 717 

Comparison of experiment and simulation demonstrates both the value and the limitations of 718 

reducing the interaction to a single elastic parameter. Parameter sets that reproduce the low-719 
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frequency force–indentation response do not necessarily reproduce the measured contact-720 

resonance frequency, whereas parameter sets chosen to match the dynamic frequency can degrade 721 

agreement with the quasi-static force curve. The two observables therefore provide complementary 722 

constraints on the tip–sample interaction, and their divergence motivates models incorporating 723 

adhesion, nonlinear contact geometry, viscoelasticity and state-dependent capillary interactions. 724 

 725 

More generally, these results suggest force curves are best understood as a multifrequency 726 

measurement rather than solely a quasi-static force–indentation record—and that a substantial 727 

amount of accessible information has, until now, either been routinely ignored or discarded. The 728 

slowly varying displacement reports the mean interaction force and indentation, while the 729 

fluctuations and transients report the evolving mechanical boundary condition on microsecond 730 

timescales, all within a single, passive measurement requiring no added excitation or separate 731 

imaging pass. With appropriate statistical treatment and calibration, this opens several promising 732 

directions: rapid, pixel-resolved mapping of effective stiffness; localization and counting of non-733 

equilibrium events such as meniscus formation, adhesive rupture and contact instabilities; and, 734 

perhaps most intriguingly, a new class of non-repeating measurements in which the information 735 

resides in a single transient—the nucleation and rupture of an individual capillary bridge, a 736 

single stick–slip or atomic-hopping event, the unfolding of an individual polymer chain, an 737 

isolated charge-trapping or ferroelectric-switching event, or the depinning of a single domain 738 

boundary. Because the cycle-resolved estimators capture the frequency, amplitude and decay of 739 

each event without averaging, such one-time phenomena become quantifiable at the pixel level 740 

for the first time. More broadly, this hitherto hidden signal may pave the way for new ways of 741 

studying and exploiting Brownian motion in a variety of systems: we now have the capability of 742 
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studying time-resolved (non-)Markovian and (non-)ergodic dynamics mediated by the tip–743 

sample interaction, including single-event dynamics. Realizing this potential will require 744 

quantifying estimator uncertainty, testing the frequency dependence of the inferred response, and 745 

validating the method systematically across environmental conditions, loading rates and material 746 

classes; these are tractable next steps, and the breadth of mechanisms already visible in 747 

individual force curves suggests the effort will be well rewarded. 748 

Methods 749 

Fast force-mapping measurements (FFM) were performed using an AFM (Vero, Asylum 750 

Research–Oxford Instruments, Santa Barbara, CA) equipped with high-bandwidth quadrature 751 

phase, differential interferometric (QPDI) displacement detection. At each pixel, the instrument 752 

recorded synchronized time traces of cantilever displacement and base (z-sensor) motion, stored 753 

in HDF5 format. FCs are generated by sinusoidal modulation of the tip–sample separation, 754 

typically from 100-2000Hz. The displacement and base motion were measured at  2MHz using the 755 

standard FFM mode available on the Vero AFM. The lowpass filter bandwidth was set to 500kHz, 756 

allowing unfiltered acquisition of the displacement signal well beyond the first pinned contact 757 

resonance frequency of the cantilever.  758 

Data availability 759 

The data that support the findings of this study are available from the corresponding author upon 760 

reasonable request. 761 

Code availability 762 

Analysis code used to generate the results in this study is available from the corresponding 763 

author upon reasonable request. 764 
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