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Nanoscale morphological characterization and mechanical properties quantification of soft and

biological materials play an important role in areas ranging from nano-composite material syn-

thesis and characterization, cellular mechanics to drug design. Frontier studies in these areas

demand the coordination between nanoscale morphological evolution and mechanical behavior

variations through simultaneous measurement of these two aspects of properties. Atomic force

microscope (AFM) is very promising in achieving such simultaneous measurements at high-

speed and broadband owing to its unique capability in applying force stimuli and then, mea-

suring the response at specific locations in a physiologically friendly environment with pico-

newton force and nanometer spatial resolution. Challenges, however, arise as current AFM

systems are unable to account for the complex and coupled dynamics of the measurement sys-

tem and probe-sample interaction during high-speed imaging and broadband measurements. In

this dissertation, the creation of a set of dynamics and control tools to probe-based high-speed

imaging and rapid broadband nanomechanical spectroscopy of soft and biological materials

are presented. Firstly, advanced control-based approaches are presented to improve the imag-

ing performance of AFM imaging both in air and in liquid. An adaptive contact mode (ACM)
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imaging scheme is proposed to to replace the traditional contact mode (CM) imaging by ad-

dressing the major concerns in both the speed and the force exerted to the sample. In this work,

the image distortion caused by the topography tracking error is accounted for in the topography

quantification and the quantified sample topography is utilized in a gradient-based optimiza-

tion method to adjust the cantilever deflection set-point for each scanline closely around the

minimal level needed for maintaining a stable probe-sample contact, and a data-driven itera-

tive feedforward control that utilizes a prediction of the next-line tracking is implemented to

enhance the sample topography tracking. An adaptive multi-loop mode (AMLM) imaging ap-

proach is proposed to substantially increase the imaging speed of tapping mode (TM) while

preserving the advantages of TM over CM by integrating an inner-outer feedback control loop

to regulate the TM-deflection on top of the conventional TM-amplitude feedback control to

improve the sample topography tracking. Experiments demonstrated that the proposed ACM

and AMLM are capable of increasing the imaging speed by at least 20 times for conventional

contact and tapping mode imaging, respectively, with no loss of imaging quality and well con-

trolled tip-sample interaction force. In addition, an adaptive mode imaging for in-liquid to-

pography quantification on live cells is presented. The experiment results demonstrated that

instead of keeping constant scanning speed, the proposed speed optimization scheme is able

to increase the imaging speed on live human prostate cancer cells by at least eight-fold with

no loss of imaging quality. Secondly, control based approaches to accurate nanomechanical

quantification on soft materials for both broadband and in-liquid force-curve measurements are

proposed to address the adverse effects caused by the system coupling dynamics and the can-

tilever acceleration, which were not compensated for by the conventional AFM measurement

approach. The proposed nanomechanical measurement approaches are demonstrated through

experiments to measure the viscoelastic properties of different polymer samples in air and live

human cells in liquid to study the variation of rate-dependent elastic modulus of cervix cancer

cell during the epithelial-mesenchymal transition process.
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Chapter 1

Introduction

Atomic Force microscopy (AFM) has found its unique application in high-speed nanoscale

morphological characterization and mechanical properties quantification of soft and biolog-

ical materials owing to its unique capability in applying force stimuli and then, measuring

the response at specific locations in a physiologically friendly environment with pico-newton

force and nanometer spatial resolution. Challenges, however, arise as current AFM systems

are unable to account for the complex and coupled dynamics of the measurement system and

probe-sample interaction during high-speed imaging and broadband measurements.

Probe-based topography imaging using AFM finds its applications in quantitatively mea-

suring nanoscale sample topography of a wide variety of materials [1, 2, 3, 4], ranging from

hard materials such as silicon [2] (e.g., contact mode (CM)) to relatively soft materials such

as polymers [5, 3, 4] (tapping mode (TM)). However, current AFM imaging approaches are

largely limited in both the imaging speed and the magnitude of the probe-sample interaction

force. Specifically, high-speed CM-imaging is challenging as the dynamics of the piezoelectric

actuator (along with the probe fixture) can be excited as the scanning speed increases, resulting

in large positioning error of the probe relative to the sample, particularly when the imaging

size is large and the hysteresis effect of the piezo actuator is pronounced [6, 7, 8]. Although

efforts in both hardware improvements [1, 9, 7] and software/control algorithms [6, 10, 11]

have been proposed to compensate for such dynamics-hysteresis caused probe positioning er-

rors, substantial fluctuation of the cantilever deflection can still exist, resulting in significant

image distortions and/or large normal force (exerted to the sample) [6, 7, 12]. Control of the

normal force, although crucial, remains as a challenge when imaging at high speed and/or

over large size. Although TM-imaging is the de facto most widely used imaging technique

of AFM, thanks to its superior image quality and subdued sample distortion when compared
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to CM-imaging [13, 14, 3, 4], the rather slow imaging speed has become the major limit and

bottleneck of TM-imaging [1, 15]. High-speed TM-imaging is challenging as the increase of

imaging speed can quickly lead to loss of probe-sample interaction and/or annihilated of can-

tilever tapping vibration, particularly when the imaging size is large. Current efforts to increase

the speed of TM-imaging [14, 16], however, only lead to rather limited improvements as the

speed increase is rather small (around 3 times), and accompanied with a substantial (over 5

times) increase of force applied. Thus, the challenges in and the needs for high-speed AFM

imaging motivate the development of the proposed imaging techniques.

In AFM-based nanomechanical quantification, indentation-based approach has been uti-

lized to measure mechanical properties of a wide variety of soft materials at nano scale, rang-

ing from polymers [17, 18, 19, 20], live biomaterials [21, 22, 23] to food product [24]. By

measuring the excitation force applied and the indentation generated in the sample, mechanical

properties such as the elastic modulus and/or the complex modulus (for viscoelastic materials)

of the sample can be quantified (through a contact model of the probe-sample interaction, e.g.,

the Hertzian model or the DMT model) [21, 1, 25]. As the force and the indentation serve as

the input and output in the contact model, respectively, accuracy of the indentation quantifica-

tion dictates that of the nanomechanical properties measured. Therefore, accurate indentation

measurement is crucial to nanomechanical property measurement of materials.

However, the conventional indentation measurement is limited and erroneous in broad-

band and in-liquid nanomechanical property quantification. Currently on almost all commercial

AFM systems, the indentation is obtained by comparing the force-distance curves [1] measured

on the soft sample and that on a hard reference sample under a constant force load-unload rate

[1, 26]. This method (to quantify the indentation) is adequate when the measurement is quasi

static (with constant force load/unload rate) and the load/unload rate is low—so that the AFM

instrument dynamics is not excited and the cantilever base displacement (i.e., the cantilever dis-

placement at its fixed end) equals to the z-axis piezo actuator displacement (measured by the

z-axis sensor). As the measurement load/unload rate increases towards the resonances of the

AFM instrument dynamics, the dynamics of the cantilever fixture (connecting the cantilever to

the piezo actuator) can be excited [1], and the lateral-vertical cross-axis dynamics coupling ef-

fect becomes pronounced [27, 28]. Consequently, large measurement errors are induced when
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using the z-axis sensor to directly measure the cantilever base displacement, as the cantilever-

base displacement is largely different from the z-axis sensor signal, and the cross-axis coupling

dynamics induces extraneous motion of the cantilever in z-axis. For measurements in liquid,

although the instrumental dynamics is not an issue, the relative acceleration of the cantilever

probe (with respect to the fixed-end of the cantilever (called the the relative probe acceleration)

becomes pronounced and substantially effects the indentation generated. The conventional in-

dentation is also plagued by the uncertainty in determining the probe-sample contact point [29]

and the hydrodynamic force effect [30, 31]. Although the contact-point uncertainty can be al-

leviated through the use of a reference sample [1], and the hydrodynamic force effect might be

accounted for by quantifying it via experiment [31], these efforts are still limited to ultra-low

force load rate, and the relative probe acceleration dominates over the hydrodynamic force (i.e.,

over an order of magnitude larger) when the force load rate is higher than ∼0.1 Hz for for most

live cells. Therefore, techniques need to be developed to accurately measure the indentation to

achieve rapid, broadband and in liquid nanomechanical properties quantification.

To address the issues discussed above in high-speed sample topography quantification and

material nanomechanical property measurement, a suite of control based approaches are pre-

sented for improving the performance of high-speed AFM topography imaging and high-speed

nanomechanical quantification using AFM, especially for soft and biological materials. The

rest of this dissertation proposal is organized as follows.

In Chapter 2, an adaptive contact-mode (ACM) imaging approach is proposed to replace the

traditional contact-mode imaging by addressing the major concerns in both the speed and the

force exerted to the sample. The proposed approach substantially increases the CM-imaging

speed, and maintains a near minimal interaction force. The improvements arise from the follow-

ing three ingredients: (i) The sample topography is quantified using both the AFM z-axis piezo

displacement and the cantilever deflection as opposed to using only the piezo displacement

in the conventional CM-imaging; (ii) The deflection set-point is adjusted line-by-line closely

around the minimal level needed for maintaining a stable probe-sample contact, as opposed to

being fixed during the entire imaging process in the conventional CM-imaging; and (iii) The

sample topography quantified in (i) is utilized in an iterative feedforward control scheme to

track the sample topography as opposed to solely relying on the cantilever deflection in the
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conventional CM-imaging. The ACM approach is demonstrated and evaluated by implement-

ing it to image a calibration sample of square pitches at both high speeds (e.g., scan rate of

75 Hz and 130 Hz) and large sizes (e.g., scan size of 30 µm and 80 µm). The experimental

results show that compared to the traditional constant-force contact-mode imaging, the imaging

speed can be increased by over 30 folds (with the scanning speed reached 13 mm/sec.), and the

probe-sample interaction force can be reduced by more than 15% while maintaining the same

image quality.

In Chapter 3, an imaging mode (called the adaptive multi-loop mode) of AFM is proposed

to substantially increase the speed of tapping mode (TM) imaging while preserving its advan-

tages over CM-imaging. The proposed approach aims to not only substantially increase the

TM-imaging speed without loss of image quality, but also maintain the probe tapping closely

around the set-point and the tip-sample interaction force around the minimal (needed for main-

taining a stable tapping) throughout the imaging process. Such an improvement in both the

imaging speed and the interaction force control is achieved through the development of an

adaptive multi-loop mode (AMLM) imaging scheme that regulates both the tapping amplitude

and the mean cantilever deflection (called the TM-deflection later). Specifically, the proposed

AMLM-imaging is composed of the following three ingredients: (i) Unlike the conventional

TM-imaging that completely ignores the TM-deflection variation, it is proposed to take the

variation of the cantilever TM-deflection into account when quantifying the sample topography.

(ii) Unlike TM-imaging that only regulates the tapping-amplitude via the RMS-amplitude feed-

back control, the proposed AMLM-imaging explores an inner-outer feedback control loop to

regulate the TM-deflection on top of the RMS-amplitude feedback. (iii) A data-driven online it-

erative feedforward controller is augmented to overcome the time-delay of the RMS-amplitude

feedback loop, where the next-line sample topography and tracking error are predicted and uti-

lized to further improve the topography tracking. The proposed AMLM-imaging is tested and

demonstrated through imaging a poly(tert-butyl acrylate) sample in experiments.

In Chapter 4, we propose an adaptive mode of in-liquid topography imaging (AML) on live

cells with scanning speed optimization in order to increase the scanning speed on live cells with

minimum loss of imaging quality and minimized tip-sample interaction force. The improve-

ments arise from the following four folds: (i) The imaging speed is optimized online based



6

on real-time estimation of the sample deformation, the tip-sample interaction force, as well as

the sample topography variation rate, as opposed to being fixed during the entire imaging pro-

cess in the conventional AFM imaging; (ii) The sample topography is quantified using both the

AFM z-axis piezo placement and the cantilever deflection as opposed to using only the piezo

displacement in the conventional CM imaging; (iii) The sample topography quantified in (ii) is

utilized in an iterative feedforward control scheme to track the sample surface as opposed to

solely relying on the cantilever deflection in the conventional CM imaging; (iv) The deflection

set-point is adjusted line-by-line closely around the minimal level needed for maintaining a

stable tip-sample interaction as opposed to being fixed during the entire imaging process in the

conventional AFM CM imaging. The proposed AML technique was experimentally validated

through imaging live human prostate cancer (PC-3) cells at the average scan rates of 0.41 Hz

and 0.86 Hz. Compare to the conventional CM imaging, the AML technique was able to in-

crease the imaging speed over four times while preserving the topography details of the live

cells by accurate tracking of the sample topography.

In Chapter 5, control based approaches to achieve accurate nanomechanical property mea-

surements on soft materials are proposed. Specifically, in Chapter 5.2, a control-based ap-

proach to accurately quantify the nanoindentation in broadband nanomechanical property mea-

surements using AFM is proposed. First, based on the analysis of the adverse effects of the

cantilever-fixture dynamics and the lateral-vertical cross-axis coupling dynamics, an approach

to individually quantify these two adverse effects through experiments is proposed. Secondly,

the cantilever dynamics during the broadband nanomechanical quantification is modeled and

analyzed by taking into account the relationships between the measurement frequency range

and the bandwidth of both the piezo actuator and the cantilever. Using the cantilever dynamics

model, it is proposed to measure the indentation by accurately tracking the same broadband

excitation force profile (i.e., the same cantilever vertical deflection) on the soft sample and on a

hard reference sample, and obtaining the indentation from the difference of the cantilever base

displacements obtained on both samples. Control techniques such as the recently developed

modeling-free inversion-based iterative control (MIIC) technique [32] is utilized to quantify
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both the cantilever-fixture dynamics and the cross-axis coupling dynamics, and to achieve ac-

curate tracking of the excitation force of rich frequency spectrum. The proposed method is il-

lustrated by implementing it to the broadband viscoelasticity measurement of a several polymer

samples in experiment. In Chapter 5.3, a control-based approach to replace the conventional

method to achieve accurate indentation quantification is proposed for nanomechanical measure-

ment of live cell using AFM. Particularly, the cantilever dynamics during the force–indentation

measurement is analyzed by taking into account both the cantilever–probe interaction and the

measurement frequency range. Based on the analysis, it is proposed to track the same excita-

tion force profile (i.e., the same cantilever deflection) on both the soft sample (e.g., the live cell)

and a hard reference, and then quantify the indentation from the displacement difference of the

cantilever base on the cell with respect to that on the hard reference. The proposed approach

is then employed to study the rate–dependent elastic modulus of HeLa cell before and after the

nutrient–deprivation process, with comparison to those of fibroblast cell.

Our conclusions are presented in Chapter 6.
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Chapter 2

High-Speed Adaptive Contact-Mode Atomic Force Microscopy
Imaging with Near-Minimum-Force

Abstract

In this chapter, an adaptive contact-mode imaging approach is proposed to replace the tradi-

tional contact-mode imaging by addressing the major concerns in both the speed and the force

exerted to the sample. The speed of the traditional contact-mode imaging is largely limited by

the need to maintain precision tracking of the sample topography over the entire imaged sample

surface, and large image distortion and excessive probe-sample interaction force occur during

high-speed imaging. In this work, first, the image distortion caused by the topography tracking

error is accounted for in the topography quantification. Secondly, the quantified sample to-

pography is utilized in a gradient-based optimization method to adjust the cantilever deflection

set-point for each scanline closely around the minimal level needed for maintaining a stable

probe-sample contact, and a data-driven iterative feedforward control that utilizes a prediction

of the next-line tracking is integrated to the topography feeedback loop to enhance the sample

topography tracking. The proposed approach is demonstrated and evaluated by implementing

it to image a calibration sample of square pitches at both high speeds (e.g., scan rate of 75 Hz

and 130 Hz) and large sizes (e.g., scan size of 30 µm and 80 µm). The experimental results

show that compared to the traditional constant-force contact-mode imaging, the imaging speed

can be increased by over 30 folds (with the scanning speed reached 13 mm/sec.), and the probe-

sample interaction force can be reduced by more than 15% while maintaining the same image

quality.
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2.1 Introduction

In this chapter, we present an approach that addresses major concerns in large-size (e.g., lateral

scan size over 25 µm) contact-mode imaging using atomic force microscope (AFM) in both

the speed and the force exerted to the sample. Contact-mode (CM) imaging finds its applica-

tions in quantitatively measuring nanoscale sample topography of a wide variety of materials

[1, 2], ranging from hard materials such as silicon [2] to relatively soft materials such as poly-

mers [5, 33, 34]. Current CM-imaging, however, is largely limited in both the imaging speed

and the magnitude of the normal force (i.e, the probe-sample interaction force). High-speed

CM-imaging is challenging as the dynamics of the piezoelectric actuator (along with the probe

fixture) can be excited as the scanning speed increases, resulting in large positioning error of

the probe relative to the sample, particularly when the imaging size is large and the hysteresis

effect of the piezo actuator is pronounced [6, 7, 8]. Although efforts in both hardware improve-

ments [1, 9, 7] and software/control algorithms [6, 10, 11] have been proposed to compensate

for such dynamics-hysteresis caused probe positioning errors, substantial fluctuation of the can-

tilever deflection can still exist, resulting in significant image distortions and/or large normal

force (exerted to the sample) [6, 7, 12]. Control of the normal force, although crucial, remains

as a challenge when imaging at high speed and/or over large size. The proposed approach aims

to achieve large-size, high speed CM-imaging while keeping the normal force around the min-

imal level (for maintaining a stable probe-sample interaction).

The speed of constant-force CM (CF-CM) imaging mode [1, 2, 35]—the most commonly

used CM-imaging—is constrained by the increasingly stringent precision positioning of the

probe relative to the sample as the imaging speed increases. In CF-CM imaging, the x-y-z 3D

positioning of the probe relative to the sample is needed to maintain the normal force at the

set-point value so that the sample topography can be measured as the z-axis piezo displace-

ment at each sample point [1, 2]. As the scanning speed and the imaging size increase, the

dynamics and the hysteresis effect of the piezo actuators can be excited [36, 37, 8], resulting

in large probe-sample positioning error—the sample topography cannot be measured as the

displacement of the z-piezo actuator anymore. The imaging speed can be increased by using

high bandwidth piezo actuators [38, 39]. The samples that can be imaged, however, are rather
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small (< 5 µm [38, 39]) and flat (sample height < 50 nm). Imaging of large-size samples can

be improved through the development of control techniques to compensate for the dynamics

and the hysteresis effects of the piezo actuators [11, 40, 10] along with hardware improvements

[41, 42]. However, the imaging speed increase is still rather limited due to the challenge in the

vertical z-axis positioning of the probe with respect to the sample, as the sample topography

profile, in general, is unknown and may contain large and rapid variations (e.g., the calibration

sample of square pitches), thereby, is difficult to be tracked during high-speed imaging. As a

result, substantial error in the vertical probe-sample positioning persists. Moreover, cross-axis

dynamics coupling effect [2, 43, 44] exists and can induce extraneous vertical positioning er-

ror of the probe during large-size imaging. Such probe positioning errors translate directly to

image distortions in CF-CM imaging. Therefore, techniques need to be developed to achieve

high-speed, large-size CM imaging.

The imaging speed might be substantially increased through the developments in constant-

height CM (CH-CM) imaging [45, 46, 43]. CH-CM imaging, however, is not preferred in

applications due to the lack of force control. In CH-CM imaging, the sample topography is

quantified from the cantilever deflection by keeping the position of the z-axis piezo actuator

(instead of the cantilever probe) around a pre-chosen set-point value [45, 46, 47]. Unlike CF-

CM imaging, the probe positioning in CH-CM is rather simplified as only lateral tracking of

the probe during the scanning is needed. Lateral tracking control of the probe is much eas-

ier than z-axis tracking of the sample topography as the scanning trajectory is known a priori.

Approaches such as the iterative learning control techniques [11, 32] have been developed re-

cently that can account for both the dynamics and the hysteresis effects of the piezo actuators in

high-speed, large-range scanning. Alternatively, excitation of the dynamics effect of the piezo

actuator can be avoided through the design of scanning patterns [47]. However, as the normal

force is not controlled, such a speed increase in CH-CM imaging is obtained at the cost of sub-

stantial increase of the force applied, resulting in severe sample and/or probe damages. These

constraints largely limit the application of the high-speed CH-CM imaging.

The proposed approach substantially increases the CM-imaging speed, and maintains a

near minimal interaction force. The improvements arise from the following three ingredients:

(i) The sample topography is quantified using both the AFM z-axis piezo displacement and
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the cantilever deflection as opposed to using only the piezo displacement in the conventional

CM-imaging; (ii) The deflection set-point is adjusted line-by-line closely around the minimal

level needed for maintaining a stable probe-sample contact, as opposed to being fixed during

the entire imaging process in the conventional CM-imaging; and (iii) The sample topography

quantified in (i) is utilized in an iterative feedforward control scheme to track the sample topog-

raphy as opposed to solely relying on the cantilever deflection in the conventional CM-imaging.

The proposed ACM imaging systematically integrates the above three innovations together.

To compute the sample topography accurately, both the cantilever behavior and the probe-

sample interaction condition during the CM-imaging are accounted for even when there exists

large sample profile tracking error (i.e., large fluctuation of the cantilever deflection). Then a

gradient-based optimization is employed to minimize the force set-point. Finally, the sample

topography is tracked through direct control of the z-axis piezo via a data-driven iterative feed-

forward control [32], thereby, the time-delay in tracking the sample topography (when only

using the cantilever deflection feedback) is largely avoided. The experimental implementa-

tion of the proposed approach in imaging a calibration sample of square pitches (pitch height:

18 µm, pitch size: 10 µm by 10 µm) at both high speeds (75 Hz and 130 Hz) and large sizes

(30 µm and 80 µm) demonstrated that compared to the CF-CM imaging, the proposed ACM

imaging not only increased the imaging speed by over 30 folds (reached 13 mm/sec), but also

reduced the maximum and the RMS amplitude of the interaction force by 23% and 30%, re-

spectively. Therefore, the proposed ACM approach substantially improves over the CF-CM

imaging in both the imaging speed and the interaction force control.

The remainder of this chapter is organized as follows. In Sec. 2.2, the proposed sample

topography quantification is introduced and employed to reveal the drawbacks of the CF-CM

imaging, followed by the presentation of the proposed ACM technique in Sec. III. The exper-

imental implementation of the proposed ACM is described and discussed through comparison

to the conventional CF-CM imaging in Sec. 2.4. Our conclusions are given in Sec. 2.5.
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2.2 Accurate Sample Topography Estimation during AFM Contact-Mode Imag-

ing

The proposed ACM approach is based on accurate estimation/quantification of the sample to-

pography profile during the imaging process. We start by assuming that during the CM-imaging

process:

Assumption 1 The vibration modes of the cantilever are not excited;

Assumption 2 A continuous tip-sample contact is maintained in the repulsive region;

Assumption 3 The sample deformation (indentation) is negligible.

Assumption 1 is reasonable as during the CM-imaging, the power spectrum of the AFM probe

motion mostly resides in the frequency region several times lower than the first resonant fre-

quency of the cantilever, e.g, even at the scanning rate of 150 Hz over a large scan size (e.g.,

50 µm), the power spectrum of the cantilever motion is still concentrated in the frequency range

100 times lower than the first resonance of the cantilever usually used in CM-imaging. Excita-

tion of the probe vibration is further avoided in the proposed ACM imaging by tracking the true

sample topography accurately, even at high speeds. Assumption 2 also holds as the cantilever

deflection is maintained around the set-point during the scanning by a feedback controller (see

Fig. 2.1), and consequently, the probe-sample interaction force in the vertical direction (called

the normal force below) is dominated by the repulsive electrostatic force, i.e., the repulsive

normal force is proportional to the AFM cantilever deflection [1, 48],

Fz(t) = −kcd(t), (2.1)

where kc and d(t) are the spring constant of the cantilever and the cantilever deflection, respec-

tively. Finally, Assumption 3 holds as large sample deformation directly results in not only

imaging distortion, but also sample modification or damage, and probe contamination and/or

wear [1, 49].

Current method to estimate/quantify the sample topography in CM-imaging becomes er-

roneous as the imaging speed increases. During the traditional CF-CM imaging, a feedback
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Figure 2.1: Schematic block diagram of the conventional CF-CM imaging, where ufb(jω) and
z(jω) denote the control input and the corresponding output (i.e., displacement ) of the piezo
actuator, respectively.

controller, as schematically depicted in Fig. 1, is employed to drive the piezoelectric actua-

tor (called the z-piezo in the rest of this chapter) to maintain the cantilever deflection around

the set-point, dset, and the sample surface topography is quantified as the z-piezo displace-

ment. Such a quantification, however, is only adequate when the scanning speed is slow enough

[11, 40, 7]. At high scanning speed the low quality height images are accompanied with large

deflection variations (i.e., dramatic deflection errors). Advanced control techniques [11, 40]

have been proposed to increase the scan rate and mitigate the deflection variation during the

scanning. The scan rate improvement achieved, however, is rather limited, and large deflection

variation still persists during high-speed imaging [11, 40].

To be more concrete, consider the tip-sample interaction during CM-imaging at two

different locations on the sample surface, point (x0, y0) and point (x1, y1), as shown in Fig. 2.2,

and the z-piezo positions and the cantilever deflections at these two points as z(x0, y0) and

z(x1, y1), and d(x0, y0) and d(x1, y1), respectively. Assumptions 2 and 3 imply that the

height difference between these two points is given by

h1−0 = [z(x1, y1)− z(x0, y0)] + [d(x1, y1)− d(x0, y0)]. (2.2)
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Figure 2.2: Height difference between two sample locations during AFM contact-mode imag-
ing.
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Thus, the above Eq. (2.2) implies that the variation of the sample topography of the entire

imaged sample surface can be obtained with respect to one fixed reference point—point 0 (e.g.,

the first sample point imaged—for convenience). Without loss of generality, the height datum

point 0 can be set as z(x0, y0) = 0 and d(x0, y0) = dset. Thus, the sample surface topography

can be quantified as

h(x, y) = z(x, y) + [d(x, y)− dset]. (2.3)

The above Eq. (2.3) clearly reveals the limit of and the errors introduced in the conventional

CM-imaging. At slow imaging speeds, the cantilever probe can accurately track the sample

topography when the feedback control system is fast enough, i.e., the cantilever deflection fluc-

tuation is small enough, and hence, the sample topography can be adequately quantified as the

z-piezo displacement measured at each sample point—the conventional CF-CM imaging, i.e.,

as d(x, y) ≈ dset, h(x, y) ≈ z(x, y) in Eq. (2.3). However, as the imaging speed increases

it is challenging to maintain such a stringent condition (d(x, y) ≈ dset), especially upon sam-

ples with dramatic topography features (e.g., the calibration sample of large square pitches

employed in this work). For those samples, large fluctuations (“spikes”) of the cantilever de-

flection are inevitable and the amplitude of the “spikes” increases with the scan rate, as the

topography features act as step (force) inputs to the cantilever probe and the cantilever dynam-

ics is rather lightly damped (with damping coefficient ξ ≈ 0.002 [50, 51]). For example, for

the calibration sample employed in this work, the cantilever deflection error becomes not negli-

gible (i.e., larger than the thermal-fluctuation of the cantilever) when the scan rate increases to

merely 5 Hz when using the CF-CM imaging (with a carefully-tuned PI controller). Therefore,

the conventional sample topography estimation of the CF-CM imaging substantially limits the

imaging speed.

Similar idea of utilizing the cantilever deflection to improve the topography quantification

has also been recently explored [52]. However, no systematic analysis is discussed [52]. More-

over, even though the imaging speed can be improved by using Eq. (2.3), such a modification

does not improve the control of the normal force, thereby, is rather limited for high-speed

imaging —It is crucial to control the normal force during high-speed CM-imaging.
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2.3 Adaptive Contact-Mode Imaging with Near-minimum Force

The above sample topography quantification (Eq. (2.3)) is utilized to develop the proposed

ACM imaging.

2.3.1 Gradient-based Minimization of the Normal Force

We first show that the normal force can be reduced by allowing the deflection set-point to vary

during the imaging–The proposed topography quantification (Eq. (2.3)) implies that the deflec-

tion set-point does not need to be fixed during the imaging process! With cantilever deflec-

tion set-point being fixed, the conventional CM-imaging has little room to reduce the normal

force—at best the normal force is at the a priori chosen set-point, which might be too large

or too small, and not optimal for the sample to be imaged and the chosen imaging conditions

(e.g., the chosen scanning speed and imaging size), particularly when the sample properties are

unknown. Moreover, when the same deflection set-point is used throughout the entire imaging

process, the force applied may be exceedingly large for areas where the sample is relatively flat

and the topography variation is small, whereas not large enough to maintain the image quality

at areas where the sample topography variation is large. Thus, the use of a fixed force set-point

limits the optimization of CM-imaging.

As depicted in Fig. 2.3, we propose a gradient-based optimization scheme to adaptively

adjust the deflection set-point line-by-line. Specifically, the deflection set-point of the k + 1th
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Figure 2.3: Schematic block diagram of the proposed adaptive contact-mode.
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scanline, dset,k+1, is updated/adjusted from that of the previous line, dset,k, by using the differ-

ence between minimum of the predicted deflection at the k + 1th scanline, min(d̂k+1(t)), and

the minimum deflection/force needed to maintain the stable repulsive tip-sample interaction,

D∗
min (i.e., the threshold value),

dset,0 = dset,org,

dset,k+1 = dset,k − [min(d̂k+1(t))−D∗
min], k ≥ 1 (2.4)

with d̂k+1(t) ≜ dk(t) + ρ[(dk(t)− dk-1(t))], for t ∈ [0, Tscan],

where Tscan is the scanning period, dset,org is the original deflection set-point chosen a priori to

the imaging process, and ρ ∈ [0, 1] is the gradient factor, and sand can be tuned to improve the

imaging quality. As shown in Eq. (2.4), the line-to-line topography variation is accounted for

in the predicted next-line deflection, d̂k+1(·) using the topography gradient , and then utilized

to adjust the deflection set-point for the next scan line, dset,k+1, i.e., the current-line deflection

set-point (dset,k) is adjusted such that dset,k+1 will ensure that the deflection on the next-line will

be above the required minimal deflection level across the entire scan line (through the use of the

minimal value of the predicted next-line deflection, min(d̂k+1(t))). Precision tracking of the

sample topography by the proposed iterative feedforward control scheme next ensures that the

line-to-line deflection variation, dk(t) − dk−1(t), is rather small. Therefore, the normal force

is maintained around the minimal level D∗
min throughout the entire imaging process, arriving at

the near-minimum-force scan.

Moreover, to avoid the transient response of the cantilever due to the potential sudden jump

of the deflection set-point, the deflection set-point is smoothly transited over a few sample

instants from the previous-line set-point value to the optimal value obtained from Eq. (2.4)

through, for example, a filtered ramp trajectory over (more advanced control techniques like the

optimal tracking-transition technique [53] can be utilized for generating the smooth transition

trajectory).

Note that the sample surface topography image is obtained according to Eq. (2.3)—the

line-to-line update of the deflection set-point doesn’t affect the quantified sample topography

by choosing a universal height datum for the entire image, e.g., dset = dset,org in Eq. (2.3), as

the change of the deflection set-point is canceled.
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2.3.2 True-Topography Tracking via Iterative Feedforward Control of the Piezo

Actuator

Next, an online iterative feedforward control approach is integrated to the sample topography

tracking system to enhance the sample topography tracking performance by: (i) estimating both

the sample topography profile and the profile tracking error at the next scan line, and (ii) using

the estimation to control the z-axis piezo actuator in the sample topography tracking.

First, at the end of the kth line scanning, the sample topography profile of this line, hk(t),

is quantified via Eq. (2.3) and then used to approximate the profile of the k + 1th line, i.e.,

hk+1(t) ≈ hk(t). Such an approximation is reasonable as with enough scanlines, the line-to-

line topography variations are small. To further reduce the amplitude of the normal force on

samples of large and sudden topography changes, the estimated next-line topography profile is

modified by using the kth line deflection error as

hffd,k+1(t) = hk(t) + α[dk(t)− dset,k], for t ∈ [0, Tscan], (2.5)

where α is the correction factor. Due to the compliance of the cantilever and the cantilever

fixture (connecting the cantilever to the piezo actuator), time delay exists in the response of

the cantilever deflection to the sample topography change. As the scanning speed increases,

such a time delay, albeit small, becomes more crucial and as a result, the sample-topography-

caused spikes (in the cantilever’s response– deflection) reach their (local) peaks after the probe

already passes those locations. Even with advanced feedback control, such deflection spikes

still exist [43, 11]. The above modified desired trajectory—for the feedforward control input to

track—helps the z-piezo to drive the cantilever to respond in advance (i.e., pre-actuate) to the

topography variation, thereby reducing the amplitude of the deflection spikes. The correction

factor α can be tuned based on the estimated height of the sample surface features.

Next, we propose to track the modified next-line sample topography profile, hffd,k+1(t),

using a data-driven iterative feedforward control augmented to the z-axis feedback control (see

Fig. 2.3). Particularly, the feedforward control input is obtained by implementing the following
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modeling-free inversion-based iterative learning control (MIIC) technique [32] online,

Uff,0(jω) = 0,

Uff,k+1(jω) =
Uff+fb,k(jω)

Zk(jω)
Hffd,k+1(jω), (2.6)

where ‘jω’ denotes the Fourier transform of the corresponding signal, Uff+fb,k(·) and Zk(·) are

the total control input (feedback+feedforward) applied to the z-piezo actuator (i.e.,Uff+fb,k(jω) =

Uff,k(jω) + Ufb,k(jω), see Fig. 2.3), and the z-piezo displacement measured on the kth scan

line, respectively. Note that the ratio in the above control law, Uff+fb,k(jω)/Zk(jω), essentially

equals the inverse of the frequency response of the z-piezo actuator (shown as Gpz,k(jω) in

Fig. 2.3), and are updated line-by-line iteratively throughout the whole imaging process. Such

a data-driven online-updated inverse is preferred over a priori obtained fixed model in the itera-

tive scheme [9, 37] for better robustness and tracking performance [32]. Then the feedforward

output in the time domain, uff+fb,k+1(t), is obtained via the inverse Fourier transform and ap-

plied during the k + 1th line scanning.

At the beginning of the imaging process, the above iterative scheme is applied to scan the

first line repetitively until the convergence is reached (i.e., in practices until the difference of

the z-piezo displacement between two consecutive iterations is small enough, e.g., close to the

noise level), and then the converged input is used as the initial input for the iteration on the next

scanline. Provided that the convergence of the iterative control input is faster than the line-to-

line sample topography variation, then the iterative control input for each new scan line only

needs to be updated once, i.e., the rest of the sample can be imaged without repetitive scan-

ning! Similar idea of repeating on the first line and then updating the control input using the

preceding-line input has been explored recently in Ref. [11], where the amount of allowed line-

to-line sample topography variation has been quantified. However, unlike the work in Ref. [11,

34], we propose here to use the measured data to update the dynamics model along with the

iteration, and more importantly, use the frequency response of the z-axis piezo actuator itself—

instead of the closed-loop dynamics attenuated by the closed-loop sensitivity [54, 11]—when

computing the iterative control input. The use of the z-piezo dynamics itself provides a larger

“working” bandwidth—thereby better tracking performance at high-speed—the feedback con-

troller tends to reduce the open-loop bandwidth. Such an improvement is demonstrated in our
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experiment implementation (See Sec. IV later).

Finally, to avoid the noise being fed into the closed-loop via the feedforward channel and

then amplified, the feedforward control input, Uff,k+1(·), is passed through a zero-phase low-

pass filter Q(jω),

Ûff,k+1(jω) = Q(jω)Uff,k+1(jω) = Qb(jω)Clead(jω)Uff,k+1(jω), (2.7)

where Qb(jω) and Clead(jω) are a low-pass filter and a phase-lead compensator, respectively.

As the entire next-line feedforward control input is known a priori, the above noncausal zero-

phase filter can be implemented online.

2.4 Experimental Demonstration and Evaluation of the ACM

The experiment is to validate and demonstrate that by using the ACM technique, the imaging

speed is substantially increased in large-size (e.g., 50 µm and 80 µm) imaging while the normal

force is minimized.

2.4.1 Experimental implementation

The experiments were conducted on a commercial AFM (Dimension Icon, Bruker AXS Inc.)

with direct access to the drive of the piezo actuators, the cantilever deflection and the piezo dis-

placement. All of the signals were acquired through a data acquisition system under the Matlab

xPC-target environment. A calibration sample with nominal pitch size of 10 µm and step height

of ∼180 nm was used in all of the imaging processes. As the first resonant frequency of the

cantilever used (cantilever type: DNP-10, Bruker AXS Inc.) (over 60 kHz) was over 300 times

higher than the scan rate (≤ 200 Hz) tested in the experiment, and calibration sample used is

made of silicon, Assumptions 1-3 held.

The experimental results and discussion presented below are to validate and demonstrate

the three major components of the proposed ACM approach in the order of these components

in Sec. II: First, the proposed method of topography quantification (Eq. (2.3)) was validated

by comparing the topography image obtained by Eq. (2.3) using the data measured under the

conventional CF-CM imaging at a relatively high speed with that obtained at low speed. Sec-

ondly, to validate and evaluate the proposed line-by-line adjustment of the cantilever deflection
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Figure 2.4: Sample topography images (scan area: 50 µm × 25 µm, scan direction: 50 µm)
obtained by using the conventional CM-imaging at the scan rate of (a1) 1 Hz and (b1) 30 Hz;
The corresponding cantilever deflection error, d(x, y) − dset, measured at (a2) 1 Hz and (b2)
30 Hz; The sample true topography computed using Eq. (2.3) at (a3) 1 Hz and (b3) 30 Hz; And
(c) comparison of the cross-sections at the same scan line on the three images as marked out in
images (a1), (a3) and (b3).

set-point in maintaining a near-minimal normal force, and the proposed iterative feedforward

control scheme in tracking the sample topography, the normal force and the sample topography

tracking results obtained using the ACM imaging at high speeds and large imaging sizes were

compared to those obtained by using the CF-CM imaging at much lower speeds. The efficacy

of the use of the modified topography in reducing the cantilever deflection fluctuation was also

examined. Finally, the sample topography images were compared.

Throughout the imaging experiments, the MIIC technique was employed to achieve precise

positioning in the lateral x-y axes scanning [32]. The lateral tracking error was maintained

below 1% during all imaging processes. Moreover, the cross-axis dynamics coupling (mainly

the coupling from the lateral x-y axes to the vertical z-axis [55]) was compensated for by sub-

tracting it from the z-piezo displacement measured during the imaging processes. Therefore,

the differences in the topography tracking, the normal force amplitude, and the image quality

presented below reflected the effects of the proposed sample topography quantification and the

proposed ACM imaging approach.

2.4.2 Accurate sample topography quantification

The experimental results to validate the proposed sample topography quantification (Eq. (2.3))

are presented in Fig. 2.4 for the scan rates of 1 Hz and 30 Hz and the imaging area of 50 µm

× 25 µm. The z-piezo displacement images (i.e., the sample “topography” obtained in the

CF-CM), the cantilever deflection error, and the sample topography images quantified by using
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Eq. (2.3) are compared in Fig. 2.4 (a1), (a2), and (a3) for the scan rate of 1 Hz, respectively, and

Fig. 4 (b1), (b2), and (b3) for 30 Hz, respectively. At the low imaging speed (1 Hz), the sample

topography can be adequately quantified by using the conventional CF-CM imaging, i.e., by

using the z-piezo displacement (see Fig. 2.4 (a1)). The RMS-difference between the CF-CM

image (Fig. 2.4(a1)) and the quantified topography image (Fig. 2.4 (a3)) was only ∼6%. As

the imaging speed increased to 30 Hz, however, the sample topography could not be accurately

tracked by the z-axis feedback control, the sample with square-pitches of large height acted as

an input with repeated large amplitude steps to the z-axis feedback loop, thereby, challenging to

be tracked. As a result, the image generated was significantly distorted (Fig. 2.4 (b1)). By using

the proposed topography quantification (Eq. (2.3)), however, the image quality was restored,

as shown in Fig. 2.4 (b3). The RMS-difference between the low speed and the high speed

images was less than 10% (compare Fig. 2.4 (a3) with Fig. 2.4 (b3)). We also observed that

the image quality can be largely restored even when the scan rate was increased to 100 Hz,

however, at the price of dramatically increased normal force (over 6 times of that in 1 Hz

imaging). Therefore, the experimental results demonstrated that the sample topography profile

in the CM-imaging can be accurately quantified by using the proposed method (Eq. (2.3)).

Moreover, the substantial increase of the force applied during the imaging (over 5 times from

1 Hz to 30 Hz) clearly manifested the limits of the conventional CM-imaging, including those

high-speed CH-CM imaging techniques [43, 56, 47].
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2.4.3 High-speed ACM imaging with Near Minimum Force

With the sample topography quantified using the proposed method, the quantified sample to-

pography was utilized to implement the proposed ACM imaging. We first validated and evalu-

ated the proposed gradient-based online optimization of the force (i.e., deflection) set-point to

minimize the normal force in the ACM imaging. The calibration sample was imaged at two

different high scanning rates of 75 Hz and 130 Hz (tip velocity: 7.5 mm/sec and 13 mm/sec,

respectively) using the proposed ACM imaging, and then compared to the results obtained by

the CF-CM imaging at 2 Hz and 10 Hz, respectively. The deflection set-point was updated line-

by-line according to Eq. (2.4). The set-point of each scanline measured in the ACM imaging

at the scan rates of 75 Hz and 130 Hz are shown in Figs. 2.5 (a1) and (a2), respectively, and

the normal force (i.e., the cantilever deflection) measured during these two imaging processes

are shown in Figs. 2.5 (b1) and (b2) as a 2-D force image, respectively, with comparison to

those obtained by using the conventional CF-CM imaging at the scan rates of 2 Hz and 10 Hz

in Figs. 2.5 (c1) and (c2), respectively. The initial force set-points of the ACM imaging at the

scan rates of 75 Hz and 130 Hz (25 nN and 36 nN, respectively) were chosen the same as those

used in the corresponding CF-CM imaging at the scan rates of 2 Hz and 10 Hz, respectively.

The experiment results clearly showed that the normal force was substantially reduced

by using the gradient-based set-point optimization in the proposed ACM imaging. As shown

in Figs. 2.5 (a1) and (a2), the adjusted force set-point was substantially lower than the corre-

sponding a priori chosen value—the average force set-point was 21% and 24% lower than the
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Figure 2.7: 2-D plot (i.e., image) of the z-piezo displacement measured during the imaging
process by using the proposed ACM technique at the scan rate of (a1) 75 Hz and (a2) 130 Hz;
And the CF-CM imaging at the scan rate of (b1) 2 Hz and (b2) 10 Hz; And (c) comparison of
the cross-sections in each z-piezo displacement image at the same scan line (as marked out in
(a1)-(b2)).

initial chosen value for the scan rate of 75 Hz and 130 Hz, respectively. As a result, the average

and the maximum normal force of the ACM imaging at the scan rate of 75 Hz were 21% and

19% lower than those of the CF-CM imaging at 2 Hz, respectively. When comparing the ACM

imaging at 130 Hz to the CF-CM imaging at 10 Hz, the reduction of the averaged and the max-

imum force were at 24% and 25%, respectively (compare Figs. 2.5 (b1) and (b2) to Figs. 2.5

(c1) and (c2)). such a significant force reduction can also be seen from the cross-section plot

of the normal force in Fig. 2.6. Therefore, the near-minimum-force scan was achieved in the

proposed ACM approach.

Secondly, we demonstrate the improvement of the sample topography tracking using the

ACM technique. As shown in Figs. 2.7 (a1) and (b1), the z-piezo displacement image obtained

using the ACM at 75 Hz was comparable with that from the CF-CM imaging at the scan rate

of 2 Hz. For example, the RMS-difference between these two z-piezo displacements at the

(randomly) selected cross-section (marked by the blue and red straight lines in Figs. 2.7 (a1)

and (b1), respectively) was less than 6% (See Fig. 2.7 (c)). Moreover, the z-piezo displacement

in the ACM imaging at 130 Hz scan was ∼ 12% more accurate than that in the CF-CM imaging

at 10 Hz scan, both respect to the z-piezo displacement in the CF-CM imaging at 2 Hz. There-

fore, the experimental results demonstrated that the proposed ACM imaging can substantially

improve the sample topography tracking. Such an improvement in sample topography tracking

provided the opportunity to further minimize the normal force.
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Figure 2.8: Cross-section comparison of the topography tracking performance (z-piezo dis-
placement) (randomly chosen) measured using the modified topography profile (see Eq. (2.5))
in the proposed ACM approach at the scan rate of (a1) 75 Hz and (a2) 130 Hz to that measured
when using the unmodified topography at these two scan rates, respectively, and the comparison
of the corresponding normal force at the scan rate of (b1) 75 Hz and (b2) 130 Hz.

We also further evaluated the efficacy of the use of the modified sample topography in the

feedforward control (see Eq. (2.5)) in improving the sample topography tracking and reducing

the normal force, i.e., in reducing the amplitude of the “spikes” in the cantilever deflection.

The modification coefficient α in Eq. (2.5) was experimentally tuned and set at 0.6. As an ex-

ample, the z-piezo displacement on one scan line randomly picked from the topography image

obtained by using the modified topography trajectory is compared to that obtained by using

the original topography trajectory in the ACM technique in Figs. 2.8 (a1) and (a2) for the scan

rate of 75 Hz and 130 Hz, respectively, and the corresponding normal force are compared in

Figs. 2.8 (b1) and (b2), respectively. The efficacy of the modified topography profile in im-

proving the sample topography tracking is evident from Figs. 2.8 (a1) and (a2): the overall

difference (i.e., RMS-difference) between the z-piezo displacement and the topography pro-

file was reduced from 18% to 7% and 32% to 21% at the scan rate of 75 Hz and 130 Hz,

respectively. Such an improvement in sample topography tracking was also accompanied with

a reduction of the normal force: the maximum (i.e., the amplitude of the largest force “spike”)

and the average force amplitudes were reduced by 24% and 19%, respectively, at 75 Hz scan,
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Figure 2.9: Images of sample topography obtained by using the proposed ACM technique at
the scan rate of (a1) 75 Hz and (a2) 130 Hz, compared to those obtained by using the CF-CM
at the scan rate of (b1) 1 Hz and (b2) 5 Hz.

and 18% and 15% at 130 Hz scan, respectively. Therefore, the experiment results demonstrated

that the proposed modification of the topography profile in the feedforward control is efficient

in reducing the normal force and improving the topography tracking during the ACM imaging.

Finally, the sample topography images using the proposed ACM technique were compared

with the images obtained using the CF-CM. First, it can be seen that the quality of the topogra-

phy image obtained by using the ACM technique at the scan rate of 75 Hz is almost the same as

that obtained by the CF-CM imaging at 1 Hz—Both images presented almost the same details

of the surface, e.g., the edges of the pitches and the particles (“dusts”, compare Fig. 2.9 (a1)

to Fig. 2.9 (b1)). Those details of the sample surface were well preserved when the scan rate

was increased to 130 Hz when using the proposed ACM technique (see Fig. 2.9 (a2)), whereas

lost in the CF-CM imaging at the scan rate of 5 Hz: As shown in Fig. 2.9 (b2), the pitch edges

were blurry, so were those particles. The topography cross-section further confirmed these

observations—the topography error (with respect to the topography of 1 Hz scan obtained by

using Eq. (2.3)) of the image obtained by using the CF-CM at 5 Hz scan was 19% and 14%

larger than that obtained by using the ACM technique at 75 Hz and 130 Hz scan, respectively

(see Fig. 2.10).

Moreover, to further evaluate and demonstrate the proposed ACM, images of a smaller

size (30 µm × 15 µm) and a larger size (80 µm × 40 µm) were also obtained using the ACM

technique at the scan rates of 130 Hz and 200 Hz (for the smaller size imaging, with tip velocity
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Figure 2.10: (a) Comparison of the corresponding topography profile cross-sections at the scan
line as marked in Fig. 2.9; (b) Error of the sample topography obtained by using the proposed
ACM technique at the scan rate of 75 Hz and 130 Hz with respect to the sample topography at
1 Hz scan (quantified via Eq. (2.3)), compared to those obtained by using the CF-CM imaging
at 1 Hz and 5 Hz.

at 7.8 mm/s and 12 mm/s, respectively) and 40 Hz and 75 Hz (for the larger size imaging, with

tip velocity at 6.4 mm/s and 12 mm/s, respectively), as shown in Figs. 2.11 and 2.12, respec-

tively. The topography images (Figs. 2.11(a1)-(a2) and Figs. 2.12(a1)-(a2)) showed that the

sample surface topography was consistently accurately quantified, and the normal force was

consistently maintained closely around the minimal required level in both lower and larger size

imaging across all scan rates. Particularly, the amplitude of the normal force during both the

130 Hz, 30µm imaging and the 40 Hz, 80µm imaging was mostly maintained below 25 nN

across the entire image, substantially lower than that of the normal force exerted in the CF-CM

imaging at much lower scan rate of 2 Hz at around 35 nN (Compare Figs. 2.11 (b1) and 2.12

(b1) with Fig. 2.5(c1)). Finally, the slightly loss of image quality in Fig. 2.11 (a2) was caused

by the reduction of the imaging resolution by half (due to the sampling rate limit of the data

acquisition-computation system), and the wear of the sample shown in Fig. 2.12 were caused

by the wear of the calibration sample during the storage/transfer.

In summary, the experimental results demonstrated that the proposed ACM imaging tech-

nique increased the imaging speed by over 30 folds while substantially lowering the normal

force during the imaging closely around the minimal needed force level.
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Figure 2.12: Images of sample topography obtained by using the proposed ACM technique
at the scan rate of (a1) 40 Hz and (a2) 75 Hz, and images of the corresponding normal force
(b1) and (b2) at the same scan rates, respectively, and (c) comparison of the topography profile
cross-sections at the scan line as marked in (a1) and (a2).

2.5 Conclusion

An ACM imaging technique was proposed to achieve high-speed CM-imaging with near mini-

mal contact force. The sample topography during CM-imaging was accurately quantified using

both the z-piezo displacement and the cantilever deflection, and then the quantified sample to-

pography was utilized in an iterative feedforward control scheme to achieve precision tracking

of the sample topography during high-speed scanning, and in a gradient-based optimization

scheme to adjust the deflection set-point line-by-line around the minimal level. The efficacy

of the proposed ACM was demonstrated by imaging a silicon calibration sample at varies scan

sizes and speed. The comparisons of the sample topography tracking performances and the nor-

mal forces between the proposed ACM imaging data and the CF-CM imaging results clearly
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showed that the imaging speed was significantly increased by 30 folds over large-size imaging,

and the normal force was substantially reduced by using the proposed ACM technique.
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Chapter 3

High-Speed Atomic Force Microscope Imaging: Adaptive
Multi-loop Mode

Abstract

In this chapter, an imaging mode (called the adaptive multi-loop mode) of atomic force micro-

scope is proposed to substantially increase the speed of tapping mode (TM) imaging while pre-

serving the advantages of TM-imaging over contact mode (CM) imaging. Due to its superior

image quality and less sample disturbances over CM-imaging, particularly for soft materials

such as polymers, TM-imaging is currently the de facto most widely used imaging technique.

The speed of TM-imaging, however, is substantially (over an order of magnitude) lower than

that of CM-imaging, becoming the major bottleneck of this technique. Increasing the speed

of TM-imaging is challenging as a stable probe tapping on the sample surface must be main-

tained to preserve the image quality, whereas the probe tapping is rather sensitive to the sample

topography variation. As a result, the increase of imaging speed can quickly lead to loss of

the probe-sample contact and/or annihilation of the probe tapping, resulting in image distortion

and/or sample deformation. The proposed adaptive multi-loop mode (AMLM) imaging over-

comes these limits of TM-imaging through the following three efforts integrated together: First,

it is proposed to account for the variation of the TM-deflection when quantifying the sample

topography; Secondly, an inner-outer feedback control loop to regulate the TM-deflection is

added on top of the tapping-feedback control loop to improve the sample topography tracking;

And thirdly, an online iterative feedforward controller is augmented to the whole control system

to further enhance the topography tracking, where the next-line sample topography is predicted

and utilized to reduce the tracking error. The added feedback regulation of the TM-deflection

ensures the probe-sample interaction force remains near the minimum for maintaining a stable
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probe-sample interaction. The proposed AMLM-imaging is tested and demonstrated by imag-

ing a poly(tert-butyl acrylate) sample in experiments. The experiment results demonstrated

that the image quality achieved using the proposed AMLM-imaging at the scan rate of 25 Hz

and over a large-size imaging (50 µm by 25 µm) is at the same level of that obtained using

TM-imaging at 1 Hz, while the probe-sample interaction force is noticeably reduced from that

achieved using the TM-imaging at 2.5 Hz.

3.1 Introduction

In this chapter, an imaging mode (called the adaptive multi-loop mode) of atomic force micro-

scope (AFM) is proposed to substantially increase the speed of tapping mode (TM) imaging

while preserving its advantages over contact mode (CM) imaging. TM-imaging is the de facto

most widely used imaging technique of AFM–thanks to its superior image quality and sub-

dued sample distortion when compared to CM-imaging [13, 14, 3, 4]. The rather slow imaging

speed, however, has become the major limit and bottleneck of TM-imaging [1, 15]. High-

speed TM-imaging is challenging as the increase of imaging speed can quickly lead to loss of

probe-sample interaction and/or annihilated of cantilever tapping vibration, particularly when

the imaging size is large. Current efforts to increase the speed of TM-imaging [14, 16], how-

ever, only lead to rather limited improvements as the speed increase is rather small (around

3 times), and accompanied with a substantial (over 5 times) increase of force applied. Thus,

the challenges in and the needs for high-speed TM-imaging motivate the development of the

proposed imaging technique. Although it has been reported that choosing a larger free vibra-

tion amplitude and a smaller tapping-amplitude set-point can avoid tip-sample interaction loss

as the increase of the scanning speed [14, 16], large tip-sample interaction force is generated

as a consequence of this effort [57, 58]. Control of the tip-sample interaction force remains

as a challenge when imaging at high-speed and/or large size. The proposed approach aims to

achieve large-size, high-speed hybrid mode imaging with the tip-sample interaction force reg-

ulated at the minimal level and the cantilever tapping vibration motion steadily maintained.

As been widely acknowledged, it is challenging to increase the speed of TM-imaging. The
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speed of the TM-imaging is constrained by the time-delay existed in the z-axis feedback con-

trol in maintaining the same cantilever vibration amplitude throughout the imaging (scanning)

process. In TM-imaging, the x-y-z 3D positioning of the probe relative to the sample is needed

to maintain RMS-tapping amplitude at the set-point value so that the sample topography can

be measured as the z-axis piezo displacement at each scanned sample point [1, 16]. As mul-

tiple periods of the tapping vibration needs to be acquired by the lock-in amplifier to measure

the RMS-tapping-amplitude, time-delay is inevitably induced into the z-axis feedback loop,

i.e., the measured RMS-tapping-amplitude differs from and lags behind the instant tapping-

amplitude, especially when the tapping-amplitude varies along with the sample topography

variation. At low speed imaging, such a time-delay is relatively small and can be compensated

for by the z-axis feedback control, and the z-axis piezo displacement can closely track the

sample topography throughout the imaging process. However, the time-delay becomes more

pronounced as the scan speed increases, and adversely affects the z-axis control in tracking the

sample profile, leading to a larger variation in the probe-sample distance as the cantilever tap-

ping is very sensitive to the change of the probe-sample distance [58, 16]. As a consequence of

the probe-sample distance change, loss of sample-probe contact and/or annihilation of tapping

occurs when the imaging speed increases. Specifically, loss of probe-sample contact tends to

occur around the sample regions where, e.g., sudden topography drop appears, and the tapping

of the cantilever approaches the free oscillation gradually with a relatively large settling time

proportional to the high-Q factor of the cantilever [1, 15]. On the contrary, the tapping can be

completely annihilated around the sample regions where, e.g., sudden topography increase oc-

curs, resulting in the sliding of the probe on the sample surface during the scanning and further

sample distortion. However, these issues cannot be compensated for due to the nature of the

TM-imaging in utilizing the RMS-tapping-amplitude as the z-axis control objective.

Current efforts to improve the imaging speed of TM-imaging only results in rather limited

improvements. For example, it has been proposed to utilize high bandwidth piezo actuators

and cantilevers with high resonant frequencies [59, 38] to increase the TM-imaging speed up to

∼2mm/sec [60]. The lateral size and the sample height that can be imaged, however, are both

substantially reduced (from around 100 µm by 100 µm to 30 µm by 30 µm, and from 10 µm

to 3 µm, respectively). Alternative to such a hardware-based approach that is accompanied
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with instrument/material cost increase, control techniques [16, 61] such as the observer-based

approach [40] have been developed to increase TM-imaging speed with minor or no additional

cost. The speed increase achieved, however, is rather limited (e.g, <1.8 mm/sec [61, 40]), or

the speed is increased at the cost of image quality, and more seriously, without adequate control

in the interaction force as in the observer-based approach [40]. Therefore, it still remains as a

challenge to achieve high-speed, large-size imaging of tapping-mode with the interaction force

well controlled.

The proposed approach aims to not only substantially increase the TM-imaging speed with-

out loss of image quality, but also maintain the probe tapping closely around the set-point

and the tip-sample interaction force around the minimal (needed for maintaining a stable tap-

ping) throughout the imaging process. Such an improvement in both the imaging speed and

the interaction force control is achieved through the development of an adaptive multi-loop

mode (AMLM) imaging scheme that regulates both the tapping amplitude and the mean can-

tilever deflection (called the TM-deflection later). Specifically, the proposed AMLM-imaging

is composed of the following three ingredients: (i) Unlike the conventional TM-imaging that

completely ignores the TM-deflection variation, it is proposed to take the variation of the can-

tilever TM-deflection into account when quantifying the sample topography. (ii) Unlike TM-

imaging that only regulates the tapping-amplitude via the RMS-amplitude feedback control,

the proposed AMLM-imaging explores an inner-outer feedback control loop to regulate the

TM-deflection on top of the RMS-amplitude feedback. (iii) A data-driven online iterative feed-

forward controller is augmented to overcome the time-delay of the RMS-amplitude feedback

loop, where the next-line sample topography and tracking error are predicted and utilized to

further improve the topography tracking.

The experimental implementation of the proposed approach demonstrated that compared

to TM-imaging, the proposed AMLM-imaging not only increased the imaging speed by over

10 folds, but at the same time, also reduced the tip-sample interaction force by 35%. Using

the proposed AMLM-imaging the average lateral scanning speed reached 2.5 mm/sec when

imaging a poly(tert-butyl acrylate) (PtBA) sample (scan rate: 25 Hz, scan size: 50 µm). Even

at such a high speed, the image quality was maintained as that when using TM-imaging at over

20 folds slower (1 Hz), with the tip-sample interaction force maintained around the minimal
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level.

The remainder of this chapter is organized as follows. In Sec. 3.2, the new sample topogra-

phy quantification is proposed and employed to reveal the drawbacks of the AMLM-imaging,

followed by the proposed AMLM technique in Sec. III. The experimental implementation of

the proposed AMLM-imaging is described and discussed with comparison to the conventional

TM imaging in Sec. 3.4. The conclusions are given in Sec. 3.5.

3.2 Issues of the Conventional Tapping Mode Imaging

TM-imaging was developed to address the issues of contact-mode imaging (CM-imaging)

caused by probe sliding [1, 58] in imaging resolution and sample distortion [13, 14], partic-

ularly for soft samples. Unlike in CM-imaging, during TM-imaging the cantilever probe is

excited (usually using a small piezo stack actuator, called dither piezo see Fig. 3.1) to vibrate

around its resonance and intermittently interact with the sample, i.e., tap on the sample surface.

Then the RMS-amplitude of the cantilever vibration (RMS-Adef) is measured using a lock-in

amplifier, and maintained around the set-point value, Aset, through a feedback control system

(see Fig. 3.1) using a piezoelectric actuator (called the z-piezo below). Provided that the sam-

ple topography profile is closely tracked by the cantilever probe during the scanning, signaling

by the RMS-amplitude being close enough to the set-point value, the sample surface topogra-

phy can be quantified as the z-piezo displacement. As virtually no probe sliding on the sample

surface occurs during TM-imaging, the sliding-related sample damage is largely avoided, and

higher imaging resolution can be achieved [1, 62].

3.2.1 Limits of the RMS-Tapping Feedback Control System

Speed of TM-imaging, however, is inherently hindered by the limits of the z-axis feedback

control system (called the RMS-z-feedback below). As multiple periods of the tapping are

needed to measure the RMS-tapping-amplitude, time-delay is inevitably induced into the RMS-

z-feedback loop, i.e., the measured RMS-tapping-amplitude differs from and lags behind the

instantaneous tapping-amplitude, Adef(t), especially when the tapping-amplitude varies with

the sample topography variation. Such a time-delay, although is relatively small and can be
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compensated for by the RMS-z-feedback control when imaging at slow speeds, becomes more

pronounced as the scan speed increases, and adversely affects the RMS-z-feedback control in

the sample profile tracking, leading to a large variation in the probe-sample distance.

The cantilever tapping, however, is sensitive to the change of the probe-sample distance

[58, 16] as in TM-imaging the probe-sample interaction force is highly nonlinear w.r.t. the

probe-sample distance (see Fig. 3.2). The probe-sample distance change due to the imag-

ing speed increase can result in loss of sample-probe contact and/or annihilation of tapping.

Specifically, loss of probe-sample contact tends to occur around the sample regions where,

e.g., sudden topography drops appear, and the cantilever tapping approaches free oscillation

gradually with a relatively long settling time (due to high-Q factor of the cantilever) [1, 15].

Contrarily, tapping can be completely annihilated around the sample regions where, e.g., sharp

topography increases exist, resulting in the probe sliding on the sample surface. Due to the

time-delay, it is, however, challenging to avoid the loss of probe-sample contact and annihila-

tion of tapping during high-speed imaging. The time-delay limits the use of a high feedback

gain in the RMS-z-feedback, as a high feedback gain tends to result in overshoot in the re-

sponse [63, 64], which, in turn, leads to the cantilever motion bouncing back and forth between

the loss of contact and the annihilation of tapping. A small feedback gain, however, is also

incapable of accounting for the loss of contact and/or annihilation of tapping as the imaging

speed increases. Therefore, the control mechanism employed in TM-imaging is not adequate

for high-speed TM-imaging.

Current efforts to improve the speed of TM-imaging result in rather limited progresses. We
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note that the speed of TM-imaging can be increased by choosing a larger free vibration am-

plitude and a smaller tapping-amplitude set-point [14, 16]. Such a choice, however, results in

much larger probe-sample interaction force. Given a cantilever probe with massm, quality fac-

tor Q, and spring constant kc, the probe-sample interaction force, Ft−s(t), during TM-imaging

can be estimated as [57, 58]

Ft−s(t) = md̈tot(t) +
mω0

Q
ḋtot(t) + kcdtot(t) (3.1)

with dtot(t) = dTM (t) + [Adef cos(ω0t+ ϕ)−Afree cos(ω0t)],

where dtot(t), dTM (t), and iAfree are the total deflection, the mean deflection per vibration

period (called TM-deflection), and the free vibration amplitude of the cantilever, respectively.

ϕ denotes the phase shift of the cantilever’s response to the excitation. Thus, Eq. (3.1) clearly

implies that the combination of a largerAfree and a smallerAdef increases the total probe-sample

interaction force, Ft−s(t). Furthermore, this combination also implies a smaller probe-sample

separation distance, resulting in a larger TM-deflection, thereby, a larger average probe-sample

interaction force per vibration period, i.e., [57, 58]

< Ft−s >= (1/T )

∮
Ft−s(t)dt = kcdTM , with T = 2π/ω0, (3.2)

To overcome this constraint, it has been proposed to employ a high bandwidth z-piezo with

active Q control to increase the TM-imaging speed [15, 16]. The speed increase achieved,

however, is rather limited (≤ 300 µm/s at the scan size of 50 µm) as the time-delay of the
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Figure 3.3: Height difference between two points on the sample surface during TM-imaging.

RMS-amplitude feedback is still the bottleneck—even though the loss of contact and the an-

nihilation of tapping can be largely avoided, dTM (t) still varies substantially as the imaging

speed increases, directly resulting in large image distortion.

3.2.2 Topography Quantification in TM-Imaging

We propose to quantify the sample topography by taking the TM-deflection into account. Con-

sider, during TM-imaging, the probe-sample interaction at two different locations on the sample

surface, point (x0, y0) and point (x1, y1) (see Fig. 3.3), and the z-piezo positions and the TM-

deflections at these two points are denoted as z(x0, y0) and z(x1, y1), and dTM (x0, y0) and

dTM (x1, y1), respectively, then the height difference between these two points is given as

h1−0 = [z(x1, y1)− z(x0, y0)] + ε[dTM (x1, y1)− dTM (x0, y0)], (3.3)

where ε is the contact constant that depends on the probe-sample interaction regime: ε =

−1 when the probe-sample interaction is dominated by the long range attractive force (e.g.,

Adef/Afree ∈ (0.5, 0.8)), ε = 1 when the repulsive probe-sample interaction force appears,

and −1 ≪ ε < 0 when the tapping amplitude is close to the free vibration amplitude, i.e.,

Adef ≈ Afree. Thus, the above Eq. (3.3) implies that the sample topography of the entire

imaged area can be obtained with respect to one fixed reference point, e.g., the first sample point

imaged—for convenience. Without loss of generality, the height and deflection datum point can

be set as z(x0, y0) = 0 and dTM (x0, y0) = dTM−d (i.e., the TM-deflection corresponding to

the tapping amplitude at the set-point value), respectively, and the sample surface topography

can be quantified as

h(x, y) = z(x, y) + ε[dTM (x, y)− dTM−d] = z(x, y) + ε∆dTM (x, y). (3.4)

The above Eq. (3.4) clearly reveals the imaging errors in high-speed TM-imaging. At slow

imaging speeds, the cantilever probe can accurately follow the sample topography under the
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RMS-z-feedback control, i.e., Adef is closely around the set-point value and the TM-deflection

variation ∆dTM (t) is small enough, hence, the sample topography can be adequately quanti-

fied as the z-piezo displacement, i.e., as dTM (x, y) ≈ dTM−d, h(x, y) ≈ z(x, y) in Eq. (3.4).

However, with the imaging speed increase it is challenging to maintain such a stringent con-

dition (Adef ≈ Aset). Even when the scanning speed increases slightly and no loss of contact

nor annihilation of tapping occurs, i.e., when the variation of the RMS-tapping-amplitude is

small (the variation of the instantaneous tapping-amplitude, Adef, however, may not be negli-

gible), variations of the TM-deflection can still be pronounced, specially in the so called soft

tapping mode imaging [14, 65] (where the tapping-amplitude of the cantilever is less than 50%

of the free vibration amplitude), i.e., dTM (x, y) ̸= dTM−d. The variation of TM-deflection,

not accounted for in the conventional TM-imaging, thereby directly leads to image distortion.

Therefore, the conventional sample topography quantification also limits the TM-imaging.

We note that although Eq. (3.4) implies the speed of TM-imaging might be increased by

accounting for the TM-deflection in the sample topography quantification, such a modification

does nothing to improve the sample topography tracking, i.e., as the imaging speed increases,

the probe-sample interaction force, < Ft−s >, can vary dramatically and quickly leads to loss

of contact and/or annihilation of tapping. Thus, maintaining the sample topography tracking is

essential to high-speed TM-imaging.

3.3 Adaptive Multi-loop Mode Imaging

We propose the adaptive multi-loop mode imaging (AMLM-imaging) to address the above is-

sues. In essence, in the proposed imaging mode, control of the z-axis motion of the probe

combines the RMS-z-feedback loop in TM-imaging with the deflection feedback loop in CM-

imaging, while maintaining the tapping amplitude of the probe as in TM-imaging—the adaptive

multi-loop mode.

As depicted in Fig. 3.4, the proposed AMLM-imaging introduces two major components

on top of the RMS-z-feedback loop to control the z-axis motion of the probe: (i) A feedback

control in the inner-outer loop structure to regulate the TM-deflection, and (ii) an online itera-

tive feedforward controller to overcome the time-delay of the RMS-z-feedback loop in tracking
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Figure 3.4: Schematic block diagram of the proposed AMLM-imaging.

the sample topography.

3.3.1 TM-deflection Regulation: An Inner-Outer Feedback Control Approach

The TM-deflection inner-outer feedback loop regulates the averaged (vertical) position of the

cantilever in each tapping period closely around the desired value for maintaining a stable

tapping. Specifically, the outer-loop regulates the TM-deflection set-point, dTM-set(·), while the

inner-loop tracks the regulated TM-deflection set-point. The outer-loop employs the following

PID-type of control,

dTM-set(j + 1) = kIdTM-set(j) + kP eTM(j) + kD[eTM(j − 1)− eTM(j)] (3.5)

with eTM(j) = dTM−d − dTM(j), and j = 2...N − 1,

where N is the total number of sampling periods per image, and kP , kI , and kD are the propor-

tional, integral, and derivative coefficients, respectively. The desired TM-deflection, dTM−d,

is determined by the ratio of the chosen tapping-amplitude set-point to the free amplitude,

Aset/Afree. To choose Aset and dTM , the dTM vs. (Adef/Afree) relation is needed and can be

measured a priori. Previous study [58] showed that the dTM vs. (Adef/Afree) relation resembles

a parabolic curve centering around Adef/Afree at ∼ 50%. As can be seen from the exemplary

dTM vs. (Adef/Afree) plot measured in this work shown in Fig. 3.5, the tip-sample interac-

tion force increases significantly when the tapping ratio Adef/Afree < 10%, whereas when

Adef/Afree is larger than 80%, the increase of the scanning speed can quickly lead to the loss
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of contact. Thus, for the dTM vs. (Adef/Afree) plot shown in Fig. 3.5, the Aset shall be chosen

around 10%-30%Afree (since the corresponding tip-sample interaction force is small), and the

desired TM-deflection is then picked according to Fig. 3.5.

3.3.2 Online Iterative Feedforward Control for Sample-Topography Tracking

To further enhance the tracking of the sample topography, and thereby, the imaging speed,

an online iterative feedforward controller of the piezo actuator is integrated to the RMS-z-

feedback loop (see Fig. 3.4), by implementing the following the high-order modeling-free

difference-inversion-based iterative-control (HOMDIIC) algorithm [66] online,

Uff,0(jω) = 0,

Uff,1(jω) =
Uff+fb,0(jω)

Z0(jω)
Hffd,1(jω),

Uff,k+1(jω) = Uff,k + λ
Uff+fb,k(jω)− Uff+fb,k-1(jω)

Zk(jω)− Zk-1(jω)
ek(jω), k ≥ 1 (3.6)

ek(jω) = Hffd,k+1(jω)− Zk(jω)

where ‘jω’ denotes the Fourier transform of the corresponding signal, λ is a pre-chosen con-

stant to ensure the convergence of the iteration, and Uff+fb,k(·) and Zk(·) are the total control

input (feedback+feedforward) applied to the z-piezo actuator (i.e., Uff+fb,k(jω) = Uff,k(jω) +

Ufb,k(jω), see Fig. 3.4) and the z-piezo displacement measured on the kth scan line, respec-

tively, and Hffd,k+1(·) denotes the desired trajectory that the z-piezo needs to track at the

k + 1th scanline. Note that the ratios in the above control law, Uff+fb,0(jω)/Z0(jω) and
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(Uff+fb,k(jω) − Uff+fb,k-1(jω))/(Zk(jω) − Zk-1(jω)), essentially equal the inverse of the fre-

quency response of the z-piezo actuator, and are updated line-by-line iteratively throughout the

imaging process. Such a data-driven online-updated inverse is preferred over a priori-obtained

fixed model in the iterative scheme [9, 37] for better robustness and tracking performance [32].

The feedforward input for the next scanline, Uff,k+1(j) for j = 1, ..., Nl (Nl: total number of

sampling points per scanline), was computed during the sampling period between the last sam-

pling point of the current scanline and the first sampling point of the next scanline by using

the HOMDIIC algorithm (Eq. (6)) in frequency domain directly via discrete Fourier transform

and discrete inverse Fourier transform. The computed Uff,k+1(·) was then applied one point a

(sampling) time during the next line imaging.

The other feature of the above feedforward controller is that the desired trajectory to track

in Eq. (3.6), Hffd,k(·), accounts for both the predicted sample topography and the predicted

next-line TM-deflection tracking error. Specifically, at the end of the kth line scanning, the

sample topography profile of the k + 1th scanline, hk+1(t), is approximated as that of the kth

scanline (quantified via Eq. (3.4)), i.e., hk+1(t) ≈ hk(t). Such an approximation is reasonable

as with enough scanlines, the line-to-line topography variations are small. Similarly, the TM-

deflection tracking error on the (k + 1)th scanline is predicted (approximated) as that on the

kth, dTM,k(·)−dTM−d, if the same control were applied. Then, the next-line desired trajectory,

hffd,k+1(t), is obtained by combining the above two predictions as follows,

hffd,k+1(j) = hk(j) + α[dTM,k(j)− dTM−d], j = 1, ...Nl. (3.7)

where Nl and α are the total sampling points per scanline and the correction factor, respec-

tively.

The TM-deflection is introduced in the above iterative algorithm (Eq. (3.7)) to reduce the

amplitude of the interaction force when imaging sample areas of rapid and large topography

changes (vertically). Note that the TM-deflection responds faster to the sample topography

changes than the tapping amplitude.However, due to the compliance of the cantilever and the

cantilever fixture (connecting the cantilever to the piezo actuator), time delay still exists be-

tween the cantilever deflection change and that of the topography profile. As the scanning

speed increases, such a time delay, albeit small, becomes crucial and as a result, the spikes in
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the TM-deflection reach their (local) peaks after the probe already passes these sample loca-

tions. Even with advanced feedback control, such deflection spikes still exist [43, 11]. The

above modified desired trajectory—for the feedforward control input to track—enables the z-

piezo to drive the cantilever to respond in advance (i.e., pre-actuate) to the topography change,

thereby reducing the amplitude of the deflection spikes. The correction factor α can be tuned

based on the estimated height of the sample surface features.

During the imaging process, the above iterative scheme is applied repetitively to scan on the

first line until the convergence is reached, i.e., until the difference of the z-piezo displacement

between two consecutive iterations is small enough, e.g., close to the noise level (our experi-

ments below showed that only a couple of repetitive scans on the first line were needed). Then

the converged input is used as the initial input for the iteration on the next scanline. Provided

that the correction rate of the iterative input (i.e., the convergence rate) is faster than line-to-

line the input change caused by the sample topography change, the iterative control input only

needs to be updated once, i.e., the rest of the sample can be imaged without iteration! Similar

idea has been explored recently [54, 11]. However, unlike the work in [54, 11] that used an a

fixed model of the closed-loop dynamics, we propose here to use and update (using the mea-

sured input-output data) the frequency response of the z-axis piezo actuator itself. The use of

the z-piezo dynamics itself provides a larger “working” bandwidth, i.e., a better tracking per-

formance at high-speed, as the feedback controller tends to reduce the open-loop bandwidth.

Our experiment implementation below (See Sec. IV) demonstrated such an improvement .

Finally, to avoid noise being fed back into the closed-loops via the feedforward channel,

the feedforward control input, Uff,k+1(·), is passed through a zero-phase low-pass filter Q(jω),

Ûff,k+1(jω) = Q(jω)Uff,k+1(jω) = Qb(jω)Clead(jω)Uff,k+1(jω), (3.8)

where Qb(jω) and Clead(jω) are a low-pass filter and a phase-lead compensator, respectively.

As the entire next-line feedforward control input is known a priori, the above noncausal zero-

phase filter can be implemented online.

The added TM-deflection feedback loop along with the feedforward controller substan-

tially accelerates the tracking of the sample topography during imaging. Maintaining the TM-

deflection around the desired value helps to maintain the RMS tapping amplitude around the
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set-point, particularly, around the set-point at which the corresponding TM-deflection is mini-

mal, resulting in the averaged probe-sample interaction force, < Ft−s >, being minimized. In

this experiment, Adef/Afree = 20% was chosen so that dTM−d ≈ 0 (see Fig. 3.5). Moreover,

the feedforward controller, by tracking the optimal predicted sample topography profile with

rapid convergence, further reduces the tapping amplitude oscillations upon sudden sample to-

pography variation when the scanning speed increases. Therefore, the proposed TM-deflection

loop along with the data-driven iterative feedforward control play a major role in improving the

quality and interaction force control of TM-imaging.

3.4 Experimental Implementation and Discussion

A sample of random and irregular pattern of poly(tert-butyl acrylate) (PtBA) on a silicon sub-

strate was imaged at both small and large size imaging (20 µm and 50 µm, respectively) to

validate and demonstrate the proposed technique, by comparing to TM-imaging at much lower

speed. The sample was prepared by quickly evaporating a droplet of 20 µL PtBA solution

at 1 mg/ml concentration on a hot silicon substrate. Under both the “coffee-ring” effect [67]

and the fingering instability [68] during the evaporation, a sample topography of large-scale

(vertically and horizontally) PtBA aggregation and randomly distributed nanometer-size dots

co-existing side by side was produced, well suited for evaluating and demonstrating the pro-

posed AMLM-imaging technique.

3.4.1 Implementation of the AMLM-Imaging Technique

The experiments were conducted on a commercial AFM (Dimension Icon, Bruker AXS Inc.)

on which both the drive of the piezo actuators and all of the sensor signals including the TM-

deflection and the piezo displacement sensor signals can be directly accessed. All of the signals

were acquired through a computer-based data acquisition system (NI-6259) under the Matlab

xPC-target environment.

Throughout the imaging experiments, the HODMIIC technique was employed to achieve

precise tracking in the lateral x-y axes scanning [69] by maintaining the tracking error be-

low 1%. Moreover, the cross-axis dynamics coupling (mainly from the lateral x-y axes to the
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Figure 3.6: Sample topography images (scan area: 50 µm × 25 µm, scan direction: 50 µm)
obtained by using the TM imaging at the scan rate of (a1) 1 Hz and (b1) 2.5 Hz; the corre-
sponding TM-deflection measured at (a2) 1 Hz and (b2) 2.5 Hz; and the corresponding sample
topography quantified using Eq. (3.4) at (a3) 1 Hz and (b3) 2.5 Hz.

vertical z-axis [55]) was compensated for by subtracting it from the z-piezo displacement mea-

sured. The PID controller parameters in Eq. (3.5) were set at kP = 1, kI = 1, and kD = ρ,

where ρ was a constant chosen a priori—the sample point-to-point gradient factor. Therefore,

the differences in topography tracking, the tip-sample interaction force, the tapping amplitude,

and the image quality presented below reflect the effects of the proposed sample topography

quantification and the proposed AMLM-imaging approach over the conventional TM-imaging.

3.4.2 Sample topography quantification comparison

Experiments were conducted to validate the proposed topography quantification (Eq. (3.4))

first. As an example, results obtained at the scan rates of 1 Hz and 2.5 Hz over an imaging

area of 50 µm×25 µm are compared for the z-piezo displacement images (i.e., the sample “to-

pography” obtained in TM-imaging) in Figs. 3.6(a1) and (b1), the TM-deflection dTM (x, y)

in Figs. 3.6(a2) and (b2), and the true sample topography images quantified by Eq. (3.4) in

Figs. 3.6(a3) and (b3), respectively. Moreover, the cross-section z-piezo displacement and the

sample topography profile quantified by using Eq. (3.4) at a randomly-selected location are also

compared in Fig. 3.7 for these two scan rates.

At the low imaging speed of 1 Hz, the sample topography can be quantified by using the
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Figure 3.7: Comparison of the cross-sections at the same scan line of the three images as
marked out in Figs. 3.6 (a1), (a3) and (b3).

TM imaging, i.e., the z-piezo displacement (see Fig. 3.6 (a1)). The averaged relative differ-

ence between the TM image (Fig. 3.6(a1)) and the topography image (Fig. 3.6 (a3)) by using

Eq. (3.4) was only ∼4% (see Fig. 3.7). As the imaging speed increased to 2.5 Hz, however, the

sample topography cannot be accurately tracked by the RMS-z-axis feedback control alone.

As a result, the average tip-sample interaction force was increased by over 3 folds compared to

that obtained during the 1 Hz TM imaging (compare Fig. 3.6 (a2) to Fig. 3.6 (b2)). With such

a significant tip-sample interaction force increase, the TM image (the z-piezo displacement) at

the scan rate of 2.5 Hz was 23% less accurate than the sample topography at the scan rate of

1 Hz quantified using Eq. (3.4). The image quality, however, was restored using the proposed

topography quantification (Eq. (3.4)). As shown in Fig. 3.6 (b3), the difference between the low

speed and the high speed scan was less than 7% (compare Fig. 3.6 (b3) to Figs. 3.6 (a3) and

(b1), particularly those small dots distributed around the upper right region of the images. Also

see the cross section comparison in Fig. 3.7). The probe-sample interaction force increased dra-

matically (over 3 folds) as the scan rate increased from 1 Hz to 2.5 Hz (compare Fig. 3.6 (a2)

to Fig. 3.6 (b2)). Therefore, the experimental results demonstrated that the sample topography

profile in TM-imaging can be accurately quantified by using the proposed method (Eq. (3.4)),

while the substantial force increase clearly manifested the limits of TM-imaging.
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3.4.3 High-speed near-minimum-force AMLM imaging

With the proposed sample topography quantification being validated, the proposed AMLM-

imaging was implemented to image the PtBA sample at scan rate of 25 Hz (the average lateral

scanning speed: 2.5 mm/s), and then compared to the results obtained using TM-imaging at

2.5 Hz. The z-piezo displacement images, the cross sections of the z-piezo displacement im-

ages, and the phase images obtained using these two methods are compared in Figs. 3.8–3.10,

respectively. The z-piezo displacement comparison shows that the proposed AMLM-imaging

can track the sample topography more accurately at the scan rate of 25 Hz than TM-imaging at

the scan rate of 2.5 Hz. For example, those small dots near the upper right region of the image

were sharper in Fig. (8) (a1) than those in Fig. (8) (a2). More specifically, by using the AMLM-

imaging at 25 Hz, the relative difference between the z-piezo displacement in Figs. 3.8(a) and

the sample height quantified in Fig. 3.6(a3) at a randomly selected cross-section (marked by

the dashed lines in Fig. 3.8) was three times smaller than that of using TM-imaging at 2.5 Hz

(<8% vs. 24%, see Fig. 3.9). Furthermore, the comparison of the phase images in Figs. 3.10 (a)

and (b) also confirmed that the sample details through the phase contract were largely distorted

when using TM-imaging at 2.5 Hz, whereas clearly preserved and presented when using the

AMLM-imaging at 25 Hz. Therefore, the experimental results demonstrated that the proposed

AMLM-imaging technique substantially improved the sample topography tracking. Such an

improvement in sample topography tracking provided the opportunity to further reduce the tip-

sample interaction force.

We further evaluated the AMLM-imaging in maintaining the near-minimum interac-

tion force during the imaging, by regulating the TM-deflection set-point and maintaining the

tapping-amplitude. The TM-deflection set-point was updated at every sampling point accord-

ing to Eq. (3.5). The images of the averaged force (i.e., the TM-deflection) measured by using

the AMLM-imaging at 25 Hz and TM-imaging at 2.5 Hz are compared in Figs. 3.11 (a1) and

(b1), respectively. The tapping-amplitude set-point for both the imaging processes was chosen

at 20% of the free vibration amplitude (with the corresponding TM-deflection dTM−d ≈ 0 nN ,
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Figure 3.8: Top-view plot (i.e., image) of the z-piezo displacement obtained using (a) the
proposed AMLM-imaging technique at the scan rate of 25 Hz; and (b) the TM-imaging at the
scan rate of 2.5 Hz,respectively.

see Fig. 3.5), and images of the tapping-amplitude ratio measured in these two cases are com-

pared in Figs. 3.11 (a2) and (b2), respectively. Also, the cross-section force and tapping-

amplitude ratio variation at a randomly-selected location are compared in Figs. 3.11 (c1) and

(c2), respectively.

The experiment results clearly demonstrated that both the averaged force and the tapping-

amplitude fluctuation were substantially reduced by using the inner-outer feedback loop con-

trol of the TM-deflection along with the online iterative feedforward control in the proposed

AMLM-imaging. The averaged force and the tapping-amplitude ratio mainly stayed in the

regions of ±5 nN and 15%–25%, respectively, when using the AMLM-imaging at 25 Hz, com-

pared to the regions of -10–15 nN and 0–40%, respectively, when using the TM-imaging at

2.5 Hz. More specifically, at the cross-section (randomly selected) marked in Fig. 3.11, the am-

plitude of the averaged force and the fluctuation of the tapping-amplitude of the 25 Hz AMLM-

imaging were 37% and 20% lower than those of the 2.5 Hz TM-imaging (See Figs. 3.11(c1)

and (c2), respectively). Therefore, the proposed AMLM-imaging substantially reduced the

probe-sample interaction force in TM-imaging as well.

Finally, the image quality of the proposed AMLM-imaging technique was evaluated, as

shown in Fig. 3.12, where the sample topography image obtained by using the AMLM-imaging
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Figure 3.9: Comparison of the z-piezo displacement profile at the same cross-section location
as marked out in Figs. 3.8(a), (b) and Fig. 3.6 (a3).

at 25 Hz is compared to that obtained using TM-imaging at 1 Hz. It can be seen that the image

quality of the topography obtained by using the AMLM technique at 25 Hz was almost the same

as that obtained by TM imaging at 1 Hz—Both images presented almost the same details of the

sample surface (compare Fig. 3.12 (a) to Fig. 3.12 (b)), whereas those details were degraded

in the TM image at the scan rate of 2.5 Hz, as shown in Fig. 3.6 (b1). The cross-section of

the topography image further confirmed these observations—the topography difference (with

respect to the topography of 1 Hz TM scan obtained by using Eq. (3.4)) obtained using the

AMLM-imaging at 25 Hz was 20% smaller than that obtained using the TM at 2.5 Hz (see

Fig. 3.13). We realize that such a substantial imaging speed increase–25 folds–with the im-

age quality maintained was achieved at the cost of increased probe-sample interaction force.

The force increase, however, was rather small–the RMS total interaction force (quantified by

Eq. (3.2)) during the imaging was only increased by 18%, and was 35% smaller than that of

the TM-imaging at 2.5 Hz. Therefore, the experimental results demonstrated the efficacy of the

AMLM-imaging in substantially increasing the imaging speed of TM-imaging.

To further evaluate and demonstrate the proposed AMLM-imaging, images of the sam-

ple sample over a smaller size (20 µm × 10 µm) were also obtained using the AMLM-

imaging at the scan rate of 40 Hz, as shown in Figs. 3.14, respectively. The topography images

(Figs. 3.14(a1)-(a2)) showed that both the taller and lower sample surface features were cap-

tured consistently, and the averaged force and the tapping amplitude were maintained closely
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Figure 3.10: Phase images obtained using (a) the proposed AMLM-imaging technique at the
scan rate of 25 Hz; and (b) the TM-imaging at the scan rate of 2.5 Hz, respectively.

around the desired values. Particularly, the amplitude of the averaged force was maintained be-

low 10 nN during most of the imaging process, substantially lower than the averaged force ( 23

nN) exerted in the TM imaging at much lower scan rate of 2.5 Hz (compare Fig. 3.14 (b1) with

Fig. 3.11(c1)), and the tapping amplitude ratio was well controlled around 20% throughout the

whole image as shown in Figs. 3.14 (b2).

In summary, the experimental results demonstrated that the proposed AMLM-imaging tech-

nique increased the imaging speed by over 10 folds while substantially lowering the tip-sample

interaction force during the imaging closely around the minimal level needed to maintain a

stable tapping of the probe.

3.5 Conclusion

Adaptive Multi-loop mode (AMLM) imaging is proposed to substantially improve the speed

of tapping-mode imaging. The proposed AMLM-imaging combines the cantilever deflection

control in CM imaging with the tapping amplitude control in TM imaging, while maintaining

the tapping motion of the probe as in the TM-imaging. First, both the z-piezo displacement

and the TM-deflection are used to quantify the sample topography. Then, a feedback con-

trol loop of inner-outer loop structure is augmented to regulate the TM-deflection around the

minimal-level for maintaining a stable probe tapping during the imaging, and a data-driven
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Figure 3.12: Comparison of the topography image obtained (a) using the proposed AMLM-
imaging technique at the scan rate of 25 Hz; to (b) the TM-image at 1 Hz; and (c) comparison
of the corresponding topography profile cross-sections.

online iterative learning feedforward controller is integrated to the feedback loop to further im-

prove the tracking of the sample topography. The efficacy of the proposed AMLM-imaging

was demonstrated by imaging a PtBA sample at different scanning speeds (25 Hz and 40 Hz)

and different imaging sizes (50 µm and 20 µm). The comparisons of the sample topography

tracking performances, the averaged tip-sample interaction forces, and the tapping-amplitude

fluctuation between the proposed AMLM-imaging and the TM-imaging results showed that by

using the proposed AMLM-imaging technique, the imaging speed was significantly increased

by over 10 folds over large-size imaging, and the tip-sample interaction force was substantially

reduced.
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Chapter 4

Adaptive Scanning Near-Minimum Deformation Atomic Force
Imaging of Soft Sample in Liquid: Live Mammalian Cell Imaging

Example

Abstract

In this chapter, an adaptive mode of in-liquid topography imaging (AML) using atomic force

microscopy (AFM) is proposed to replace the traditional contact-mode imaging on live biolog-

ical samples in liquid by addressing the major concerns in both the speed and the force exerted

to the sample. The speed of the traditional in-liquid contact-mode imaging is largely limited by

the need to maintain precision tracking of the sample topography over the entire imaged sample

surface, and large image distortion and excessive probe-sample interaction force occur during

high-speed imaging. In this work, first, the sample deformation caused by the probe-sample

interaction during imaging is analyzed and it is proposed to optimize the imaging speed based

on the sample deformation estimated. Secondly, the sample topography which is quantified

using the AFM piezo displacement and cantilever response is utilized in a gradient-based op-

timization method to adjust the cantilever deflection set-point for each scanline closely around

the minimal level needed for maintaining a stable probe-sample contact, and a data-driven iter-

ative feedforward control that utilizes a prediction of the next-line tracking is integrated to the

topography feeedback loop to enhance the sample topography tracking. The proposed AML ap-

proach is demonstrated and evaluated by implementing it to image live human prostate cancer

cells in cell culture medium.
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4.1 Introduction

Due to the capability of recording dynamic processes with an unparalleled spatial resolution

and operating in aqueous solution, topography imaging of cell surfaces is considered an impor-

tant biological application of atomic force microscope (AFM) [5, 70, 71]. Particularly, contact

mode AFM has been the most popular protocol for cell topography imaging because of the

stable tip-sample interaction [1, 70]. Although it was marked earlier that the generally high

scanning forces, between 1 and 30 nN, are considered to be necessary for cell cytoskeleton

observation [70, 5, 72], under such an invasive approach, the scanned cells inevitably suffer

various degrees of structural deformation or damage because of their intrinsic softness, which,

even worse, may further provoke significant biological changes inside the cell since it is diffi-

cult to determine authenticity of the observed changes in cell morphology—either the changes

are caused by dynamic cellular movement, or are artificial, induced by the tip-sample interac-

tion during imaging. These issues raised by extensive tip-sample interaction force have become

a significant technical hurdle for AFM cell topography imaging. Therefore, it is urgent that the

AFM cell imaging approach needs to be re-investigated and improved for further exploration

of AFM applications to study important dynamic cellular processes.

Conventionally, it has been suggested to reduce the cell structural deformation by substan-

tially lowing the imaging speed, e.g., as low as 0.1 Hz [73, 1], however, it becomes more diffi-

cult to observe plasma membrane dynamics in living cells since time resolution is significantly

reduced by such an operation. Although high speed AFMs have been developed to improve the

image acquisition rate [74, 75], the workable sample imaging range (at all three dimensions) is

substantially reduced by the new hardware and additional sample preparation is required to fit

the imaging stages of these high speed devices [76, 77]. To capture fast movements of single

molecule dynamics, a single line scan method has been applied, in which an AFM tip repeat-

edly scans a single line to record the height changes as a function of time [78, 79], however,

such an approach lacks three-dimensional morphological information and cannot be utilized for

cell topography study. To further extend AFM application in dynamic biological process study,

an adaptive mode of in-liquid topography imaging (AML) using atomic force microscopy is

proposed.
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The proposed AML approach substantially increases the contact mode (CM) imaging speed

on living cells, and maintains a near minimal interaction force. The improvements arise from

the following four folds: (i) The imaging speed is optimized online based on real-time es-

timation of the sample deformation, the tip-sample interaction force, as well as the sample

topography variation rate, as opposed to being fixed during the entire imaging process in the

conventional AFM imaging; (ii) The sample topography is quantified using both the AFM

z-axis piezo placement and the cantilever deflection as opposed to using only the piezo dis-

placement in the conventional CM imaging; (iii) The sample topography quantified in (ii) is

utilized in an iterative feedforward control scheme to track the sample surface as opposed to

solely relying on the cantilever deflection in the conventional CM imaging; (iv) The deflection

set-point is adjusted line-by-line closely around the minimal level needed for maintaining a

stable tip-sample interaction as opposed to being fixed during the entire imaging process in the

conventional AFM CM imaging.

The proposed AML technique was experimentally validated through imaging live human

prostate cancer (PC-3) cells at the average scan rates of 0.41 Hz and 0.86 Hz. Compare to the

conventional CM imaging, the AML technique was able to increase the imaging speed over

four times while preserving the topography details of the live cells by accurate tracking of the

sample topography. Therefore, the proposed AML approach substantially improves over the

CM imaging on live cells in both the imaging speed and the sample topography tracking.

4.2 Deformation of Live Biological Samples during AFM Contact Mode Imaging

in Liquid

In this section, the deformation of live biological samples (e.g., live cells) during contact mode

(CM) AFM imaging in liquid is analyzed. During the topography imaging on soft samples in

CM, the AFM tip constantly slides on the sample surface, and the stable tip-sample interaction

is maintained by exerting a vertical force from the tip to the sample. As a consequence, the

sample deforms both laterally and vertically as reaction to the lateral sliding motion of the tip

and the vertical force applied, respectively, i.e.,

δ⃗(t) = δ⃗z(t) + δ⃗l(t), (4.1)
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where δ⃗(t) is the deformation of the sample, δ⃗z(t) and δ⃗l(t) are the vertical and lateral defor-

mation of the sample, respectively.

The vertical deformation of the sample, δz(t), can be quantified using the Hertz contact

model as [1]

δz(t) =

[
9F 2

z (t)(1− ν2)2

16RcE2

] 1
3

, (4.2)

where ν, E and Rc are the Poisson’s ratio, the elastic modulus of the sample, and the AFM tip

radius, respectively. Fz(t) is the vertical tip-sample interaction force, which is equivalent to the

multiplication of the cantilever spring constant (kc) and the cantilever deflection (d(t)), i.e.,

Fz(t) = kcd(t). (4.3)

The lateral deformation of the sample, δl(t), caused by the sliding motion of the tip, however,

is more complicated and closely related to the sample topography variation and the imaging

speed. Next, we present a novel quantification of the lateral deformation of the sample.

4.2.1 Lateral Deformation of Biological Samples during CM Imaging

When the AFM probe moves along the cell surface with a preload applied, the mass of cell,

δm(t), “pushed” by the probe to move along with the tip at any time instant t can be quantified

as:

δm(t) = ρλ(l, t)δA(l, t), (4.4)

where ρ, λ(l, t) and δA(l, t) are the density of the cell, the effective distance of the probe–

cell interaction, and the local probe–cell interaction area segment around any point within the

probe–cell contact area, i.e.,

δA(l, t) = πl sinα(l, t)δl, (4.5)

cell

dl

a(l,t)

l(l,t)
x

y

Figure 4.1: Sketch of probe–cell interaction.
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where α(l, t) is the contact angle at location l, as shown in Fig. 4.1.

After time duration ∆t, the momentum change of the probe-sample interaction system

∆Pt→t+∆t, i.e.,

∆Pt→t+∆t(l) = δm(t+∆t)v(t+∆t)− δm(t)v(t), (4.6)

where v(·) is the linear speed of the AFM tip on the cell surface. Eq. (4.6) can be simplified as:

∆Pt→t+∆t(l) = δm(t)∆v(t) + ∆δm(t)v(t), (4.7)

where ∆δm(t) = δm(t+∆t)− δm(t), and ∆v(t) = v(t+∆t)− v(t).

Therefore, the “thrust”, Fth, which results in the energy change of the cell, exerted from the

AFM probe onto to cell is (i.e., ∆t→ 0):

δFth(l, t) =
∆P (l)

∆t
= δm(t)v̇(t) + δṁ(t)v(t). (4.8)

Combining Eqs. (4.4) and (4.8),

δFth(t) = ρλ(l, t)[δA(l, t)v̇(t) + ˙δA(l, t)v(t)] + ρλ̇(l, t)δA(l, t)v(t). (4.9)

Hence, the stress of the live cell within the contact area, σtan(t), is written as

σth(t) =
Fth(t)

δA(l, t)
= ρλ(l, t)[v̇(t) +

˙δA(l, t)

δA(l, t)
v(t)] + ρλ̇(l, t)v(t). (4.10)

Now, to consider the deformation of mass ∆m (the total mass involved during the probe–cell

interaction), the local strain, εtan(t), at time t—caused by σtan(t), can be quantified by using

the viscoelastic contact model, i.e.,

σth(l, t) = Eεth(l, t) + ηε̇th(l, t), (4.11)

where η is the apparent elastic modulus and the apparent viscosity of cell. The solution of

εtan(t) for the above Eq. (4.11) is

εth(l, t) =

∫ t
t0
e

E
η
τ
σth(l, τ)dτ

ηe
E
η
t

, (4.12)

where t0 is the time instant at which the probe–cell interaction starts to affect the point of

interest on the cell, in another word, the probe–cell interaction affects the interested point from
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t0 to t till the AFM tip moves far away from ∆m, i.e., t ∈ [t0, t0 + ∆t] for εth(t), where ∆t

associates the maximum lateral deformation of the point of interest.

With the strain given in Eq. (4.12), the total lateral deformation of ∆m is

δth(l) = εth(l, t0 +∆t)δl, (4.13)

where δl can be chosen based on the image resolution, and t = t0 +∆t in Eq. (4.12).

Therefore, combining Eqs. (4.10) and Eq. (4.13),

δth(l) =

∫ t0+∆t
t0

e
E
η
τ
[ρλ(l, τ)[v̇(τ) + Ȧ(l,τ)

A(l,τ)v(τ)] + ρλ̇(l, τ)v(τ)]dτ

ηe
E
η
(t0+∆t)

δl. (4.14)

4.2.2 Quantification of the Parameters during Probe–Cell Interaction

To determine the effective distance λ(l, t) of contact, we consider the force distribution inside

the cell during contact mode imaging. At the location which is 13 times of the vertical defor-

mation at the contact point—δz(l, t) (the indentation), the stress is reduced to only 3% of the

stress within the contact area [80]. Therefore, λ(l, t) can be determined as

λ(l, t) = 13δz(l, t). (4.15)

Furthermore, ∆t—the loading time length of a certain location on the cell can be determined

as: ∫ t0+∆t

t0

v(t)dt = λ(t0). (4.16)

Therefore, the overall deformation, δtot, of a certain location on the live cell along the vertical

direction is

δtot(t) = δz(t) + νδth(t). (4.17)

Next, we validate the deformation quantification through experiments by imaging on live hu-

man prostate cancer cells at different imaging speed, and comparing the deformation caused by

high speed imaging with the result quantified using the above discussion.

4.2.3 Experimental Implementation and Discussion

The above deformation analysis was validated through imaging on prostate cancer (PC-3) cells

at the scan size of 50 µm. PC-3 cells (ATCC, Rockville, MD, USA) were grown in RPMI-1640
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culture medium containing 10% FBS that was supplemented with penicillin (100 units/ml)-

streptomycin (100 µg/ml) and L-glutamine (300 µg/ml). To accommodate the AFM measure-

ments, the PC-3 cells were seeded at a density of 0.2 × 105 cells/ml in 60 mm tissue culture

dishes (5 ml/dish) and incubated for 24 h before imaging. Both the cells and the cantilevers

were thermally equilibrated at ∼ 37◦C for 40-60 mins prior to imaging to minimize the can-

tilever drifts.

The experiments were conducted on a commercial AFM (Dimension Icon, Bruker AXS

Inc.) on which both the drive of the piezo actuators and all of the sensor signals including

the deflection and the piezo displacement sensor signals can be directly accessed. All of the

signals were acquired through a computer-based data acquisition system (NI-6259) under the

Matlab xPC-target environment. Precise tracking in the lateral x-y axes scanning was achieved

using PI feedback control. The cells were imaged at two different speed: 0.1 Hz (10 µm/s)

and 0.5 Hz (2 µm/s) at the same location. The topography images of PC-3 cells at these two

different imaging speed are shown in Figs. 4.2.

The deformation difference of the imaged PC-3 cells caused by the AFM probe at the two

imaging speeds were directly computed by subtracting the topography data of the 0.1 Hz image

from that of the 0.5 Hz scan, as shown in Fig. 4.3(a). Note that this operation is eligible as the

sample deformation is linearly affected by the imaging speed as shown in Eq. (4.14) and the ef-

fect of probe acceleration can be ignored (since commercial CM images at constant speed). We

also computed the deformation difference based on the analysis above (Eqs. (4.2), (4.14), and

(4.17)). To simplify the calculation, the elastic model of the cell mechanics was used instead of

the viscoelastic one, and the elastic modulus and the Poisson’s ratio of PC-3 cells was chosen

as E = 4kPa and ν = 0.5, respectively. The estimated deformation difference is shown in

Fig. 4.3(b).

Comparison between the sample deformation obtained through the imaging result and

the deformation analysis proposed validated the formulation of cell deformation caused dur-

ing CM AFM imaging. Specifically, the deformation difference (caused by different imaging

speeds) computed using the proposed model (Fig. 4.3(b)) is 27.4% different from that directly

quantified from the experimental data (Fig. 4.3(a)). The percentage was the RMS value of the

point-by-point difference between this two figures. The 27% percent difference may be caused
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by the estimation uncertainties, e.g., the inhomogeneity of cells, the estimation error due to elas-

tic contact approximation. However, considering the estimation uncertainties, accuracy of over

70% demonstrated that the proposed deformation formulation was close to the experimental

measured result, and thereby is valid for biological sample deformation analysis. Based on the

proposed deformation formulation, we have developed a novel CM imaging scheme—adaptive

mode of in-liquid topography imaging, to optimize the imaging speed while minimizing the

sample deformation.



59

(b1)

(a1)

10um

10um

0

6
um

0

70
nm

(b2)

(a2)

10um

10um

0

6
um

0

110
nm

0.1Hz

0.1Hz

0.5Hz

0.5Hz

Figure 4.2: CM images of PC-3 cells at the imaging speed of 0.1 Hz: (a1) height, and (b1)
deflection; 0.5 Hz: (a2) height, and (b2) deflection.
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Figure 4.3: Sample deformation computed (a) based on experimental collected data from
Figs. 4.2, and (b) using Eqs. (4.2), (4.14), and (4.17).
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4.3 Adaptive Scanning with Near-Minimum Deformation

The proposed adaptive mode of in-liquid topography imaging (AML) consists of two main

components: First, an online scanning speed optimization scheme is developed so that the

lateral deformation of the sample caused by the scanning motion of the AFM tip is minimized;

Secondly, during the scanning, the vertical deformation of the sample is minimized by utilizing

a gradient-based optimization of the deflection set-point and a data driven iterative feedforward

control scheme to improve the sample topography tracking.

4.3.1 Adaptive Scanning towards Minimum Lateral Deformation

As discussed in Sec. 4.2, the lateral deformation of the sample, δl(t), caused by the sliding

motion of the tip during CM imaging in liquid is closely related to the sample topography

variation and the imaging speed. Specifically, the biological sample is disturbed by the sliding

motion of the AFM tip during imaging, and a certain portion of the sample moves with the

tip (e.g., cytoplasm of cells). Therefore, the lateral force exerted to the sample, Fl(t), can be

considered as the “thrust” generated by the tip (a simplified form of the lateral force in Sec. 4.2),

i.e.,

Fl(t) = ṁ(t)|ẋ(t)| = |ẋ(t)|

[
ρ
d

dt

∫ δz(t)

0

∫ r

−r
▽h(x)ψ(z)dxdz

]
, (4.18)

where |ẋ(t)| is the scanning speed, ρ and r are the sample mass density and the tip-sample

contact radius, respectively. ▽h(x) and ψ(z) are the sample topography (height) gradient along

the scanning direction and the tip contour profile function, respectively. Given the monotonic

relation between deformation and force, the lateral deformation of the sample is closely related

to the imaging speed and the sample topography gradient as following,

δl(t) ∝ Fl(t) = |ẋ(t)|

[
ρ
d

dt

∫ δz(t)

0

∫ r

−r
▽h(x)ψ(z)dxdz

]
. (4.19)

As clearly shown in Eq. (4.19), the lateral deformation of the sample increases with the in-

creases of both the imaging speed and the sample topography gradient. Furthermore, due to

the feedback control implemented in AFM imaging, when the imaging speed is increased, the

AFM tip fails to track the sample topography. As a result, the tip-sample interaction force in-

creases dramatically, which further leads to sever sample deformation and unreliable sample
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topography quantification [1, 59]. Conventionally, it is suggested to choose the lowest scan

speed (0.1 Hz) for live cell imaging, and in return, it takes more than one hour to obtain a

topography image. Moreover, this unnecessary time consumption limits the capability of AFM

imaging in capturing dynamic evolution of soft samples, such as cell morphological change

under different chemical conditions. Therefore, combining Eqs. 4.2, 4.3 and 4.19, we proposed

to online optimize the scanning speed to obtain topography images with desired quality and

minimum imaging time as following,

|ẋ(t)| = ẋ∗

1 + κ

(∣∣∣∣ ▽h∗

▽h(t− ts)

∣∣∣∣+ κ

∣∣∣∣ d∗

d(t− ts)

∣∣∣∣) , ts : sampling period (4.20)

where κ is the normalization ratio, ▽h∗ and d∗ are the threshold values of the sample topog-

raphy gradient and the cantilever deflection to ensure imaging quality, respectively. Note that

lower and upper bounds of |ẋ(t)| must be applied during the imaging in case that the computed

scanning speed is extreme. Specifically, since the lateral imaging resolution is generally deter-

mined by the geometrical configuration of the AFM tip, the lowest scanning speed, ẋmin, can

be determined based on the AFM tip radius Rc [1]:

ẋmin = 0.2Rt × fsl, (4.21)

where fsl is the lowest sampling frequency, and usually fsl = 100Hz for live human cell

imaging. Practically, ẋmin is the lowest speed for CM imaging which leads to the best imaging

quality. Unnecessary time consumption may be caused during the imaging if the tip speed

is lower than ẋmin since the imaging resolution and quality cannot be further improved by

slowing down the scanning speed. Furthermore, the upper limit of the ]scanning speed is set as

ẋmax—a practically tuned value for each sample to ensure that the sample will not be ruined

during imaging.

Combine both the upper and lower limits of the scanning speed, the optimal scanning speed,

|ẋ(t)|, is set as,

|ẋ(t)| =


ẋmin if |ẋ(t)| ≤ ẋmin

ẋmax if |ẋ(t)| ≥ ẋmax

|ẋ(t)| else

(4.22)
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Finally, to construct the zigzag-shaped lateral scanning path, the imaging velocity is defined as

following:

ẋ(t) = D(t)|ẋ(t)|, (4.23)

with D(t) =

 +1 when t = 0

sgn [D(t− ts) ∗ (x̂− |x(t− ts)|)] else,

where x̂ is the scanning limit, and x(·) is the scanning position.

The perpendicular scanning velocity is regulated based on |ẋ(t) as:

ẏ(t) = gxy|ẋ(t)|, (4.24)

where gxy is the x-to-y direction conversion gain, and determined by the y-scanning size and

total number of scanlines.

4.3.2 Adaptive Scanning towards Minimum Vertical Deformation—True-Topography

Tracking via Iterative Feedforward Control of the Piezo Actuator

As explicitly shown in Eqs. 4.2 and 4.3, to minimize the vertical deformation of the sample

is equivalent to minimize the vertical tip-sample interaction force—the cantilever deflection.

Therefor, an online iterative feedforward control approach with deflection set-point optimiza-

tion is integrated to the sample topography tracking system to minimize the tip-sample interac-

tion force and enhance the sample topography tracking performance .

We propose a gradient-based optimization scheme to adjust the deflection set-point line-by-

line. Specifically, the deflection set-point of the k + 1th scanline, dset,k+1, is updated/adjusted

from that of the previous line, dset,k, by using the difference between minimum of the predicted

deflection at the k + 1th scanline, min(d̂k+1(t)), and the minimum deflection/force needed to

maintain the stable repulsive tip-sample interaction, D∗
min (i.e., a lower bound),

dset,0 = dset,org,

dset,k+1 = dset,k − [min(d̂k+1(t))−D∗
min], k ≥ 1 (4.25)

with d̂k+1(t) ≜ dk(t) + λ[(dk(t)− dk-1(t))], for t ∈ [0, Tscan],

where Tscan is the scanning period, dset,org is the original deflection set-point chosen a priori

to the imaging process, and λ ∈ [0, 1] is the gradient factor, and can be tuned to improve the
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imaging quality.

Given the line-to-line topography variation of the sample is small with enough scanlines

per image, the topography of the k + 1th scanline can be estimated as that of the kth scan-

line (hk(x)), and to further reduce the topography tracking error, the next-line topography is

modified using the deflection error of the kth line as

hffd,k+1(x) = hk(x) + α[dk(x)− dset,k],with hk(x) = zk(x) + [dk(x)− dset,k], (4.26)

where α is the correction factor, Tscan is the scanning period, and z(·) is the AFM z-axis piezo

actuator displacement. Due to the compliance of the cantilever and the cantilever fixture (con-

necting the cantilever to the piezo actuator), time delay exists in the response of the cantilever

deflection to the sample topography change. The above modified desired trajectory—for the

feedforward control input to track—helps the AFM piezo actuator to drive the cantilever to re-

spond in advance (i.e., pre-actuate) to the topography variation, thereby reducing the amplitude

of the deflection variations. The correction factor α can be tuned based on the estimated height

of the sample surface features.

We propose to track the modified next-line sample topography profile, hffd,k+1(t), using a

data-driven iterative feedforward control augmented to the conventional AFM feedback con-

trol. Particularly, the feedforward control input is obtained by implementing the following

high-order modeling-free difference-inversion-based iterative-control (HOMDIIC) algorithm

[66] online,

Uff,0(jω) = 0,

Uff,1(jω) =
Uff+fb,0(jω)

Z0(jω)
Hffd,1(jω),

Uff,k+1(jω) = Uff,k + λ
Uff+fb,k(jω)− Uff+fb,k-1(jω)

Zk(jω)− Zk-1(jω)
ek(jω), k ≥ 1 (4.27)

ek(jω) = Hffd,k+1(jω)− Zk(jω)

where ‘jω’ denotes the Fourier transform of the corresponding signal, λ is a pre-chosen con-

stant to ensure the convergence of the iteration, and Uff+fb,k(·) and Zk(·) are the total control

input (feedback+feedforward) applied to the z-piezo actuator (i.e., Uff+fb,k(jω) = Uff,k(jω) +

Ufb,k(jω) and the z-piezo displacement measured on the kth scan line, respectively, andHffd,k+1(·)

denotes the desired trajectory that the z-piezo needs to track at the k + 1th scanline.
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Finally, to avoid noise being fed back into the closed-loops via the feedforward channel,

the feedforward control input, Uff,k+1(·), is passed through a zero-phase low-pass filter Q(jω),

Ûff,k+1(jω) = Q(jω)Uff,k+1(jω) = Qb(jω)Clead(jω)Uff,k+1(jω), (4.28)

where Qb(jω) and Clead(jω) are a low-pass filter and a phase-lead compensator, respectively.

As the entire next-line feedforward control input is known a priori, the above noncausal zero-

phase filter can be implemented online.

In summary, as shown in Fig. 4.4, the proposed AML imaging consists of: (1) an online

scanning speed optimization based on sample topography variation and tip-sample interaction

force to minimized the lateral sample deformation, and (2) a gradient based deflection set-point

optimization scheme and a data driven iterative feedforward control approach to vertical sample

deformation minimization.

4.3.3 Experimental Implementation and Discussion

The AML imaging technique was demonstrated through imaging on prostate cancer (PC-3)

cells at the scan size of 50 µm. PC-3 cells (ATCC, Rockville, MD, USA) were grown in

RPMI-1640 culture medium containing 10% FBS that was supplemented with penicillin (100

units/ml)-streptomycin (100 µg/ml) and L-glutamine (300 µg/ml). To accommodate the AFM

measurements, the PC-3 cells were seeded at a density of 0.2 × 105 cells/ml in 60 mm tissue

culture dishes (5 ml/dish) and incubated for 24 h before imaging. Both the cells and the can-

tilevers were thermally equilibrated at ∼ 37◦C for 40-60 mins prior to imaging to minimize the

cantilever drifts.
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Figure 4.5: Comparison of the cell images obtained using: (a1)-(b1) the conventional CM at
the scan rate of 0.1Hz; (a2)-(b3) the proposed AML imaging at the average scan rate of 0.41Hz;
and (a3) the sample height gradient ▽h and the vertical tip-sample interaction force, (b3) the
x-scanning speed of at the location of the cross section marked in (a2)-(b2).

Implementation of the AML Imaging Technique

The experiments were conducted on a commercial AFM (Dimension Icon, Bruker AXS Inc.)

on which both the drive of the piezo actuators and all of the sensor signals including the de-

flection and the piezo displacement sensor signals can be directly accessed. All of the signals

were acquired through a computer-based data acquisition system (NI-6259) under the Matlab

xPC-target environment. Precise tracking in the lateral x-y axes scanning was achieved using

PI feedback control. The x-scanning parameters were chosen as ẋ∗ = 25 µm/s, d∗ = 15 nm,

and ▽h∗ = 0.4. Due to low signal-to-noise ratio for in-liquid imaging (since the cantilever

deflection needs to be maintained small to prevent cell damage), the deflection set-point was

chosen as dset = D∗
min =15 nm without adjustment during the experiment (the efficacy of the

deflection set-point optimization is demonstrated in [77]).

The proposed AML imaging result is compared to that obtained using commercial CM

imaging at the scan rates of 0.1 Hz and 0.3 Hz. Specifically, the cell images obtained using

the conventional CM at the scan rate of 0.1 Hz is compared with the AML images obtained at

the average scan rate of 0.41 Hz in Fig. 4.5. With the imaging speed increased by four times,

the vertical tip-sample interaction force during the AML imaging was only 10% bigger than

that in the 0.1 Hz CM imaging, and the imaging quality was well preserved (compare the detail

feature of the cells in the force images). As an example, the x-scanning speed at the location

of the cross section in the AML images are also shown in Fig. 4.5 (b3), which is determined
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Figure 4.6: Comparison of the cell images obtained using: (a1)-(b1) the conventional CM at
the scan rate of 0.3Hz; (a2)-(b3) the proposed AML imaging at the average scan rate of 0.86Hz;
and (a3) the sample height gradient ▽h and the vertical tip-sample interaction force, (b3) the
x-scanning speed of at the location of the cross section marked in (a2)-(b2).

by both the sample height gradient ▽h and the tip-sample interaction force (Fig. 4.5 (a3)) ac-

cording to Eq. 4.20. We further pushed the scanning speed of the AML imaging by increasing

the upper limit of the scanning speed ẋmax. The average scan rate of the AML images shown

in Fig. 4.6 was 0.86 Hz. Compare to the CM imaging at the constant scan rate of 0.3 Hz (see

Fig. 4.6 (a1)-(b1)), the vertical tip-sample interaction force during 0.86 Hz AML imaging was

40% lower, and the imaging quality was significantly improved at the same time: the topogra-

phy details of the cell membrane were clearly captured and preserved by the proposed AML

imaging technique, however, the cells were severely scratched by the AFM tip due to excessive

tip-sample interaction force during CM imaging at 0.3 Hz, and the image was distorted at the

same time. Furthermore, the comparison between Fig. 4.5 and Fig. 4.6 demonstrated that when

the averaged scanning speed is increased by more than 8 times, the AML imaging is still capa-

ble of maintaining the imaging quality when comparing with the CM image at the scan rate of

0.1 Hz.

Therefore, the experimental result demonstrated that the proposed AML imaging technique

increased the scan speed by over 8 folds using real-time adaptive imaging speed optimization

while maintaining the imaging quality and substantially lowering the tip-sample interaction

force.
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4.4 Conclusion

An adaptive mode of in-liquid topography imaging (AML) is proposed to substantially improve

the speed of contact mode (CM) imaging of live cells. In the proposed AML, the imaging speed

is optimized online based on real-time estimation of the sample deformation, the tip-sample in-

teraction force, as well as the sample topography variation rate, and the sample topography is

quantified using both the AFM z-axis piezo placement and the cantilever deflection and then

utilized in an iterative feedforward control scheme to track the sample surface. To minimize the

probe-sample interaction force, the deflection set-point is adjusted line-by-line closely around

the minimal level needed for maintaining a stable tip-sample interaction. The AML was experi-

mentally validated through imaging live human prostate cancer (PC-3) cells at the average scan

rates of 0.41 Hz and 0.86 Hz. Compare to the conventional CM imaging, the AML technique

was able to increase the imaging speed over four times while preserving the topography details

of the live cells by accurate tracking of the sample topography.
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Chapter 5

Accurate Indentation Quantification in Broadband and In-liquid
Nanomechanical Measurement of Soft Material Using Scanning

Probe Microscopy

Abstract

In this chapter, we present a control-based approach to broadband and in-liquid nanomechan-

ical property quantification of soft material using AFM. Accurate indentation measurement

is essential to probe-based material property characterization as the force exerted and the in-

dentation generated are the two most important physical variables measured in the process.

Large measurement errors, however, occur when the measurement frequency range becomes

large (i.e., broadband) and/or the measurement is conducted in liquid. Such large measure-

ment errors are generated due to the inability of the conventional method to account for the the

difference between the SPM z-axis piezo actuator displacement and the vertical displacement

of the cantilever at its fixed-end, the lateral-vertical coupling-caused cantilever motion when

the measurement frequency range becomes large, and the relative probe acceleration and the

hydrodynamic force effects. We propose a control-based approach to address these challenges

to overcome the limits of the conventional method. The proposed approach is demonstrated

through experiments to measure the viscoelastic properties of a Polydimethylsiloxane (PDMS)

sample over a broad frequency spectrum, and rate-dependent elastic modulus of human cervix

cancer cells in liquid.

5.1 Introduction

In this chapter, a control-based approach to achieve accurate nanoindentation quantification

in broadband and in-liquid nanomechanical measurement of soft sample using atomic force
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microscope (AFM) is proposed. Indentation-based approach has been utilized to measure me-

chanical properties of a wide variety of soft materials at nano scale, ranging from polymers

[17, 18, 19, 20], live biomaterials [21, 22, 23] to food product [24]. By measuring the exci-

tation force applied and the indentation generated in the sample, mechanical properties such

as the elastic modulus and/or the complex modulus (for viscoelastic materials) of the sample

can be quantified (through a contact model of the probe-sample interaction, e.g., the Hertzian

model or the DMT model) [21, 1, 25]. As the force and the indentation serve as the input and

output in the contact model, respectively, accuracy of the indentation quantification dictates

that of the nanomechanical properties measured. Therefore, accurate indentation measurement

is crucial to nanomechanical property measurement of materials.

The conventional indentation measurement is limited and erroneous in broadband and in-

liquid nanomechanical property quantification. Currently on almost all commercial AFM sys-

tems, the indentation is obtained by comparing the force-distance curves [1] measured on the

soft sample and that on a hard reference sample under a constant force load-unload rate [1, 26].

This method (to quantify the indentation) is adequate when the measurement is quasi static

(with constant force load/unload rate) and the load/unload rate is low—so that the AFM instru-

ment dynamics is not excited and the cantilever base displacement (i.e., the cantilever displace-

ment at its fixed end) equals to the z-axis piezo actuator displacement (measured by the z-axis

sensor). As the measurement load/unload rate increases towards the resonances of the AFM

instrument dynamics, the dynamics of the cantilever fixture (connecting the cantilever to the

piezo actuator) can be excited [1], and the lateral-vertical cross-axis dynamics coupling effect

becomes pronounced [27, 28]. Consequently, large measurement errors are induced when using

the z-axis sensor to directly measure the cantilever base displacement, as the cantilever-base

displacement is largely different from the z-axis sensor signal, and the cross-axis coupling dy-

namics induces extraneous motion of the cantilever in z-axis. Therefore, techniques need to be

developed to accurately measure the indentation to achieve rapid, broadband nanomechanical

properties quantification.

Furthermore, although the measurement frequency range for in-liquid nanomechanical quan-

tification is generally below the resonance of the instrumental dynamics, the relative acceler-

ation of the cantilever probe (with respect to the fixed-end of the cantilever (called the the
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relative probe acceleration) becomes pronounced and substantially effects the indentation gen-

erated. The conventional indentation is also plagued by the uncertainty in determining the

probe-sample contact point [29] and the hydrodynamic force effect [30, 31]. Although the

contact-point uncertainty can be alleviated through the use of a reference sample [1], and the

hydrodynamic force effect might be accounted for by quantifying it via experiment [31], these

efforts are still limited to ultra-low force load rate, and the relative probe acceleration domi-

nates over the hydrodynamic force (i.e., over an order of magnitude larger) when the force load

rate is higher than ∼0.1 Hz for for most live cells. Therefore, to achieve accurate indentation

quantification of live cell, the conventional indentation measurement needs to be replaced.

The main contribution of this chapter is the development of a control-based indentation

measurement approach to achieve accurate nanoindentation quantification during broadband

and in-liquid nanomechanical measurement. First, based on the analysis of the adverse ef-

fects of the cantilever-fixture dynamics and the lateral-vertical cross-axis coupling dynamics,

an approach to individually quantify these two adverse effects through experiments is pro-

posed. Secondly, the cantilever dynamics during the nanomechanical quantification is mod-

eled and analyzed by taking into account the relationships between the measurement frequency

range and the bandwidth of both the piezo actuator and the cantilever. Using the cantilever

dynamics model, we propose to measure the indentation by accurately tracking the same ex-

citation force profile (i.e., the same cantilever vertical deflection) on the soft sample and on a

hard reference sample, and obtaining the indentation from the difference of the cantilever base

displacements obtained on both samples. Control techniques such as the recently developed

modeling-free inversion-based iterative control (MIIC) technique [32] is utilized to quantify

both the cantilever-fixture dynamics and the cross-axis coupling dynamics, and to achieve ac-

curate tracking of the excitation force of rich frequency spectrum. The proposed method is

illustrated by implementing it to the broadband viscoelasticity measurement of different poly-

mer samples and live cells in experiment.

This chapter is organized in the following format. The proposed control-based indentation

quantification in broadband nanomechanical quantification and its experimental validation are

presented in Section 2, and then followed by the in-liquid nanoindentation quantification and

the experiment results on live human cell viscoelasticity measurements in Section 3. Finally,
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the conclusion is given in Section 4.

5.2 A Control-based Approach to Accurate Nanoindentation Quantification in

Broadband Nanomechanical Measurement using Atomic Force Microscopy

5.2.1 Limits of Conventional AFM Indentation Quantification for Broadband

Measurement

The uniqueness of AFM for measuring nanoscale material properties and/or force interactions

arises from the capability of AFM of applying excitation force with controlled amplitude at

desired location, and measuring the properties/force, at the location, with nanometer and pi-

conewton spatial and force resolutions, respectively [1]. Specifically, when measuring nanome-

chanical properties of a soft sample, a micro-fabricated cantilever with a nanometer size probe

on its free end is driven by a piezo actuator to push upon the soft sample surface under a

constant force load/unload rate (see Fig. 5.1(a)). Then a force of constant load/unload rate is

exerted onto the sample surface via the cantilever probe, and the applied force and indenta-

tion generated (i.e., the deformation of the sample surface) are measured [81]. Therefore, the

applied force and the indentation generated are the two most important variables that must be

quantified in nanomechanical property characterization using AFM [1], and the accuracy of the

indentation measurement is crucial to that of the nanomechanical properties to be measured.

In specific, the nanomechanical properties of the soft sample are obtained from the measured

interaction force and indentation via an appropriate contact mechanics model of the probe-

sample interaction [1, 17]. For example, when the deformation is small and the adhesion force

is negligible, the complex compliance of the sample J(t) can be obtained from the following

Hertzian model [1, 17]

∆z(t)
3
2 (t) = C1

∫ t

0
J(t− τ)Ḟ (τ)dτ, (5.1)

where F (t) is the tip sample interaction force, ∆z(t) is the indentation, J(t) is the complex

compliance of the sample in uniaxial compression, and C1 = [3(1 − ν2)]/(4
√
R) is con-

stant with R and ν the tip radius and the poisson ratio of the sample, respectively [1]. It is

clear—from Eq. (5.1)—that measurement error of indentation lead directly to the errors in the
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Figure 5.1: (a) The scheme of nanomechanical measurement using AFM; and (b) the model of
the cantilever during the indentation measurement.

nanomechanical properties of the sample quantified.

Limit for Broadband Nanomechanical Measurement

Next we discuss the limits of the conventional indentation quantification for broadband nanome-

chanical spectroscopy. To quantify the indentation in the soft sample, conventionally the same

input (i.e., the voltage to the z-axis piezo actuator) is applied to measure the force-distance

curve on the soft sample and that on a reference hard one (e.g. a silicon sample) of stiffness

several orders higher [81] (see Fig. 5.1 (a)), then by using the force-distance curves measured

on both samples, the indentation at any given applied force value is calculated as the difference

of the cantilever base displacement on the hard sample with respect to that on the soft one at

that force value (see Fig. 5.2). To further measure the frequency-dependent nanomechanical

properties of the soft sample, conventionally the above force-distance curve measurements are

repeated at different load/unload rates [27], and the obtained force-indentation plots at differ-

ent loading rates are used to compute, e.g., the elastic modulus, of the sample at different rates

(frequencies) [18]. The cantilever base displacement is deemed to equal to the z-axis piezo

actuator displacement measured. Therefore, the conventional method quantifies the indenta-

tion in broadband nanomechanical quantification by converting the measurement of dynamic

properties to that of static property of the sample instead.

It is clear, from the above discussion, that the conventional indentation measurement is

time consuming and too slow to capture the time evolution of the nanomechanical properties

of the sample over a large frequency span rapidly. Moreover, it is assumed that the vertical

z-axis motion of the AFM probe is solely caused by the AFM z-axis piezo movement, and

the cantilever base displacement equals to that of the z-axis piezo actuator, measured by the

z-axis sensor. These two assumptions, although reasonable in low frequency measurements,
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curve; and (b) quantification of the indentation by using the force-distance curve on the soft
sample and that on the hard sample.

fail when the measurement frequency range becomes large with respect to the AFM instrument

dynamics.

Remark 1 Note that the above quasi-static force-distance curve measurement has also been

extended to characterize the rate-dependent viscoelastic behavior of the sample by augmenting

an AC signal of much smaller amplitude to the constant-rate force curve during the process, as

in the BE and the DART methods [82, 83, 84]. However, the indentation is not quantified di-

rectly, thereby, the viscoelasticity of the sample (e.g., the complex modulus) cannot be measured

directly by these methods.

Effect of Cantilever Fixture Dynamics on the Cantilever Base Displacement Measurement

Significant error can be induced by the cantilever-fixture dynamics (see Fig. 5.1(a)). When the

measurement frequency is relatively low (i.e., over 1-2 orders lower than the first resonance of

the cantilever-fixture), the cantilever base displacement can be accurately measured by the sen-

sor of the z-axis piezo actuator displacement (called the z-axis sensor below, see Fig. 5.1(a)),

i.e.,

zb(jω) = zsen(jω), when ω ≪ ωf,c, (5.2)

where ‘jω’ denotes the Fourier transform of the corresponding signal, zb(jω) and zsen(jω)

are the cantilever base displacement and the measured z-axis sensor, respectively, and ωf,c is

the first resonant frequency of the cantilever-fixture dynamics. As the measurement frequen-

cies are increased and close to the resonant frequency of the cantilever-fixture dynamics, the

cantilever-fixture dynamics can be excited. As a result, the cantilever base displacement cannot
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be accurately measured by the z-axis sensor, i.e.,

zsen(jω) ̸= zb(jω), when ω → ωf,c (5.3)

Effect due to the AFM Lateral-vertical Cross-axis Coupling Dynamics

Error in the indentation measured can also be induced by the lateral-vertical cross-axis coupling

of the piezo actuators and thereby, the coupling between the lateral and vertical motion of the

cantilever probe. Specifically, lateral motion of the x-axis piezo actuator can be generated by

the input voltage applied to the vertical z-axis piezo actuator [85]. As a normal load force is ap-

plied to the cantilever to maintain a stable probe-sample interaction during the nanomechanical

measurement, the coupling-caused lateral motion of the piezo actuator results in an extraneous

vibration of the probe around the contact point (i.e., a back and forth wobbling motion of the

probe, see Fig. 5.3). Such a coupling-caused rotation of the probe can induce additional varia-

tion to the probe-sample contact angle and contact area. As the contact area (of the probe) on

the soft sample is much larger than that on the hard one while there is virtually no indentation

on the hard reference sample, the lateral-vertical coupling-caused variations in contact angle

and/or contact area are much more pronounced on the soft sample, resulting in additional vari-

ations in the vertical motion (vertical deflection) of the cantilever (i.e., in the z-axis) [86]. The

lateral-vertical coupling effect, although is small and negligible when the measurement is in the

low frequency region (far below the first significant resonance of the AFM x-axis dynamics),

becomes much larger when the measurement moves to the high frequency region and close to

the resonance of the x-axis dynamics. The conventional indentation measurement, however,

failed to account for the lateral-vertical cross axis coupling effect.

More concretely, in the presence of the lateral-vertical coupling effect, the total cantilever

vertical displacement on the soft sample d̂s(t) becomes:

d̂s(t) = ds−z(t) + ds−x(t). (5.4)

where ds−z(t) and ds−x(t) are the cantilever vertical displacements due to the cantilever base

displacement and the lateral-vertical cross coupling effect, respectively.

Thus, the above Eq. (5.4) implies that the indentation in the soft sample is generated

by a combined force consisting of the z-axis excitation (corresponding to ds−z(t)) and the



76

ds-x

∆xX

Z

∆x

so� sample

AFM can�lever

preload 

Figure 5.3: Illustration of the lateral-vertical (x-z) coupling effect on the cantilever vertical
deflection during nanomechanical measurement.

lateral-vertical cross-coupling effect (corresponding to ds−x(t)). Note that the cantilever base

displacement measured by the z-axis sensor is responsible for the z-to-z cantilever vertical

displacement ds−z(t) only, thereby, cannot be employed to quantify the total indentation.

Remark 2 It is noted that the torsional motion of the probe is sensitive to the vertical vibration

of the probe, and thereby, can be utilized to interrogate material properties through the design

of the cantilever probe to amplify such a vertical-to-torsional motion coupling [87]. However,

the opposite torsional-to-vertical coupling is much less pronounced, and much smaller than the

longitudinal-to-vertical coupling (considered above), thereby, becomes negligible.

5.2.2 A Control-Based Approach to Indentation Measurement of Soft Material

Next we present a control-based indentation measurement that overcomes the limits of the

conventional method in broadband nanomechanical spectroscopy. We first present the proposed

control-based approach to compensate for the above two adverse effects.

Compensation for the Cantilever-Fixture Dynamics Effect

The above discussion in Subsec. 5.2.1 implies that the key to accurately measuring the can-

tilever base displacement is to quantify the frequency response of the cantilever-fixture,Gfix(jω),

i.e., the frequency response from the end of the z-axis piezo actuator (measured by the z-axis

sensor) to the free end of the cantilever (see Fig. 5.1(a)). The fixture dynamics Gfix(jω), how-

ever, cannot be measured directly as the cantilever base displacement is not measurable when

Gfix(jω) is excited. Thus, we propose to quantify Gfix(jω) by measuring the frequency re-

sponse from the z-axis piezo displacement to the cantilever vertical displacement on a hard
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reference sample (called the z-to-deflection dynamics later), Gz2d(jω),

Gz2d(jω) = Gfix(jω)Gc(jω)

=
zb(jω)

zsen(jω)

dh(jω)

zb(jω)
=

dh(jω)

zsen(jω)
, (5.5)

where Gc(jω) is the cantilever dynamics under a stable contact with the hard sample (i.e., a

repulsive contact under a normal force load)—from the cantilever base displacement to the can-

tilever vertical deflection at its free end, and dh(jω) and zsen(jω) denote the cantilever vertical

displacement measured on a hard reference sample and the z-axis sensor signal, respectively.

As the measurement frequency range is usually substantially lower (one to two orders of magni-

tude lower) than the resonance of the cantilever, and virtually there is no indentation in the hard

sample, the cantilever dynamics Gc(jω) is not excited in broadband nanomechanical quantifi-

cation of the soft sample, and can be adequately treated as a constant for the frequency range

ω∗
m in the nanomechanical measurement considered, i.e.,

Gc(jω) =
dh(jω)

zb(jω)
≈ gc, for ω ≤ ω∗

m ≪ ωc (5.6)

where ω∗
m is the upper limit of the measured frequency range (Note ω∗

m can be larger than

ωf,c, the first resonance of the cantilever-fixture dynamics). The constant gc can be measured

as the ratio of the cantilever vertical displacement to the z-axis sensor at low frequency (by

Eq. 5.2). Then the mechanical fixture dynamics Gfix(jω) is obtained by substituting Eq. (5.6)

into Eq. (5.5).

Thus, during the nanomechanical measurement, the corresponding z-axis cantilever base

displacement zb(t) can be obtained by using the fixture dynamics and the z-axis sensor signal

measured during the process as

zb(jω) = Gfix(jω)zsen(jω), (5.7)

and via inverse Fourier transform.

To measure the z-to-deflection dynamicsGz2d(jω) accurately, the dynamics of z-axis piezo

actuator must be compensated for, as the z-axis sensor—the output of the z-axis piezo—needs

to accurately follow the desired excitation signal (e.g., a band-limited white noise or a chirp

signal) during the quantification process. Direct application of the excitation signal to the z-

axis piezo leads to the z-axis piezo dynamics being convoluted in the z-axis sensor signal,
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causing poor signal-to-noise ratio in some frequency regions and/or saturation in others. Thus,

we propose to use control techniques (e.g., MIIC technique) to ensure that the desired excita-

tion signal can be accurately tracked by the z-axis piezo, i.e., by using the MIIC technique, the

dynamics and hysteresis effects of the z-axis piezo actuator are compensated for [88]. Note

that such an input (to the z-axis piezo actuator) to achieve accurate tracking of the desired ex-

citation signal by the z-axis piezo can be obtained in advance independently, and then applied

to measure Gz2d(jω) under the conditions that (1) a stable probe-sample interaction is main-

tained, and (2) the cantilever vertical deflection on the hard reference sample is measured after

the initial transient response of the probe-sample interaction becomes negligible. Also note

that the above experimentally quantified cantilever-fixture dynamics Gfix(jω) is independent

to the cantilever and the hard reference sample used (this is verified by the experiment results

presented in Sec. 5.2.4), thus only needs to be quantified once, and can be used in the nanome-

chanical measurement of different soft samples (or different measurement points on the same

sample).

Compensation for the Lateral-Vertical Cross-Coupling Dynamics Effect

To account for the effect of the coupling-caused cantilever vertical deflection ds−x(t) on the

cantilever base displacement, we propose to quantify the equivalent cantilever base displace-

ment ẑbs(t), i.e., the cantilever base displacement that corresponds to the measured cantilever

vertical deflection as if there were no lateral-vertical coupling effect (see Eq. (5.4)), i.e., as

if the vertical deflection of the cantilever free end is solely generated by the equivalent can-

tilever base displacement— the cantilever base displacement can be regarded as the driving

input (see discussion in Subsec. II-C). We propose to, first, quantify the cross-coupling caused

vertical deflection of the cantilever free end, ds−x(t), and secondly, use ds−x(t) to quantify

the coupling-equivalent cantilever base displacement, zb,cpl(t), i.e., zb,cpl(t) would generate a

cantilever vertical deflection equaling to ds−x(t), then finally, obtain the equivalent cantilever

base displacement ẑbs(t) as

ẑbs(t) = zb,cpl(t) + zbs(t) (5.8)

where zbs(t) is the cantilever base displacement during the nanomechanical measurement of

the soft sample (i.e., the base displacement corresponding to ds−z(t) in Eq. (5.4)). Note that
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zbs(jω) can be quantified by using the measured z-axis sensor signal, as discussed in the above

Subsec. 5.2.1 (see Eq. (5.7)).

To quantify the lateral-vertical coupling-caused cantilever vertical deflection ds−x(t) (see

Eq. (5.4)), the frequency response of the cross-axis coupling dynamics Gx−z(jω) from the

cantilever lateral motion (input), ∆x(jω), to the resultant cantilever vertical deflection (output)

on the soft sample, ∆dz−x(jω), is measured as

Gx−z(jω) =
∆dz−x(jω)

∆x(jω)
. (5.9)

The key to the above frequency response quantification is to separate the cross-axis coupling-

caused cantilever vertical deflection from the portion generated by the cantilever base displace-

ment (Eq. (5.4)). Thus we propose to generate the lateral vibration of the cantilever without

exciting the vertical displacement of the cantilever base, by applying an excitation input of

small amplitude to the x-axis piezo actuator after a stable probe-sample interaction on the soft

sample is established (under the desired preload level used in the nanomechanical measure-

ment), then measuring the vertical vibration of the cantilever free end ∆dz−x(t) (the static

cantilever vertical deflection caused by the preload is subtracted) and the cantilever lateral vi-

bration ∆x(t).

Thus, for the cantilever vertical deflection measured during the nanomechanical measure-

ment, the portion of the cantilever vertical deflection caused by the cross-coupling effect,

ds−x(t), can be quantified as

ds−x(jω) = Gx−z(jω)dlat(jω), (5.10)

where dlat(jω) is the lateral vibration of the cantilever probe measured during the nanome-

chanical measurement. Then the portion of the cantilever vertical deflection generated by the

cantilever base displacement zbs(t) is given by d̂s(t)−ds−x(t). Thus, the equivalent cantilever

base displacement (corresponding to the total measured cantilever vertical vibration d̂s(jω)) is

quantified as:

ẑbs(jω) =
d̂s(jω)

d̂s(jω)− ds−x(jω)
zbs(jω). (5.11)

By also considering the effect of the cantilever-fixture dynamics, the equivalent cantilever

base displacement is quantified from the measured z-sensor signal on the soft sample zsen,s(jω)
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as:

ẑbs(jω) =
d̂s(jω)

d̂s(jω)− ds−x(jω)
Gfix(jω)zsen,s(jω). (5.12)

Note that the above cross-coupling compensation technique can be easily implemented in

practices. First, as in the compensation for the cantilever-fixture dynamics (see Subsec. 5.2.2),

control techniques such as the MIIC technique are utilized to obtain the input voltage (to the

x-axis piezo actuator) in advance so that the effect of the x-axis piezo actuator dynamics can

be avoided, i.e., to ensure that the displacement of the x-axis piezo actuator accurately tracks

the desired frequency-rich trajectory [17, 88], e.g., a band-limited white-noise trajectory. Sec-

ondly, during the nanomechanical measurement, the frequency response of the coupling dy-

namics Gx−z(jω) (Eq. (5.9)) is quantified right before the nanomechanical measurement (at

the same location of the soft sample). The amplitude of the lateral vibration of the probe

(around the instant center of the probe contact on the sample) is kept small (with respect to the

preload static force) so that the translational displacement of the contact center in the x-axis

direction is negligible. Finally, the cantilever lateral vibration dlat(jω) is measured along with

the cantilever vertical deflection during the nanomechanical measurement (i.e., no additional

force-curve measurement is needed.).

5.2.3 Tracking-based Approach to Broadband Nano-Indentation Measurement

With the above two adverse effects compensated for, we thus assume,

Assumption 4 The cantilever base displacement can be accurately quantified through the

measured z-axis sensor;

Assumption 5 The cross coupling effect between z-axis and x-axis on the vertical displace-

ment of the cantilever is negligible.

We further assume that during the broadband nanomechanical measurement,

Assumption 6 The vibration modes of the cantilever are not excited;

Assumption 7 A continuous and stable probe-sample contact is maintained when the can-

tilever vertical deflection is measured;
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Figure 5.4: Simplified model of the tip-sample dynamics during the broadband nanomechanical
measurement of soft sample.

Assumption 8 The amplitude of the probe vibration on the sample surface is much smaller

than the length of the cantilever.

Assumption 6 holds as the measurement frequency range in nanomechanical property measure-

ment of soft samples (usually within a few kHz) is over 10 times smaller than the first resonant

frequency of the cantilever used, and consequently, the cantilever dynamics is not excited dur-

ing the nanomechanical measurement. Assumption 4 also holds as the magnitude of the static

preload force is at least 2-3 times larger than that of the dynamic excitation force, and conse-

quently, the tip-sample interaction force is dominated by the repulsive electrostatic force. Thus,

by Assumption 4, the repulsive tip-sample interaction can be captured by the AFM cantilever

vertical deflection as Fz described as [1][48]

Fz(t) = kc(zes(t)− zbs(t)) = −kcd, (5.13)

where kc is the stiffness of the cantilever spring, and zes, zbs and d are the cantilever displace-

ment at the free end and that at the base, and cantilever vertical deflection, respectively.

Finally, Assumption 5 holds as the displacement of the cantilever free-end relative to its free

end is usually over 2 orders smaller than the length of the cantilever (in the range of 100-300

µm). Thus, the relative displacement of the cantilever free-end, can be measured by the vertical

deflection signal at the free-end, i.e.,

αL sin θ ≈ αLθ ≈ zb − ze = d, (5.14)

where α is a constant that depends on the geometric shape of the cantilever, e.g., and equals 2/3

for rectangular-shaped cantilever, L is the cantilever length, zb and ze are the displacements of

the cantilever at the fixed end and the free end, respectively; θ is the bending angle of the can-

tilever free end relative to its fixed end, and d is the measured cantilever vertical displacement
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(i.e., the normal deflection).

By Assumptions 4 and 5 (Eqs. (5.13) and (5.14)), during the nanomechanical measurement

of a given soft sample in air, the dynamics of the cantilever (see Fig. 5.4) can be described in

terms of the vertical deflection ds and the indentation ys as

1

αL
Jd̈s(t) =

L

2
mcg − Lkeqv(zbs(t)− ds(t)−∆z(t)), (5.15)

where J and mc are the mass moment of inertia of the cantilever relative to the fixed end,

and the effective mass of the cantilever, respectively. keqv is the equivalent stiffness of the

cantilever for the spring-mass-damper model as shown in Fig. 5.4. Then, the indentation and

the nanomechanical properties of the sample are related through the force balance at the contact

point by

ms∆̈z(t) = keqv(zbs(t)− ds(t)− ys(t))− ks∆z(t)− ξ∆̇z(t). (5.16)

where ms is the mass of the sample part involved in probe-sample interaction, and ks and ξs

are the equivalent spring constant and damping coefficient of the soft sample during the probe-

sample interaction, respectively (see Fig. 5.4).

For the hard reference sample used in the indentation measurement, the indentation be-

comes negligible (compared to that on the soft sample) as the elastic modulus of the hard

sample (e.g., silicon) is over several orders higher than that of the soft sample to be measured,

while the viscosity of the hard sample is negligible (i.e., in Fig. 5.4, the effective spring constant

ks → ∞ and the effective damping coefficient cs → 0). Thus, the dynamics of the cantilever

during the nanomechanical measurement on the hard sample is reduced to (see Fig. 5.5),

Jθ̈h(t) =
L

2
mcg − Lkeqvzeh(t), (5.17)

where the subscript ‘h’ denotes the variables are with respect to the hard reference sample.

The above Eq. (5.17) can be rewritten in terms of the cantilever vertical deflection dh and the

cantilever base displacement zbh as

1

αL
Jd̈h(t) =

L

2
mcg − Lkeqv(zbh(t)− dh(t)). (5.18)

Combining Eq. (5.15) with (5.18) yields the indentation as

∆z(t) = (zbs(t)− zbh(t)) + (dh(t)− ds(t))

+
1

αL2keqv
J(d̈s(t)− d̈h(t)). (5.19)



83

cantilever beam

Keqv

indentation

silicon sample

Zbh Zeh

Figure 5.5: Small motion of cantilever on the hard reference sample.

The above Eq. (5.19)implies that the indentation ys(t) can be measured by using the can-

tilever base displacement. Particularly, control techniques are utilized to ensure precision track-

ing of the same desired cantilever vertical deflection trajectory on both the soft sample and

the hard reference one, i.e., ds(t) = dh(t) (thus the same tip-sample interaction force, i.e.,

Eq. (5.13)). Applying this equivalence to Eq. (5.19) yields

∆z(t) = zbs(t)− zbh(t). (5.20)

With the same desired excitation force (i.e., the same cantilever vertical deflection) accu-

rately tracked on both the soft sample and the hard reference one, the proposed approach of

indentation measurement ensures that at each time instant throughout the measurement pro-

cess, the same force is applied to both samples. Therefore, with the adverse cantilever-fixture

and the cross-coupling dynamics effects compensated for, the indentation can be obtained—by

Eq. (5.20)—directly from the difference of the cantilever base displacement at each time in-

stant. Note that in the proposed approach, the excitation force profile is not limited to constant

load-unload rate but can have a rich frequency spectrum—needed to achieve rapid broadband

nanomechanical measurement. Accurate tracking of the desired excitation force is achieved by

using control techniques as discussed below immediately.

Inversion-based Iterative Control to Precision Cantilever Deflection Tracking

From the above discussion, it is evident that the key to the success of the proposed indenta-

tion measurement is to ensure (1) accurate measurement of the frequency responses of both

the cantilever-fixture dynamics and the cross-coupling dynamics, and (2) the same excitation

force is accurately applied to both the soft and the hard reference samples. Central to these

operations is to achieve accurate tracking of a given desired trajectory of rich frequencies. In

this article, we use the modeling-free inversion-based iterative learning control (MIIC) method
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[32] to achieve precision tracking of the desired trajectory of complicated frequency spectrum.

Specifically, the control input signal applied to drive the AFM piezo actuator is obtained

iteratively as follows (see Fig. 5.6):

Uk+1(jω) =
Uk(jω)

Dk(jω)
Dd(jω), (5.21)

where Dd(jω) is the desired output trajectory (e.g., the desired cantilever vertical deflection),

and Uk(jω) and Dk(jω) are the input (e.g., the input voltage to the corresponding piezo actua-

tor) and output signals (e.g., the cantilever vertical deflection) in the kth iteration, respectively.

Note that the repetitive nature of the indentation measurement makes the iterative control ap-

proach an ideal approach to track the desired cantilever vertical deflection accurately. Specif-

ically, the MIIC technique does not require the modeling process of the system dynamics. In-

stead, the use of the system dynamics knowledge is embedded in the iterative process through

the use of the measured input and output data. The efficacy of the MIIC technique for preci-

sion tracking of complicated trajectory (e.g., a trajectory of spectrum similar to band-limited

white-noise) in nanopositioning control has been demonstrated [18, 32].

5.2.4 Experimental Implementation Example

In this part, we demonstrate the proposed approach to nanoindentation quantification in broad-

band nanomechanical property measurement by implementing it to measure the broadband

complex modulus of a polydimethylsiloxane (PDMS) sample and three polyethylene samples

with different densities.

                            MIIC 

Uk(jw) GAFM(jw) Gt-s(jw) 

Uk+1(jw) 
 Peizo-actuator Tip-sample inter-

action model 

Dk(jw) 

Dd(jw) 

Output 

Figure 5.6: Block diagram of the MIIC technique to achieve precision tracking of the desired
force profile in the proposed method to indentation measurement in air.
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Table 5.1: Physical specifications of the cantilever probe
Geometry Triangular Tip Radius 20 nm
Spring Constant 0.3221 N/m Tip Height 6 µm
Length 120 µm Thickness 0.6 µm
Width 25 µm Resonant Frequency 71.3 kHz

Experiment Setup

In the AFM system (Dimension Icon, Bruker AXS Inc.) employed in the experiments, the

piezo actuators can be directly driven externally, and both the cantilever vertical (z-axis) and

lateral (x-y-axes) motions of the piezo actuators can be measured directly. All the control and

sensor signals were acquired through a data acquisition system under the Matlab xPC-target

environment. The Matlab xPC-target package was also used to implement the MIIC technique.

As the first resonant frequency of the cantilever (cantilever probe type: DNP-10, from Bruker)

was over 71.3 kHz, the nominal width and the length of the cantilever were at 120 µm and

25 µm (see Table 5.1), respectively, the measurement frequency range was at 6 kHz, and the

amplitude of the cantilever vibration during the following nanomechanical measurements was

within 60 nm, Assumptions 3 and 5 held. Assumption 4 was also satisfied by applying a large

enough static preload during the experiments. Assumptions 1 and 2 would be addressed by the

proposed method as described below.

In all the experiments, the same initial conditions were maintained as closely as possible

by using the same probe and applying the same preload force (56 nN) to all of the soft samples

and the hard reference one (a silicon sample).

Implementation of the Proposed Nanomechanical Measurement Method to Broadband

In-air Nanoindentation

In the following experiments, a band-limited white noise signal generated using Matlab was

chosen as the desired excitation force to quantify the indentation for measuring the viscoelas-

ticity in the frequency range of 100 Hz to 6 kHz (see Fig. 5.7). The average amplitude of

the excitation force was 40% of the preload force, so that a stable probe-sample interaction

in the repulsive region was maintained throughout the measurement (Assumption 7)), and the
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plastic deformation of the PDMS sample can be ignored during the iterations when the MIIC

technique was applied. We note that other excitation signal such as the model-based optimal

multi-sinusoidal excitation force [89] or the dual-frequency excitation [84] have been proposed

for viscoelasticity quantification. The band-limited white-noise excitation was chosen here

for its uniform and rich frequency spectrum, and its capability of fully exciting the material’s

viscoelastic behavior without depending on the material model, thereby providing possibly the

maximum information of the viscoelasticity of the sample in the measurement frequency range.

Moreover, the band-limited white-noise will also fully excite the dynamics of the cantilever-

fixture and the cross-axis coupling in the measurement frequency range, thereby clearly illus-

trating the challenges and issues in broadband nanomechanical quantification. Therefore, the

band-limited white-noise signal served well as the desired excitation force in the experiment

below.

First, experiments were conducted to illustrate the adverse effects of the cantilever-fixture

dynamics and the lateral-vertical cross-coupling dynamics on the indentation measurement.

The MIIC technique was applied to achieve precision tracking of the desired white-noise exci-

tation force on both the PDMS sample and a silicon reference sample, as shown in Fig. 5.8 and

Fig. 5.9 respectively, where the tracking error (in 2-norm) was less than 3%. In experiments, the

MIIC converged rather rapidly to such an accurate tracking with merely 3-4 iterations. Then,

the indentation was quantified by directly subtracting the z-axis sensor signals obtained on the

silicon sample from that obtained on the PDMS sample. The z-axis sensor obtained on the
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Figure 5.7: The desired excitation force (i.e., desired cantilever vertical deflection) (a) in time
domain, and (b) in frequency domain (the amplitude of the Fourier transform components),
used in the nanomechanical measurement experiments.
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PDMS and the silicon samples and the indentation are plotted in Fig. 5.10(a), (b), and (c), re-

spectively.

The results in Fig. 5.10 clearly showed that the adverse effects of the cantilever-fixture

dynamics and the lateral-vertical coupling dynamics must be compensated for in broadband

nanomechanical property quantification. Under the applied band-limited white noise excitation

force, we expected that the indentation generated—as the viscoelastic response of the PDMS

sample to the excitation force—shall monotonically decrease as excitation frequency increases

[18], signaling the transition of the PDMS sample from the rubbery state to the glassy state [90].

On the contrary, we noticed large “peaks” appeared in the indentation shown in Fig. 5.10(c)

when the cantilever-fixture dynamics and the lateral-vertical coupling effect were not com-

pensated for. These “peaks”, therefore, were measurement errors that were induced by the

cantilever-fixture dynamics and the lateral-vertical coupling dynamics.

To clarify and differentiate the causes of those measurement-error induced “peaks” in the

indentation plot obtained by directly using the z-axis sensor, we measured (1) the frequency

response of the z-axis piezo dynamics (see Fig. 5.12(a)), (2) the cantilever lateral vibration

during the nanomechanical measurement (Fig. 5.12(b)), and (3) the frequency response of the

z-to-deflection dynamics Gz2d(jω), as shown in Fig. 5.11. The frequency response of the z-

axis piezo dynamics was measured with the AFM z-axis piezo drive voltage and the z-axis

sensor as the input and output, respectively. And the z-to-deflection dynamics was measured

with the z-axis sensor and cantilever vertical deflection on the silicon sample as the input and

output, respectively.
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Figure 5.8: (a) The cantilever vertical deflection tracking results on the PDMS sample; (b) the
zoomed-in view of the tracking results for 0.02 sec.; and (c) the tracking error.
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Figure 5.9: (a) The cantilever vertical deflection tracking results on the silicon sample in air;
(b) the zoomed-in view of the tracking results for 0.02 sec.; and (c) the tracking error.
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Figure 5.10: The AFM z-axis sensor measured during the nanomechanical measurement in fre-
quency domain (the amplitude of the Fourier transform components) on (a) the PDMS sample
and (b) the silicon sample, and (c) the indentation measured by directly subtracting the z-axis
sensor on the PDMS sample and that on the silicon one (when the same desired cantilever
vertical deflection was tracked on both samples).

The above measured frequency responses and cantilever lateral motion revealed that the

“peaks” appeared in the indention obtained directly from the z-axis sensor in Fig. 5.10(c) were

induced by the adverse effects of the cantilever-fixture dynamics and the lateral-vertical cross-

coupling dynamics. Specifically, the “peaks” around 4300 Hz in Fig. 5.10(c) coincided with the

resonant peak of the frequency response of the z-to-deflection dynamics (from the z-axis sensor

to the cantilever vertical deflection) shown in Fig. 5.11. Note that the cantilever dynamics was

not excited in the experiment—the cantilever vertical deflection on the hard sample was pro-

portional to the cantilever base displacement (see Eq. (5.6)), the resonant peak around 4300 Hz

was due to the cantilever-fixture dynamics. Secondly, other two groups of peaks around 715 Hz

and 3000 Hz in the indentation of Fig. 5.10(c) coincided with the resonant peaks in the z-axis
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Figure 5.11: The frequency response from the z-axis sensor to the cantilever vertical deflection
on the hard reference sample, Gz2d(jω).
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Figure 5.12: The measured frequency response of the (a) AFM z-axis piezo dynamics (with
the voltage to the z-axis piezo and the z-axis sensor as the input and output, respectively), and
(b) the cantilever lateral motion in frequency domain (the amplitude of the Fourier transform
components).

sensor measured on the PDMS sample (Fig. 5.10(a)) (note the corresponding cantilever verti-

cal deflection has uniform frequency spectrum—the desired white-noise excitation is tracked)

and those in the cantilever lateral motion (see Fig. 5.12(b)), indicating that the lateral vibra-

tion of the cantilever caused extraneous vibration in the cantilever vertical deflection on the

soft sample. Note that such a coupling effect was negligible on the hard silicon sample (see

Fig. 5.10(b)). Finally, as we expected, the dynamics of the z-axis piezo actuator had no pro-

nounced effect on the indentation measured (compare Fig. 5.10 with Fig. 5.12(a)). Thus, the

experimental results demonstrated the cantilever-fixture dynamics and the cross-axis coupling

dynamics effects, and the need to compensate for these adverse effects on indentation quantifi-

cation in broadband nanomechanical measurement.

Broadband Nanoindentation Quantified by Using the Proposed Approach

First, the adverse effects of the cantilever-fixture dynamics and the coupling dynamics were

compensated for by following the steps described in Secs. 5.2.2 and 5.2.2. We start with mea-

suring the frequency response of the cantilever-fixture dynamics Gfix(jω). To demonstrate
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Figure 5.13: Frequency response of the mechanical dynamics between AFM sensor and can-
tilever base measured by using probe 1 and 2 on sample A: silicon and sample B: sapphire.

and verify that the cantilever-fixture dynamics obtained was independent with the cantilever

and the hard sample used, the frequency responses using two different cantilevers (with dif-

ferent spring constant) and two different hard samples (silicon and sapphire) were measured.

As shown in Fig. 5.13, the cantilever-fixture dynamics measured under these different condi-

tions overlapped with each other (the largest difference between them was less than 8.3% in

2-norm). Then, the lateral-vertical cross coupling transfer function Gx−z(jω) measured on the

PDMS sample was obtained by driving the x-axis piezo with an amplitude small enough (<

10% of the preload) so that the translational movement of the cantilever in the longitudinal di-

rection was negligible, i.e., the x-axis drive was mainly to generate the lateral torsional motion

of the cantilever probe around the sample contact point. The measured Gx−z(jω) is shown in

Fig. 5.14(a). Then, the cantilever vertical deflection caused by the cross-coupling effect was

quantified according to Eq. (5.10), as shown in Fig. 5.14(b). With these measurements, the ef-

fect of the cantilever-fixture dynamics on the cantilever base displacement was first accounted

for by using the measured Gfix(jω) (Fig. 5.13) and the z-axis sensor signals measured on both

the PDMS sample and the silicon reference one (see Eq. (5.7)). Then secondly, the effect of

the coupling-dynamics on the z-axis sensor signal measured on the PDMS sample was further

accounted for along with the lateral-vertical coupling dynamics. The compensated cantilever

base displacement on the PDMS sample and that on the silicon one are shown in Fig. 5.15(a)

and (b), respectively. Finally, the indentation can be quantified directly from the difference of

the compensated cantilever base displacement, as shown in Fig. 5.16.

The experimental results demonstrated that the proposed approach can achieve accurate

indentation quantification in broadband nanomechanical measurements. Figure. 5.15 shows

that the adverse effects of the cantilever-fixture dynamics and the cross-coupling dynamics were

removed. Comparison of Fig. 5.15 (a) with Fig. 5.10 (b), and Fig. 5.15 (b) with Fig. 5.10 (a)

shows that the “peaks” appearing in the original z-axis sensor signals were not noticeable in the
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Figure 5.14: (a) The frequency response of the x-to-z cross-axis coupling dynamics measured
on PDMS, and (b) the quantified cantilever vertical deflection due to the x-z cross coupling.
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Figure 5.15: The compensated cantilever base displacement (a) on the silicon sample; (b) on
the PDMS sample.

cantilever base displacements on both samples after compensation. Specifically, after compen-

sation, the cantilever base displacement maintained a uniformly distributed amplitude across

the measurement frequency range on the silicon sample, while showed an amplitude distribu-

tion monotonically decreasing with frequency increase on the PDMS sample, both agreeing

with the widely-accepted elastic and viscoelastic behavior of these two materials, respectively.

As a result, the cantilever-fixture dynamics and the coupling dynamics caused “peaks” were

also removed in the indentation obtained by using the proposed method, as shown in Fig. 5.16.

Moreover, the indentation also decreased monotonically with the increase of the excitation fre-

quency.

Finally, to further evaluate the indentation quantified by using the proposed method, we

also computed the complex modulus E(jω) (see Fig. 5.17) of the PDMS sample by using the

load-displacement relation for oscillatory loading with the radius equivalent to the mean AFM

tip radius [91, 92] as

E(jω) =
Fz(jω)

2Rys(jω)
, (5.22)
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Figure 5.16: Indentation in the PDMS sample: (a) measured by using the proposed method;
(b) measured by using the conventional method; (c) the indentation difference between the
convectional measurement result and the proposed measurement one.
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Figure 5.17: The complex modulus of the PDMS sample: (a) the real part, and (b) the imaginary
part.

where R is the AFM tip radius (see Table. 5.1), and Fz(jω) and ys(jω) are the tip-sample

interaction force and the indentation in the PDMS sample, respectively. The obtained storage

modulus (the real part of E(jω)) and loss modulus (the imaginary part of E(jω)) are plotted

in Fig. 5.17. As shown in Fig. 5.17, the instrument dynamics effect on the moduli quantified

was rather small—only a couple of small “spikes” appeared in the modulus plots. The value of

the moduli in the low frequency range (within a few hundred Hz) compared well with that ob-

tained in previous work [18, 19] (2-5 MPa). Note that the measurement frequency range (of the

viscoelasticity quantification of PDMS using AFM) presented in this work is much larger than

those reported in the literature. Therefore, the experiment results illustrate the efficacy of the

proposed indentation measurement for AFM-based broadband nanomechanical measurement.

To further validate the proposed broadband nanomechancial quantification, the proposed ap-

proach was also implemented to measure the detailed viscoelastic behavior of four different
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Table 5.2: Tested Polymer Samples
PDMS LDPE 1 LDPE 1 LDPE 1
Mw 2100 g/mol 0.87 g/cm3 0.89 g/cm3 0.93 g/cm3

2∼5 MPa 4∼5 MPa ∼70 MPa ∼70 MPa
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Figure 5.18: Experiment indentation, storage modulus, loss modulus and loss tangent on (a1)-
(a4) PDMS, (b1)-(b4) LDPE 1, (c1)-(c4) LDPE 2, and (d1)-(d4) LDPE 3.

types of polymer samples (a PDMS sample and three LDPE samples with different densities,

see Table 5.2). Specifically, the loss tangent of PDMS increases slowly from 0.07 to 0.12 in

measured frequency range (see FIG.5.18(a4)). This slow change of tan δ of PDMS shows that

the low dielectric energy dissipation of this polymer is resistant to the change of load frequency,

agrees well with previous studies on PDMS using nanoindenter (tan δ increased from 0.03 at

10 Hz to 0.2 at 10 kHz) [93]. The plot of tan δ of LDPE 1 (with the lowest density) reveals three

distinct viscoelastic regimes [94] (see FIG.5.18(b4)): 1) the gradual decrease of tan δ at low

frequencies (100 Hz to ∼ 2 kHz) caused by stiffening of the polymer surface, due to the lesser

amount of time available for molecular chain rearrangement; 2) the following flat portion of

tan δ at medium frequencies (∼ 2 kHz to 3.5 kHz) associated with the stabilizing of the molec-

ular configuration produced in the previous decrease of tan δ; and 3) the increase of tan δ at

high frequencies caused by localized softening of amorphous phase, due to the greater amount
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of energy dissipation as the increase of loss modulus and free volume in the contact region.

With the increase of mass density (see Table 5.2), the shape of tan δ plot changed substantially

towards lower value for LDPE 2 and 3. Such a dramatic variation is caused by overall shift

of the tan δ—frequency curve due to the molecular changes, including change of crystallinity,

molecular weight, and length of molecular chain. Furthermore, the results also suggested that

higher density LPDE samples possessed higher resistance to loading frequency increase as the

relative changes of tan δ for LDPE 2 and 3 over the measurement frequency range were much

smaller than that of LPDE 1 (45.2% and 24.6% compared to 87.5%, respectively). Note that

the temperature–frequency equivalence of viscoelasticities of polymers implies that the pro-

posed technique can also be employed as an alternative approach to interrogate the temperature

dependence of nanomechanical properties of polymers [95]–the band-limited white-noise ex-

citation shown in Fig. 5.7 draws strong similarity to the thermal vibration of materials over a

broad range temperature variation [95]. Moreover, this technique is readily to be applied to

other soft materials as well, such as few-layer graphene [96]. We expect that the measured fre-

quency range (or equivalently, the accuracy of the indentation measured over a larger frequency

range) can be substantially increased by using the proposed approach (care must be taken to

minimize the substrate effect). Therefore, the experiment results illustrate the efficacy of the

proposed indentation measurement for AFM-based broadband nanomechanical measurement.

5.3 Accurate Indentation Quantification in In-liquid Nanomechanical Measure-

ment of Soft Material Using Atomic Force Microscope: Rate-dependent Elas-

tic Modulus of Live Cell

Cell morphology serves for its specialized function [97]. However, in some physiological and

pathophysiological events (i.e., epithelial-mesenchymal transition), cells change their morphol-

ogy due to dynamic remodeling of internal cellular cytoskeleton in response to external physi-

cal force stimuli or internal reprogramming of genes expression profiles. More importantly, the

morphological alterations are considered as important diagnostic indexes in the progression of

numerous diseases such as fibrosis, cancer initiation and metastasis. Many studies have demon-

strated that the alteration of cell shapes is associated with the change of mechanical properties
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[98, 99]—Morphological alteration will affect mechanical integrity of the cell. Conversely,

mechanical properties (i.e stiffness) of the cell also reflect upon the dynamics of underlying

molecular activities and cell behaviors [100]. Therefore, detection and quantification of cell

mechanical properties will help to predict the ongoing changes of cell morphology, function

and fate.

Epithelial-mesenchymal transition (EMT) is an important biological event during embry-

onic development and cancer progression [101, 102]. During the EMT process, epithelial cells

lose adherent and tight junctions, prompting morphological alterations towards an invasive mes-

enchymal phenotype. However, biomarkers that quantify and predict cells predisposition to

EMT are lacking. The proposed control-based technique using AFM provides the ability to

quantitatively monitor the cellular viscoelastic behavior in real time [103]. In this study, we

used serum-starvation to treat HeLa cells, human cervical epithelial cancer cell line, mimick-

ing initiation of EMT and evaluating the dynamics of cell stiffness. The morphology of HeLa

cells was changed towards mesenchyme-like shape after serum deprivation for one day owing

to decrease of E-Cadherin, a key component involved in the formation of adherens junction, at

cell-cell junctions [104]. Indeed, our experimental results demonstrate that the rate-dependent

elastic modulus of these stressed cells was also strikingly decreased compared to that of un-

stressed cells towards those of murine embryonic fibroblasts (MEF), mesenchymal cell line,

indicative of their acquisition of mechanical characteristic as similar as MEFs. This quantifi-

cation is consistent with the altered morphology. Thus, these finding suggests that the control-

based indentation and nanomechanical quantification possesses great potential to quantify and

even predict cell fate during the EMT process.

5.3.1 Control-based Approach to Accurate Indentation Measurement of Live

Cell

We start by discussing the fundamental limits of conventional method to in-liquid indentation

measurement of soft materials like live cell.

By modeling the probe-sample interaction as a spring-dashpot system under Assumptions 6

to 8 (see Fig. 5.4), the dynamics model of the rotational motion of the cantilever with respect
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to its fixed end is

Jθ̈(t) = Lkeqv(zes(t)−∆z(t))−Mhs(t), (5.23)

In Eq. (5.23), “Lkeqv(zes(t)−∆z(t))” is the moment acting on the cantilever caused by the tip-

sample interaction, and Mhs(t) is the moment due to the hydrodynamic force exerting on the

cantilever beam. As during the in-liquid force-indentation measurement the Reynolds number

Re is very small ( Re ≪ 1) (for the cantilever velocity is at most tens of µm/s) [1, 31], the

hydrodynamic force is proportional to the velocity of the cantilever, i.e.,

Mhs(t) =

∫ L

0
Cdwxvs(x, t)dx, (5.24)

where Cd and w are the drag coefficient of the liquid and the width of the cantilever, respec-

tively. x and vs(x, t) denote a point on the cantilever with respect to the fixed-end and the

velocity of the cantilever at that point, respectively. Previous work in [1, 105, 31] has shown

that for AFM cantilever operations on live cell, the hydrodynamic-force-generated moment

Mhs(t) can be adequately approximated by that of an equivalent force Fhs(t) exerting at the

free end of the cantilever, i.e., Mhs(t) = LFhs(t), where the equivalent-hydrodynamic force

Fhs(t) depends on the absolute velocity of the cantilever, which in turn, can be written as the

summation of the velocity of the indentation and that of the cantilever deflection,

Mhs(t) ≈ LFhs(t), with Fhs(t) = Cd(ḋs(t) + ∆̇z(t)), (5.25)

where Cd is the equivalent drag factor of the liquid—independent to the tip-sample interaction

[105, 106] (for cell culture media, Cd ranges between 0.2 and 0.5 µN·s/m [1]).

By the small motion assumption (Eq. (5.14)), and invoking the definition of cantilever de-

flection, d(t) = zb(t)− ze(t) (see Eq. (5.23)), the above Eq. (5.23) can be rewritten in terms of

deflection as
1

αL
Jd̈s(t) = Lkeqv(zbs(t)− ds(t)−∆z(t))−Mhs(t). (5.26)

Therefore, the indentation in the soft sample, ∆z(t), can be computed as

∆z(t) = zes(t)−
J

αL2keqv
d̈s(t)−

1

Lkeqv
Mhs(t)

= zbs(t)− ds(t)−
J

αL2keqv
d̈s(t)−

1

keqv
Fhs(t). (5.27)
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In the conventional method (e.g., [1, 105]), the indentation is measured as the displacement

difference between the base and the free-end of the cantilever on the soft sample, i.e.,

∆̂z(t) = zbs(t)− ds(t), (5.28)

where ∆̂z(t) denotes the indentation measured by the conventional method. Thus, Eq. (5.27)

implies that the conventional method (Eq. (5.28)) is valid only when the effects of both the

relative probe acceleration and the hydrodynamic force are small and can be ignored, i.e.,

d̈s(t) = 0, and Fhs(t) = 0. These two effects are negligible, however, only when the force

load rate is low and maintained at constant during the force-indentation measurement. Thus, the

conventional method becomes erroneous and should not be applied when measuring viscoelas-

tic behavior of soft material (including live cell) where excitation force of multi-frequencies

is applied, i.e., d̈s(t) ̸= 0, particularly as the excitation frequency increases. Even when the

base displacement of the cantilever is maintained at a constant-rate, żbs(t) = kl with kl > 0

a constant, the relative probe acceleration, due to the probe-sample interaction that leads to

indentation in the soft material, is nonzero unless the load rate kl is very small.

To be more concrete, the dynamics relating the cantilever base displacement to the can-

tilever deflection is analyzed. First, note that by the force balance at the contact point, the

indentation dynamics is given by (see Fig. 5.4 and Eq. (5.16)

ms∆̈z(t) + ξs∆̇z(t) + (ks + keqv)∆z(t) = keqvzes(t) = keqv(zbs(t)− ds(t)), (5.29)

To simplify the discussion but without loss of generality, the dynamics from the cantilever

base displacement to the cantilever deflection can be described in frequency domain as below,

by ignoring the hydrodynamic force and treating the parameters as constants (as will be dis-

cussed immediately below, the parameter variations can be accounted for by considering the

variations of the frequency responses thus caused),

Gz2d(s) =
Ds(s)

Zbs(s)
=

mss
2 + ξss+ ks

J
αL2keqv

mss4 +
J

L2keqv
ξss3 + ( J

αL2keqv
ks +ms)s2 + ξss+ (keqv + ks)

(5.30)

whereDs(s) and Zbs(s) are the Laplace transforms of ds(t) and zbs(t), respectively. The above

Eq. (5.30) is obtained by taking the Laplace transform of both Eqs. (5.27) and (5.29), and elim-

inating the indentation term.
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Figure 5.19: The (red) upper bound and (blue-dashed) lower bound of the frequency response of
the dynamics from the cantilever base displacement to the cantilever deflection, corresponding
to “hard” cell (red blood cell) and “soft” cell (fibroblast cell), respectively.

To quantify the Gz2d(s) dynamics in Eq. (5.30), we set, α = 1, and based on the values

reported in the literature for soft and hard mammalian cells, respectively [1, 107], we choose

ms ∈(34.7, 0.5) pg, ξs ∈(0.4, 0.007) Ns·m−1 and ks ∈ (0.003, 0.24) N/m, respectively. Using

these parameter ranges and accounting for mechanical properties of live cells (e.g., the largest

mass and damping ratio are accompanied with the smallest spring constant [1]), the upper and

lower bounds of the frequency response of Gz2d(s) can be obtained, as shown in Fig. 5.19. It

can be seen that even for hard cells (e.g., human red blood cell with Young’s modulus ∼70 kPa

[108]), Gz2d(s) is constant only for frequencies below ∼10 Hz. This implies that for conven-

tional indentation measurement to be valid, the load rate of the triangle force profile—used

in usual force indentation measurement—needs to be below 2∼3 Hz. This load rate limit be-

comes extremely small when the sample becomes softer—below 0.01 Hz for fibroblast cell

with Young’s modulus ∼1 kPa. Thus, it is evident that the relative probe acceleration effect

is pronounced in nanomechanical measurement of a broad range of soft materials, including

almost all live cells—The conventional indentation measurement is largely erroneous for these

soft materials.

Next we discuss that for live cell measurement, the hydrodynamic force effect [109, 31,

106] on indentation quantification is much less than the relative probe acceleration effect. It

can be estimated by using Eq. (5.25) that for force load velocity usually employed in nanome-

chanical property measurement of live cell ranging between 0.05 µm/s to 60 µm/s (for load rate

between 0.1 to 100 Hz), the hydrodynamic force is within the range of 0.025∼30 pN. However,

the equivalent force due to the relative probe acceleration, J
L2 d̈s(t), is around 10 pN∼1 nN,

more than 30 times larger than the hydrodynamic force. Thus, it is clear that the relative probe
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acceleration has a dominate impact on the indentation measurement of soft material including

live cell.

In summary, the conventional indentation measurement fails to account for both the relative

probe acceleration and the hydrodynamic force effects, thereby is largely erroneous for not only

most elastic modulus measurement (with constant load rate), but also broadband nanomechan-

ical measurement (with multi-frequency excitation force) of soft materials in liquid.

A Control-based Method to Accurate Indentation Measurement of Live Cell In-liquid

We propose a control-based approach that overcomes the limits of the conventional method.

Specifically, the proposed approach amounts to (1) using a hard reference sample; and (2)

tracking the same excitation force profile (i.e., the same cantilever deflection) on both the live

cell and the hard reference.

Note that although by Eq. (5.27), the relative probe acceleration effect, J
αL2 d̈s(t), might be

accounted for directly by using the measured cantilever deflection signal ds(t), significant un-

certainties can be induced as it is very challenging (if not completely impossible) to accurately

calibrate and quantify the inertia of the cantilever, J , and the effective spring constant, keqv,

as both parameters depend on the cantilever geometric configuration and the probe geometry.

Moreover, the calibration process itself is time consuming and prone to external disturbances.

Instead, the proposed approach removes the relative probe acceleration effect with no need to

calibrate/quantify these parameters. As the indentation becomes negligible (compared to that

on the live cell) on the hard reference sample (e.g., silicon, with elastic modulus several or-

ders higher than that of live cell), the dynamics of the cantilever during in-liquid probe-sample

interaction on the hard reference is reduced to (see Fig. 5.5),

J

αL
d̈h(t) = Lkeqvzeh(t)−Mhh(t), (5.31)

where the subscript ‘h’ denotes the variables are with respect to the hard reference sample.

Combining Eq. (5.27) with (5.31) yields the indentation as

∆z(t) = zes(t)− zeh(t) +
J(d̈h(t)− d̈s(t))

αL2keqv
+
Mhh(t)−Mhs(t)

Lkeqv

= zbs(t)− zbh(t) + dh(t)− ds(t) +
J(d̈h(t)− d̈s(t))

αL2keqv
+

(Fhh(t)− Fhs(t))

keqv
.(5.32)
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The above Eq. (5.32) implies that the relative probe acceleration can be completely removed

by ensuring accurate tracking of the same desired cantilever deflection trajectory on both the

live cell and the hard reference, i.e., dh(t) = ds(t), and thereby, the indentation is given by

∆z(t) = zbs(t)− zbh(t) +
(Fhs(t)− Fhh(t))

keqv
. (5.33)

As discussed above, the contribution of the hydrodynamic force to the indentation is rather

small (at most a few nm, compared to a few hundred nm of indentation in usual live cell mea-

surement [1, 110]). Moreover, the above Eq. (5.33) shows that the hydrodynamic force effect

is further reduced as only the difference of the hydrodynamic force (soft vs. hard sample) con-

tributes to the indentation. To quantify the reduction, we estimated the relative hydrodynamic

force difference (i.e., the ratio of Fhs(t) − Fhh(t) to Fhs(t)) by using Eq. (5.25) and the can-

tilever displacement data obtained on a fibroblast cell, as shown in Fig. 5.20 as a function of

force load rate. It is clear, from Fig. 5.20, that the hydrodynamic force effect is reduced by over

45 % when force load rate is higher than 50 Hz (corresponding to force load speed of 30 µm/s

with a total piezo displacement of 460 µm), and even more as the force load rate increases

further, pointing to an advantage of the proposed approach for nanomechanical measurement

of live cell with relatively high load rate (e.g., a few hundreds Hz).

Therefore, the proposed approach not only significantly improves the accuracy of inden-

tation measurement on soft materials like live cell in liquid, but also is not limited to force

measurement of constant drive rate only, and equally applicable to broadband nanomechan-

ical measurement as well, i.e., the excitation force profile can be virtually chosen freely as

any signal of bounded time-derivative, e.g., a band-limited white noise for rapid broadband

nanomechanical characterization [111, 17].

MIIC technique [32] (see Eq. (5.21)) is implemented to to ensure precision tracking of the

same desired cantilever deflection trajectory on both the live cell and the hard reference. Care,

however, shall be taken when implementing the MIIC algorithm to live cell measurement as

iteration is involved to obtain the control input (to the piezo actuator) to ensure the tracking

of the same excitation force on both samples—applying the force stimuli repetitively at the

same location of the live cell might deform and damage the cell membrane. Thus, instead of

seeking accurate tracking of a pre-specified desired excitation force on both the live cell and
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the hard reference, we use the cantilever deflection measured on the live cell (during the force

measurement) as the desired force profile to be tracked on the hard reference, i.e., iteration is

only needed for deflection tracking on the hard reference. Alternatively, we realize that the

force applied on the live cell may not maintain the desired constant force load rate. This issue

can be alleviated by applying the MIIC technique to the force-distance curve measurement on

a hydrogel sample with elastic modulus similar to the live cell to be measured (i.e., the elastic

modulus is within the same order), and obtaining the input signal to achieve accurate excitation

force tracking on the hydrogel. Then, by applying the obtained input to the measurement on

the live cell, the desired force profile can be tracked closely as well.

5.3.2 Experimental Measurement of Rate-dependent Elastic Modulus of Live

Cells

In this part, we present the implementation of the above proposed control-based technique to

investigate the effect of the nutrient-deprivation process on mechanical property of live mam-

malian cell. Specifically, the proposed technique is employed to measure the indentation (and

thereby, the elastic modulus) of live HeLa cells, nutrient-deprived HeLa cells, and fibroblast

cells when the force load rate is changed by three orders of magnitude. The outcome of the

following experimental results shed light on the application of the proposed technique to study

mechanical evolution of dynamic cellular processes such as the EMT process. We realize that

HeLa cells are pathological in their properties. However, HeLa cell served well as an example

in this experiment to illustrate the proposed approach. Moreover, the experiment provided pilot

data to explore future implementation of the proposed approach to cancer-related studies.
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Figure 5.20: Relative reduction of the hydrodynamic force.
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Cell Preparation

MEF cells and HeLa cells were maintained in DMEM (Mediatech Cat.10017CV) supplemented

with 10% fetal bovine serum (FBS, Sigma, Cat. F6178) and 1% penicillin/streptomycin (Gibco,

Cat.15070063). For AFM detection, 5 × 105 HeLa cells were seeded onto Collagen I-coated

glasscover (BDbiosciences, Cat. 354089) in 6-well plate and grew to complete confluence

overnight. Next morning, HeLa cells were washed with sterile 1xPBS for three times and then

cultured in DMEM with or without 10% FBS for one more day before detection.

Experimental Setup

A triangle excitation force profile with constant load and unload rate (as employed in usual

force-distance curve measurement) was applied as the desired force profile, and the load rate

was varied over four orders of amplitude from 0.1 Hz to 100 Hz (see the Results part below for

the ten different load rates tested), corresponding to the force velocity of 0.01 µm/s to 59 µm/s.

For ease of implementation, the amplitude of the input voltage (to the piezo actuator)

was kept the same during the force-displacement measurement on the HeLa cell while the

load/unload rate is changed. Then the applied force and the indentation generated were mea-

sured and used in the Hertz contact model [112, 113] to compute the elastic modulus at that

load rate:

Fz =
4

3

E
√
R∆3

z

1− ν2
, (5.34)

where R is the tip radius, and E and ν are the Young’s modulus and the poisson ratio of the

live cell, respectively.

A cantilever of normal spring constant of 0.01 N/m was used in the experiments. As listed

in Table 5.3, the specification of the cantilever ensures that Assumptions 6 to 8 were satisfied

in the experiments (where the resonant frequency is experimentally calibrated for in-liquid

cantilever oscillation).

Before the indentation measurement, an AFM image of the HeLa cell topography was

acquired under contact-mode (scan rate: 0.2 Hz, scan size: 20 µm × 20 µm), as shown in

Fig. 5.21. Then the elastic modulus measurements were conducted near the center of the nuclei

of the cell (as marked by the red cross in Fig. 5.21). Note that the center of the cell was
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Figure 5.21: AFM topography image of the HeLa cell: (a) height; and (d) deflection error,
where the cross marks the location at which the force-curve measurements were executed.

chosen–as commonly done in other nanomechanical measurements of live cell using AFM (e.g.,

[114, 115, 105]), to (1) eliminate the substrate effect, and (2) make the comparison between

different cells easy and less prone to measurement uncertainties.

To quantify the elastic modulus of the HeLa cell and stressed HeLa cell, a triangle voltage

signal was sent to drive the z-axis piezo actuator of the AFM system during the force curve

measurement on the cell, and the load/unload force rate (i.e., the frequency of one entire push

and retract operation) was varied between 0.1 Hz and 100 Hz for the following 10 different

values (while the amplitude of the signal is maintained the same): {0.1, 0.2, 0.5} × k Hz

(k = 1, 10, 100) and 100 Hz. To minimize the distortion to the cell membrane, the triangle

drive was applied for only one or two periods when the force load rate was lower or higher than

50 Hz, respectively. The drive inputs were applied successively separately with a separation

time of ∼ 3 min between each to allow the cell to recover from the previous force stimuli. For

each load rate, the excitation force exerted (i.e., the cantilever deflection) on the live cell was

measured and regarded as the desired excitation force profile to be tracked on the hard reference

sample (a silicon sample). Then the MIIC technique was utilized to achieve accurate tracking

of the given desired force profile for each load/unload rate. The iteration was terminated when

the relative-RMS-tracking error of the cantilever deflection is smaller than 3%. Finally, the

Table 5.3: Specifications of the AFM-probe used in the experiments
Geometry Triangular Tip Radius 20 nm
Spring Constant 0.01 N/m Tip Height 5 µm
Length 310 µm Thickness 0.55 µm
Width 20 µm Resonant Frequency 2.17 kHz
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indentation was quantified as the difference of the cantilever base displacement on the silicon

sample from that obtained on the HeLa cell. For the force load rate employed in this study (<

100 Hz), the dynamics of the z-axis piezo actuator and that of the cantilever fixture (connecting

the cantilever to the z-axis piezo actuator) were not excited, and hence, the cantilever base

displacement can be directly measured from the z-axis sensor (that measures the z-axis piezo

actuator displacement).

To study the effect of the stress process on the elastic modulus of HeLa cell, the above

protocol to indentation and nanomechanical measurement was applied to the stressed HeLa

cell as well. Furthermore, to evaluate the accuracy and consistency of the method, the above

indentation and nanomechanical measurement protocol was repeated on other eleven HeLa

cells and sixteen stressed HeLa cells.

5.3.3 Results & Discussion

Indentation Measurement Using the Control-based Protocol

We first show the indentation of the live HeLa cell measured by using the proposed control-

based protocol. Central to this protocol is to ensure accurate tracking of the same excitation

force profile on both the cell and the silicon sample. Such an accurate tracking has been main-

tained (via the use of the MIIC technique [32]) across all the load/unload force rates. As an

example, the tracking of the excitation force profile (measured on the HeLa cell) on the silicon
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Figure 5.22: (a) The cantilever deflection tracking results (1st and 3rd iterations) on the silicon
sample; (b) the zoomed-in view of the tracking results for 2 ms; and (c) the tracking error.
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Figure 5.23: (a) The cantilever base displacement on HeLa cell and the silicon sample at 0.5Hz;
(b) the cantilever base displacement on HeLa cell and the silicon sample at 20Hz; (c) the can-
tilever base displacement on HeLa cell and the silicon sample at 100Hz; and indentation quan-
tified (d) at 0.5Hz,(e) at 20Hz, and (f) at 100Hz.

sample for the load rate of 50 Hz is shown in Fig. 5.22. The need of control and the efficacy of

the MIIC technique to compensate for the relative probe acceleration and other adverse effects

are pronounced in Fig. 5.22: Initially the cantilever deflection measured on the silicon sample

was largely different from that measured on the HeLa cell—the relative RMS tracking error was

at 23.4%. With the use of MIIC technique, such a large tracking error was dramatically reduced

to 2.83% after merely three iterations. Same level of tracking precision (< 3%) was maintained

across all other 9 different load rates and during the measurements of all cells. We note that the

remaining error was mainly a static offset (see Fig. 5.22(c)), which was due to the small drift of

the cantilever probe in liquid. Thus, by the proposed protocol, the indentation in the HeLa cell

was obtained directly from the difference of the cantilever base displacement trajectory on the

HeLa cell from that on the silicon sample. As examples, the cantilever base displacement tra-

jectory on both samples and the corresponding indentation measured were plotted in Fig. 5.23

for the load rates of 0.5 Hz, 20 Hz, and 100 Hz, respectively. Note that as we discussed before,

as even the highest load rate (100 Hz) was still far below the resonance of the z-axis piezo

actuator and the cantilever fixture (for the AFM system used in this work, around 5.6 kHz

and 4.3 kHz, respectively), the effects of these two dynamics were negligible—As shown in

Fig. 5.23 (top row), the cantilever base displacement measured on the HeLa cell followed the

triangle profile of the input voltage very closely, whereas on the contrary, the cantilever base

displacement measured on the silicon was largely deviated from the input triangle profile, re-

flecting the compensation for the relative probe acceleration and the cell viscoelasticity effect

(on the cantilever deflection).
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Indentation Measurement Errors of Conventional Method

Next, we present experimental results that demonstrated the limits of conventional indenta-

tion measurement. As an example, the cantilever base-deflection curve on the cell is plotted

in Fig. 5.24 for load rate of 0.5 Hz, 20 Hz, and 50 Hz (top row), respectively, along with the

corresponding indentation-force plot obtained by using the proposed control-based protocol

compared to those by using the conventional protocol at these three rates (bottom row).

The measurement errors of the conventional method are evident, particularly when the force

load rate increased and became relatively high. When using the conventional method, the can-

tilever base displacement needs to be greater than the cantilever deflection during the probe-

sample interaction for the indentation obtained to be positive [1, 105] (see Eq. (5.28)), i.e., the

base-deflection plot should stay above the dashed-line of unit slope in Fig. 5.24 (a1) to (a2).

However, the base-deflection curve crossed below the unit-slope line when the load rate was

increased to 20 Hz and then further to 50 Hz, respectively. As a result, the indentation mea-

sured by the conventional method became largely erroneous as the force load rate increased.

As shown in Fig. 5.24 (b1) to (b3), the indentation measured by using the conventional method

was closed to that measured by the proposed method at low load rate of 0.5 Hz, but then de-

creased with the force load rate increase and became negative during the initial portion of the

measurement as the load rate increased to 20 Hz, and even more so at 50 Hz—the decrease of

indentation with the force increase and negative indentation contradicted the physical reality.

Therefore, the experimental results clearly demonstrated the limit of conventional method for

force-indentation (nanomechanical) measurement of live cell.

The measurement error of the conventional method was further investigated along with

the analysis of Sec. II-A. First, the indentation caused by the relative probe acceleration,

J
αL2keqv

d̈s(t) (choose α = 1), was quantified by using the measured cantilever deflection and

nominal cantilever geometric values (see Table 5.3), and then added to the indentation measured

by the conventional method. As shown in Fig. 5.24 (b1) to (b3), with such a modification, the

difference between the indentation measured by the conventional method and that by the pro-

posed method was largely reduced—The difference was almost completely removed at load

rate of 0.5 Hz, and the modified indentation was almost completely positive even at load rate of
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Figure 5.24: Indentation measured by using the conventional method:(a1)-(a3) cantilever
deflection—base displacement curve on HeLa cell and the silicon sample at 0.5 Hz, 20 Hz,
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dentation measured by using the conventional method, the proposed approach and the corrected
conventional results with taking the relative probe acceleration into account at 0.5 Hz, 20 Hz,
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50 Hz. Thus, the experimental results showed that the relative probe acceleration effect played

a significant role in the conventional indentation measurement. We noticed that residual differ-

ence existed between the modified indentation and that measured by the proposed method. The

residual difference most likely was due to the uncertainty of the cantilever parameter values (J

and L) used in computing the relative probe acceleration effect. Moreover, the relative probe

acceleration effect was also compared to the hydrodynamics force effect for all the 10 mea-

sured frequencies in Fig. 5.25, where b(0)=0.4 µN·s/m was used in Eq. (5.25). It is clear that

the indentation caused by the relative probe acceleration was much higher than that caused by

the hydrodynamics force across all tested load rates (about 30∼50 times higher). Hence, our

experiment demonstrated the incapability of the conventional indentation measurement raised

from the ignorance of both the relative probe acceleration as load rate increased and the hydro-

dynamic force effect.

It is evident, from the experimental results, that the conventional protocol cannot accu-

rately measure the indentation of live cell in liquid upon high force load rate (i.e., when the

relative probe acceleration becomes pronounced)—as needed to study the rate-dependent vis-

coelasticity of live cell.
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Rate-dependent Elastic Modulus of HeLa Cell

With the proposed control-based protocol to indentation measurement established by the ex-

periment results, we present next the rate-dependent elastic modulus measurement results.

First, the indentation-force curves for the nine load rates tested in the experiment are shown

in Fig. 5.26. The rate-dependence of the viscoelasticity of HeLa cell is evident—the slope of

the indentation-force curve consistently decreases with the increase of the load/unload rate,

reflecting that the HeLa cell “behaves” stiffer when the excitation force is exerted on the cell

membrane at higher rate—agreeing with both the previous observations (e.g., [112]) and the-

oretical modeling study (e.g., [110]). The increasing viscoelastic behavior of the HeLa cell

upon increasing force load/unload rate can also be seen from the indentation-force relation be-

ing less linear with higher load/unload rate. Moreover, we realize that as the amplitude of the

input voltage (to the z-axis piezo actuator) is kept the same for each force load rate, thereby

the cantilever base displacement range (at 500 nm), is kept the same in all the force-distance

measurements on the HeLa cell (see Fig. 5.23, top row), the maximum indentation in the HeLa

cell should decrease while the maximum reaction force from the cell membrane (equal to the

applied force as the load/unload rate is very close to constant) should decrease—a direct re-

sult of the HeLa cell’s appearing stiffer upon force stimuli of faster load/unload rate—exactly

presented in Fig. 5.24. Note the load/unload speed corresponding to the ten load/unload rates

are varying between 0.01 µm/s (for 0.1 Hz) and 59 µm/s (for 100 Hz). Thus, the experimental

results show that the control-based protocol clearly captures the rate-dependence of the vis-

coelastic behavior of the HeLa cell.

Next, the force-indentation curve is utilized to compute the elastic modulus of the HeLa
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Figure 5.26: The indentation-force curves measured by using the proposed control-based pro-
tocol for nine different load rates between 0.1 Hz to 100 Hz.

cell at the ten different load rates via the Hertz model, where the maximum force-indentation

point is used for each load rate. The obtained elastic modulus is plotted in Fig. 5.27 with re-

spect to the load rate for the twelve different HeLa cells. Three observations are readily in-line:

(1). The measured values of the elastic modulus of the HeLa cell for low force load rates of

0.1 Hz to 5 Hz at 6.71 kPa to 20.76 kPa, compared well to the that reported in [116, 117] for

HeLa cell at ∼ 4-30 kPa for force load rate lower than 10 Hz. However, the measurements of

elastic modulus of live cell using force-displacement curve as reported in the literature are all

limited to low force load rate (< 10 Hz)—10 times lower than the load rate reported in this

work; (2). The elastic modulus–load rate plot (in logarithmic scale) in Fig. 5.27 clearly follows

a power law relation—the simple linear fitting results in E = 13.39 ω0.40±0.03 (kPa), as shown

in Fig. 5.27. Such a power law modulus-rate relation agrees with those results obtained on a

wide variety of live mammalian cells and via various micro-/nanorheology methods (see, e.g.,

review [118] and references therein) including force modulation using AFM [105, 110]. How-

ever, unlike those results using AFM [105, 110] that are all based on force modulation concept,

we report in this work, for the first time, such a power-law dependence via the quasi-static

force-displacement curve measurement over four orders of magnitude frequency span and up

to 100 Hz; (3). Fig. 5.27 also demonstrates that the measurement results are highly consistent—

the standard deviation is between 4.6% (at 50 Hz) and 11.2% (at 100 Hz). The effect of the

static preload force was applied in the experiment that substantially reduced the uncertainty of

the initial contact point on the cell is also determined to be small: the preload applied is kept

small (< 50 pN), and the comparison of the indentation measured under three different preload

levels (50pN, 80pN, and 100pN) across the 10 different load rates shows that the variations of
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the indentation measured across these three different preload are small across all the load rates

at less than 8%.

Effect of the Serum-Starvation Process on the Elastic Modulus of HeLa Cell

Finally, the rate-dependent elastic modulus of the HeLa cell before and after the stress-process

are compared. The elastic modulus for the ten different load rates measured on sixteen differ-

ent HeLa cells after the stress-process (called “stressed HeLa cells” in the figures) is plotted in

Fig. 5.28, and is compared with that before the stress-process in Fig. 5.29. Three observations

can be drawn also: (1). Similar power-law dependence of the elastic modulus on the load rate

(frequency)—as observed for HeLa cells before the stress-process (Fig. 5.27)—also holds for

the HeLa cells after the stress-process (E = 5.48 ω0.26±0.01 (kPa)). Thus, this result also sup-

ports the statement that “the power law behavior and scale-free rheology are a common feature

of cell mechanics” [118]. (2). As for the HeLa cells before the stress-process, the measured

modulus results are highly consistent. The standard deviation of the measured modulus among

the 16 stressed HeLa cells is between 4.29% (at the load rate of 10 Hz) and 12.19% (at the load

rate of 20 Hz). And (3). The dramatic effect of the stress-process on the mechanical proper-

ties of the HeLa cell is evident. As shown in Fig. 5.29, the reduction of the elastic modulus

induced by the stress-process is substantially larger than the different-cell-caused variations

of the modulus, and there is no overlap between the elastic modulus of the HeLa cell before

the stress-process and those after the stress-process across all 10 load rates. Moreover, the

stress-process-caused reduction of the elastic modulus becomes even more significant as the
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load rate increases. For example, the mean value of elastic modulus at the load rate of 100 Hz

reduced by 5.07 times after the stress-process. Note that experiments have also been conducted

to excluded other potential causes to such a significant change of elastic modulus, including

aging of the HeLa cell. The experiments were repeated on HeLa cells that were kept in the

same incubator environment along with those HeLa cells under going the stress process. The

measurement elastic modulus values were similar to those measured on the un-stressed HeLa

cell without one more day incubation (The difference is within the standard deviation at each

measured frequency). Thus, this result is among the first that measures the stress-process effect

on the elastic modulus of HeLa cell for load rate of four orders of magnitude range and up to

100 Hz.

Cellular cytoskeleton determines cell morphology and mechanical properties [119, 120].
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The highly organized cytoskeleton is dynamically regulated by internal genetic and external

physical or biochemical cues. Therefore, the dynamics of cytoskeleton will affect cell morphol-

ogy and mechanical properties. E-Cadherin complexes form adherens junctions and transduce

mechanical forces via association with actin cytoskeletal networks [121]. Once the number

of adherens junctions reduced (i.e. in serum starvation), the integrity of original cytoskeleton

will be compromised and consequently influence local mechanical properties. Here, our result

verifies the elasticity of HeLa cells were decreased when they acquired mesenchyme-like phe-

notype owing to loss of cell-cell junctions. In fact, many studies have elucidated the elastic

modulus of cells can be shaped due to cellular cytoskeleton reorganization during the process

of cell proliferation, differentiation, and transformation [100, 98, 122, 99]. For example, inva-

sive tumor cells become mechanically soft when they lose connection to their neighbors [123].

Highly metastatic cells have more reduced stiffness due to actin cytoskeleton remodeling com-

pared to less invasive parental cells[124]. Thus, accurate quantification of cell mechanical

properties provides a novel window to evaluate the cell predisposition and fate. Taken together,

cell mechanical properties are one of important epigenetic parameters and also important in-

dices which can be utilized to quantitatively assess cell function, plasticity and fate.

5.4 Conclusion

In this chapter, we have developed a control-based approach to broadband and in-liquid nanome-

chanical property quantification of soft material using AFM. The limits of the conventional

indentation measurement have been discussed to clarify the adverse effects of the cantilever-

fixture dynamics and the lateral-vertical cross-axis coupling dynamics for broadband quantifi-

cation and the cantilever acceleration effect for in-liquid measurement, and the probe-sample

interaction dynamics nanomechanical measurement has been analyzed. Then the measured

frequency responses of the AFM instrument dynamics and advanced control techniques were

utilized to compensate for the adverse effects for broadband quantification. Based on the anal-

ysis it has been proposed to track accurately the same broadband excitation force profile (i.e.,

the same cantilever vertical deflection) on both the soft sample and the hard reference one dur-

ing the nanomechanical measurement, and then measure the indentation from the difference of
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the cantilever base displacements obtained on both samples. The recently developed modeling-

free inversion-based iterative control technique was employed to accurately track the excitation

force of rich frequency spectrum. Experimental results of broadband nanoindentation measure-

ments on polymer samples and rate-dependent elastic modulus quantification of both live HeLa

cell before and after nutrient-deprivation and fibroblast cells demonstrated the efficacy of the

proposed method.
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Chapter 6

Conclusion

In this dissertation, a suite of control-based approaches have been developed for high-speed

probe-based rapid broadband nanomechanical spectroscopy and high-speed imaging of soft

and biological materials.

1. An adaptive contact-mode (ACM) imaging technique is proposed to achieve high-speed

contact-mode (CM) imaging with near minimal contact force. The sample topography

during CM-imaging was accurately quantified using both the z-piezo displacement and

the cantilever deflection, and then the quantified sample topography was utilized in an

iterative feedforward control scheme to achieve precision tracking of the sample topog-

raphy during high-speed scanning, and in a gradient-based optimization scheme to adjust

the deflection set-point line-by-line around the minimal level. The efficacy of the pro-

posed ACM was demonstrated by imaging a silicon calibration sample at varies scan

sizes and speed. The comparisons of the sample topography tracking performances and

the normal forces between the proposed ACM imaging data and the CM-imaging re-

sults clearly showed that the imaging speed was significantly increased by 30 folds over

large-size imaging, and the normal force was substantially reduced by using the proposed

ACM technique.

2. Adaptive Multi-loop mode (AMLM) imaging is presented to substantially improve the

speed of tapping-mode imaging. The proposed AMLM imaging combines the cantilever

deflection control in CM imaging with the tapping amplitude control in TM-imaging,

while maintaining the tapping motion of the probe as in the TM-imaging. First, both the

z-piezo displacement and the TM-deflection are used to quantify the sample topography.

Then, a feedback control loop of inner-outer loop structure is augmented to regulate the

TM-deflection around the minimal-level for maintaining a stable probe tapping during
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the imaging, and a data-driven online iterative learning feedforward controller is inte-

grated to the feedback loop to further improve the tracking of the sample topography.

The efficacy of the proposed AMLM imaging was demonstrated by imaging a PtBA sam-

ple at different scanning speeds (25 Hz and 40 Hz) and different imaging sizes (50 µm

and 20 µm). The comparisons of the sample topography tracking performances, the av-

eraged tip-sample interaction forces, and the tapping-amplitude fluctuation between the

proposed AMLM imaging and the TM-imaging results showed that by using the pro-

posed AMLM imaging technique, the imaging speed was significantly increased by over

10 folds over large-size imaging, and the tip-sample interaction force was substantially

reduced.

3. An adaptive mode of in-liquid topography (AML) imaging has been developed to sub-

stantially improve the speed of in-liquid CM-imaging on live cells. In the proposed AML,

the imaging speed is optimized online based on real-time estimation of the sample defor-

mation, the tip-sample interaction force, as well as the sample topography variation rate,

and the sample topography is quantified using both the AFM z-axis piezo placement and

the cantilever deflection and then utilized in an iterative feedforward control scheme to

track the sample surface. To minimize the probe-sample interaction force, the deflection

set-point is adjusted line-by-line closely around the minimal level needed for maintaining

a stable tip-sample interaction. The AML was experimentally validated through imaging

live human prostate cancer (PC-3) cells at the average scan rates of 0.41 Hz and 0.86 Hz.

Compare to the conventional CM-imaging, the AML technique was able to increase the

imaging speed over four times while preserving the topography details of the live cells

by accurate tracking of the sample topography.

4. We have developed a control-based approach to broadband and in-liquid nanomechanical

property quantification of soft material using AFM. The limits of the conventional inden-

tation measurement have been discussed to clarify the adverse effects of the cantilever-

fixture dynamics and the lateral-vertical cross-axis coupling dynamics for broadband

quantification and the cantilever acceleration effect for in-liquid measurement, and the

probe-sample interaction dynamics nanomechanical measurement has been analyzed.
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Then the measured frequency responses of the AFM instrument dynamics and advanced

control techniques were utilized to compensate for the adverse effects for broadband

quantification. Based on the analysis it has been proposed to track accurately the same

broadband excitation force profile (i.e., the same cantilever vertical deflection) on both

the soft sample and the hard reference one during the nanomechanical measurement, and

then measure the indentation from the difference of the cantilever base displacements ob-

tained on both samples. The recently developed modeling-free inversion-based iterative

control technique was employed to accurately track the excitation force of rich frequency

spectrum. Experimental results of broadband nanoindentation measurements on polymer

samples and rate-dependent elastic modulus quantification of both live HeLa cell before

and after nutrient-deprivation and fibroblast cells demonstrated the efficacy of the pro-

posed method.

The most promising direction of future research on probe-based nano-quantification for soft and

biological materials is to achieve high-speed simultaneous measurement of sample morpholog-

ical characterization and mechanical properties quantification at nanoscale. As the correlation

between morphology and nanomechanical property of biological samples plays an important

role for thorough interpretation of biological phenomenon and biomedical study, future work

will be focused on combining the developed high-speed imaging schemes and nanoindentation

quantification approach as one single operation on AFM to achieve simultaneous quantification

of these two aspects of sample properties. However, the combination is not a simple addi-

tion of the proposed approaches. Control challenges, such as non-linear tip-sample interaction

dynamics and thermal drift for in-liquid measurement must be addressed.
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Appendix A

An Atomic Force Microscope Study Revealed Two Mechanisms in
the Effect of Anticancer Drugs on Rate-dependent Young’s

Modulus of Human Prostate Cancer Cells

Abstract

Mechanical properties of cells have been recognized as a biomarker for cellular cytoskeletal

organization. As chemical treatments lead to cell cytoskeletal rearrangements, thereby, modifi-

cations of cellular mechanical properties, investigating cellular mechanical property variations

provides insightful knowledge to effects of chemical treatments on cancer cells. In this study,

the effects of eight different anticancer drugs on the mechanical properties of human prostate

cancer cell (PC-3) are investigated using a recently developed control-based nanoindentation

measurement (CNM) protocol on atomic force microscope (AFM). The CNM protocol over-

comes the limits of other existing methods to in-liquid nanoindentation measurement of live

cells on AFM, particularly for measuring mechanical properties of live cells. The Young’s

modulus of PC-3 cells treated by the eight drugs was measured by varying force loading rates

over three orders of magnitude, and compared to the values of the control. The results showed

that the Young’s modulus of the PC-3 cells increased substantially by the eight drugs tested, and

became much more pronounced as the force load rate increased. Moreover, two distinct trends

were clearly expressed, where under the treatment of Disulfiram, paclitaxel, and MK-2206,

the exponent coefficient of the frequency-modulus function remained almost unchanged, while

with Celebrex, BAY, Totamine, TPA, and Vaproic acid, the exponential rate was significantly

increased.
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A.1 Introduction

Mechanical properties of live cells are known to be closely related to the cells’ growth stage

and functionality. Changes in mechanical properties have been recognized as an indicator of

pathological modifications of cells [125, 123, 126] and thereby, can serve as a biomarker for

cellular phenotypic events, for example, those associated with cell adhesion and cytoskeletal

organization [127, 128, 23]. In particular, as a response to the environmental and/or mechanical

condition variations, cell cytoskeleton undergoes dynamical rearrangements, which, in return,

further induces changes to the cellular mechanical properties [129]. Therefore, studies of me-

chanical properties of cells contributes to a better understanding of cells’ responses to chemical

treatments, including drug treatments of cancer cells. It has been reported that diseases such

as cancers alter the mechanical properties of the cells [125, 112, 130], and reversely, varia-

tions of mechanical properties of cancer cell caused by anticancer drugs may be employed to

evaluate the efficacy of these chemicals [131, 132]. Investigations of mechanical properties of

cancer cells can further help to unravel the physical mechanisms involved in cancer develop-

ment, progression and metastasis. Therefore, study of cellular mechanical properties becomes

an indispensable and critical component in the development of novel strategies for cancer pre-

vention and diagnosis.

Atomic force microscope (AFM) has become a powerful tool to study mechanical prop-

erties of single live cell owing to its unique capability in applying force stimuli and then,

measuring the response at specific locations in a physiologically friendly environment with

piconewton force and nanometer spatial resolutions [112, 1]. Specifically, AFM has been uti-

lized to investigate the evolution of cell mechanical properties caused by cell abnormalities

(e.g., cancers) and chemical treatments on cancerous cells [112, 129]. For example, it has been

found that the Young’s modulus of cancerous human epithelial cells tend to be substantially

lower than normal ones [126], the Young’s modulus of breast cancer cells increases monotoni-

cally with the increase of the force load rate [112], and after F-actin-disrupting drug treatment,

the average elastic modulus of fibroblast cells decreased distinctly [131]. However, these stud-

ies [112, 131, 126] have been limited to measuring static cellular mechanical behavior in low

frequency regions (with force load rate below 5 Hz) and small force amplitudes (below 2 nN).
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The dynamic mechanical behaviors of cancer cells in higher frequency regions, and the effects

of chemical treatments on the frequency-dependent viscoelastic behavior of cancer cells are

largely unknown. As chemical treatments lead to dynamical rearrangements of cell cytoskele-

ton, and thereby, dynamic evolution of mechanical properties of cells [131, 129], evolution of

dynamic mechanical behaviors of cancer cells provide insightful information to anticancer drug

development.

Studies of frequency-dependent biomechanical properties of live cells have been limited

by the capability of current AFM mechanical measurement techniques. Specifically, the limit

arises largely due to the current method to indentation measurement on AFM, by subtracting the

cantilever deflection from the cantilever base displacement [112, 105]. Significant errors and

uncertainties are induced in the indentation measured as the probe acceleration (with respect to

the fixed-end of the cantilever attached to the piezoelectric scanner) is ignored and the initial

contact point is largely uncertain [112, 105, 133, 134]. Particularly, the probe acceleration ef-

fect is pronounced and increases substantially when the measurement frequency increases. Al-

though the force-modulation method has been employed to measure the frequency-dependent

viscoelasticity of live cells [31, 135], by augmenting a sinusoidal oscillation to the load/unload

force profile of constant rate, the probe acceleration effect is completely ignored, and large un-

certainties exist in the indentation measured in the relatively high frequency region [133, 136].

Moreover, such an approach is further limited by the rather small amplitude of the dynamic

force applied (tens of peco newtons) applied—whereas to interrogate a variety of biological

responses of the cell, excitation force of much larger amplitude needs to be applied as the me-

chanical properties of live cells are amplitude dependent [137, 138]. Finally, the force modula-

tion method requires the oscillatory force to be repetitively applied at the same location at each

selected measurement rate in the measured frequency range. However, for live cells such a pro-

cedure is detrimental as the repetitive, same-location force exertion tends to deform and even

damage the cell membrane. It was also proposed to study mechanical characteristics of live cell

by quantifying the effective stiffness using a magnetic force modulation technique on AFM

[134]. Such a method, however, not only requires additional sample/ equipment preparation

(e.g., use of a home-built aluminum holder with vacuum grease to mount the sample), but also

does not quantify the cell stiffness (i.e., the Young’s modulus) directly [134]—Quantification of
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the Young’s modulus requires accurate measurement of the indentation. Since the force stimuli

applied and the corresponding indentation generated act as, respectively, the input and output to

the cantilever probe-sample interaction model, error in indentation measurement leads directly

to that in the mechanical property quantified—regardless the probe-sample interaction model

employed. Thus, it is crucial to accurately measure the indentation in mechanical studies of

live cell.

In this study, the effect of anticancer chemical compounds on the dynamic mechanical prop-

erties of human prostate cancer cell (PC-3) is investigated by using a newly developed control-

based nanoindentation measurement (CNM) protocol [133]. Eight distinct drugs, including

Disulfiram (DSF), paclitaxel (Taxol), Tomatine, BAY 11-7082 (BAY), vaproic acid (VPA),

12-O-tetradecanoylphorbol-13-acetate (TPA), Celecoxib, and MK-2206 (MK) are tested. Al-

though studies have shown the anticancer effects of these drugs, for example, proteasome in-

hibition and apoptosis process of breast cancer cells induced by DSF—a well-known drug for

alcoholism treatment [139], experimental examinations of these chemical compounds as an-

ticancer drugs are ongoing, and many questions remain unanswered. Therefore, studying the

dynamic mechanical property changes of PC-3 cells treated by these eight drugs may provide

insightful answers to the anticancer activities of these chemical compounds.

The CNM protocol [133] overcomes the limits of existing methods for in-liquid indentation

measurement of soft samples on AFM. By the CNM protocol, the indentation on the live cell

is measured by tracking the same excitation force profile (i.e., the same cantilever deflection)

on both the live cell and a hard reference, and then quantified from the displacement difference

of the cantilever fixed end on these two samples. The main advantage of the CNM protocol

is that by using a hard reference and more critically, accurately tracking the same force profile

on both the samples, the dominant adverse effect of the cantilever acceleration is completely

removed with no need for parameter calibration [133, 136]. Moreover, the hydrodynamic force

effect is substantially reduced, particularly at high force load rates (e.g., reduced by over 50%

when the force load rate is higher than 100 Hz). In this study, the rate dependent Young’s mod-

ulus of PC-3 cells was quantified using the CNM protocol by varying the load/unload rate of

the excitation force over three orders of magnitude from 0.2 Hz to 100 Hz, with the measured

indentation amplitude over 2 orders larger than the oscillatory amplitude in [31].
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A.2 Materials and Methods

A.2.1 Cell culture and treatment

PC-3 cells were obtained from the American Type Culture Collection (ATCC, Rockville, MD,

USA), and grown in RPMI-1640 culture medium containing 10% FBS that was supplemented

with penicillin (100 units/ml)-streptomycin (100 µg/ml) and L-glutamine (300 µg/ml). Cells

were cultured at 37◦C in a 5% CO2 incubator and passaged twice a week. To accommodate the

AFM measurements, the PC-3 cells were seeded at a density of 2.0 × 104 cells/ml in 60 mm

tissue culture dishes (5 ml/dish) and incubated for 24 hpurs. Then the cells in each dish were

then treated with solvent DMSO (2 µl/ml) or with each of the eight drugs dissolved in DMSO

for 24 hours before the AFM measurements.

A.2.2 MTT assay

PC-3 cells were seeded at a density of 2.0 ×104 cells/ml of medium in 96-well plates (0.2

ml/well) and incubated for 24 h. The cells were then treated with the various anticancer agents

for 72 h. After treatment, 200 µl 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazoliumbromide

(5 mg/ml in PBS) was added to each well of the plate and incubated for 2 h. After careful

removal of the medium, 0.1 ml DMSO was added to each well. The absorbance was recorded

on a microplate reader at 540 nm. The effect of different anticancer agents on cell viability was

assessed as viability percentage as compared to the DMSO-treated cells.

Immunofluorescence

Immunofluorescence staining was used to determine β-actin in PC-3 cells. Briefly, PC-3 cells

were seeded at a density of 2.0 ×104 cells/ml of medium in 60 mm culture dishes and incubated

for 24 h. The cells were then treated with MK or Celebrex for 24 h. Afterwards the cells were

fixed in acetone/methanol (1:1) for 10 min at room temperature and then incubated with β-

actin antibody (sc-47778, Santa Cruz Biotech Inc, Dallas, TX) overnight at 4◦C. Next the

cells were washed and incubated with Texas Red conjugated goat anti mouse antibody (115-

075-003, Jackson ImmunoRsearch Lab Inc, West Grove, PA) for 60 min at room temperature.
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Immunofluorescence staining was examined using a fluorescence microscope (Nikon Eclipse

TE200, Nikon Inc.).

A.2.3 Chemicals

The RPMI-1640 tissue culture medium, penicillin-streptomycin, L-glutamine and fetal bovine

serum (FBS) were acquired from Gibco (Grand Island, NY). Among the eight different drugs

tested in this study, Disulfiram (DSF), paclitaxel (Taxol), tomatine, BAY 11-7082 (BAY),

vaproic acid (VPA), and 12-O-tetradecanoylphorbol-13-acetate (TPA) were acquired from Sigma-

Aldrich (St. Louis, MO), and Celecoxib and MK-2206 (MK) were provided by the National

Cancer Institute’s Repository.

A.2.4 Control-based Elasticity Measurements

The recently-developed CNM protocol [133, 136, 140] was employed to measure the rate-

dependent Young’s modulus and frequency-dependent complex modulus of EA.hy926 cells.

The central issue is to measure the indentation in the live cell accurately, particularly during

high-speed and/or broadband nanomechanical measurements. Based on the analysis of the

cantilever dynamics during the nanoindentation measurement, the CNM protocol obtains the

indentation in the live cell, ∆z(t), as the difference of the displacement of cantilever base (i.e.,

the fixed end of the cantilever) on the cell, zbs(t), and that on a hard reference sample (e.g., a

silicon sample), zbh(t) [133],

∆z(t) = zbs(t)− zbh(t). (A.1)

The above indentation quantification requires that the same excitation force profile (i.e., the

same cantilever deflection trajectory) is tracked accurately on both the samples. The readers

are referred to Ref. [16] for details of the CNM protocol.

To ensure precision tracking of the same excitation force profile on both the live cell and the

hard reference, the CNM protocol utilizes iterative learning control techniques, for example, the

modeling-free inversion-based iterative learning control (MIIC) technique [32]. Specifically,

the control input applied to drive the AFM z-axis piezo actuator is obtained through iteration
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as follows:

u1(jω) = αdd(jω), k = 1,

uk+1(jω) =


uk(jω)

dk(jω)
dd(jω), when dk(jω) ̸= 0 and dd(jω) ̸= 0, k ≥ 1,

0, otherwise

(A.2)

where‘jω’ denotes Fourier transform. dd(·) is the desired cantilever deflection, α is a constant,

and uk(·) and dk(·) are the current input voltage to the AFM piezo actuator and the cantilever

deflection in the kth iteration, respectively. The control input uk(t) is obtained by taking Fourier

transform of the input and the output signals and applying the MIIC algorithm Eq. A.2, and then

the inverse Fourier transform afterwards. The MIIC algorithm has also been utilized to obtain

rapid broadband nanomechanical measurement on polymers in air recently [141, 142].

A.2.5 Atomic force microscope

Young’s modulus of the PC-3 cells was measured in the cell culture medium using a Dimension

Icon AFM (Bruker, Santa Barbara, CA) equipped with a fluid cell. A soft cantilever (MLCT-

C, Bruker, USA) with nominal spring constant 0.01 N/m was chosen for the measurements.

The probe radius of 28 nm and the cantilever spring constant of 0.012 N/m were calibrated,

respectively, by imaging a tip-radius calibration sample (PA-01, Mikromasch, NanoAndMore

USA Corp.) and the thermal tuning process. A silicon sample was chosen as the hard reference

sample. Both the cells and the cantilevers were thermally equilibrated at ∼ 37◦C for 40-60 mins

prior to all measurements to minimize the cantilever drifts. All of the control and sensor signals

to/and from the AFM system were acquired through a data acquisition system (NI PCI-6259,

National Instruments Corporation, Austin, TX) under the Matlab xPC-target (The MathWorks,

Natick, MA) environment.

A triangle drive voltage with a constant load and unload rate (as employed in usual force-

distance curve measurement) was applied to the z-axis piezo actuator of the AFM system, and

the following nine load rates over three orders of magnitude were applied: 0.2 Hz, 0.5 Hz, 1 Hz,

5 Hz, 10 Hz, 20 Hz, 50 Hz, and 100 Hz. The amplitude of the drive voltage was kept the same

for all the above load rates, resulting in the same cantilever base displacement at 250 nm (as for

the above load rates, the dynamics of neither the z-axis piezoelectric actuator nor the cantilever
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fixture mechanism was excited [136]). To minimize the cell membrane damage, the triangle

drive was applied for only one period when the force load rate was lower than 50 Hz and

two periods at higher load rates. The drive inputs were applied successively from low to high

load rates, separated by a dwelling time of 3 min between each rate—to allow the cell to fully

recover from the preceding force stimuli. For each load rate, the excitation force exerted (i.e.,

the cantilever deflection) on the live cell was measured and regarded as the desired excitation

force profile, and the MIIC algorithm was applied in the force-distance curve measurement on

the reference sample to ensure precision tracking of the desired force profile (the RMS tracking

error was maintained below 1.5%).

To study the effect of each drug on Young’s modulus of PC-3 cells, the measurements were

performed on the corresponding control first, then on the treated cells. For each drug, these

measurements were repeated on five different cells for both the control and the drug treated

ones.

A.2.6 Rate-dependent Elastic Modulus Quantification

At each force load rate, the Young’s modulus of cell was quantified using the spherical Hertzian

contact model along with the measured probe-sample interaction force and indentation [1],

Fz =
4

3

E
√
R∆3

z

1− ν2
, (A.3)

where R is the probe radius, and E and ν are the Young’s modulus and the Poisson ratio of

the live cell (ν =0.5 [1, 129]), respectively. The probe-sample interaction force is quantified as

Fz = kcds (with cantilever spring constant (kc)) [1]. We note that other Hertizan indentation

contact model such as the conical model [1] might be used. The spherical contact model is

chosen as in this work the indentation depths generated were not substantially larger (over 10

times) than but tend to be comparable to the probe radius [107, 143].

A.3 Results and Discussion

The force (i.e., cantilever deflection) time profile at the load rates of 0.2 Hz and 50 Hz on TPA

treated PC-3 cells at high dosage (20 µM) is shown in Fig. A.1, as an example—the force-time

plots of the low dosage and/or other drugs showed similar trend. The force-indentation curves
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measured from the same treatment at all nine load rates are shown in Fig. A.2 for all the nine

load rates (force-indentation curves for other measurements are not shown to save sapce). The

Young’s modulus of the control (i.e., untreated) and the drug treated PC-3 cells are compared

in Figs. A.3–A.5 for the eight tested drugs, respectively, where the Young’s modulus vs. the

force load rate is plotted in logarithmic scale, and the curve-fitting of the data to the following

power law is also shown,

E = E0ω
α, (A.4)

where E0 is the power law constant–the elasticity scale factor of cells, and α is the power law

exponent that captures the viscosity of the cell membrane [105, 110]. Moreover, E0 and α of

the fitted Young’s modulus vs. frequency curve are also compared in Fig. A.6 for the eight

drugs tested for the control and the treated PC-3 cells under both the low and the high dosages.

The experiment results showed that the viscoelastic behaviors of the PC-3 cells were well

captured in this work. As shown in Fig. A.1(b), the probe acceleration effect on the force-

indentation trajectory was pronounced and needed to be accounted for in the indentation quan-

tification, and for the same driven amplitude, the indentation generated decreased monotoni-

cally with the increase of the force load rates (see Fig. A.2), reflecting the viscoelasticity nature

of the cell membrane [1, 112]. The indentation generated on the PC-3 cells ranged from 80 nm

to 230 nm among all the eight tested drugs (for all the tested dosages). As the z-axis driven

driven amplitude was kept the same at 250 nm, such a variation of the indentation exactly re-

flected the viscoelasticity of the cells and the drug effects on it, respectively.

The measured Young’s modulus vs. frequency relation followed, quite well, the power

law—the widely observed universal viscoelastic behavior of live human cells [105, 110, 144].

The variations of the elasticity scale factorE0 and the power law exponent α were small among
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Figure A.1: Force time profile on 20 µM TPA treated cells at the load rate of (a) 0.2 Hz, and
(b) 100 Hz.
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Figure A.2: Force vs. indentation curve measured on 20 µM TPA treated cells.

all the controls—with the standard deviation at 5.8% and 4.2%, respectively (see Fig. A.6), re-

spectively. Such a small variation of E0 and α, therefore, can be served as the baseline to

examine the effects of the nine tested drugs on the mechanical properties of the PC-3 cells.

Moreover, the range of the power law exponent α agrees well with the reported range (0.1–0.3)

for live cells in literature [144].

As shown in Figs. A.3–A.5, all of the drug treated cells presented a much higher Young’s

modulus, and the higher the drug dosage was, the larger the increase of Young’s modulus was.

As the Young’s modulus change in cells is directly related to remodeling of the cytoskeletal

structure [127, 128, 131], one possible explanation of the modulus increase may be the aggre-

gation of actin filaments under the drug effects since it has been shown that aggregation of actin

filaments results in a distinct increase in the average Young’s modulus of cells [131].

A quick comparison of Figs. A.3–A.5 revealed two major trends might exist in the eight test

drugs effects on the Young’s modulus: under the effect of DSF, MK, and Taxol, the Young’s

modulus of PC-3 cells was increased without significant changes in the frequency-dependence,

i.e., the elasticity scale factor E0 increased substantially (by 55% to 78%), while the power

law exponent α remained almost unchanged (see Eq. A.4)—for these drugs the variation of α

was only about 6% to 14%. Whereas under the effect of Celebrex, BAY, Totamine, TPA, and

VPA, the frequency-dependency of the elevated Young’s modulus changed significantly, i.e.,

E0 increased by 78% to 260%, while α also increased by 22% to 75% (see Fig. A.6).
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A.3.1 DSF, MK and Taxol: Elevated Young’s Modulus without Significant Change

of Frequency-dependency

For DSF, MK, and Taxol, the ratios of the Young’s modulus between the treated PC-3 cells and

the control were nearly the same cross all nine measured frequencies at each treatment dosage

(shown as the increase of E0, see Fig. A.3). This implies that the viscosity of the treated cells

was not changed substantially compared to the control ones as the value of α didn’t change

substantially. It can be concluded that under the treatment of DSF, MK and Taxol, the cell

cytoskeleton network reconstruction may lead to an overall stiffening of the membrane protein

structure (e.g., filament shortening and thickening), but may not cause much change of degree

of polymerization of actin filaments inside the cells—the general cause of viscosity change

[145, 146].

Although MK, Taxol and DSF may have distinct molecular targets and mechanisms of ac-

tion, the similar trend of cell Young’s modulus change may explain the similarity of these three

drugs’ effects in cell mechanical behavior. MK can inactivate Ezrin which serves as linkers

between plasma membrane and cytoskeleton [147]. Taxol interferes with normal breakdown

of microtubules [148], and DSF inhibits tubulin polymerization [149]. It is reasonable to pos-

tulate that interfering with linkers between plasma membrane and cytoskeleton, interfering

with microtubules breakdown and inhibiting tubulin polymerization could lead to cell stiffen-

ing without alteration of viscosity.

However, the Young’s modulus increase on MK and Taxol treated cells was more signifi-

cant (even for a low dosage of 2 µM) than that for DSF treated cells (at the same dose). One

possible explanation may be the iron chelating effect of DSF. Earlier study showed that DSF
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Figure A.3: Young’s modulus of PC-3 cells treated by: (a) DSF, (b) MK, and (c) Taxol, respec-
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facilitated intracellular Cu uptake [150]. It was found that MK and Taxol strongly inhibited

activation of Akt [151, 152] while DSF had no inhibitory effect on activation of this protein

[153]. Inactivation of Akt may contribute to the stronger effect of MK and Taxol as compared

to DSF. The influence of DSF on iron homeostasis may be another possible explanation for the

weaker effect of DSF (on the increase in Youngs modulus) than MK and Taxol.

A.3.2 Elevated Young’s Modulus Accompanied by Dramatic Frequency-dependency

Change

Strikingly different from the above three drugs, the other five drugs (Celebrex, BAY, Totamine,

TPA, and VPA) tended to effect not only the elastic but also the viscous behavior of the PC-3

cells as both the elasticity scale factor, E0 and the power law exponent, α, were increased sig-

nificantly. This phenomenon indicates that the cell cytoskeleton change due to the treatment of

these five drugs consists not only cytoskeleton stiffening but also change of degree of polymer-

ization, which may involve an increased concentration of actin monomers and a reorganization

of actin filaments. Moreover, it is noted that the standard deviation of the Young’s modulus

of the PC-3 cells treated by these five drugs are larger than that of those treated by the other

three drugs (DSF, Taxol and MK). Since the standard deviation of the Young’s modulus for all

control remains much smaller for all the eight drugs, one possible explanation for the larger de-

viation is that the dynamic mechanical behavior of the cells treated by the five drugs (Celebrex,

BAY, Totamine, TPA, and VPA) was more active.

It was known that celebrex, TPA and valproic acid induced cell differentiation [154, 155,

156]. As studies showed that cell differentiation leads to an increase of cell rigidity [107],
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increase in stiffness and viscosity of PC-3 cells treated with celebrex, TPA and valproic acid

may be related to the differentiation of the cells. Although BAY11-7082 and Tomatine have not

been shown to induce differentiation in epithelial cells, these drugs inhibit activation of NF-κB

[157], and inhibition of NF-κB in some cells resulted in a more differentiated phenotype [158].

Thus, the effects of BAY11-7082 and Tomatine on stiffness and viscosity of PC-3 cells may

relate to their inhibitory effect on activation of NF-κB.

Among the measurement results, the change of Young’s modulus was most significant on

the Celebrex treated cells. Since Celebrex causes loss of filopodia and lamellipodia in cells,

and changes in actin network [159], these activities in addition to its differentiation inducing

effects may result in a stronger effect on increasing stiffness and viscosity of PC-3 as compared

to the other four drugs.

We further performed MTT test to investigate the correlation between the changes of me-

chanical properties and the inhibition of cell growth. As shown by the cell viability test re-

sults from the MTT assay in Fig. A.6, treatment of PC-3 cells with the eight anticancer drugs

decreased the number of viable cells, particularly at high dosage, i.e., the effect was dose-

dependent. Such an effect of the drugs (on decreasing cell viability) correlated well with their

effect on changing the cell mechanical properties revealed in the above AFM tests, for all eight

different drugs examined. Although the above AFM studies clearly revealed the two distinct

patterns among the eight different drugs in changing the mechanical properties of PC-3 cells

(DSF, MK and Taxol as one group, and Celebrex, Bay, Tomatine, TPA and Vaproic acid as

the other group), the MTT assay failed to show any evident difference in cell viability changes
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between these two groups. This result suggests that the proposed AFM studies might have re-

vealed new aspects of biological response of cancer cells to anticancer drug treatments, thereby,

providing more information than the conventional MTT assay in responses of PC-3 cells to an-

ticancer drug treatment. One possible explanation is that the changes in cytoskeleton and cell

membrane may correlate with the ability of cancer cells to metastasize. Future studies with

appropriate cancer cell metastasis model may help to explore the correlation between changes

in mechanical properties and metastatic ability of cancer cells.

To further investigate the mechanisms behind the two patterns revealed by the AFM stud-

ies, immunofluorescence staining of β-actin was conducted to seek insights to the different

responses in PC-3 cells to the drug treatments. MK and Celebrex were selected to represent

the first and the second group of the eight drugs (as revealed by the AFM studies), respectively.

The fluorescence imaging results obtained are shown in Fig. A.7. The morphology of β-actin
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immunofluorescence staining was similar in cells treated with MK and those treated with Cele-

brex. This result suggests that the different responses in PC-3 cells to the two groups of drugs

may involve more complex mechanisms in addition to the modification of the cell actin. Further

studies on modification of other cytoskeleton components are needed to determine the mecha-

nisms behind the two distinct types of response to the two groups of drugs tested.

The significance of the above studies is underscored by the importance of identifying new

targets for inhibiting the growth and inducing apoptosis in cancer cells, which has become a

major focus in the development of new generation of anticancer drugs. Physical properties of

cancer cells such as elasticity and viscosity that associated with modification of cytoskeleton

and plasma membrane may represent a unique class of novel target for development of anti-

cancer drugs. Studies on alterations of physical properties in cancer cells treated with anticancer

agents that have different mechanisms of action may provide insights to the identification of

molecular targets causing lethal changes in physical properties of cells.

A.4 Conclusion

In this study, the drug effect on cancer cell nanomechanical property change was investigated

using the recently proposed CNM protocol. The Young’s modulus of PC-3 cells treated by eight

different drugs was measured with force loading rates spanning three orders of magnitude, and

compared to the values of the control. The results showed that the Young’s modulus of PC-3

cells were significantly increased by the eight drugs test, and became substantially more pro-

nounced as the force load rate increased. Moreover, two distinct trends were clearly presented,

where with DSF, Taxol, and MK, the exponent coefficient of the frequency-modulus relation

remained almost unchanged, while under the effect the other five drugs, the exponential rate

Figure A.7: Comparison of the immunofluorescence images of (a) control, (b) cells treated with
MK, and (c) cells treated with Celebrex.
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itself was substantially increased. These two trends pointed to the existence of two distinct

mechanisms among these drugs in affecting the mechanical behavior of cancer cells, where

the first group of drugs caused the cell cytoskeleton network reconstruction and might have

led to the stiffening of the overall membrane protein structure (e.g., filament shortening and

thickening), while the second group of drugs, in addition to causing the cytoskeleton network

reconstruction, might have also changed the degree of polymerization of actin filaments inside

the PC-3 cells. As a frequency-resolved Young’s modulus measurement provides deep insights

into the cellular dynamics in response to changes of the chemical and mechanical environment,

the results presented in this study indicate that nanomechanical property changes may be used

as a novel determinant for screening and developing new anticancer agents.
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Appendix B

Study of Cholesterol Effect on Nanomechanical Properties of
Human Umbilical Vein Endothelial Cell via Rapid Broadband

Atomic Force Microscopy

Abstract

Abnormalities of blood cholesterol concentration are associated with increased risks for vas-

cular disease, especially heart attacks and strokes. As one of the main lipid components of

the plasma membrane in all mammalian cells, cholesterol has a major impact on the me-

chanical properties of the membrane of endothelial cells. Although the effect of cholesterol

depletion on cell mechanical property alteration has been revealed, no results yet have been

reported on quantitative investigation of cholesterol repletion effect. In this study, the effect

of cholesterol repletion on the nanomechanical properties of human umbilical vein endothelial

cell (EA.hy926) was investigated using a newly developed control-based nanoindentation mea-

surement (CNM) protocol on atomic force microscope (AFM). By using the CNM protocol, the

viscoelasticity of EA.hy926 cell was accurately measured over a large frequency range (1 Hz

to 100 Hz) using both constant-rate excitation with different force load rates and a band-limited

white-noise like excitation force. The viscoelasticity oscillation of the cell membranes under

the cholesterol effect was also monitored in real-time. The experiment results showed that be-

cause of cholesterol repletion, the Young’s modulus and the complex modulus of EA.hy926 cell

were both increased over 30%. The real-time monitoring of both the Young’s modulus and the

complex modulus showed an oscillation period of 200 sec with varying amplitudes. Moreover,

the oscillation amplitude of the cholesterol enriched cell was over 70% higher than that of the

control.
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B.1 Introduction

Lipid disorders—abnormalities of blood cholesterol concentration—are associated with in-

creased risks for vascular disease, especially heart attacks and strokes. Studies of the correla-

tion between high cholesterol level and chemical and/or mechanical properties of vascular cell

provide fundamental insights to vascular disease prevention and treatment. Cholesterol is one

of the main lipid components of the plasma membrane in all mammalian cells where phospho-

lipids/cholesterol molar ratio may be as high as 1:1 [160, 161]. It is well known that mechanical

properties of membrane in live cells depends strongly on submembrane cytoskeleton underly-

ing the plasma membrane [162, 163], and changes of the cholesterol level of plasma membrane

have a major impact on the submembrane cytoskeleton, and thereby, the physical properties of

the cell [164, 165, 161]. The effect of cholesterol depletion on mechanical properties of en-

dothelial cells was reported previously [161, 166]. However, due to the limitations of existing

measurement techniques, the effect of cholesterol repletion was not quantitatively investigated.

In this study, we investigate the effect of cholesterol repletion on the nanomechanical proper-

ties of human vein endothelial cell using a recently-developed control-based nanoindentation

measurement (CNM) protocol for atomic force microscope (AFM) [133, 167].

Current studies of cholesterol effect on the mechanics aspects of endothelial cells are con-

strained by the limits of the measurement techniques employed. Previous studies have in-

vestigated the mechanical properties of endothelial cells with different cholesterol contents

[161, 166], and it was found that cholesterol depletion may increase the stiffness of aortic

endothelial cells by reducing the membrane deformability [161, 166]. However, due to the

limits of the measurement techniques employed, these studies failed to detect the cholesterol

repletion caused mechanical variation of cells, and more importantly, to quantify the local me-

chanical properties (i.e., nanomechanical properties) of the cells. Specifically, the experiments

performed using micropipette aspiration [161] and traction force microscopy [166] were only

capable of measuring the bulk mechanical properties of the cells. The spatial resolution of these

techniques [161, 166] at µm level— comparable to the size of endothelial cells (at most tens

of µm)—not only is too coarse to detect the nanomechanical properties of these cells, but also

further induces substrate effect into the measured data. No results of cholesterol repletion effect
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on the nanomechanical properties of endothelial cells have been reported. Such force/spatial

resolution related limits can be largely alleviated via AFM technology as AFM is capable of ap-

plying force stimuli and then, measuring the response at specific locations in a physiologically

friendly environment with piconewton force and nanometer spatial resolutions [112, 114, 168].

In this study, a newly developed control-based nanoindentation measurement (CNM) pro-

tocol [133, 167] on AFM is utilized to investigate the effect of cholesterol repletion on the

nanomechanical properties of human umbilical vein endothelial cell (EA.hy926). The CNM

protocol [133] overcomes the limits of existing methods for in-liquid indentation measurement

of soft samples on AFM, as currently measurements of frequency-dependent biomechanical

properties of live cells are rather erroneous and prone to measurement uncertainties, particu-

larly when the measurement frequency range and excitation force amplitude increase. In these

measurements [1, 31], the probe acceleration (with respect to the fixed-end of the cantilever)

is ignored and the initial contact point can be largely uncertain [1, 133], whereas the probe ac-

celeration is pronounced and becomes the dominant adverse effect when the measurement fre-

quency increases [133]. The CNM protocol removes the cantilever acceleration effect without

complicated parameter calibrations, and substantially reduces the hydrodynamic force effect

involved, even when the force amplitude and the measurement frequency range become large

(broadband) [133]. Therefore, the CNM protocol can be a powerful tool to study the cholesterol

effect on nanomechanical properties of cells.

In this work, the Young’s modulus and complex modulus of cholesterol enriched EA.hy926

cell were quantified and real-time monitored using the CNM protocol. The rate-dependent

Young’s modulus was quantified by varying the load/unload rate of a triangle excitation from

0.1 Hz to 20 Hz, and real-time monitored by continuously repeating such a force-curve mea-

surement at the load rate of 1 Hz for 800 sec. A twenty-second long broadband excitation

with frequencies ranging from 2 Hz to 100 Hz was applied to measure the complex modulus

of the cells, and then continuously repeated 60 times to monitor the viscoelasticity oscillation

in real-time. The experimental results showed that cholesterol repletion increased the Young’s

modulus and the complex modulus of EA.hy926 cell over 30%. Real-time monitoring of the

Young’s modulus and complex modulus showed that both the elasticity and viscosity mea-

sured presented a periodic oscillation with the period around 200 sec and varying amplitudes.
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With the cholesterol treatment, the oscillation amplitudes of both the elasticity and the viscos-

ity were increased over 70%. These results revealed that cholesterol repletion may reinforce

the coupling of F-actin to the plasma membrane by increasing actin stability, and cholesterol

might have modified the submembrane cytoskeletal organization of EA.hy926 cell by causing

involvement of the motor protein nonmuscle myosin II.

B.2 Materials and Methods

B.2.1 Cell culture and treatment

Human umbilical vein endothelial (EA.hy926) cells were maintained in RPMI culture medium

containing 10% FBS that was supplemented with penicillin (100 units/ml)-streptomycin (100

µg/ml) and L-glutamine (300 µg/ml). Cultured cells were grown at 37◦C in a humidified atmo-

sphere of 5% CO2 and were passaged twice a week. To accommodate the AFM measurements,

the EA.hy926 cells were seeded at a density of 0.2×105 cells/ml in 60 mm tissue culture dishes

(5 ml/dish) and incubated for 24 h to allow the cells to attach to the dishes (day 0). The cells

were then treated with cholesterol at day 0, 2 and 4. At day 5, the cells were subjected for AFM

experiments.

B.2.2 Chemicals

EA.hy926 cells were obtained from the American Type Culture Collection (ATCC, Rockville,

MD, USA). Cholesterol was purchased from Sigma-Aldrich (St. Louis, MO). RPMI-1640 tis-

sue culture medium, penicillin-streptomycin, L-glutamine and fetal bovine serum (FBS) were

from Gibco (Grand Island, NY).

B.2.3 Control-based Nanomechnical Property Measurements

The recently-developed CNM protocol [133, 136, 140, 167] was employed to measure the rate-

dependent Young’s modulus and frequency-dependent complex modulus of EA.hy926 cells.

The central issue is to accurately measure the indentation in the live cell, particularly, during

high-speed and/or broadband nanomechanical measurements. Based on the analysis of the

cantilever dynamics during the nanoindentation measurement, the CNM protocol obtains the
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indentation in the live cell, ∆z(t), as the difference of the displacement of the cantilever base

(i.e., the fixed end of the cantilever) on the cell, zbs(t), and that on a hard reference sample

(e.g., a silicon sample), zbh(t),

∆z(t) = zbs(t)− zbh(t), (B.1)

under the condition that the same excitation force profile (i.e., the same cantilever deflection

trajectory) is tracked accurately on both the samples. See a brief description of the CNM

protocol in Chapter 5 for details.

To ensure precision tracking of the same excitation force profile on both the live cell and the

hard reference, the CNM protocol utilizes iterative learning control techniques, for example, the

modeling-free inversion-based iterative learning control (MIIC) technique [32]. Specifically,

the control input applied to drive the AFM z-axis piezo actuator is obtained through iterations

as follow,

u1(jω) = αdd(jω), k = 1,

uk+1(jω) =


uk(jω)

dk(jω)
dd(jω), when dk(jω) ̸= 0 and dd(jω) ̸= 0, k ≥ 1,

0, otherwise

(B.2)

where‘jω’ denotes the Fourier transform, dd(·) is the desired cantilever deflection, α is a con-

stant, and uk(·) and dk(·) are the input voltage applied to the AFM piezo actuator and the

cantilever deflection measured in the kth iteration, respectively. Note the control input uk(t)

is obtained by taking the Fourier transform of the input and the output signals and applying

the MIIC algorithm Eq. B.2, and then the inverse Fourier transform afterwards. The MIIC

algorithm has also been utilized to obtain rapid broadband nanomechanical measurement on

polymers in air recently [141, 142]. In this experiment, to minimize the deformation of the cell

membrane, the excitation force exerted (i.e., the cantilever deflection) on the live cell was mea-

sured and regarded as the desired excitation force profile to be tracked on the hard reference.

Then the MIIC algorithm was applied to track such a desired excitation force profile on the

reference sample.
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B.2.4 Nanomechanical Property Quantification

Based on the above measured indentation, ∆z(t), the Young’s modulus of the cells for constant

force load rate is quantified using Hertz contact model [1, 129],

Fz =
4

3

E
√
R∆3

z

1− ν2
, (B.3)

where R is the probe radius, and E and ν are the Young’s modulus and the Poisson ratio of

the live cell (ν =0.5 [1, 129]), respectively. The probe-sample interaction force is quantified as

Fz = keqvds (with cantilever deflection (ds)) [1].

When an oscillatory excitation force load is applied, the complex modulus E∗(jω) of

EA.hy926 cells is quantifies using the applied force and the indentation measured as [91, 92]

E∗(jω) =
(1− ν2)Fz(jω)

2R∆z(jω)
. (B.4)

We note that other contact mechanics models [1, 129] have been proposed recently for cell

mechanics measurement. The use of the above CNM method can be equally applied along with

these contact mechanics model as well.

Atomic force microscope

The modulus of the EA.hy926 cells was measured in the cell culture medium using a Dimension

Icon AFM (Bruker, Santa Barbara, CA) equipped with a fluid cell. A soft cantilever (MLCT-C,

Bruker, USA) with nominal spring constant 0.01 N/m was chosen for the measurements. The

probe radius of 28 nm and the cantilever spring constant of 0.012 N/m were calibrated through

imaging a tip-radius calibration sample and the thermal tuning process, respectively. A silicon

sample was chosen as the hard reference sample. The AFM system was thermally equilibrated

at ∼ 37◦C for 40-60 mins prior to all measurements to minimize the cantilever drift.

To measure the rate-dependent Young’s modulus, triangle voltage profiles were applied to

the z-axis piezo actuator of the AFM system, and eight different force load rates were tested:

0.1 Hz, 0.2 Hz, 0.5 Hz, 1 Hz, 2 Hz, 5 Hz, 10 Hz, and 20 Hz. The drive inputs were applied

successively from low to high rates, separated by a dwelling time of 3 min—to allow the cell to

fully recover from the preceding force stimuli. The measurements were repeatedly performed

on five difference cells of the control first, then on five treated cells. Furthermore, to monitor
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Figure B.1: Frequency-dependent Young’s modulus of cholesterol treated EA.hy926 cell and
control.

the Young’s modulus oscillation of both the treated cells and the control, the triangle force pro-

file was continuously collected 800 sec continuously when the force load rate was set at 1 Hz.

To measure the complex modulus, a band-limited white-noise-like (frequency range: 2 Hz

to 100 Hz) excitation force of 20 sec was applied to measure the complex modulus of the cells.

The measurement was repeated sixty times continuously to measure the oscillations of the vis-

coelasticity of the cell membranes in real-time.

In the above experiments, the excitation force profile (i.e., the cantilever deflection) mea-

sured on the cell was treated as the desired force profile to be tracked on the silicon sample, and

then the MIIC algorithm was applied to achieve precision tracking of such an excitation force

trajectory, with the RMS tracking below 1.5%.

B.3 Results and Discussion

B.3.1 Rate-dependent Young’s modulus

The Young’s modulus of the control (i.e., untreated) and the cholesterol treated EA.hy926 cells

is compared in Fig. B.1, where the Young’s modulus vs. the force load rate is plotted in loga-

rithmic scale, and the curve-fitting of the data to the following power law is also shown,

E = E0ω
α, (B.5)

where E0 is the power law constant that characterizes the elasticity scale factor of cells, and α

is the power law exponent that captures the viscosity of the cell membrane [105, 110].

The experimental results showed that the measured Young’s modulus vs. frequency rela-

tion of both the treated cells and the control followed the power law—the widely recognized
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“universal” viscoelastic behavior of live human cells [105, 110]. The results shown in Fig. B.1

suggest that the viscoelastic behavior of the treated cells and the control are quite similar as

the power law exponent α remained almost unchanged (the difference was around 3%). Such

a similarity indicates that the cholesterol repletion in human umbilical vein endothelial cell

does not initiate actin polymerization as it is known that actin polymerization changes cell vis-

coelastic behavior by creating more F-actin fibers [161, 146]. This observation agrees with the

previous study that cholesterol repletion had no effect on the intensity of F-actin-specific stain-

ing or F-actin cellular distribution [161]. However, unlike the previous studies that failed to

observe any changes of Young’s modulus in cholesterol enriched cells [161, 166], the results in

Fig. B.1 also clearly show a significant increase of the elasticity scale factor E0 under choles-

terol repletion—E0 of the treated cells was increased substantially by 33.5%. The increase

in E0 might be caused by alterations of the integrity of plasma membrane due to cholesterol

repletion. One possible explanation is that the cholesterol repletion may reinforce the coupling

of F-actin to the plasma membrane by increasing actin stability. This observation–cholesterol

repletion causes Young’s modulus increase of the human umbilical cord vein endothelial cell–

provides new insights to how cholesterol alters endothelial cell behaviors.

B.3.2 Real-time monitoring of Young’s modulus

Real-time monitoring of the Young’s modulus of the cells measured with a triangle excitation

force profile at the rate of 1 Hz for 800 sec is presented in Fig. B.2. Agreeing with Fig. B.1,

the continous monitoring of the Young’s modulus shows that the averaged Young’s modulus

(over the whole 800 sec measurement) of the cholesterol treated cells was over 39% higher

than that of the control (compared to a 36.5% increase in Fig. B.1 at 1Hz). Furthermore, the

oscillatory behavior of the elasticity was evident for both the treated cells and the control, with

a rather consistent period around 200 sec (see Fig. B.2)—measured by the period between two

successive major peaks. The 200 sec oscillation period is close to the previous results measured

on bronchial epithelial cells [129]. Moreover, the amplitude of the Young’s modulus oscillation

varied and became much more so after the cholesterol treatment (see Fig. B.2), the peak-to

peak variation of the oscillation amplitude was increased over 70%. As previous studies have

shown that the elasticity oscillation of endothelial cells is closely related to myosin activity
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Figure B.2: Real-time monitoring of the Young’s modulus of the cholesterol treated EA.hy926
cell with force load rate at 1 Hz for 800 sec. Adjacent-averaging with a 20-points window (the
solid line) is shown to highlight periodic elasticity oscillations.

[129], such a large elasticity oscillations suggests that cholesterol might have modified the

submembrane cytoskeletal organization of EA.hy926 cell by causing involvement of the motor

protein nonmuscle myosin II.

B.3.3 Real-time monitoring of complex modulus

Real-time monitoring of the complex modulus (the magnitude of the complex modulus) shown

in Fig. B.3 combines the findings in both Figs. B.1 and B.2—the power law relation and elas-

ticity oscillation, respectively. In particular, the complex modulus of the cells during each

broadband measurement followed the power law, and the averaged power law exponents were

close to the results in Fig. B.1—0.197 vs. 0.206 for cholesterol treated cell, and 0.208 vs.

0.212 for control, respectively. Also, at the same frequency, the complex modulus of choles-

terol treated cell was 37.4% higher than that of control—compared with 33.5% increase in

Fig. B.1. Furthermore, Fig. B.3 also presents the viscosity oscillation of EA.hy926 cell as the

real-time oscillation of the power law exponent, α was monitored by repetitively applying the

frequency-rich excitation force (the broadband signal), and α varied from 0.168 to 0.267 for the

cholesterol treated cell and 0.187 to 0.231 for control, respectively (as shown in Fig. B.4). The

complex modulus in Fig. B.3 showed an oscillation period about 200 sec, and the oscillation
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Figure B.3: Real-time monitoring of complex modulus of cholesterol treated EA.hy926 cell
and control for 1200 sec (by consecutively applying 20 sec long broadband excitation (with fre-
quency range 2–100 Hz) 60 times): (a) real-time monitoring of complex modulus of cholesterol
treated EA.hy926 cell; (b) real-time monitoring of complex modulus of control; (c) zoomed-
in view of two consecutive broadband measurements on the cholesterol treated cells and the
control.

amplitude was inconsistent for neither the cholesterol treated cell, nor the control. However,

it was quite clear that the oscillation amplitude of the cholesterol treated cell was at least 80%

higher than that of the control—this also agrees with the result presented in Fig. B.2. It is

noteworthy that the CNM is the only technique reported which is able to provide results on

real-time monitoring of the viscoelastic behavior of live cells.

B.4 Conclusion

In this study, the effect of cholesterol repletion on nanomechanical property change of human

umbilical cord vein endothelial cell was invested using the recently proposed CNM protocol

on AFM. The Young’s modulus of cholesterol enriched EA.hy926 cell was measured at eight
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Figure B.4: Oscillation of the power exponent α.

different force loading rates, and monitored in real-time for 800 sec. The Young’s modulus of

cholesterol enriched cell was significantly increased, and the real-time monitored Young’s mod-

ulus oscillation was more pronounced under the cholesterol repletion effect. The results reveal

that cholesterol repletion may increase the Young’s modulus of EA.hy926 cell by altering the

integrity of plasma membrane, and intensifies the viscoelastisity oscillation amplitude without

altering the oscillation period through affecting myosin activity of the cell. The real-time mon-

itoring complex modulus of cholesterol treated cells presented the similar trends of increases.

It is noteworthy that the real-time monitoring of the viscoelastic behavior of EA.hy926 cell can

only be achieved using the CNM protocol, and it provides more insights on how cholesterol

repletion affects the nanomechanical behavior of endothelial cells.


