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ABSTRACT

The identification of frequency dependent material prgpatihanoscale has been exten-
sively studied and played an important role in the failuralgsis of materials, wound healing,
and polymer formation mechanism. In this dissertation dineelopment of a suite of control
tools to nanoscale broadband viscoelastic spectroscppgsented. The combination of novel
iterative control techniques with the integration of systdentification and optimal input de-
sign techniques together can enable rapid measuremenhofmechanical properties of soft
materials over a broad frequency band. SPM and nanoindesterbecome enabling tools to
guantitatively measure the mechanical properties of a wagiety of materials at nanoscale.
Current nanomechanical measurement, however, is limyetid slow measurement speed:
the nanomechanical measurement is slow and narrow-bamakethas not capable of mea-
suring rate-dependent phenomena of materials. As a réaige measurement (temporal)
errors are generated when material undergoes dynamicterolduring the measurement.
The low-speed operation of SPM is due to the inability of entrapproaches to (1) rapidly
excite the broadband nanomechanical behavior of mateaiads(2) eliminate the convolution
of the hardware adverse effects with the material respoasegihigh-speed measurements.
These adverse effects include the hysteresis of the pid¢matac (used to position the probe
relative to the sample); the vibrational dynamics of thegpiactuator and the cantilever along
with the related mechanical mounting; and the dynamics misicéies caused by the probe
variation and the operation condition. Motivated by thelsallenges, this dissertation is fo-
cused on the development of novel control and system idestiidin tools for rapid broadband

nanomechanical measurement.
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The first proposed approach utilizes the recently developedel-less inversion-based
iterative control (MIIC) technique for accurate measuretref the material response to the
applied excitation force over a broad frequency band. Iptbposed approach, an input force
signal with dynamic characteristics of band-limited whitgse is utilized to rapidly excite the
nanomechanical response of materials over a broad freguange. The MIIC technique is
used to compensate for the hardware adverse effects, yhaltetving the precise application
of such an excitation force and measurement of the matesplonse (to the applied force).
The proposed approach is illustrated by implementing it éasure the frequency-dependent
plane-strain modulus of poly(dimethylsiloxane) (PDMSkpwa broad frequency range ex-
tending over 3 orders of magnitude @ Hz to 4.5 kHz).

To further attenuate the dynamics convolution effect, aehbdsed approach to compen-
sate for the dynamics convolution effect in nanomecharpcaperty measurements is pro-
posed In this dissertation. In the indentation-based nacbamnical property measurement
of soft materials, an excitation force consisting of vasdtequency components needs to
be accurately exerted to the sample material through thieeprand the indentation of the
probe into the sample needs to be accurately measured. ldgwelen the measurement
frequency range increases close to the bandwidth of theumsit hardware, the instrument
dynamics along with the probe-sample interaction dynamacsbe convoluted with the me-
chanical behavior of the soft material, resulting in digtors in both the force applied and
the indentation measured, which, in turn, directly leadrtors in the measured nanomechan-
ical property (e.g., the creep compliance) of the matefialthis dissertation, the dynamics
involved in indentation-based nanomechanical propertgsueements is analyzed to reveal
that the convoluted dynamics effect can be described asiffieeetice between the lightly-
damped probe-sample interaction dynamics and the ovepeldmanomechanical behavior
of soft materials. Thus, these two different dynamics ¢fean be decoupled via numerical
fitting based on the viscoelastic model of the soft materTdle proposed approach is illus-

trated by implementing it to compensate for the dynamicyvalation effect in a broadband
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viscoelasticity measurement of a Polydimethylsiloxar2NF5) sample using scanning probe
microscope.

This dissertation also presents an optimal input desigmoagp to achieve rapid broad-
band nanomechanical measurements of soft materials usrigdentation-based method for
the investigation of fast evolving phenomenon, such asitbetystallization process of poly-
mers, the nanomechanical measurement of live cell durithgnoeement, and force volume
mapping of nonhomogeneous materials. The indentatioeeb@snomechanical measurement
provides unique quantification of material properties ac#ped locations. The measurement,
however, currently is too slow in time and too narrow in fregay (range) to characterize
time-elapsing material properties during dynamic evohsi(e.g., the rapid-stage of the crys-
tallization process of polymers). These limits exist baeathe excitation input force used in
current methods cannot rapidly excite broadband nanomesdigroperties of materials. The
challenges arise as the instrumental hardware dynamicbeamncited and convoluted with
the material properties during the measurement when tlo@drecies in the excitation force
increase, resulting in large measurement errors. Moretovgy measurement time is needed
when the frequency range is large, which, in turn, leads ngeldemporal measurement er-
rors upon dynamic evolution of the sample. In this dissematve develop an optimal-input
design approach to tackle these challenges. Particutarlypput force profile with discrete
spectrum is optimized to maximize the Fisher informatiortrmaof the linear compliance
model of the soft material. Both simulation and experimemisa Poly(dimethylsiloxane)
(PDMS) sample are presented to illustrate the need for @piimput design, and the efficacy

of the proposed approach in probe-based nanomechanigapyaneasurements.



CHAPTER 1. OVERVIEW

Identification of frequency dependent material properigean important interdiscipline
research, which includes control theory, material scienaaomechanics and biomedical en-
gineering, and has broad applications in the developmenéwfcomposite material and the
analysis of the mechanical failure of materials. In conggineering, the field of system
identification uses statistical methods to build mathecaatmodels of dynamical systems
from measured data. The quality of system identificatioredes on the quality of the inputs.
In recent decades, the theory of optimal experimental delsas been increasingly used to
specify inputs that yield maximally precise parametemestion. This dissertation starts from
developing a nonparametric estimation method in nanodwakedband viscoelasticity spec-
troscopy (NBVS) to seeking a systematic control-integtatestem identification and optimal
excitation force design approach for rapid broadband na&obamical property measurement
of soft materials. The control method is tested and impléegensing atomic force micro-
scope. Then the proposed optimal excitation force desigmique is applied in the mate-
rial property measurement. The complexity mostly due todyr@amics convolution effect,
nonlinearities and measurement noise is handled by themotimodel-less inversion-based
iterative learning control and optimal input design. Toueel the measurement error in the
viscoelasticity, the iterative control technique is ineggd with the nonparametric estimation.
However, the dynamics convolution effect due to the intiésacdynamics between the probe
and the sample surface is inevitable and will cause the measnt error in the measured
indentation. Then, a model-based approach is introducedtgpensate for the dynamic con-

volution effect in the nanomechanical measurement. Taifyehe fast evolving phenomenon



such as the polymerization process of polymers and medseireanomechanical property of
live cell during cell movement in liquid environment, thentl-integrated optimal excitation

force design is developed and implemented in rapid broatlbanomechanical property mea-
surement. The proposed approach does not need any posssging and is ready for online
implementation to measure the frequency dependent migveoigerty, such as force volume

mapping of nonhomogeneous materials.

1.1 The Study of Nonparametric Estimation in Frequency-depndent
Nanomechanical Property Measurement and the Compensatiofor

the Dynamics Convolution Effect

Many approaches can be used to measure the material pesgpatrthanoscale, force dis-
tance curve measurement is one of them. In usual force-cueasurements, the applied
input force follows a triangle trajectory (1). Although tlzad rate of the excitation force can
be substantially increased by using advanced control igaha to compensate for the instru-
ment dynamics effect—as demonstrated in (2), the excitdticce profile used is quasi-static
and does not contain rich frequency components requireapidly excite the broadband vis-
coelastic response of materials. One attempt at addresgsrigck of frequency components
in input force has been through the development of the forodutation technique (3; 4),
where a sinusoidal force signal (i.e., ac signal) of smalplaonde is superposed on the trian-
gle input force and applied during measurements. The haedgdyanamic response is coupled
(convoluted) into the measured data and must be accouateafterwards using a dynam-
ics model (4). As a result, the load/unload rates are limited small range because the
oscillation amplitude €100 nm) and the oscillation frequency (a few hundred Hz) have
be kept small (4) such that dynamics coupling can be adeguaptured by using a simple
spring-mass-damper model. Moreover, the force-moduldagohnique is slow for measuring

material response over a large frequency range, becausetmdulation process must be



applied to accurately measure the amplitude and the ph#$@fsthe oscillation, which is
inherently time-consuming. To speed up the measurememeqfi€éncy dependent nanome-
chanical property of soft materials, the multifrequencpraach (5; 6; 7) was developed in
2008. It has been demonstrated that the multi-frequencyagion approaches can improve
the measurement time and the force sensitivity over theesiingquency force-modulation
method. However, since the multi-frequency (or band-kajtinput is applied to drive the
cantilever, such an excitation mechanism requires a hagtthvidth actuator-cantilever sys-
tem (i.e., the bandwidth contains all the excitation frequies). Otherwise, the dynamics of
the cantilever (and possibly the actuator along with thateel mechanical mounting) may be
convoluted with the material response in the measured 8a6,(and undesirable distortions
may be induced in the excitation force, making the extractibthe material properties from
the measured data difficult and prone to calibration errors.

In order to address the problems discussed above, thigtdisse presents a broadband
characterization approach that uses advanced contralitpets to adjust the control input (to
the actuator) to “cancel” the coupling of the dynamics artteohonlinear and disturbance
effects into the measured output, thus allowing the dedireddband excitation force to be
exerted (from the cantilever) to the sample without distot. Furthermore, this approach
does not require additional hardware augmentation andeasddlily applied to existing SPM
hardware. Therefore, the developed approach extends grdves the multi-frequency ex-
citation approach. To further eliminate the dynamics ctutvon effect on nanomechanical
property measurements, a model-based approach was pdoposige proposed approach, the
cantilever deflection dynamics is analyzed and modeled as@aded dynamic system con-
sisting of the piezoactuator, the cantilever along withrttezhanical fixture, the probe-sample
interaction dynamics, and the nanomechanical dynamickeofrtaterial. The cantilever de-
flection dynamics on both the soft sample and the hard refersample are measured and
compared to reveal that the convoluted part of the instrdrdgnamics is characterized by

lightly-damped poles and zeros, whose locations coinciille those of the piezo and can-



tilever dynamics. On the contrary, the mechanical behavisioft materials is characterized
by over-damped dynamic behavior that can be described extomple, a Prony series model
(8). Then, the convoluted dynamics effect, distinct frora thaterial behavior in frequency
domain, is removed numerically through fitting. The progbapproach is illustrated by im-

plementing it to the measurement data obtained in a broadanoelasticity measurement
of a PDMS sample using SPM. Both the multi-frequency apgrda¢ 6) and the iterative-

control-based method (2; 9) are applied in the measurerfietresults demonstrate that the
dynamics convolution effect on the measurements in bothscesn be effectively reduced by

using the proposed method.

1.2 Parameter Estimation and Optimal Excitation Force Degyn in

Rapid Broadband Nanomechanical Measurement

For many applications such as identification of the cryziatilon process of polymers,
measurement of nanomechanical property of live biologiwalerial, high speed force map-
ping of nonhomogeneous material, the high speed nanomieahameasurement is needed.
In this dissertation, an optimal input design approach agppsed to achieve rapid identifi-
cation of broadband nanomechanical properties of soft maégdehrough indentation-based
approach. Indentation-based approach using scanning pnatroscope (SPM) or nanoin-
denter has become an enabling tool to quantitatively meaternanomechanical properties
of a wide variety of materials, both locally and globally.(The current measurement meth-
ods (4; 6), however, are limited in both the frequency rarge tan be measured and the
measurement time that is needed to measure the (frequeateydlependent viscoelasticity
of materials. These limits of current measurement methéd6€)( in both measurement fre-
guency and time, arise as the excitation force from the ptollee sample surface employed
cannot compensate for the convolution effect of the insemindynamics, (10), nor rapidly

excite the rate-dependent nanomechanical behavior of #terral (11).



Inefficiencies exist in current nanomechanical measurémm&thods for characterizing
the time-elapsing properties of soft materials. One of tle@nnchallenges to achieve rapid
broadband nanomechanical measurement is to ensure thatfbyt¢e applied shall accurately
track the desired force profile and 2) the indentation shbeléccurately measured. Accu-
rate tracking of the desired force profile is necessary tatexhe material behavior in the
measured frequency range, as well as to avoid issues rétated signal-to-noise ratio and
input saturation (due to the force being too small or toodard\ccurate indentation measure-
ment is needed to capture the material behavior as the respothe force applied. Recently,
model-based techniques (10; 12) have been developed toracmy the dynamics convo-
lution effect on the measured indentation data. These osiessing technique, however,
cannot be used to achieve rapid broadband nanomechaniaalireenents. The other major
challenge in rapid broadband nanomechanical measureisdntachieve rapid excitation of
the material response by the force applied (from the prdRejpid excitation (of the material
response) is needed to capture the time-elapsing nanomeahproperties during dynamic
evolution of the material, for example, during the initiaprd stage of the crystallization of
polymers (11) or the healing process of live cell (13). Maeprapid excitation of material
response is also needed when mapping the nanomechanipairipes of the material over
the sample surface. Although the mapping of elasticity/&ss of materials at nanoscale can
be obtained by using the force volume mapping techniquefottte-curve measured at each
sample point is quasi-static and the mapping procedurmed¢onsuming, with mapping time
in tens of minutes to several hours — which becomes even nongiel to map rate-dependent
nanomechanical properties. Such a long mapping time renderadverse effects (14) due to
disturbances (e.g., thermal drift) and variations of gystlynamics pronounced. As a result,
large measurement errors occur, particularly when the Eaisipvolving.

To achieve rapid nanomechanical spectroscopy, an appimesdd on the optimal input
design was developed. First, the measurement of nanomeahproperties is transformed

into a parameter identification problem by capturing theomag@chanical properties of the



sample to be measured in a parameterized model (e.g., ateahorder exponential (Prony)
series model of the complex compliance of the material (8)Y)en, the optimal excitation
force — acting as the input to the material mechanics modek-sought to minimize the
covariance of the estimation error through the maximizatibthe Fisher information matrix
(15; 16) of the parameterized mechanics model. Specifijdhkydesigned optimal excitation
force profile comprises multiple sinusoidal signals whasgdency and amplitude are op-
timized through an iterative experimental process. Noy @aln the obtained optimal force
profile rapidly excite the nanomechanical properties ofamals over a broadband frequency
range, but also, with a discrete frequency spectrum, retheedynamics convolution effect
by facilitating the tracking of such an excitation force.efhthe designed optimal excitation
force profile (e.g., the cantilever deflection when using $BMracked by using the recently-
developed inversion-based iterative control techniqQeh@t compensates for the hardware
dynamics convolution effect. The proposed approach istiliied through both simulation
and experimental implementations on the measurement cbefiasticity of a Polydimethyl-
siloxane (PDMS) sample using an SPM. The simulation andrerpeat results demonstrate
the need of optimal input design and the efficacy of the pregpa@pproach in achieving broad-

band viscoelasticity spectroscopy.

1.3 Dissertation overview

The rest of this dissertation is organized as follows. Inptéa2, two issues encountered
in the nanomechanical measurement of soft materials wehessked. The first arising issue
is the lack of rich frequency components in the excitatiowdéoand the measurement speed is
slow in order to sweep the frequency range for the measureohémequency dependent ma-
terial properties. This issue was addressed by using aimbise excitation force profile. The
second arising problem is the instrument dynamics effegpleal in the measured force and

indentation data. This problem was tackled by using the iirleds inversion-based iterative



learning control technique. The dynamics convolutionatffa the measured viscoelasticity
due to the probe-sample interaction was removed by curnwegfiin ideal parametric mechan-
ics model—Prony series model. The measurement error carabsatically reduced and the
measurement speed was significantly increased. The meassceelasticity compared well
with the dynamic mechanical analysis (DMA) result.

In chapter 3, to compensate for the dynamics convolutioecefh the measured inden-
tation data, a model-based approach is proposed. Firstyti@mics from piezoactuator to
cantilever was analyzed and modeled as a cascaded dynasteasylhen, the measurement
error in the indentation data was removed by the numericeciiting. The proposed approach
was implemented to measure the broadband viscoelastic@P®MS sample using SPM.

In chapter 4, to further increase the measurement speedbaadt broadband nanome-
chanical measurement, a control-integrated system fasiion and optimal excitation force
design approach was developed. First, the nanomechangeaurement was converted to the
parameter estimation problem. Then, the optimal excitattwce design was implemented
to attenuate the measurement noise, the dynamics undgrait the thermal drift. The pro-
posed approach was simulated and implemented in expesrtedemonstrate the need and
efficacy of the optimal excitation force design in nanomeate property measurement. The
measurement result compared well with previous resultslamaneasurement time was fur-
ther decreased. The proposed approach does not need afy@ostsing and can be imple-
mented online for investigation of fast evolving phenomeno

Finally, the conclusion is given in chapter 5.



CHAPTER 2. NANOSCALE BROADBAND VISCOELASTIC
SPECTROSCOPY OF SOFT MATERIALS USING ITERATIVE
CONTROL

Abstract

In this chapter, a novel approach to nanoscale broadbaodelastic spectroscopy is pre-
sented. The proposed approach utilizes the recently de»@lmodel-less inversion-based
iterative control (MIIC) technique for accurate measuretref the material response to the
applied excitation force over a broad frequency band. SPMremoindenter have become
enabling tools to quantitatively measure the mechaniagbgnties of a wide variety of ma-
terials at nanoscale. Current nanomechanical measurghwméver, is limited by the slow
measurement speed: the nanomechanical measurement iarglomarrow-banded and thus
not capable of measuring rate-dependent phenomena ofiaisitéys a result, large measure-
ment (temporal) errors are generated when material underdynamic evolution during the
measurement. The low-speed operation of SPM is due to tihditgaf current approaches
to 1) rapidly excite the broadband nanomechanical behaifionaterials, and 2) eliminate
the convolution of the hardware adverse effects with theemetresponse during high-speed
measurements. These adverse effects include the hystefélse piezo actuator (used to po-
sition the probe relative to the sample); the vibrationalaiyics of the piezo actuator and the
cantilever along with the related mechanical mounting;taedlynamics uncertainties caused

by the probe variation and the operation condition. In theppsed approach, an input force



signal with dynamic characteristics of band-limited whitgse is utilized to rapidly excite
the nanomechanical response of materials over a broadeinegjuwange. The MIIC technique
is used to compensate for the hardware adverse effectgbthatlowing the precise appli-
cation of such an excitation force and measurement of themahtesponse (to the applied
force). The proposed approach is illustrated by implenngniti to measure the frequency-
dependent plane-strain modulus of poly(dimethylsiloyg®MS) over a broad frequency

range extending over 3 orders of magnitudel(Hz to 4.5 kHz).

2.1 Introduction

In this chapter, a novel indentation-based nanoscale bevatlviscoelastic spectroscopy (NBVS)
methodology for soft materials is presented. The proposBdMNapproach utilizes the re-
cently developed model-less inversion-based iterativerob(MIIC) technique (14) to allow
rapid excitation and measurement of nanomechanical behaivmaterials over a broad fre-
guency band via indentation using scanning probe micras¢®pPM) or nanoindenter. Com-
pared to other methods for nanoscale mechanical propergumements (17; 18), the SPM-
based force measurement has the unique advantage of apfayee stimuli and then directly
measuring material response (i.e., the indentation measnt) on the same platform. Cur-
rent SPM-based force measurements, however, are limit#oesiow operation of SPM: the
force measurement in current state-of-the-art SPM is tow 8 measure the rate-dependent
phenomena of materials (19), and large measurement (t@fparors can be generated when
dynamic evolution of materials is involved during measuegats (20). Operating speed of cur-
rent SPMs is limited by two factors: 1) the excitation forpgked, which is either quasi-static
(1) or resonant-oscillation based (21), is either too nabbanded in frequency (quasi-static)
or too slow (resonant-oscillation based) to rapidly exttienanomechanical behavior of ma-
terials over a broad frequency band; and 2) the hardwareseleffects can be coupled (con-

voluted) into the measured data if the measurement is atdpgbd and over a broad frequency
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range. These adverse effects include the hysteresis ofdhe actuator (used to position the
probe relative to the sample) (22; 23), the vibrational dyita of the piezo actuator and the
probe along with mechanical parts (24), and the dynamicerntaiaties (25; 26). The pro-

posed approach aims at overcoming these drawbacks throbghadband characterization
approach analogous to system dynamics identification (27).

Development of rapid nanoscale broadband viscoelastidsseopy is needed to study
material properties (1) as well as physical and/or chenintatactions between different ma-
terials (28), particularly for biological samples that Bxaand undergo significant changes
in mechanical response during the measurement time of thentistate-of-art SPM systems.
For example, during the dehydration process of dentin geitg29; 30) or the healing process
of a wounded cell, material viscoelastic response can ewslthin seconds and use of con-
ventional force measurement techniques such as force eotuaapping will result in large
temporal errors (31), because the measurements at theafinpies point and the last sample
point are acquired at very different time instances. Rapitbmechanical property measure-
ments will also dramatically improve the measurement effic@ihere exists a need to achieve
rapid measurement of nanomechanical properties of mestelniat the rapid broadband mea-
surement of viscoelastic response at nanoscale is chadigng

In usual force-curve measurements, the applied input fioibews a triangle trajectory
(). Although the load rate of the excitation force can bessaittially increased by using ad-
vanced control techniques to compensate for the instrudyramics effect—as demonstrated
in (2), the excitation force profile used is quasi-static alogs not contain rich frequency
components required to rapidly excite the broadband viastie response of materials. One
attempt at addressing the lack of frequency componentsuit iiorce has been the develop-
ment of the force modulation technique (3; 4), where a siidagdorce signal (i.e., ac signal)
of small amplitude is superposed on the triangle input faod applied during measure-
ments. The hardware dynamic response is coupled (condlut the measured data and

must be accounted-for afterwards using a dynamics modelAg)a result, the load/unload
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rates are limited to a small range because the oscillatigrliude (<100 nm) and the oscilla-
tion frequency (a few hundred Hz) have to be kept small (4hshat dynamics coupling can
be adequately captured by using a simple spring-mass-damgeel. Moreover, the force-
modulation technique is slow for measuring material respawver a large frequency range,
because the de-modulation process must be applied to éalgureeasure the amplitude and
the phase shift of the oscillation, which is inherently ticensuming. During high-speed
force measurements, the SPM dynamics consisting of the giewator and the probe (32)
can be excited, resulting in large vibrations of the prol&tine to the sample, which in turn,
leads to large errors in the obtained force measurementthdfmore, substantial dynamics
uncertainties exist in the SPM system due to the change o&tipe conditions (e.g., change
of the cantilever), which makes the compensation of suclachycs effect challenging. When
the displacement of the piezo actuator is large during theefmmeasurement, the hysteresis
effect of the piezo actuator becomes pronounced, furtherezbating large measurement er-
rors. Therefore, a measurement technique that decoumdsatidlware dynamics, nonlinear
hysteresis, and dynamic uncertainties from the high sparee imeasurements is required for
accurate material characterization.

The proposed broadband excitation and measurement apgss@andamentally different
from the recent development of broadband (or multi-freqygm®xcitation methods (5; 6;
7). It has been demonstrated recently (5; 6) that the nndtjtfency excitation approaches
can improve the measurement time and the force sensitivay the single-frequency force-
modulation method. However, since the multi-frequencyl@and-limited) input is applied
to drive the cantilever, such an excitation mechanism requa high-bandwidth actuator-
cantilever system (i.e., the bandwidth contains all thetatton frequencies). Otherwise,
the dynamics of the cantilever (and possibly the actuatmmalvith the related mechanical
mounting) may be convoluted with the material response enrtteasured data (5; 6), and
undesirable distortions may be induced in the excitatisndomaking the extraction of the

material properties from the measured data difficult anch@tto calibration errors.
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In order to address the problems discussed above, thisah@pisents a broadband char-
acterization approach that uses advanced control tecbsitpuadjust the control input (to the
actuator) to “cancel” the coupling of the dynamics and otimtlinear and disturbance effects
into the measured output, thus allowing the desired braadileacitation force to be exerted
(from the cantilever) to the sample without distortionsrtRermore, this approach does not
require additional hardware augmentation and can be yeagplied to existing SPM hard-
ware. Therefore, the developed approach extends and ieptbg multi-frequency excitation

approach.

2.2 lterative Control Approach to Broadband Viscoelastic $ectrum on

SPM

2.2.1 Nanoscale Material Property Measurement using SPM

SPM is not only a unique tool to obtain nanoscale images oérn@s, but also becomes
a powerful tool to characterize various nanoscale matengperties through the measure-
ment of tip-sample interaction force, i.e., the force cumveasurement (2). To obtain the
force curve, a micro-fabricated cantilever with a nanegitip (see Fig. 2.1(a)) is driven by
a piezoelectric actuator to push against the sample sunfatdehe cantilever deflection (i.e.,
the tip-sample interaction force) reaches the setpointeval’hen the cantilever will retrace
from the sample surface to a pre-determined distance. Trige fistance curve is obtained
by measuring the tip-sample interaction force versus thiced displacement of the SPM-tip
during the push-retraction process (see Fig. 2.1(b)). dhmefcurve contains the information
of tip-sample interaction force and the indentation andeby can be used to explore various
material mechanical properties such as the Young’s mod)us

Next, a novel feedforward control-based approach to aehidBVS using SPM is pre-

sented. The method exploits a newly developed iterativéfée®ard control technique (14)
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Figure 2.1 The scheme of force curve measurement by SPM

in force curve measurements—to eliminate the convolutiocBRM dynamics into the mea-
sured data and enables the direct exertion of a broadbariceuency) excitation force on
the sample. Then the measured input-output data are dtiliza mechanics model to ob-
tain the frequency-dependent (storage and loss) modulssfbmaterials. The preliminary
result has been reported in-brief recentlyAipplied Physics Letter@®). In this chapter, we
extend the work by providing the detailed development ofghsposed method, including

more experimental results. We start with presenting theCMéchnique.

2.2.2 Model-less Inversion-based lterative Control

The MIIC control law can be described in frequency domairodews:

U(jw) = az(jw), k=0,
el z(jw),  whenzc 1(jw) #0,

U(jw) = andk > 1, (2.1)
0 otherwise

where ‘f (jw)’ denotes the Fourier transform of the sign&(t)’, ‘ zy(-)’ denotes the desired
output trajectory,Z(-)’ denotes the output obtained by applying the inpit-)’ to the system
during thek!" iteration, anda # 0 is a pre-chosen constant (e.g.,can be chosen as the

estimated DC-Gain of the system).
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Figure 2.2 The system diagram of the MIIC algorithm.

The convergence of the MIIC algorithm has been analyzed 4. (1t has been shown
that the error between the desired input and the iteratimérabinput, under effects of mea-
surement noise and/or disturbance, is small provided tigegignal to noise/disturbance ratio
(SNR) is large. Furthermore, the output tracking error cagiantified in terms of the SNR.

See the Appendix for details.

2.2.3 Implementation of the MIIC Technique in NBVS

As conceptually depicted in Fig. 2.3, the use of the MIIC teghe in the proposed NBVS
is to “learn” and “cancel” the dynamics of the piezo-caméesystem for the given desired
force signalzy(t), such that the output of the piezo-cantilever system, the. force exerted
onto the sampleg; (t), will follow the desired force signat; (t) — z4(t). Thus this proposed
approach is different from the multi-frequency excitatimethod (5; 6), where the desired
force-signal is applied to drive the piezo-cantilever sysdirectly (the dashed arrow path in
Fig. 2.3). The MIIC technique is ideal for applications swshforce-curve measurements,
because in these applications, the operation is repetiidethe desired trajectory is known
a priori. Therefore, the MIIC law can beomputed offline (instead of online) directly in
frequency domain—the time-domain iterative control inpubbtained through the inverse

Fourier transform, and then applied as a feedforward, dpep€ontrol input to the system. In
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such a frequency-domain implementation, Theorem 1 candmbtogyuide the use of the MIIC
technique in practices—the MIIC input (Eq. (2.1)) shoulchpgplied at the frequencies where
the SNR is large enough (as quantified by Egs. (1, A.1)). Aeofrequencies, the control
input should be set to zero. Note that in applications incdgadanomechanical measurements,
the SNR can be experimentally estimated in practices by uni@gsthe noise spectrum and
comparing it to the pre-known desired output spectrum.

e Wi : 2020

. | Piezo-cantilever
D> System
1

Y

Sample material

Figure 2.3 The schematic comparison of the MIIC algorithhe (dashed box)
with the multi-frequency excitation method (the dashedwjrin
nanomechanical measurements.

The advantages of the MIIC technique include 1) the utilaradf the noncausality of the
operation (since the entire desired trajectayit) is known a priori) to improve the control
performance, 2) the ease and efficacy in compensating foandigs uncertainties through
iterations, and 3) the ease of implementation with no neettmire the frequency response
(and/or dynamics model) of the system. In the proposed NBNMSMIIC technique is used
to exert a band-limited white-noise type of input force taiexthe nanomechanical behavior
of soft materials.

We note that the band-limited white-noise type of input¢&rcontains all frequency com-
ponents uniformly distributed within the frequency barujg allowing maximum excitation
of the material’'s dynamics such as the rate-dependent mmathdehavior of the material,
i.e., in the viewpoint of system identification, the whiteise input satisfies the persistent ex-
citation condition (27). In this chapter, the obtained mateesponse to such a band-limited
white-noise input force will be used to obtain the non-pagtaiia complex modulus (1) first,

and then to identify the parametric truncated Prony seriedaiof the storage and loss mod-
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ulus (33).

2.2.4 ldentification of the Frequency-dependent Plane-sain Modulus

As the proposed NBVS is developed for soft material chareetton, the indentation (i.e.,
the soft material’s response to the excitation force) issuead by using the MIIC technique
to measure the force-deflection on the soft material andathat reference hard material (1)
(for the same driven input). The obtained input-output @aaused in a mechanics model
to obtain the complex modulus of the material in frequencsndm. Finally, the complex
modulus is modeled by a linear model (a truncated PronySerad the parameters in the

linear model are identified.

2.2.4.1 Obtain the Excitation Force and the Indentation Reggonse

The force applied from the tip to the sample during the foreasurements can be obtained

from the measured cantilever deflection signal by usingetagion (1),

F=K{xC xds, (2.2)

wherek; is the stiffness constant of the cantilev@r,s the sensitivity constant of the deflec-
tion signal vs. the vertical displacement of the tip, alyddenotes the cantilever deflection
on the soft sample. Both the cantilever stiffnégsand the deflection sensitivifg; can be
experimentally calibrated (34).

Then, the indentation of the tip into the soft sample can liained as (2)

h=C x (chi — ds), (2.3)

wheredy denotes the deflection on the hard material to the same ¢onfnat for which
the deflection on the soft materialg, is measured. Note that the elastic modulus of the

reference hard material (e.g., sapphire) should be mudteh{geveral orders higher) than that
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of the soft material (e.g., PDMS)—thus the indentation anrdference material is negligible
(compared to that on the soft material). Hence, the indemtaif the tip into the soft sample
can be obtained from the difference between the cantiles®eation on the soft sample and

that on the reference material (1).

2.2.4.2 Obtain the Complex Modulus of the Material

In the NBVS experiments, the material response is meashredgh superposition of two
indenter loads — a constant mean load level and a vibrataxy ¢d smaller amplitude with a
“white noise” like frequency spectrum. Recent work by Wathdle (35), Johnson et al. (36)
and Barthel (37) has shown that indentation response toaladd history may be analyzed
through separate analysis for static (mean) load and dyn@ntoratory) load. The material
response to static load components determines the meaactoatlius for the indentation.
The response to oscillatory load is well approximated asntation by a uniform cylindrical
punch of radius equal to mean contact radius.

Following Wahl et al's (35) experimental analysis and tletical development reported
by Johnson et al. (36), the frequency dependent modulusfofreterials is determined
through decoupling of force-deflection response. Fastieptransform of the applied force
and measured deflection is utilized to decouple the statidgnamic components. The static
components of the force and indentation are utilized tordete the mean contact radius.
Dynamic components and mean contact radius are used tomie¢ehe frequency dependent
material modulus.

In the case of no adhesive interactions between the indenteindented material, Hertz's
contact analysis (1) may be utilized to analyze the statpmnents of load and deflections

for mean contact area according to the following relation:

_ 453

Fo 3R

(2.4)
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However, in the case of adhesive interactions, the statigpoments may be analyzed
using the Johnson, Kendall and Robert (JKR) theory to deterithe mean contact radius.

According to the JKR theory,

AE* 3
Fo = IzoRao_2,/Zneggwag; (2.5)

2
ag 2TTagW |
=_ : 2.6
o=%\/ & (2.6)
3
Fpullout = _EHWR (2.7)

whereFy is the static component of the normal force between the tipthe sample surface,
and &y is the static component of the indentation of the tip on threa surface. The sta-
tic force Fp and the corresponding indentatidnwere experimentally measured at 139.3 nN
and 166.7 nm, respectiveli; is the combined plane-strain modulus of the sample material
which was calculated at 1.53 MPa by Eq. (2.5, 2.6), and w isitheesion energy, which was
calculated at 0.067 N/m by Eq. (2.7 is the geometric mean of the plane-strain moduli
of the soft material and the indentét/Eg) = (1/Ejgente) + (1/Egampid- The plane-strain
modulus of materials is a combination of its elastic modand Poisson’s ratio. For elastic
materials the plane-strain modulus is expresseas: E /(1 v?). Since the indenter mod-
ulus (GPa) is almost three orders of magnitude greater tieadft material modulus (MPa),
Eo is dominated by the lower of the two moduli, namely, the sadtenial, Eg ~ EZ, 1 016), @0

is the mean contact radius, and R is the tip radius. The pifitooe Fpyiout iS measured in a
separate experiment (38). Once the adhesion energy w isrkiibezmean contact radiues,
and the combined plane-strain modulus of the matefgl.can be calculated from Egs. 2.5
and 2.6. In separate experiments where AFM tip was pullethefSurface, pull-off force was

measured to be 30 nN. The measured value for PDMS samplesacesnpell with previous

reports (38). It is important to note that in the NBVS expamnt) the AFM tip was always
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in contact with the sample and measured pull-out force ig otilized to determine the mean
contact radius.

The above analysis assumes that the SPM-tip shape can lex@apated as a parabolic
surface. The SPM tip is used to scan a hard sample many tinh@®hesing it in the force-
curve experiments such that the wear during imaging resuttssired tip shape (39; 40). The
resulting shape is verified by measuring the tip profile tgtoexperiments (see Sec. 2.3.2.3).
Also, the friction during the contact is assumed to be ndglkg This is acceptable in the pro-
posed approach because during the force measurement,rthental in-plane displacement
of the tip relative to the sample is negligible, and the tipnisontinuous contact with the
sample throughout the measurement.

The oscillatory component of the load history is analyzedgithe load-displacement re-
lation for cylindrical punch with the radius equal to meamtxt radius indenting the surface

(35; 36). Therefore, the frequency-dependent planerstnaidulus is computed as:

(1) = 3and 0 2.9
whereAP(jw) is the amplitude of the excitation force, aAd(jw) is the amplitude of the
indentation of the material at frequenayby the SPM-tip.

Then the storage and the loss modulus of the material areneltas the real part and the

imaginary part of the complex modulus, respectively,

E'(jw) =E (jw) + JE (jw). (2.9)

We note that some small residual SPM-dynamics effect mightappear in the com-
plex modulus at some frequencies, for example, around gweant peaks—due to the sen-
sitive variation of the SPM-dynamics around those fregiesecesulting in pronounced mea-
surement error. Thus, we introduce the parameter-basedagpto identify the frequency-

dependent plane-strain modulus next.
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2.2.4.3 ldentification of the Frequency-dependent Planettsin Modulus Based on a

Linear Prony Series Model

A linear Prony series model is utilized to identify the comdad modulus of soft materials.
The use of the Prony series model allows a substantial rerobttze residual SPM dynamics
effect from the measured data, and thereby a more accuratbited modulus E(t) can be
obtained. In this chapter, we use a truncated Prony sergesdiseries of discrete exponential

terms) to model the combined modulus (33; 41).

n
E(t) =Ex+ ZEi e Vi, (2.10)
i=

whereE, is the fully relaxed modulug;s are the modulus coefficients, and are the discrete
retardation times.

The corresponding complex combined moduigjw), can be obtained from the Fourier
transform of Eg. (2.10), as presented below as the summattibe real part and the imaginary

part,

E*(jw) = <Eoo+ S Ei'TiZ"*’z_> + ( - Bt ) -y (2.11)

G 1+717 w? G 1+717 w?

The parameters in the truncated Prony series mégiebnd;s, are identified via curve-
fitting the experimentally measured storage and loss msdukt, the real and the imaginary
part in EqQ. (2.8), respectively) with respect to the coyvdets in Eq. (2.11), respectively. The
curve-fitting is based on the least-square minimizatioerdhy it is similar to the least-square
algorithm for parameter estimation commonly used in stechdgstem identification schemes
(27). Also note that the modulus coefficielts and the retardation constanis for i=1, - - -,

3 appear in the fitting of both the real part and the imaginauy. prhus the average value of
the fitting results is used for these parameters. Once tlareders of the linear Prony series

model are identified, the plane-strain modulus can be pl@teording to Eq. (2.10).
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2.3 Experimental Example: Frequency-dependent Viscoeléis

Measurement of PDMS

We demonstrate the proposed technique by implementingietsure the combined mod-

ulus of PDMS. We start with describing the experimentalexyst

2.3.1 Experimental Setup

The experimental system is schematically shown in Fig. 2. dommercial SPM system
(Dimension 3100, Veeco Inc.) was used in the experimentreviiee SPM-controller has
been customized so that the PID control circuit of the SPMt@dler was bypassed when the
external control input was applied to drive the verticalxisgpiezoactuator. (see Fig. 2.4).
The cantilever deflection sensor signal was acquired dyréatough a data acquisition card
(DAQ) installed in the control computer. All the control uipsignals to the piezoelectric
actuator were generated by using the MATLAB-xPC-targekpge (Matheworks Inc.), and

sent through the DAQ card to drive the piezotube actuatoa Viegh-voltage amplifier.

Piezo Input u(t) Piezo Input
(Low-voltage) High-Voltage | (Mi9n-voltage)
iy Amplifier SPM
& Z-axis
( MATLAB, ) <t Piezo
XPC-Target Cantilever Deflection
(Low-voltage)

Figure 2.4 Schematic diagram of the experimental setup péeiment MIIC al-
gorithm in force-curve measurements.

2.3.2 Experimental Results% Discussion
2.3.2.1 Tracking of the Band-limited White-noise Trajectay

First, the MIIC algorithm was applied to enable applicatidra band-limited white-noise

type of excitation force by the cantilever on the PDMS sanfBleaders are referred to Ref.
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(2) for the preparation of the PDMS sample). A band-limitduternoise was generated in
MATLAB for a time period of 6 seconds (In the experiment, i@y a ramp signal of 0.5
sec. duration was applied to gradually increase the loaceftw the desired steady state
load level. Then the force load was maintained at the saned fev 0.5 second. Finally,
two copies of the band-limited white-noise-like excitatiforce of 6 second duration were
concatenated and then augmented to the steady-state é@aadehd applied on the PDMS
sample. Experimental results showed that the response afitial load reached the steady-
state in about 2-3 seconds, and the experimental resulttiiersecond 6-second white-noise
excitation force was used in the analysis. Therefore, tfecebf the starting load history
was not considered in the analysis.). The cut-off frequesfcthe white-noise was chosen
at 4.5 kHz. Note that the bandwidth of the z-axis SPM dynamigth the voltage to the
z-axis piezo actuator as the input and the cantilever dedfteess the output, was at 1.27 kHz
(The bandwidth was measured as usual as the frequency Wigesggstem gain drops by 3 dB
from its DC-gain). Then the generated force trajectory wseglas the desired trajectory in the
MIIC algorithm and applied in the force measurement on th®BB3ample along with a small
normal force. A mean load was used to avoid the pull-off oftthdrom the sample surface
during the measurements. No significant difference in thainbd data was observed when
the normal force was varied a couple of times. The iteratestdbed in Egs. (2.1) converged
in 3-5 iterations, and the converged output and the desiagettory are compared in Fig. 2.5
(a) for the entire 6 second trajectory, and in Fig. 2.5 (b}terzoomed-in view of the tracking
in a 0.01 second period for timect[2, 2.01] second. The corresponding tracking error for the
zoomed-in portion is also shown in Fig. 2.5 (c). In additithrg tracking performance was also
quantified in terms of the relative RMS ermai(%) and the relative maximum erres (%), as
shown in Table 2.1, where the relative RMS error and theivelabaximum error are defined

below:
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Figure 2.5 (a) The experimental tracking result (i.e., tbecé applied to the
PDMS sample, which was converted from the cantilever dedfiert
of the band-limited white-noise trajectory with a periodéodec., (b)

the zoomed-in view of the tracking result for time {2, 2.01] sec.,
and (c) the tracking error of 6 sec.

The experimental results show that by using the MIIC tecjgprecise output tracking
of complex desired trajectories can be achieved. For theftdtequency of 4.5 kHz, the
output tracking trajectory converged to the desired ttajgowithin 4 iterations. The relative

maximume-tracking error and the relative RMS-tracking exere both less than 5%. Such
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a precise exertion of a complex excitation input force inftbree measurement was difficult
to achieve by using feedback control—if not entirely impblkes because the band-limit of
the trajectory at 4.5 kHz was significantly higher than thedveidth of the z-axis dynamics
at 1.27 kHz (measured by the 3dB drop of the dynamics gain fteic-Gain). As shown in
Fig. 2.6, the z-axis SPM dynamics was quite complicated séteral resonant peaks below
the frequency band of the excitation force at 4.5 kHz. Thgig-8PM dynamics from the input
of the piezotube actuator to the output of the cantileveredatin was measured under the
condition that the SPM tip was in contact with the hard sagpsample with a small normal
load. Note since the sample was hard and the indentation e&glsgible, the measured z-axis

frequency response should mostly represent the dynaroitstfre z-axis piezo actuator to the

SPM-probe.
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Figure 2.6 The experimentally measured frequency respafrice SPM dynam-
ics in the z-axis direction, where the red-dashed line akMibidenti-
fies the cut-off frequency of the band-limited white-noised as the
excitation force in the experiments.

The tracking precision of such a complex trajectory can Ails@valuated by comparing
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Table 2.1 Tracking performance of the MIIC technique to Kracwhite-noise
trajectory with the cut-off frequency of 4.5 KHz, where ‘ifdo.” de-
notes the number of iterations used in the experiments.

Iter.No. 1 2 3 4 5
€0 (%) | 112.1| 17.7| 15,9/ 5.2| 45
e (%) | 106.1| 14.1| 125/4.3| 4.1

the power spectrum of the tracking result with the desiregl iorthe frequency-domain. As
can be seen from Fig. 2.7, the desired trajectory has riciuéecy components across the
entire frequency spectrum (Fig. 2.7 (a)), and the powertsjpcof the error was maintained
very small with no conspicuous difference at all frequenemponents (Fig. 2.7 (b)). The 2-
norm of the power-spectrum of the tracking error is only 2 @%that of the desired trajectory.
Therefore, the experimental results show that the MIICriegpire can be used to track complex
excitation force profile in force curve measurements.

For comparison, we also applied the desired band-limitelearfoise input signal (after
being scaled by the sensitivity of the piezo actuator to tatitever deflection) directly to
drive the piezo actuator—the same as in the multi-frequexcytation approach (5; 6; 7).
The power spectrum of the obtained cantilever deflectien, the desired input force) is plot-
ted in Fig. 2.7 (c). Since the frequency band of the excitesignal at 4.5 KHz is substantially
higher beyond the bandwidth of tlzeaxis SPM dynamics at 1.27 KHz, and significant dy-
namics effect exists within the 4.5 KHz frequency range (Sege 2.6), the power-spectrum
of the excitation signal obtained in this direct implemdiotascheme has been dramatically
distorted from being “white” (compare Fig. 2.7 (c) with (aParticularly, the power-spectrum
of the excitation signal around the resonant peak oftheis SPM dynamics is over 2 orders
of magnitude larger than those at other frequencies. Su@xatation force is not suitable
for broadband viscoelasticity measurement as it resufiean signal to noise ratio at majority

frequencies, and clearly demonstrates the limits of thdirffrelquency approach (5; 6; 7)—
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the frequency range of the excitation force should stayiwithe bandwidth of the system

dynamics, whereas the use of the MIIC algorithm effectivelyoves such a limit.

2.3.2.2 The Force and the Indentation Measurements

The force applied on the PDMS sample was computed using E3), (here the sensi-
tivity constant of the cantilever was experimentally meaduo be 65 nm/V by following the
method outlined in (34), and the cantilever spring consiad determined to be 0.53 N/m by
using the thermal noise method (34). Note that in nanomecalgoroperty measurements us-
ing SPM, a cantilever with the spring constant accommodaltia material to measure should
be chosen, i.e., the cantilever should be soft enough witll farce sensitivity to allow small
probe-sample interaction force in the force-indentatiasurement, whereas stiff enough to
reduce the probe-sample adhesion effect. In this expetjritencantilever with small spring
constant was used. To measure the indentation, the coviegative control input (obtained
in Sec. 2.3.2.1 on the PDMS sample) was applied in the forcasorement on the hard
sapphire reference sample. The indentation of the SPMrtipa PDMS sample was then cal-
culated from the difference between the cantilever defleatin the PDMS sample and that on
the sapphire sample (see Eg. (2.3)). The experimentallysuned displacement of the probe
on a PDMS sample is shown in Fig. 2.8(a), the indentation@ptiobe into the PDMS sample
is plotted in Fig. 2.8(b) for a period of 6 seconds, and thenzed-in view of Fig. 2.8(b) for
timete [2, 2.01] sec. is shown in Fig. 2.8(c).

The experimentally measured force-indentation data tdliedrequency-dependent vis-
coelastic characteristics of the PDMS material. We note ¢henpared to PDMS, sapphire
sample can be practically regarded as “infinitely hard”. réf@e, under the same control
input to the z-axis piezo actuator, the cantilever deflectibtained on the sapphire sample
should be always larger than that on the PDMS sample. Suchkdicgipn agreed with our

experimental results: the indentation obtained in the expmnts was always greater than
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Figure 2.7 (a) Comparison of the magnitude of the frequeoayponents in the
desired white-noise input force with that in the measurgdiirfiorce
obtained by using the MIIC technique, (b) the magnitude efftle-
guency components in the tracking error by using the MIl@mnégue,
and (c) the magnitude of the frequency components in the unegs
input force obtained by using the multi-frequency excitatmethod
(6; 7).
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zero (see Fig. 2.8(c)). Furthermore, the experimentalltesiso show that the indentation
response of the PDMS sample weequency dependerthe amplitude of the frequency com-
ponents became smaller as frequency increased (see BigS2¢h a trend also agreed with
the viscoelastic properties of PDMS: as the excitationdesgy increased, the movements of
the molecules of the PDMS sample were significantly retagiece they cannot follow the
external deformation fast enough, hence, a faster extdafatmation rate resulted in stiffer
material response. Therefore, the experiment results dsimrate that the proposed NBVS
technique can be used to measure frequency-dependenehasto properties of materials

over a large frequency range.

Indentation (nm)

Indentation (hm)

2 2.002 2.004 2.006 2.008 2.01
Time (s)

Figure 2.8 (a) The experimentally measured displacemetiteoprobe on the
PDMS sample, (b) the indentation of the probe into PDMS foea p
riod of 6 sec., and (c) the zoomed-in view of plot (b) for time 2,
2.01] sec.
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Figure 2.9 (a) The tip-sample interaction force that shotes band-limited
white-noise characteristic, and (b) the indentation irfite PDMS
sample obtained under the force of (a).

2.3.2.3 Complex Modulus Identification

Load and indentation response measured on PDMS along wilsured AFM tip radius
and adhesive force were used in Egs. (2.5-2.9) in order &rméte the complex modulus.
The PDMS sample demonstrated significant adhesive foraesehthe JKR based analysis
outlined in Sec. 2.2 was used to determine the material rsgpd’ he AFM tip radius was ex-
perimentally characterized using a standard probe célioraample (porous aluminum PAO1)
(34). The probe radius was determined to be 95 nm by fitting-aljpda to the measured tip
shape over a height of 150nm to 220 nm (34). Mean values ohtatlen and forces were
used in Egs. (2.5)-(2.7) to determine the average contdaigaluring the indentation. The
average contact radius during the experiment was detednimbe 128.9 nm. In addition,
the combined plane-strain modulus of the PDMS was detedhtmée 1.53 MPa. The aver-
age contact radius and fourier spectrum of the measuredalo@dhdentation response were
used in Eq. (2.8) to determine the complex modulus. Obtadeaaplex modulus is plotted

in Fig. 2.11 as a function of the frequencies. As commonlyuatieg in frequency response
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measurements, “spikes” occurred in the complex modkliygw) plot, and MATLAB com-
mand spaf dr ’ was used to remove such “spikes” (see Sec. 2.2.4.2). Theowed complex
modulus result was also plotted in Fig. 2.10. The obtainedptex modulus result was also
used to identify the parameters in the linear viscoelagtimiodel Eq. (2.11). Particularly, a
3d-order Prony series model was used (n=3 in Eq. (2.11)) as ttirgferror became sub-
stantially larger when a lower-order model was used, wisere@ained at the same level with
higher order model. The real part and the imaginary part efcttmplex modulus:*(jw),
were fitted separately by using the MATLAB commamdi  nfi t’ (see Eq. (2.11)), and the
averaged values from these two fittings (the real-part amthtlaginary part) were used for the
parameters in the linear viscoelasticity model Eq. (2.The fitting results (for the real-part
and the imaginary-part of the complex modulus) are compaiiddthe averaged values in

Table 2.2 and in Fig. 2.11 along with the experimental data.

The results showed that the identified-8rder Prony series model fitted the experimental
data quite well as the relative RMS errors in the curve-fittri the real and the imaginary
part were small at 4.59% and 4.96%, respectively. Note thert ¢hough the real-part and
the imaginary-part were fitted independently, the reat-paing values were quite close to
those from the imaginary-part fitting (see Fig. 2.11 and @&bP). Table 2.2 also shows that
the three fitted relaxation time constants occupied thriéerent time orders, spanning from
0.1 msto 10 ms. Thus, the averaged parameters were usedliimetieviscoelasticity model
to plot the real-part and the imaginary-part of the compledatus, and compared to those
of the experimental data, as shown in Fig. 2.11 with semalibigmic-scale in frequency.
Moreover, we note that there exist some residual SPM z-gxiamics effects in the modulus
of the PDMS sample. However, the curve-fitting result in RAdL1 captured the trend of
the experimentally measured data quite well. After all theametersE; and 1; in the 39-
order Prony series model were estimated, the modulus in dioneain was calculated from

Eqg. (2.10), as shown in Fig. 2.12.
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Table 2.2 The parameters generated from the curve fittinpeteal part and
imaginary part of the complex modulus, and their average.

Param. | Real Part Imag. Part| Average
E. (MPa) 3.97 NA 3.97
E; (MPa) 3.79 3.79 3.79
E> (MPa) 3.27 8.26 .77
Es (MPa) 6.70 7.78 7.24

71 (MS) 0.63 0.32 0.48

T2 (MS) 1.0 1.0 1.0

13 (MS) 10.0 10.0 10.0

(a) X 108 Experimental — Improved

Real[E (jw)](Pa)

—~
O
-

Imag[E (jw)](Pa)

Frequency (Hz)

Figure 2.10 Comparison of the raw experimentally measuoaaptex modulus
of the PDMS sample (“Experimental”) with that improved by re
moving the “spikes” in Matlab (“Improved”) for (a) the reahg, (b)
the imaginary part.
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Figure 2.11 Comparison of the experimentally measured tammodulus of
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Figure 2.12 The calculated modulus of PDMS sample in timealoray using
the parameters obtained from the curve fitting with Eq. (.10
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2.3.2.4 Discussion

According to the calculated complex modulus, the instagttas modulus of PDMS is
about 20.8 MPa and it quickly relaxes to 3.97 MPa. The inatanus and the static modu-
lus were computed by setting tinbhe— 0 andt — oo, respectively, in the Prony series model
Eg. (2.10). The combined plane-strain modulus determinaah fitting the average inden-
tation and load response is 1.53 MPa and compares well watlfully relaxed modulus. In
addition, the magnitude of the instantaneous and the falgxed modulus compare well with
the dynamic mechanical analysis (DMA) tests on the PDMS $esypepared with the sample
procedure (2). The PDMS modulus was found to change from 6telR&MPa as the temper-
ature was changed from -3@ room temperature. At room temperature, PDMS is above its
glass temperature and displayed a clear rubbery viscaetasponse. Our proposed charac-
terization technique clearly captures the rate dependstelastic nature of PDMS polymer.
These results demonstrate the efficacy of our techniqueyd broadband viscoelastic char-
acterization. Experimental results show a larger noiseHerlow frequency range below 5
Hz. Since the material response is measured only over adt@tion [less than 6 seconds],
the low frequency response might not have been accuratelyreal. This source of noise
and variability may be addressed through measuring matesponse to white noise based
excitation for a longer period of time. Measured respons@#yzed using contact mechanics
models that account for adhesive interactions between Sfebkepand sample surface. This
analysis utilizes a simple model to account for this intBeacthat can be readily applied to
other soft materials. The plane-strain modulus charasgénising this approach includes the
time dependence of the stress relaxation modulus and P&gsdio. Recently a number of
reports (42; 43) have discussed the time dependence ofoR@sstio, but there are only a
few reports on its experimental characterization (44). dsesce of independent experimen-
tal characterization for the Poisson’s ratio, two commaudgd assumptions in viscoelasticity

(45) of time independent constant, Poisson’s ratio or tmdependent constant, bulk modulus,
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may be utilized to compute the other material response iumgtfor a viscoelastic material
from the experimentally measured response. More involeadact models (46) may also be

used to quantify the influence of probe-surface interast{@®) on the measured response.

2.4 Conclusions

This chapter presented a novel nanoscale broadband \asticetpectroscopy (NBVS).
In the proposed NBVS approach, the recently developed MekBintique is used to: 1) the
exertion of excitation force with broad frequency compdsemnto the sample, and II) the
measurement of the material response for such excitaten tfhe material indentation). The
frequency-dependent viscoelasticity of the material eas tobtained by using the measured
excitation force and the indentation in a contact mechaningel that describes the dynamics
interaction between the probe and the sample. The propoB&SNvas illustrated by im-
plementing it to measure the rate-dependent viscoelastmonse of a PDMS sample. The
experimental results showed that the use of the MIIC teelen@nabled the cantilever deflec-
tion to precisely track a band-limited (cut-off frequendy5 kHz) white-noise type of desired
trajectory on the PDMS sample, thereby applying a bandididhivhite-noise type of excita-
tion force on the PDMS sample. Then the indentation of the B¥dmple was obtained by
applying the same control input to obtain the force measargron a reference hard sam-
ple. The obtained excitation force and the indentationltesthowed that the rate-dependent

modulus of soft materials like PDMS can be measured by ubmgtoposed NBVS approach.
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CHAPTER 3. MODEL-BASED APPROACH TO COMPENSATE FOR
THE DYNAMICS CONVOLUTION EFFECT IN
NANOMECHANICAL PROPERTY MEASUREMENT

Abstract

This chapter presents a model-based approach to compé&rsaeedynamics convolution
effect in nanomechanical property measurements. In thentadion-based nanomechanical
property measurement of soft materials, an excitationef@ansisting of various frequency
components needs to be accurately exerted to the samplaahtdteough the probe, and the
indentation of the probe into the sample needs to be actyragasured. However, when the
measurement frequency range increases close to the bahdithe instrument hardware,
the instrument dynamics along with the probe-sample intena dynamics can be convoluted
with the mechanical behavior of the soft material, resgliim distortions in both the force
applied and the indentation measured, which, in turn, tydead to errors in the measured
nanomechanical property (e.g., the creep compliance)efthterial. In this chapter, the
dynamics involved in indentation-based nanomechanicggaity measurements is analyzed
to reveal that the convoluted dynamics effect can be destrdls the difference between the
lightly-damped probe-sample interaction dynamics andtlez-damped nanomechanical be-
havior of soft materials. Thus, these two different dynareffects can be decoupled via
numerical fitting based on the viscoelastic model of the m@terial. The proposed approach

is illustrated by implementing it to compensate for the dyiws convolution effect in a broad-
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band viscoelasticity measurement of a Polydimethylsihex@®DMS) sample using scanning

probe microscope.

3.1 Introduction

In this chapter, a model-based approach to compensatesfdyttamics convolution effect
on indentation-based nanomechanical property measutsnsegroposed. Indentation-based
nanomechanical property measurement of soft materiaigyustanning probe microscope
(SPM) or nanoindenter provides unique insights into makgnioperties at nano-scale, criti-
cal to unravel the structure-property correlation of a wideety of materials ranging from
polymers to live biological materials (1; 47; 48; 49; 50).tE&xeous dynamics, however, can
be convoluted with the material response during the measang resulting in measurement
errors in the obtained material properties (e.g., the coeeppliance). Such a dynamics con-
volution effect has limited the measurable frequency rasfgexisting nanomechanical mea-
surement techniques. Therefore, the goal of this chapteidevelop a systematic approach to
compensate for the dynamics convolution effect on nanoarachl property measurements,
thereby increasing the measurement frequency range andingdhe measurement errors.

Dynamics convolution effect exists and limits indentatlmsed nanomechanical property
measurements. Various indentation-based techniquedleavedeveloped to measure the fre-
guency (rate)-dependent nanomechanical properties biradérials (2; 5; 6). For example,
the rate-dependent elastic modulus of soft materials sadPosydimethylsiloxane (PDMS)
can be measured by using force-curve measurements unfégedifloading/unloading rates
(2; 51). The force curve measurement, however, is quascstaereby time-consuming when
the frequency range to measure becomes large. Moreovére dsading/unloading rate in-
creases, the instrument dynamics along with the probedsameraction effect can be con-
voluted with the material response in the measured forceabi@.g., the cantilever deflection

when SPM is used). As a result, the exerted force (from thbeto the sample) may fail to
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follow the desired force profile. The measurement time caredaced and the measurement
frequency range can be increased by using the force moolulatethod (4; 5). However, the
instrument dynamics along with the interaction dynamiessill convoluted into the mea-
surement. Although in the force modulation method, the dyina convolution effect can be
accounted for by using a linear spring-damper mechanicdeh(®2; 23), this method is still
limited to relatively low frequency range because only a-langter spring-damper model is
feasible in practices, which becomes inadequate to cagitardynamics convolution effect as
the measurement frequency range becomes large. The figgrerge as well as the sensi-
tivity of the measurement are improved in the recently-tgyed multi-frequency approach
(5; 6). The applicable force spectrum, however, is sevatisiprted by the dynamics convo-
lution effect when the measurement frequency range bectargs resulting in poor signal-
to-noise ratio at some frequencies while input saturatiosoae others. Therefore, there
exists a need to compensate for the dynamics convolutiectafi nanomechanical property
measurements.

Compensation for the dynamics convolution effect on narahraeical property measure-
ments using SPM is challenging. We note that only the measemeof the probe deflection—
as the output of the entire deflection dynamics from the drpiezoactuator to the mechanical
response of the material—is available. The convoluted ahycseffect on the excitation force
can be substantially reduced by using control techniqueteasnstrated recently with the
use of novel iterative control techniques (2; 9). Thus, tbetml input obtained, when ap-
plied, allows the desired force profile to be accurately Exkonto the sample surface (2; 9).
Compensation for the convoluted dynamics effect on thentadtesn measured, however, still
remains as a challenge. This is because the indentatiohdddft material by the applied
force) usually is obtained from the difference between tiode deflection on the soft sample
and that on a hard reference sample. The difference in therialabehaviors of these two
samples (soft and hard), thereby, leads to variations iptbbe-sample interaction particu-

larly when the measurement frequency range becomes lagg@ résult, extraneous dynamics
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effect is convoluted into the indentation measurementthoigh indentation might be mea-
sured by actuating the sample and sensing the sample dispdat instead of the probe (1),
the measurement frequency range can be significantly Ialvan @ctuating and sensing the
probe), because the bandwidth of such an actuation systeis te be substantially smaller
than that of the actuation system of the probe. Therefochnigues need to be developed to
compensate for the dynamics convolution effect on nanoarechl property measurements.
The main contribution of this chapter is the development aialel-based approach to
eliminate the dynamics convolution effect on nanomeclammperty measurements. In the
proposed approach, the cantilever deflection dynamicsalyzed and modeled as a cascaded
dynamic system consisting of the piezoactuator, the euatilalong with the mechanical fix-
ture, the probe-sample interaction dynamics, and the naobamical dynamics of the mater-
ial. The cantilever deflection dynamics on both the soft darapd the hard reference sample
are measured and compared to reveal that the convolutedfae instrument dynamics is
characterized by lightly-damped poles and zeros, whossitots coincide with those of the
piezo and cantilever dynamics. On the contrary, the mechabiehavior of soft materials
is characterized by over-damped dynamic behavior that eatelscribed by for example, a
Prony series model (8). Then, the convoluted dynamics teffiestinct from the material be-
havior in frequency domain, is removed numerically throfighng. The proposed approach
is illustrated by implementing it to the measurement dataiakd in a broadband viscoelas-
ticity measurement of a PDMS sample using SPM. Both the Araltjuency approach (5; 6)
and the iterative-control-based method (2; 9) are apphethé measurement. The results
demonstrate that the dynamics convolution effect on thesoreanents in both cases can be

effectively reduced by using the proposed method.
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3.2 Model-based Compensation for Instrument Dynamics Corslution

Effect

In this section, we start with describing nanomechanioaperty measurements on SPM.

3.2.1 Nanomechanical Property Measurement Using SPM

SPM has become an enabling tool to image sample topographyeasure material prop-
erty at nanoscale (53). Specifically, the frequency-depenhthechanical properties of soft
materials can be measured by exerting forces of differequigncy components to the sample
and measuring the indentation of the material—as the ressgpoiithe material to the excitation
force (1). For example, the rate-dependent elastic modflgsft polymers such as PDMS
can be measured from force-curve measurements with ditfésading/unloading rates (2),
where the probe-sample interaction force versus the atdisplacement of the SPM-probe
is measured during a push-retraction process when the SBM:fiollows a triangle-like tra-
jectory (see Fig. 3.1). Using force-curves to measure dafendent mechanical proper-
ties, however, is time consuming as the experiment needs tefeated at different rates.
More efficiently, frequency-dependent nanomechanicgbgnttes can be measured by using
the force-modulation method (4), where a sinusoidal etoitanput is augmented to a con-
stant (normal) force load and applied to drive the cantil€te 54). The indentation of the
probe into the soft sample is obtained from the differencthefcantilever deflection on the
soft sample and that on a hard reference sample for the sguevoltage. Then, the mea-
sured excitation force and indentation data, i.e., thetigma the output response, can be
used in an appropriate contact mechanics model to quahgfyrtechanical properties (such
as creep compliance, storage modulus and loss modulusy afidkerial (1).

The cantilever deflection signal is measured to quantifyettwtation force and the inden-

tation. The force applied is measured as (1)
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Figure 3.1 (a) the force curve measurement scheme and (beanstic drawing
of a force-distance curve.

P(t) =K x G x d(t), (3.1)
wherekK; is the stiffness constant of the cantilev@ris the sensitivity constant of the deflection
signal vs. the vertical displacement of the probe (both aaexperimentally calibrated (34)),

andd(t) denotes the cantilever deflection on the sample. Then, ttentation of the probe

into the soft sample can be obtained as (1)

h(t) = Gy x [cha (t) — ds(t)] = G x AD(t), (3.2)
whereAD(t) denotes the difference between the cantilever deflectiotherard material,
du (1), and that on the soft materialg(t), respectively.

Various contact mechanics models have been developeddmabe mechanical proper-
ties of materials (e.g., the complex compliance) (55). F@n&ple, when the probe-sample
interaction can be modeled as the contact of a frictionlegisl, spherical indenter with a ho-
mogeneous, linear, and isotropic viscoelastic substitae;omplex compliance of the mater-

ial in uniaxial compressiorl*(jw), can be obtained from the following Hertz contact model

presented in frequency-domain:

(3.3)

whereP(-) andh(-) are defined in Egs. (3.1, 3.2), and the constnis given by
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_3(1-v?)
G = 74\/§ , (3.4)

wherev is the poisson ratio of the sample, and R is the SPM-probesadi

Note that when measuring nanomechanical properties ofrsittrials, usually the ampli-
tude of the excitation force is relatively small (i.e. theahanical behavior of the material can
be adequately described by a linear viscoelasticity mpdal] a full probe-sample contact is
maintained throughout the measurement (1; 53). Therefotlee following, we assume that

the force-indentation data are measured under these tvebticors.

3.2.2 Dynamics Convolution Effect on Indentation-based Naomechanical Property

Measurement

In indentation-based measurements of nanomechanicatipieg accurately must the ex-
citation forceP(t) be applied, so must the indentatioft) be measured. Itis evident from Egs.
(3.1, 3.2, 3.3) that errors in the measured excitation fara¥or the indentation directly lead
to errors in the measured nanomechanical property. Plantigithe excitation forc®(t), i.e.,
the cantilever deflection, needs to follow the desired exioih force profile, and the difference
of the cantilever deflection on the soft material and thath@nhard reference material should
accurately represent the indentation of the probe intodftersaterial. Maintaining accuracy
in the force applied as well as the indentation measuredehervbecomes challenging when
the measurement frequency range becomes large relative tmhdwidth of the SPM instru-
ment dynamics. The challenge arises because the excitatiom is generated by applying
an input voltage to drive the piezoactuator (see Fig. 3.Reré&fore, when the measurement
frequency increases, the instrument dynamics (from theopigtuator to the cantilever deflec-
tion) can be excited, and extraneous dynamic effect can dhgced into the measurement.
Specifically, the deflection signal on a soft sample can beesgmted in frequency domain as

(see Fig. 3.2)
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Ds(jw) = Gsg( jw)Ges(jw)Gpe(jw)V (jw) (3.5)

whereGs4( jw) denotes the material dynamics of the soft samBlg(jw) represents the in-
teraction dynamics between the cantilever-probe and tfigvsaterial, Gpc( jw) models the
dynamics from the piezoactuator to the cantilever along) tie mechanical fixture between

them, and/ (jw) is the Fourier transform of the input voltage applied to trezpactuator.

Piezo
actuator

< Gpeliw)

Cantilever

Substrate —>

Gss(jw)/Ghs(jw)

Figure 3.2 The scheme of the dynamics involved in nanomechlaproperty
measurement using SPM.

Similarly, the measured deflection signal on a hard refereample can be represented as

DH (jw) = Ghs(j)Gen(jw)Gpc(jw)V (jw)
= KnsGen(Jw)Gpe(jw)V (jw) (3.6)
= Gh(jw)V(jw),
whereGyg(jw) represents the dynamic behavior of the hard mategg) j w) represents the

interaction dynamics between the cantilever-probe anchérd sample, anGp(jw) and

V(jw) are the same as defined in Eq. (3.5). Note that usually thereéedence sample,
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by choice, has an elastic modulus over several orders htgharthat of the soft sample, the

mechanical behavior of the hard reference sample can bedemjas frequency-independent
in the measured frequency range. Thus, in the followinghtirel sample dynamic behavior

modelGpg(jw) is replaced by a constaKts. Therefore, by Eq. (3.2, 3.5, 3.6), the dynamics
involved in the indentation measurement can be depictetdoplock diagram in Fig. 3.3.

V(jw) . . _ Dg(jw) D_eflection
— GpC(Jw) Ggiw) > Gggliw) ~ difference

Input @ »[ AD(jw)

V(J'w)_> Giit0) (G op (W) Gy () /DL(jw)

A

Y

Figure 3.3 The diagram of system dynamics.

Equation (3.5) implies that the cantilever deflectiog( jw)(i.e., the excitation force) fol-
lows the input voltag® (jw) if the total deflection dynamics involved in the measurenoent
the soft sampleGs(jw), can be adequately approximated as a constant. This comd#in
only be satisfied when the measurement frequency is relale (compared to the band-
width of the total deflection dynami&3s(jw)). As the measurement frequency increases, the
instrument dynamics (including the piezo-cantilever dwits Gyc(jw) and the interaction
dynamicsGes( jw)) is convoluted (in time-domain) with the material behawigg( jw) and
the desired excitation force cannot be tracked by the priothe idesired force profile (after
scaling) is applied directly to drive the piezoactuator.e Threct driving method is used in
the multi-frequency approach (6; 56). Thus, the measurefmegquency range of the multi-
frequency method is limited by the dynamics convolutioretffon the excitation force (i.e.,
cantilever deflection), which, on the contrary, can be campted for by using control tech-
nique (9). Specifically, the desired input voltagg jw) can be obtained by using techniques
such as iterative learning control, so that the output s deflection tracks the given de-

sired excitation force profilBged jw), i.e.,

Ds(jw) = Gs(jw)Vu(jw) — Dyed jw)- (3.7)
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This approach has been demonstrated recently (2; 9).

The dynamic effect becomes more pronounced in the indentatieasurement, due to
the difference of the interaction dynamics on the soft sanpis(jw), and that on the hard
reference sampl&gn(jw). By Egs. (3.5, 3.6), the difference of the cantilever deittexs (see

Eqg. (3.2)) is given as

AD(jw) = [Khchh(jw) - Gss(jw>Gcs(jw)] Gpc(jw)v<jw)- (3'8)

When the measurement frequency range is relatively low pewed to the bandwidth of
the piezo-cantilever dynami3pc(jw)), the difference of the interaction dynamics between
the soft and the hard samples tends to be small alsoGué.jw) ~ Gen(jw). This is because
in the relatively low frequency range, the piezo-cantitedgnamicsGp( jw) also tends to be
static, and the difference of the probe-sample interactisramics on the cantilever deflection

also tends to be small. Thus, the measured cantilever defiatitference becomes

AD;j(jw) = [Khs— Gsg jw)] Ges( j W) Gpe(jw)V (jw). (3.9)

The above Eqg. (3.9) shows that in this case, the measuretewanteflection difference
is generated solely by the difference of the mechanical\behbetween the soft sample and
the hard reference samplé,s— Gs¢(jw), thereby representing the “true” indentation of the
probe into the soft sample (after scaling, see Eq. (3.9))eMthe frequency range to measure

becomes large, the deflection difference becomes

AD(jw) = [KnsGeh(j W) — Gss(jw)Ges(jw)] Gpe( jw)V (jw)
= [Khs— Gss(jw)] Ges( jw)Gpe( jw)V (jw)
(3.10)
+[Gen(jw) — Ges(j )] KnsGpe(jw)V (jw)

2 ADi(jo) +ADe(j ).
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The above Eq. (3.10) reveals that measurement error is@adato the indentation mea-
surement due to the difference of the interaction dynan®gs,j w) — Ges(jw), as described
by the second term of the summatidbe(jw). The different interaction dynamics (soft vs.
hard) is caused by issues such as different probe-samptact@rea between the soft and
the hard samples and different damping effect on the caatiléeflections upon the soft and
the hard samples. Particularly, when the excitation fraquéecomes high with respect to
the dynamic behavior of the soft sample, the difference efitiberaction dynamics tends to
become large, resulting in large distortion in the indeatameasured.

The induced interaction dynamics effect on the indentati@asurement leads to large
distortions (errors) in the nanomechanical measuremesafofaterials. This problem might
be alleviated through hardware modification, for exampyegxkxiting the sample from below
instead of the probe (1). The measurement bandwidth, howeue be substantially smaller,
because the bandwidth of the actuation system for the sampigstantially lower than that
for the probe due to the increase of the mass to be exciteds, Thare exists a need to

compensate for the convoluted dynamics effect in the iratEm measurement.

3.2.3 Model-based Approach to Compensate for the Dynamicsdvolution Effect on

Nanomechanical Measurement

Next, we present a model-based approach to compensate fiyrtiamics effect on nanome-
chanical property measurements. Since the dynamics agimoleffect on the applied force
can be compensated for by using control techniques as bedcm Sec. 3.2.2, we focus,
in the following, on compensating for the convolution effen the indentation measure-
ment. Note that the interaction dynamidSc{(jw) or Gen(jw)) and the piezo-cantilever
dynamicsGpc(jw) are convoluted together in the measurement, because anbatttilever
deflection—the response of the total deflection dynantes jw) or Gy (jw) in Egs. (3.5) or

(3.6), respectively)—can be measured. Thus, we define takdonvoluted dynamics ratio,
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Gev(jw), as the ratio of the total deflection dynamics on the hardeefee sampleGy (jw),

to that on the soft sampl&s(jw):

N GH<jw)
~ Gs(jw)
_ KngGen(jw)Gpe(jw)
Gsg( ] ) Ges(j W) Gpel jw) (3.11)

o Khs Gch(jw>
= Gudj) Gesljoo) Y I 85,39

= AGhs( jw)AGe(jw).

Gev(jw)

The first term on the right of the above equatifGs( jw) = Kns/Gss( j w), describes the
dynamic behavior of the soft sample relative to the hardresfee sample (called theard-soft
material dynamics ratio thereinaftgrand the second term\G¢(jw), describes the ratio of
the interaction dynamics between the soft and hard sampédled thehard-soft interaction
dynamics ratio thereinaftgr

The total deflection dynamic§s(jw) andGy (jw), can be obtained by applying an ex-
citation input to the piezoactuator and measuring the leseti deflection as the output in the
usual “black box” identification approach (e.g. the swege snethod). Note that full contact
of the probe with the sample is maintained by augmenting anabload to the excitation
signal, and the measured dynamics is linear by keeping d srwaation amplitude.

Combining Egs. (3.10, 3.11), the coupling caused defledifiarence errorADg( jw),

can be rewritten as

ADe(jw) = [Gen(jw) — Ges( @) KnsGpe(jw)V (jw)

— [AG(jw) — 1] %Gssﬂw)Gcs(iw)Gpc(JO))V(jw) (3.12)

= [AGhs(j w)AGe(jw) — AGhs(jw)] Ds(jw)

= [ch(j w) - AGhs(M’)] DS<jw)7
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Thus, the above EQ.(3.12) reveals that the coupling-cadséidction difference error,
ADe¢(jw), is due to the difference between the total convoluted dycmmatio,Ge,( jw), and
the hard-soft material dynamics ratidGs(jw). Hence, provided that these two dynamics,
Gev(jw) andAGpg(jw), can be separated, the convolution caused indentationunegasnt
error can be eliminated. The challenge, however, existausecalthough the total convoluted
dynamics ratioGey(jw) is measurable as shown in (3.11), the hard-soft materiahmiycs
ratio AGpg( jw) is unknown in general.

We proceed to consider the fundamental difference betweehdrd-soft interaction dy-
namics ratioAG¢(jw), and the hard-soft material dynamics rai;,5(jw). Note that the
hard-soft material dynamics ratibGng(jw) essentially represents the complex compliance
of the soft material (see Eqg. (3.3)), since the hard matéealavior is largely frequency-
independent. Moreover, as the linearity condition is §atisduring the measurement, the
complex compliance of soft materials like polymers can b# described by a linear com-
pliance model, for example, a truncated Prony seriestie.complex compliance of the soft

sample is modeled as (8):

Jb J
L jo+ 1/’

whereTs > 0 are the retardation time constants of the soft materialffereint time scale,

V(@) =0 -

(3.13)

Jo is the fully relaxed compliance, ardik are the compliance coefficients (41). Thus, in Eq.
(3.13), the material compliance is modeled as a springnamgimber of spring-damper pairs
in parallel with each other. Thus, the hard-soft materialadyics ratio AGps( jw), iS over-
damped in nature (8). On the contrary, the interaction dycswdifference AG.(jw), tends to

be lightly-damped, i.eAG¢( jw) can be represented as

N Whi
AG(;(J(L)) = iElSZ+ZZi%,iS+ (l)éi’

wherew  is the undamped natural frequency afth 0 < ¢; < 1 is the corresponding damp-

(3.14)
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ing ratio. The above Eq. (3.14) holds because the differ@fidbe interaction dynamics
between the soft sample and the hard one is caused by issligdimg the difference of the
damping effect of the soft material on the piezo-cantilelygramics and that of the hard ma-
terial, and the different contact area of the probe with thfé sample and that with the hard
one. The damping effect of the hard material is rate-indépet(in the measurement fre-
guency range), whereas the damping effect of the soft nahisrfrequency-dependent (see
Eq. (3.5)). Moreover, the probe-sample contact area onatieample tends to be larger than
that on the hard sample. As a result, these effects becomle maie pronounced around the
lightly-damped poles and zeros of the piezo-cantileverdyias. Thus, in frequency domain,
the material dynamic behavior and the difference of theauiton dynamics are distinct from
each other, making it possible to eliminate the convolutgdraction dynamics effect from
the indentation measurement. Particularly, numericabrétlyms can be sought to decouple
them. In this chapter, the hard-soft interaction dynamét® \ng( jw) is removed from the
total convoluted dynamics ratiGc,(jw) by fitting the latter into a Prony series like model
(i.e., an over-damped linear dynamics model). Then the miycgconvolution-caused error
Ae(jw) is obtained by multiplying the fitting result with the deflieet measured on the soft
sample (see Eq. (3.12)), and the compensated indentatoimiased according to Eqgs. (3.2,
3.10).

3.3 Implementation Example

The proposed model-based approach to compensate for taendygconvolution is illus-
trated by implementing it to the nanomechanical properta @xperimentally measured on
a Polydimethylsiloxane (PDMS) sample. We start with ddsieg the dynamics convolution

effect observed in the experiments.
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3.3.1 Dynamics Convolution Effect on Broadband Nanomechacal Property Measure-

ment

The experimental data obtained in a broadband viscoalgstieasurement of a PDMS
sample were processed in this example. The dynamics cdiogffects become pronounced
when the measurement frequency range became large (caddand). Specifically, two dif-
ferent approaches to broadband nanomechanical measusanezr applied. First, the multi-
frequency method (6; 56) was implemented, where a desirelaéirn force profile with
power spectrum similar to band-limited white-noise wasliggpto drive the piezoactuator
directly, i.e., the desired force profile scaled by the Dhg#ithe total deflection dynamics
(from the piezoactuator to the cantilever deflection) waslieg as the input voltage. Sec-
ondly, the model-less inversion-based iterative learcogrol (MIIC)-based method was im-
plemented (9; 14), where the input obtained by using the Mékhnique was applied to the
piezoactuator so that the cantilever deflection on the PDaSpse tracked the desired force
profile. The use of the MIIC technique was to demonstrate #eai control technique to
compensate for the dynamics convolution effect on the atoit force (see Sec. 3.2.2). In
both cases, the indentation into the PDMS sample was meahbyrapplying the same con-
trol input to a hard reference sample—a sapphire sampleevkimsng’s modulus is 6 orders
higher than that of PDMS. The obtained deflection signalsswesed to compute the force
and the indentation (see Egs. (3.1, 3.2)), where the sefsitonstant of the cantilever of 65
nm/V was experimentally measured by following the methotlimed in (34), and the can-
tilever spring constant of 0.53 N/m was calibrated by ushgthermal noise method (34).
The probe radius of 95 nm was experimentally characterigechbging a standard probe cal-
ibration sample (porous aluminum PAO1) (34; 57). The freqyecomponents of the obtained
force and indentation results are presented for the andelipart in Fig. 3.4 (a), (b) and Fig.
3.5 (a), (b) for the multi-frequency method and the MIIC4xsnethod, respectively. The ob-

tained force and indentation were used to obtain the congaexpliance based on the Hertz
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model (see Eq. (3.3)), and the corresponding amplitudegssofdmplex compliance obtained
by using these two methods are shown in Figs. 3.4(c) and)3ré8pectively.

The force-indentation data measured in the experiments ghat the dynamics convo-
lution effect on both the force applied and the indentaticeasured is pronounced. When
the multi-frequency method was used, the force applied ¢oRBMS sample was severely
distorted from the desired force spectrum (compare Fig(&8.4vith the desired force profile
shown in Fig. 3.5 (a)). Particularly, the amplitude of theeBocomponents around the resonant
peak at 2.85 KHz was 20 times and 25 times larger than the gegr@mplitude of the force
components in the low frequency range 1.2 KHz) and that in the high frequency range
(3.51t0 4.5 KHz), respectively. Such a largely uneven distion of the excitation force spec-
trum can result in poor signal to noise ratio in some freqyeange and signal saturation in
others, both not desirable in nanomechanical property aneagent. On the contrary, evenly
distributed excitation force spectrum was achieved bygitie MIIC excitation method. As
shown in Fig. 3.5 (a), the spectrum of the force applied atmwesrlapped with that of the
desired one. Thus, the experimental results demonstmagffibacy of the MIIC technique in
compensating for the dynamics convolution effect on exoiteforce.

The experimental results also demonstrated that the dysaconvolution effect on the
indention measurement was pronounced in both methods (ge8&.B (b) and Fig. 3.5 (b)).
Comparing the indentation results measured in both metheglisote that by using the MIIC
technique, the dominant peak of the indentation spectru2rB&tKHz in the multi-frequency
method was eliminated (compare Fig. 3.4 (b) with Fig. 3.5, (mpwever, other convolution-
caused peaks became pronounced, and distorted the indentaasured. As a result, the
complex compliance results obtained were substantia#fipodied. As can be seen from Fig.
3.5 (c), although the value of the complex compliance in tvefrequency range (around 2
Hz) at 2.6<10~7 Pa~! was close to the static complex compliance of PDMS reportéiui lit-
erature (2), the variation of the complex compliance witpest to the increase of frequency

was severely distorted from the frequency-dependent damg@ of PDMS—The complex



52

compliance of PDMS should monotonically decay as frequancieases, signaling the ma-
terial transferred from rubbery to glassy (9; 14). Therefdris evident from the experiment
results that the dynamics convolution effect needs to bepemsated for in nanomechanical

property measurements.

3.3.2 Model-based Compensation for the Convoluted DynamscEffect

The proposed method was applied to compensate for the dgaaminvolution effect in
both methods (the multi-frequency and the MIIC-based naghoFirst, the total deflection
dynamics on the PDMS samples(jw) (see EQ.(3.5)) was measured as described in Sec.
3.2.3, and compared with that on the sapphire sai@plg w) (see Eqg.(3.6)). Both shown in
Fig. 3.6. Then, the total convoluted dynamics r&ig( jw) was obtained as the ratio of these
two deflection dynamics (see Eq.(3.11)), as shown in Figal3®. To take into account of the
possible variation due to the different contact points gupbae (as the total deflection dy-
namics on sapphire and the reference deflection on sapphiretentation measurement were
measured at different times thereby at different sampletppithe total deflection dynamics
on the sapphire sample were measured five times at five diffeyeations, respectively. As
shown in Fig. 3.7, the total deflection dynamics on the sappample measured at differ-
ent points almost overlapped to each other (The differem@nly about 1.12% of the total
deflection dynamics, both measured in average sense). Ihoagdve compared the total
convoluted dynamics ratio with the uncompensated indiem#bbtained by using the MIIC-
based method) in Fig. 3.8.

Next, to elminate the coupling caused deflection efygijw) (see Eq. (3.10)), the hard-
soft material dynamics ratio was modeled as a linéaogder Prony series like model, then
the hard-soft material dynamics rati@s,¢( jw) (see Eq. (3.11)) was decoupled from the to-
tal convoluted dynamics ratiGc,( jw) numerically using Matlab package (Mathworks, Inc.)

according to Eq. (3.12). Specifically, the hard-soft malediynamics ratio was estimated by
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Figure 3.4 (a) The magnitude of the frequency componenth@feicitation
force applied onto the PDMS sample by using the multi-freqye
method, (b) the amplitude of the frequency components inctre
responding indentation of the PDMS sample, and (c) the upeom
sated complex compliance calculated using the force inrfd)the
uncompensated indentation in (b) in the Hertz model.
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Figure 3.5 (a) The comparison of the magnitude of the frequ&omponents
of the desired excitation force and the magnitude of theuregy
components of the excitation force applied onto the PDM Sxéaitvy
using the MIIC technique, (b) the amplitude of the frequecasnpo-
nents in the corresponding indentation measured on the P&Vt
ple, and (c) the uncompensated complex compliance cadclilay
using the force data in (a) and the uncompensated indemiddita in
(b) in the Hertz model.
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Figure 3.6 The total deflection dynamics measured on the PBaSple (blue
line) and on the sapphire sample (red line), and the ratibedd two
(black line), i.e., the total convoluted dynamics ratioe(&s. (3.11)).

curve-fitting the real part and the imaginary part of theltodavoluted dynamics ratio, respec-
tively. The obtained fitting parameters for the real-pad #re imaginary-part are compared
in Table 3.1). Clearly the parameters obtained from theped fitting were very close to
those obtained from the imaginary-part fitting. Such a ciasice in the fitting indicated that
the material dynamics ratiéGns( jw) can be well described by d%3order Prony series like
model. Then the averaged parameters were used to estirhatbdrd-soft material dynamics
ratio and then the coupling caused deflection efxgijw). The compensated indentation re-
sults are compared with the uncompensated (raw) one in Fi.(8), and Fig. 3.11 (a) for the
multi-frequency and the MIIC-based method, respectivéigally, the compensated indenta-
tion data were used to compute the compensated complex izomo@l The uncompensated
(raw) and compensated complex compliance were compareig irBFL0 (b), and Fig. 3.11
(b) for the multi-frequency and the MIIC-based method, essipely.

The experimental results showed that the dynamics conualeffect on the indentation

measurement was caused by the total convoluted dynamioGa&{t jw). As shown in Fig.
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Figure 3.7 (a) The total deflection dynamics from the pieaastor to the deflec-
tion on the sapphire sample measured by using the same doiptib
at 5 different points, and (b) the maximum difference betwtnese
total deflection dynamics.
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Figure 3.8 The comparison of the uncompensated indentéilae line) of the
PDMS sample using the MIIC-based method with the total cenvo
luted dynamics ratio (black line).
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Figure 3.9 The curve fitting result of (a) the real part andtie)imaginary part
of the total convoluted dynamics ratfé.,(jw) by a 39-order Prony
series like model.

Table 3.1 The parameters of tH@-®rder Prony series like model estimated from
the curve fitting of the real part and imaginary part of thaltebnvo-
luted dynamics ratidGey(jw), and the averaged values.

Param.| Real Part | Imag. Part Average
Go 1.358 NA 1.358
Gy 0.096 0.078 0.0870
G 0.085 0.086 0.0855
Gs 0.135 0.134 0.1345
T1 (sec.)| 2.913x107° | 2.563x107° | 2.738x107°
To (Sec.)| 7.294x10~4 | 7.546x107% | 7.420x10~4
T3 (sec.)| 7.583x10° 2 | 7.788x10 3 | 7.686x10 3
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3.8, the dynamics-convolution-caused “peaks” in the unmemsated indentation coincided
with those “peaks” of the total convoluted dynamics ratig. Bing the proposed compensa-
tion method, such a dynamics convolution effect was subiatgnreduced. As can be seen
from Fig. 3.10 (a), the compensated indentation obtainagbg the multi-frequency method
better synchronized with the excitation force than the umeensated one (compare Fig. 3.10
(a) with Fig. 3.4 (a) and (b), particularly around freque&schear 2 KHz to 2.5 KHz, and
around 3 KHz). As a result, after compensation, the compterptiance obtained by us-
ing the multi-frequency method monotonically decreasethadrequency increased, which
agreed with the viscoelastic behavior of PDMS. However, iwhsing the multi-frequency
method, such a viscoelastic behavior of PDMS cannot be seenthe compensated indenta-
tion result—due to the convoluted dynamics in the excitafarce applied (compare Fig. 3.4
(b) with Fig. 3.10 (a)). On the contrary, by applying the pyepd method to the indentation
data obtained by using the MIIC-based method, the competh&atientation monotonically
decreased as the frequency increased (see Fig. 3.11). Asilg the convoluted dynamics
effect was removed from the compensated complex compligscdt. As shown in Fig. 3.11,
the PDMS is above its glass temperature and displays a dsarelastic solid response at
room temperature. Therefore, the proposed approach caseokta effectively eliminate the
convoluted instrument dynamics effect and improve the bedtith and/or the accuracy of the

measurement of frequency-dependent broadband nanonmeah@operty of soft materials.

3.4 Conclusions

In this chapter, a model-based approach to compensatedatytiamics convolution ef-
fect in the nanomechanical property measurement of softmaé is proposed. The dynamics
involved in indentation-based nanomechanical propertgsuements was analyzed to reveal
that the convoluted dynamics effect can be described asiffieeethice between the lightly-

damped probe-sample interaction dynamics and the ovepe@manomechanical behavior
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Figure 3.10 (a) the compensated indentation data obtaipeding the multi-
-frequency excitation, and (b) the comparison of the uncamspted
compliance of the PDMS sample (red line) with the compermksate
compliance of the PDMS sample (blue line).
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Figure 3.11 (a) the compensated indentation result oldnyeusing the Mi-
IC-based method, and (b) the comparison of the uncompehsate
compliance (red line) of the PDMS sample with the compermksate
compliance of the PDMS sample (blue line).
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of soft materials. Then, these two different dynamics e$f@eere decoupled via numerical
fitting based on the Prony series model of the viscoelagti¢ithe soft material. The proposed
approach was illustrated by implementing it to compensatéhfe dynamics convolution ef-
fect in a broadband viscoelasticity measurement of a Polgthylsiloxane (PDMS) sample
using scanning probe microscope, and the experimentdtsesiowed that the dynamics con-

volution effect can be effectively compensated for by ushregproposed approach.
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CHAPTER 4. OPTIMAL EXCITATION FORCE DESIGN IN
INDENTATION-BASED RAPID BROADBAND NANOMECHANICAL
SPECTROSCOPY: POLY (DIMETHYLSILOXANE) EXAMPLE

Abstract

This chapter presents an optimal input design approachhieaerapid broadband nanome-
chanical measurements of soft materials using the indentaased method. The indentation-
based nanomechanical measurement provides unique ocetitifi of material properties at
specified locations. The measurement, however, currestipislow in time and too narrow in
frequency (range) to characterize time-elapsing materaerties during dynamic evolutions
(e.g., the rapid-stage of the crystallization process ®yrpers). These limits exist because
the excitation input force used in current methods canrmtihaexcite broadband nanome-
chanical properties of materials. The challenges ariseeamstrumental hardware dynamics
can be excited and convoluted with the material propertigsd the measurement when the
frequencies in the excitation force increase, resultinglige measurement errors. Moreover,
long measurement time is needed when the frequency rangeyes which, in turn, leads to
large temporal measurement errors upon dynamic evolufidresample. In this chapter, we
develop an optimal-input design approach to tackle thes#lesiges. Particularly, an input
force profile with discrete spectrum is optimized to maxienike Fisher information matrix
of the linear compliance model of the soft material. Bothdetion and experiments on a

Poly(dimethylsiloxane) (PDMS) sample are presented ustithte the need for optimal input
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design, and the efficacy of the proposed approach in probedbaanomechanical property

measurements.

4.1 Introduction

In this chapter, an optimal input design approach is progpaseachieve rapid identifi-
cation of broadband nanomechanical properties of soft magehrough indentation-based
approach. Indentation-based approach using scanning pnatroscope (SPM) or nanoin-
denter has become an enabling tool to quantitatively meaternanomechanical properties
of a wide variety of materials, both locally and globally.(The current measurement meth-
ods (4; 6), however, are limited in both the frequency rarge tan be measured and the
measurement time that is needed to measure the (frequeteydependent viscoelasticity of
materials (19). These limits of current measurement metl{dd 6), in both measurement
frequency and time, arise as the excitation force from tlebgito the sample surface em-
ployed cannot compensate for the convolution effect oftlsgument dynamics (10; 51), nor
rapidly excite the rate-dependent nanomechanical behaktbe material (11; 58). Thus, the
proposed approach is developed to tackle the challengeserngeng nanomechanics studies.

Inefficiencies exist in current nanomechanical measurémethods for characterizing the
time-elapsing properties of soft materials. For exampgtbpagh nanomechanical properties
such as elasticity can be measured by using the force-cueasumements (1), the excitation
input force used is quasi-static and thereby, does not gontd frequency components to
rapidly excite viscoelastic response of materials. Orengtt to address the lack of frequency
components in the excitation force has been the force mbdualtechnique (4), where a si-
nusoidal driven signal (i.e., the input voltage) is appliedhe actuator of the cantilever —
piezoelectric actuator — with the aim to generating a sirda@xcitation force profile. Then
the frequency-dependent material properties can be axhby sweeping the frequency over

the measurement frequency range, and measuring the vibmaitithe probe (the amplitude
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and the phase) relative to the driving input. During the meawment, however, the instru-
ment hardware dynamics effect is coupled into the measuwatd dlthough such a coupling

effect can be accounted-for by modeling the probe-sampéeaation dynamics as a spring-
mass-damper system, the model is adequate only for the Eyuéncy range (4), whereas
large measurement errors occur as the dynamics model becoore complicated and erro-
neous when the measurement frequency becomes high (eclatitie hardware bandwidth).
Moreover, the force-modulation technique is slow to swedarge frequency range as the
de-modulation process involved is inherently time-conisign The measurement time can
be reduced by using the recently-developed multi-frequenethod (5; 6). However, the

frequency components used are not optimized, and the nesasat frequency range is still

limited by the instrument dynamics convolution effect. @&antly, there is a need to improve
the current indentation-based nanomechanical properasurement methods.

One of the main challenges to achieve rapid broadband nasf@nieal measurement is
to ensure that 1) the force applied shall accurately traekd@sired force profile and 2) the
indentation should be accurately measured. Accurateitrgaif the desired force profile
IS necessary to excite the material behavior in the meadwegdency range, as well as to
avoid issues related to low signal-to-noise ratio and irgattiration (due to the force being
too small or too large). Accurate indentation measurememieeded to capture (and only
capture) the material behavior as the response to the fpmesd. When the measurement
frequency range becomes large (i.e., broadband), howteedynamics of the system con-
sisting of the piezoactuator and the probe can be excited (&ulting in large vibrations of
the probe relative to the sample. Furthermore, substahtiedmics uncertainties exist in the
SPM system due to the thermal drift (66) and the change ofadipercondition (e.g., change
of the probe). Additional force tracking errors can also bagyated when the displacement
of the piezoactuator is large and as a result, the hystezfisis of the piezoactuator becomes
pronounced (22; 23). These adverse effects on the excithdroe can be mitigated by us-

ing control techniques so that the excitation force can lerately exerted onto the sample
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surface, as demonstrated recently by using the iteratamileg control methods (2; 9; 10).
Residual instrument dynamics effect, however, still exist the indentation measured (as
the indentation is measured indirectly from the differeheeveen the probe response on the
soft sample to be measured and that on a hard reference ganitg@eently, model-based
techniques (10; 12) have been developed to account for thanaigs convolution effect on
the measured indentation data. These post-processingdeeh however, cannot be used to
achieve rapid broadband nanomechanical measuremeniscasskd next.

The other major challenge in rapid broadband nanomechangasurements is to achieve
rapid excitation of the material response by the force applirom the probe). Rapid excita-
tion (of the material response) is needed to capture the¢ilag@sing nanomechanical prop-
erties during dynamic evolution of the material, for exaepuluring the initial rapid stage of
the crystallization of polymers (11) or the healing procekbve cell (13). Moreover, rapid
excitation of material response is also needed when magpeganomechanical properties
of the material over the sample surface. Although the mapepfrelasticity/stiffness of mate-
rials at nanoscale can be obtained by using the force voluappimg technique (67; 68), the
force-curve measured at each sample point is quasi-stadith@ mapping procedure is time
consuming, with mapping time in tens of minutes to severairfie— which becomes even
much longer to map rate-dependent nanomechanical preperduch a long mapping time
renders the adverse effects (14) due to disturbancestfggnal drift) and variations of sys-
tem dynamics pronounced. As a result, large measuremems @ccur, particularly when the
sample is evolving. Recently, a frequency-rich excitafaoe with power spectrum similar to
band-limited white noise has been utilized for broadbantbngechanical measurement (9).
Although the iterative learning control (ILC) techniqueshaeen applied for the tracking of
such a complicated desired trajectory, dynamics convaigffect discussed above still exists.
Thus, both the above two major challenges in rapid broadhandmechanical measurements
are closely related to the excitation force applied.

The main contribution of this chapter is the developmentrojpproach based on the op-
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timal input design to achieve rapid nanomechanical spsotyoy. First, the measurement of
nanomechanical properties is transformed into a pararndatification problem by captur-
ing the nanomechanical properties of the sample to be medsnra parameterized model
(e.g., a truncated-order exponential (Prony) series mofd#ie complex compliance of the
material (8; 33)). Then, the optimal excitation force — agtas the input to the material
mechanics model — is sought to minimize the covariance oéstienation error through the
maximization of the Fisher information matrix (15; 16) oétharameterized mechanics model.
Specifically, the designed optimal excitation force profdenprises multiple sinusoidal sig-
nals whose frequency and amplitude are optimized througdteeative experimental process.
Not only can the obtained optimal force profile rapidly ezdite nanomechanical properties
of materials over a broadband frequency range, but alsb,awvtiscrete frequency spectrum,
reduce the dynamics convolution effect by facilitating ttaeking of such an excitation force.
Then, the designed optimal excitation force profile (elge,dantilever deflection when using
SPM) is tracked by using the recently-developed inver&iased iterative control technique
(2) that compensates for the hardware dynamics convolefie@ct. The proposed approach
is illustrated through both simulation and experimentgbliementations on the measurement
of viscoelasticity of a Polydimethylsiloxane (PDMS) sampking an SPM. The simulation
and experiment results demonstrate the need of optimat ohgmign and the efficacy of the
proposed approach in achieving broadband viscoelassipeggtroscopy.

The proposed approach based on optimal input design is foeaizlly different from
existing works. We note that recently experiment desigetas the notion of system identi-
fication has been introduced to the characterization obelssticity of polymers at bulk scale
(59; 60). However, the experiment design in (59; 60) wasg$edwon the optimization of sen-
sor distribution in multi-sensor measurements, and ins¢nt hardware dynamics convolution
effect was not addressed. The design of experiment was gidored in (61; 62; 69; 70) for
parameter estimation precision. However, only numericaliktions are conducted to verify

the proposed methods. Moreover, although recent decadeitressed significant develop-
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ment of control techniques for nanopositioning controlteeng around SPM applications
(see (71; 72; 73; 74)), the majority of the efforts are foclse the scanning operations and
SPM imaging. Therefore, the work presented in this chapfaesents one of the first attempts

to the development of system identification tools for prbolased nanomechanics applications.

4.2 Optimal Input Design for Rapid Nanomechanical Spectrosopy

In this section, we present the proposed optimal input deapproach for rapid broad-
band nanomechanical measurements. We start by transtpthr@manomechanical property

measurement, from the system identification viewpoint aparameter estimation problem.

4.2.1 Parameter Estimation in Nanomechanical Property Mesurement

SPM has become a powerful tool to characterize various maggpperties at nanoscale
(e.g., (75; 76; 77)), through the measurement of the tippsanmteraction force and the tip
indentation on the sample surface, i.e., the force curvesorement (2). More specifically,
the force-distance curve is obtained by measuring theatippde interaction force and the ver-
tical displacement of the SPM-tip during the process whencaafabricated cantilever with
a nanometer-radius tip is driven by a piezoelectric actuaigpush against and then retrace
from the sample surface (see Fig. 4.1(a)). The indentatarbtained from the difference
between the cantilever deflection on the soft sample anathatreference hard sample when
the same control input voltage is applied to the piezoactwhtring both force curve measure-
ments. Such an indentation-based approach allows theialgieaperties to be quantitatively
measured at desired locations with desired force ampliittenanoscale spatial resolutions
(1; 78).

To identify material properties, the measured force anémtation results are utilized as
the input and output data in an appropriate mechanics magd&b). For example, when the

Hertz contact mechanics model (80) is employed, the crespliance of the materiall(-),
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Figure 4.1 The scheme of force curve measurement by SPM

can be quantified by using the measured tip-sample interaftirce,P(-), and the indentation

in the materialh(-), by

3y 9 vt dP(7)
h (t)_—16\/§/0 -1, 4.1)

whereRis the tip radius. Although, the Hertz contact mechanicsehoaptures the frequency
dependent nanomechanical property of the material (8)rabponse speed of viscoelastic
materials to the external excitation cannot be intuitivglantified by the Hertz model. To
further characterize the nanomechanical properties dfeteht response speed of materials
to the excitation force, the parameterized model of the risdteomplex compliancel(-)
has been proposed (8). In this chapter, we use a truncatey Beoies to model the creep

compliance (33; 41),

Jt)=Jo— _iai e t/m, (4.2)

whereJy is the fully relaxed compliance;s are the compliance coefficients, and are the
discrete retardation times.

Combining Eq.(4.1) with Eqg.(4.2) implies that the creep ptiamceJ(t) can be viewed as
a linear time-invariant mapping between the applied fdt¢t¢ and the effective indentation,

h(t), both shaped by the tip-sample interaction geometry,
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Agp_@)_}; A
e L ORI} (4.3)

Thus, the compliance model Eq.(4.2) can be converted imdalfowing discrete autore-

J(t) :u(t)
gressive exogenous model (ARX) (27)

YO+ 3 ay(t=i) = 3 bult—i) (4.4

wheren, is the number of polesy, is the number of zeros plus 4is the/" sampling instance,
and the unknown parametexs andb;s are related to the original retardation time constants

T;s and compliance coefficiends through

ek g oot 1 (4.5)
0 — I;pl1 I_pia I — pl7 '

wherer;s, pis, andks are the coefficients of the partial fraction expansion efd¢antinuous
model obtained by converting the identified discrete ARX eldgly.(4.4) back to the contin-
uous time domain.

As in the standard parameter identification (27), the abs&ete model Eq.(4.4) is then

rewritten as an affine function of the unknown paramegers

y(¢) =97 (0)6, (4.6)

with 8 € 0™ the vector of unknown parameters

0=1[ay, ..., @y, b1, ..., bp]T, Natnp=m (4.7)

and¢ (¢) the sequence of measured input and output data

d)=[-y(l—1), ..., —y(l—na), u(l—1), ..., u(l—np)]". (4.8)
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Thus, the least-square estimation of the linear compliancdel parameter@N, can be

obtained by minimizing the following estimation error ima+m,

meinVN(Q,ZN = 9(¢]6))?

(4.9)

Z|I—‘ Z|

whereZN denotes the set of past inputs and outputs over the timevaitér< ¢ < N, and

y(¢|0) denotes the output computed by using the estimated parenfete

y(£|8) =o' (0)6. (4.10)

The obtained optimal parameter estimation is given by

eN—[;¢ (0T () ] ;«p (4.11)

After the discretetARX model is identified, the unknown parameters in the lineargom
ance model Eq.(4.2) can be obtained from the mapping E.(4.5

To utilize the above parameter estimation approach in nacbanical property measure-
ments, the excitation input needs to be carefully desighiede that the applied force is gen-
erated by the driven voltage sent to the piezoactuator (ge€H(a)), the convolution of the
input voltage with the SPM dynamics (from the piezoactu&idhe cantilever) can thereby,
lead to distortions in the excitation force. As a result,digtorted force may fail to excite the
nanomechanical properties of interests — even if the calginput force meets the persistent
excitation condition (27; 81). Particularly, when the fuegcy spectrum of the input voltage
overlaps with the locations of the poles and zeros of theopgamntilever dynamics (10), the
dynamics convolution can result in input saturation at stmeguencies (e.g., around frequen-

cies where the poles of the piezo-cantilever dynamics &aatd/or low signal to noise ratio
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at others (e.g., around the frequencies where the zeros gfitizo-cantilever dynamics lo-
cate). As discussed in the introduction, limits exist inreat approaches to account for such
a convolution effect on both the excitation force and theeimtdtion measured. Therefore,
optimal input design is proposed to avoid the instrumentadyics effect, and achieve rapid

and accurate parameter estimations in nanomechanicapyapeasurements.

4.2.2 Optimal Input Design for Nanomechanical Measurement

Consider the following linear representation of a contaechanics model of the tip-

sample interaction dynamics (e.g., the Hertz contact mpdel

37@) = ‘]*(Zév G)U_(f> +\7(€>7 (412)

whereu(/) andy(¢) are the equivalent input and the output in nanomechanicatorements,
respectively (see Eq. (4.3))¢/) is the measurement noise of a normal distribution with mean

value of i, and variance ob?, i.e.,

T N(, 0%)

andJ*(z, 0) is the discretized linear compliance model. For examplegwihe truncated

Prony series Eq. (4.2) is used, the input-output mapgiiig, 6) takes the form

. Ji(z—1)
J*<Zf79>:‘]0_ )
L0+ Da+ (%D
where@ is the vector of unknown parameters (see Eq. (4.2)), and dasarement frequency

(4.13)

w is related to the z-transform varialdethrough Tustin transformation

- E(Zg—l)
W= Tl (4.14)

In the following, the optimal input is obtained through aerdtive process: In each it-

eration, the designed excitation force is applied in theonagchanical experiment, and the
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measured force and indentation data are used to estimapathmeters of the compliance
model, which, in turn, is utilized to seek the input designtfe next iteration. Thus, for any

givenk!! iteration, the following linear mapping from the paramsteerthe estimation-caused
error in output is obtained from the first-order Taylor see&pansion of the linear compliance

model,J*(-), around the estimated parameters obtained in the preiterasion,6;_1,

DSK(6) £ §10) — 3 (2, L)
— £(0) (Bc— B 1) +W(0) (4.15)
2 £(0)08+ L),

wheref (¢) € C*™Mis given by

(1) = GO [F(0). o T 0], (4.16)
with
fi(0) = %.i’ie"), (4.17)

andABy is the difference of the estimated parameters betweek'trand the(k — 1)!" itera-

tions,

A6 1
DO =6 — 6 1= I (4.18)
Db
Thus, the vectof (¢) in Eq. (4.16) quantifies the relative importance of eachipatard ;
in the compliance mode¥(z, 0).
Similar to the least-square-based parameter estimatitimeoARX model in Sec. 4.2.1,

the best linear unbiased estimate (BLUEX\S can be obtained as (15)
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. N/2-1 -1
NGy = [Re S f*(%&(f)f(@]
(="N/2 (4.19)
N/2—1
[Re S FOSHOMKO) |,
(==N/2
where Re() denotes the real part of complex numlagrand
Swlf) = EIV'(0)v(0)] (4.20)

is the autocorrelation function of the measurement noisesTby combining Egs. (4.12, 4.15)
with the above Eq. (4.19), an optimal input force can be sbtagminimize the covariance of
the parameter estimation error, C[aﬁ/bk} , Which, can be shown (15; 16), is equivalent to the

inverse of the Fisher information mati (15), i.e.,

inCov|AB, | = mnE[(AB, — i~ )?] = minM 1 4.21
min OV[ k] min [(ABk — Hzg, )7 minM~, (4.21)

where/.l@k is the expectation dﬂ)k. Note that for a nondegenerate input design (i.e., an input
with the minimum required number of different frequency gaments for the transfer func-
tion model with given order (63)), the Fisher informationtmais nonsingular and thereby
invertible (63). Thus, the optimal input can be obtained laximizing the Fisher information
matrix, which is equivalent to the minimization of the Crari®ao Lower Bound (CRLB),
i.e., the lower bound of the variance of the estimation efr\@{ (16).

In EqQ. (4.21), the Fisher information matrimx m), M, is given by (15; 82)

N/2—1

M=NRe 5 E[f*(nSy(mf(n)]. (4.22)
n=—N/2

From Eq. (4.22), the Fisher information matrix can be detias (see (15) for details)
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aJ*

06
u 21 d
M) = Y %T | sd(w) [0—;1,...,0—9‘:”} . (4.23)

wW=—T1
3
36m

Next, we consider multi-sinusoidal signals for the maxiatian of the Fisher information

matrix,

u(l) = _iAi sin(w/?). (4.24)

Such a choice of input is general because for any amplitaederalized input with a mixed
(continuous and discrete) spectrum, an equivalent inptit purely discrete spectrum can be
found. Moreover, the required number of distinct pointshia input frequency spectrum is no
more than in(m+1)/2+ 1] (15), wherem s the number of unknown parameters. Therefore,
one can confine the search of the optimal input to the searaptohal frequency components
in the sinusoidal input Eq.(4.24).

Next, we define the input design for the discrete input spettase:

Definition 1 For the multi-sinusoidal input ) Eq.(4.24), an input design is to determine
a finite set F consisting of pairs of the input frequengyand its associated power spectral

density function fw),

F(Q,p) = {(wr, p(wr)), (wp, p(an)), -+, (o, p(ay)) } (4.25)

such that each power spectral densityg(equals to the amplitude; Af that frequencyw

over the mean square powef of the input /), i.e.,

p(w) = A/(2ra?), (4.26)

wherea? is the mean square power of the inptu
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1 4
2 _ .
o5 = 2ni:§ A (4.27)

With the above definition, the optimal input desigi amounts to the search of the optimal
frequency component through the iteration process. Specifically, after eaataitenk, one

candidate optimal frequenay will be obtained that maximizes the following cost function

0J(z, 6«)
00

0J3*(z, 6k)
00

where *’ denotes the optimal solution when maximizing the cost fiomg andM(Q) is the

maxdy(w, F) = M~1(Q) — (4.28)

Fisher information matrix evaluated at the input frequesa) selected in each iteration,

M(Q) = iwm, (4.29)

wherecws are the input frequencies in the current input degigQ, p).

Comparison of the above cost function Eq.(4.28) with EQR3#implies that the max-
imization of the cost functiom(w, F) is equivalent to the maximization of the Fisher in-
formation matrixM(w) (63). Various criteria have been proposed to maximize tis@dfi
information matrix, including the A-optimality (minimizthe trace of the inverse of the in-
formation matrix,M 1), the G-optimality (minimize the maximum variance of thegicted
values), the E-optimality (maximize the minimum eigeneatd the information matrix), and
the D-optimality (maximize the determinant of the informatmatrix) (83; 84; 85). In the
proposed optimal input design approach, D-optimal cotelis chosen for the property of
D-optimality being invariant to the parameter scale anddmtransformations of the output
(64).

The D-optimality can be obtained through numerical seayalising methods such as the
one dimensional search, the bi-section search, or the Megredient search algorithms. In

this chapter, the one dimensional search algorithm (86is8@3ed, where the new candidate
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optimal frequencyw is obtained by computing and then comparing the cost funckitw, F)
at every sampling frequency within the measured frequeacye.

The corresponding power spectral density function for thenwal candidate frequency
o, pP(wx), is selected by choosing the corresponding speairétee Eq. (4.30)) from a pre-
specified sequendary, a»,---} satisfying

[o4]

0<ax<1, z ay = o, andklimak:O, (4.30)
k:]. — 00

and the power spectral density of other frequency compsrantady-existing in the input

designF(w, p) are updated by adjusting the corresponding amplitude doggly by

p(wj) = (1—ax)p(wj), forj=12--- k-1 (4.31)

The above iteration process to optimize the input is coretlantil the variation of the

identified parameters of the compliance model is within thesen threshold.

Remark 1 As described above, the optimal frequency components woifibe(i.e., the power
spectral of the optimal frequencies) are strengthenedenthié non-optimal ones are dimin-
ished through the iteration process, i.e., as the optimagfiency component will be repeti-
tively picked up, whereas the non-optimal ones won't, thesachent through the'-sequence
(given by Eq. (4.30)) will continuously increase the relatpower spectral of those optimal
frequencies as well as decrease that of those non-optines @re., the frequenices that occur

sparsely during the iterative search process).

The above discussion is summarized in the following algarito implement the proposed

optimal input design in nanomechanical property measunéne
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[Step 1] Choose a nondegenerate design Fy(w) consisting of nore than
[m/2] points. For exanple, Fy may consist of g equally spaced

frequenci es where

m

FIRLE

[Step 2] Conpute the function St (w)d(w,FR) and find its maxi mum by

D-optinmality, say at wy, i.e.,

S (@) d (@, Fo) = max{ Sy (w)d(w, Fo) }
— rgg{%l(w) (;J; I\W‘lg},

[Step 3] Once a new frequency is found, update the input design

(4.33)

by Eqs. (4.30 4.3]).
[ Step 4] Repeat the above steps (2)-(4) until the change in difference
of unknown paraneters between successive iterations is bel ow

a threshhol d val ue.

4.2.3 Implementation of the Optimal Excitation Force

To implement the above optimal input force design, contnplut to the vertical-axis
piezoactuator of the AFM needs to be obtained so that theeappkcitation force (i.e., the
cantilever deflection) will accurately track the desiredcéoprofile (See Fig. 4.3(a)). Note
that the spectrum of the optimal excitation force contamspgonents in the relatively high
frequency range with respect to the bandwidth of the insémindynamics (e.qg., the vertical
dynamics of the SPM from theaxis piezoactuator to the cantilever). Therefore, therocbn
input must be able to account for the instrument dynamiecesf Or, due to the convolution
effect of the input with the instrument dynamics, largealisons in the excitation force occur

(10).
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Iterative learning control (ILC) is ideal to achieve prearstracking of the desired opti-
mal excitation force. As the desired trajectory is known iamgrand the measurement envi-
ronment usually is well controlled (i.e., random disturtes and/or dynamics variations are
small during each measurement), ILC approach can fullyaiple knowledge of the system
dynamics and the operation. Moreover, ILC is particulattyaative in practical implemen-
tations, as the dynamics changes of the system due to, fon@&athe replacement of the
probe and/or the slight but inevitable variation in the g@ample contact condition, can be
easily compensated for through a few iterations without mamise of the tracking perfor-
mance. Whereas when feedback control is used, the robagtmascount for such dynamics
uncertainties needs to be traded-off with the trackingipi@c. In this chapter, we utilized the
modeling-free inversion-based iterative control (MII@Y] to track the desired force profile.

Particularly, the MIIC algorithm is given in the frequenayrdain by

U(jw) = azy(jw), k=0,
Uil z(jw),  whenzc1(jw) #0,

u(jw) = andk > 1, (4.34)
0 otherwise

where ‘f(jw)’ denotes the Fourier transform of the sign&lt)’, ‘ zy(-)’ denotes the desired
output trajectory, %(-)’ denotes the output obtained by applying the inpyt ‘)’ to the sys-
tem during thek!" iteration, anda # 0 is a pre-chosen constant (e.g.can be chosen as the
estimated DC-Gain of the system). It has been shown (14}hleatrror between the desired
input and the iterative control input, under effects of mueasent noise and/or disturbance,
is small provided that the signal to noise/disturbancerg@NR) is large. Furthermore, the
output tracking error can be quantified in terms of the SNRe WHIC algorithm has been
implemented previously to nanomechanical measurementgh@e the spectrum of the ex-

citation force is similar to a band-limited white noise. Asalssed in the introduction, the
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implementation of the proposed optimal input design wilbidvthe challenges in tracking
such a rather complicated desired force profile, therehlitete broadband nanomechanical

measurements.

4.3 Simulation and Experimental Example: Frequency-depedent

Viscoelasticity Measurements of PDMS

The proposed optimal input design approach is illustrabedugh the nanomechanical
property measurement of a PDMS sample using SPM. Both siionland experiment were

conducted to demonstrate the need and the efficacy of thegedpnethod.

4.3.1 Simulation Study of Input Force Design

The goal of the simulation studies was two folds: 1) To ev&y@arameter estimations in
nanomechanical measurements; and 2) to evaluate and deaterise need and efficacy of
optimal input design in the identification through the commgan of with and without noise
presenting in the output data. Specifically,'a &der Prony series model of a PDMS sample
was used as the target system to be identified. The paranoétirs model, as listed in the
second column of Table 4.1, were chosen as those obtainedtle experiments using
SPM (9) (also see Eq. (4.2) for the expression of the Prongsarodel). Since there were 7
unknown parameters in this model, a multi-sinusoidal dignid four frequency components

was used as the effective input force (Unit: nano Newton)

u(l) = A_i a;sin(2rfif), (4.35)

where the amplitude of each frequency component was chodsnthe same at A.
Three different scenarios were considered in the simulatiBase 1. The input design

based on the a priori knowledge of PDMS viscoelasticity (Rw8s used in the identifica-
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Table 4.1 The list of the true values of the seven parametetiseo39-order
Prony series model (“Actual”), and those identified in CagéCase
17"), Case 2 (“Case 2"), and Case 3 (“Case 3”), and the correfipg
estimation errors with respect to the true values.

Param. | Actual| Case 1| Error | Case 2| Error | Case 3| Error
Jo (uPa 1) | 9.11 9.11 0% 7.73 | 15.1%| 9.13 | -0.25%
Ji (uPa1) | 2.08 2.08 0% -1.03 | 150% | 2.10 | -1.14%
Jo (uPa1) | 1.53 1.53 0% 3.87 | -147%| 1.68 | -10.1%
J3 (uPa*l) 1.51 1.50 0.66% | 2.07 | -37% | 5.51 | 265%

71 (MS) 25.28 | 25.2801| 0.12% | -34.79| 238% | 26.25 | -3.85%

T2 (MS) 2.9 2.9004 | 0.01% | 3.71 | -28% | 2.71 6.7%

13 (MS) 0.474 | 0.4767 | -0.57%| -0.05 | 110% | 0.944 | -99.1%

tion, and no noise was augmented to the effective output ef‘ttue” compliance model
when the output was used in the identification; Case 2: thetidpsign was the same as in
Case 1), but a band-limited white noise was added to the b(iey, to mimic the mea-
surement noise effect); and Case 3: the optimal input desygthe proposed approach
was used and the output noise as in Case 2) was added. In theaes the input design
Fo={(1,0.25),(10,0.25),(100,0.25),(100Q 0.25) } was chosen based on the knowledge that
each retardation time constant of the complex compliangmbymers tends to be separated
by one decade apart from each other, and based on our previoki$9), the retardation time
constants of the PDMS sample used later in the experimeninspabetween 0.01 ms and
10 ms. For Cases 2) and 3), a band-limited white noise withasitp noise ratio of 134.3
and 146.7 (with respect to the desired force profile), raspey, was added to the output.
In Case 3), the initial choice to search the optimal inpuigtesvas set as that used in Case
1) originally, and then changed & = {(1,0.25), (10,0.25), (30,0.25), (60,0.25) } for faster
convergence when there existed output noise. The frequangg to search was thereby lim-
ited to [1, 100] Hz, and the coefficiedt} for updating the input design was chosen to be

1/(k+ 3) (where k is the number of iteration). In the simulation, tamgling frequency was
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chosen as 8 KHz.

The output of the 8-order compliance model to be identified was used along Vuitirt-
put to identify the parameters of the discretized linear glemce mapping by using the ARX
least-square method (Eqg. (4.11), see Sec. 4.2.1). The pteerof the Prony series model
were then obtained from Eq. (4.5) after discrete-to-camturs conversion. The estimated pa-
rameters are presented in the third and fourth columns fee @g the fifth and sixth columns
column for Case 2), and the seventh and eighth columns far s Table 4.1, respectively.
The obtained optimal input design is specified in Table 4 @id¢ that the amplitude at 1 and
10 Hz was kept fixed to avoid the large decreases of SNR upaadidliéon of high frequency
components. The estimation error of the parameters alomgfehation process in Case 3)

(i.e., the proposed optimal input design) is shown in Fig.also.
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Figure 4.2 Simulation result; the estimation error &f-8rder Prony series by

using the proposed optimal input design in the presence tgfubu
noise.

The simulation results demonstrate that optimal inputgtes needed in nanomechanical
measurements. As shown in Table 4.1, when there was no ne@asait noise, the parame-

ters of the $-order Prony series model can be accurately estimated hy tisé input design
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Table 4.2 The frequency components of the optimal inputgphesbtained in the
simulation study

Fre.(Hz)| 1 | 10| 30 | 60 | 83 | 92 | 79 | 93
Amp. (%) ]| 25| 25| 10.7] 10.7| 7.15| 7.15| 7.15| 7.15

based on the priori-knowledge of the material — Case 1 (wtierestimation error was less
than 1%, see the third and fourth columns of Table 4.1). Sucigldy accurate estimation,
however, was lost when noise was augmented to the output —hd\ersin the fifth and sixth
columns of Table 4.1 for Case 2), the estimation error becarbstentially large (the estima-
tion error was as large as 238%). Particularly, we note tleestimation error of small time
constant was significantly larger than that of large onesh&un increase of estimation error
— when the part of the dynamics to be identified became fasteras-due to the decrease of
the SNR when frequency increased (since the Prony serieslitite identified essentially
was a low-pass filter). As noise is inevitable in real expental measurements, the simula-
tion results showed that the input force profile must be célseflesigned in nanomechanical
measurements.

The simulation results also demonstrated that the propmsttial input design approach
was very effective for nanomechanical property measuréndy using the proposed opti-
mal input design (Case 3), the estimated parameters cawerdive iterations (see Fig. 4.2).
Particularly, the estimation errors of all parameters pktiee two related to the fastest time
constant Js andts, see Table 4.1) were small. We note that although the estimatror of
the fast part of the compliance model was relatively large gstimated value was still within
the same decade as the true value. We also note that the gphartlofee retardation time con-
stants over three decades (in the givéh@&der compliance model) rendered identifying all
parameters accurately very challenging. Thus, the sinonlagsults served well as a reference

to the following experiments.
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4.3.2 Experimental Implementation and Discussion

The simulation results were utilized to guide the impleragonh of the proposed approach
to the nanomechanical measurement on a PDMS sample in exges. The initial choice
of the input design used in Case 3) of the simulation was usdteinitial input design in
the experiments. The sampling frequency was further retlt@® kHz in the experiments
to reduce the measurement noise effect. An analog filter \sasaalded to attenuate the
output noise. The desired cantilever deflection (specifietthé input design), i.e., the desired
probe force applied to the sample, was tracked accuratelysimg the MIIC technique (2).
The 2-norm and the infinity-norm of the tracking error weremtained below 2% and 5%,
respectively. As a representative tracking result, thekirg result of the desired cantilever
deflection obtained in the fifteenth iteration of the seamtilie optimal deflection (i.e., the

optimal desired excitation force) is shown in Fig. 4.3.

\—Desired -- -Actual\

0 0.2 0.4 0.6 0.8 1

T T

0 0.2 0.4 0.6 0.8 1
Time (s)

Cantilever deflection (v)
o

Figure 4.3 (a) The comparison of the designed deflection foece) and the
actual deflection on PDMS sample, and (b) the tracking eetwéen
the designed deflection and the actual one at the fifteenttige.

During each iteration of the search for the optimal inputigiesthe indentation in the

PDMS (produced by the excitation force applied) was needadéantify the parameters of
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the 39-order Prony series model. The indentation was obtained fiee difference of the
deflection measured on the PDMS sample and that on a harémeéesample (e.g., a sap-
phire sample in this experiment) when the same input voltemerive the piezoactuator) was
applied in both force-curve measurements. To avoid thechwity back and forth between the
hard and the soft (PDMS) samples during the iterations obgitanal input design process,
thereby reduce the measurement errors, the deflection dratdeeference sample was esti-
mated by applying the same control input to the model of theadyics from the piezoactuator
to the cantilever deflection on the hard sample. Such a moadglmeasured through exper-
iments by using, for example, the sweep sine method, un@ecdahdition that continuous
probe-sample contact was maintained with a given pre-loaithgl the modeling process (No
significant dynamics variation was observed when diffepeatloads were applied (10; 2)).
The force applied from the tip to the sample during the foreasurements can be obtained

from the measured cantilever deflection signal as (1),

P=K; xC xds, (4.36)

wherekK; is the stiffness constant of the cantilev@ris the sensitivity constant of the deflection
signal vs. the vertical displacement of the tip (both canXjgeamentally calibrated (34)),
andds denotes the cantilever deflection on the soft sample. Theleaar stiffness oK; =
0.065 N/m was experimentally calibrated by thermal noise w@it34), and the deflection-
to-displacement sensitivity @ = 85 nm/V was also calibrated experimentally.

Then, the indentation of the tip in the PDMS sample was obthas (2)

h=Cq x (dhy —ds), (4.37)

wheredy andds denote the deflection on the sapphire sample and that on tM&SPample,
respectively, when the same control input was applied ih bte-curve measurements.

In this experiment, the Hertz contact mechanics model wasd ts obtain the complex
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compliance of the PDMS sample. By taking the Fourier tramsfm Eq. (4.1) (1; 79), the
complex compliance of the PDMS was obtained from the meddoreeP and indentatiotn

as

16|h¥()] (j) VR
OP(jw)

I (jw) = (4.38)

The above procedure to seek the optimal excitation forcampemented in experiments
until the convergence of the parameters of the viscoelgstivodel of the PDMS was ob-
served. The evolutions of the seven parameters of'ther@ler Prony series model along the
iterations are plotted in Fig. 4.4 for the total of 15 iteoas conducted in the experiment. In
the first iteration, the parameters were identified by udnegeixcitation force initially chosen
based on the simulation results (see Sec. 4.3.1). The pwassimation results are also

listed in Table 4.3 for the first three and the last three itens, respectively.
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Figure 4.4 Experimental parameter estimation result wittneal input design
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Table 4.3 The list of parameters identified in the first thf&e (1, “Ite. 2", and
“Ite. 3”) and the last three (“Ite. 137, “Ite. 14", and “It. Ipiterations
during the search of the optimal excitation force in the expents.

Param. lte.1 | Ite.2 | Ite.3 | Ite.13]| Ite.14] Ite.15
Jo(Pat) | 261 | 252 | 250 | 252 | 262 | 251
Ji(nPa 1) | -18 4 -33 | 24 20 9
b (Pal)| 121 | 467 | 51 | 83 68 90
J3(nPa 1) | 517 | 185 | 1800| 725 | 608 | 310

T1(ms) | 212.3| 171.5| 63.9| 54.4 | 81.2 | 71.0

»,(ms) | 1.85| 0.97 | 593| 1.33 | 1.30 | 3.32

T3(ms) | 0.12 | 0.093| 0.16 | 0.069| 0.11 | 0.11

Table 4.4 The optimal force design obtained in the experimen

Fre.(Hz)| 1 |10 30|60 |56 | 61| 67| 71| 73|84 |87|89|95|97|98| 99

Amp.(%)| 25| 25|55|55|28|28|28|28|28|28|56|28|28|28|56|2.8

The experimental results demonstrated the efficacy of tbpgsed optimal excitation
force design in broadband nanomechanical property measmts. As shown in Fig. 4.4,
the trend of the identified parameters towards convergeraseevident. Further iterations
were not pursued as after the fifteen iterations, the valtiéseoidentified parameters were
close to those obtained in our previous work (9). Partidyléne three identified retardation
time constants evenly spanned three orders (at 71 ms, 3.3anmd9.11 ms, respectively).
Such an evenly distributed retardation time constants detrated that the nanomechanical
property of the PDMS material was well captured in the expent by using the proposed
method (the retardation time constants within the samedsecan be combined into one time
constant at that decade). Specifically, the identified vafude static compliancéy at 251
nPa ! and the instantaneous complianke(i.e., Jo = Zi4:03i) at 660nPa ! were close to

those obtained in our previous work (9), respectively (vereemuch more complicated band-
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limited white-noise type of excitation force was used). @& ¢ontrary, when the non-optimal
excitation force was used — the excitation force used in tiseiferation of the optimal force

searching process, much larger identification error oeclirAs shown in Table 4.3, the three
retardation time constants were not spaced by one order déamh other, and the identified
value ofJ; was negative, which contradicted to the physical meanintp@itompliance co-

efficient. Moreover, compared to the much more complicatettdimited white-noise type

of excitation force used in previous work (9), the numberefitiency components in the ob-
tained optimal excitation force was much smaller (see T4blg and the optimal frequency
components were mainly located in the relatively lower fieacy region. Such an excita-
tion force — with less number of frequency components in tveer frequency region —

substantially reduced not only the convolution effect aftheare dynamics with the nanome-
chanical response of soft sample, thereby improving thetifilgation accuracy, but also the
measurement time needed in the experiment. The reductibie oieasurement time is partic-
ularly crucial to quantitatively capture the time-elagsmanomechanical property evolution
during nanoscale dynamic phenomena, for example, durmegdhly initial stage of polymer

crystallization process (11), or the cell fusion proce$3.(Therefore, the experimental imple-
mentation illustrated that the proposed approach is vergnging to achieve rapid broadband

nanomechanical spectroscopy.

4.4 Conclusions

In this chapter, an optimal excitation force design was psejl for indentation-based rapid
broadband nanomechanical measurement of soft materied.the nanomechanical property
measurement was formulated, from the system identificai@mpoint, as a parameter identi-
fication problem. Then the optimal excitation force was otetd through the maximization of
the Fisher information matrix of the linear compliance maxf¢he viscoelasticity of the soft

material. Finally, precision tracking of the optimal extion force was achieved by using the
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MIIC technique to compensate for the instrument hardwareadycs and hysteresis effects.
Simulation studies were conducted to evaluate the paramdetetification in nanomechanical
measurements and the need for optimal excitation forcgydedihe proposed approach was
illustrated by implementing it to identify @%— order linear compliance model of a PDMS

sample.
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CHAPTER 5. CONCLUSION

This dissertation first presented a novel nanoscale bro@db@coelastic spectroscopy
(NBVS). In the proposed NBVS approach, the recently develdd!IC technique is used to:
) the exertion of excitation force with broad frequency gmnents onto the sample, and II)
the measurement of the material response for such exait@te, the material indentation).
The frequency-dependent viscoelasticity of the materas then obtained by using the mea-
sured excitation force and the indentation in a contact mecs model that describes the
dynamics interaction between the probe and the sample. fbp@ged NBVS was illustrated
by implementing it to measure the rate-dependent viscoelaesponse of a PDMS sample.
The experimental results showed that the use of the MIICniigcte enabled the cantilever
deflection to precisely track a band-limited (cut-off freqay: 4.5 kHz) white-noise type of
desired trajectory on the PDMS sample, thereby applyingna{iianited white-noise type of
excitation force on the PDMS sample. Then the indentatith@PDMS sample was obtained
by applying the same control input to obtain the force meawent on a reference hard sam-
ple. The obtained excitation force and the indentationltesthowed that the rate-dependent
modulus of soft materials like PDMS can be measured by ubegtoposed NBVS approach.

In NBVS approach, large measurement error in indentatiaraised by different con-
tact between the probe and the material or the referencelsamperefore, a model-based
approach to compensate for the dynamics convolution eifethe nanomechanical prop-
erty measurement of soft materials is proposed. The dyrsaimyolved in indentation-based
nanomechanical property measurements was analyzed &l thaethe convoluted dynamics

effect can be described as the difference between theiglatinped probe-sample interac-
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tion dynamics and the over-damped nanomechanical behafvemft materials. Then, these
two different dynamics effects were decoupled via numeéfitting based on the Prony se-
ries model of the viscoelasticity of the soft material. Thmegmsed approach was illustrated
by implementing it to compensate for the dynamics convotutffect in a broadband vis-
coelasticity measurement of a Polydimethylsiloxane (PDg&nple using scanning probe
microscope, and the experimental results showed that thendis convolution effect can be
effectively compensated for by using the proposed approach

The offline post-processing in the above approach limitapigication. To accelerate the
measurement process for fast applications, such as thenpaBation process of polymer and
the cell healing, an optimal excitation force design wagpseed for indentation-based rapid
broadband nanomechanical measurement of soft materied.tRe nanomechanical property
measurement was formulated, from the system identificaimmpoint, as a parameter identi-
fication problem. Then the optimal excitation force was otetd through the maximization of
the Fisher information matrix of the linear compliance maxfehe viscoelasticity of the soft
material. Finally, precision tracking of the optimal extion force was achieved by using the
MIIC technique to compensate for the instrument hardwareatycs and hysteresis effects.
Simulation studies were conducted to evaluate the paramdetaification in nanomechanical
measurements and the need for optimal excitation forcgydedihe proposed approach was
illustrated by implementing it to identify a®— order linear compliance model of a PDMS

sample.
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APPENDIX
MODEL-LESS INVERSION-BASED ITERATIVE LEARNING
CONTROL (MIIC)

We present the convergence analysis result of the MIIC dhgorin the presence of ran-

dom noise/disturbance as follows.

Theorem 1 (14)
Let G(jw) be a stable single-input-single-output (SISO), lineardiinvariant (LTI) sys-
tem, and at each frequenay, consider the system output z(t) to be affected by the tdistwe

and/or the measurement noisgtz as (see Fig. 1 in (9))

Zjw) =7z(jw) +zn(jw), (A.0)
where z(jw) denotes the linear part of the system response to the ingat)yi.e. 2(jw) =

G(jw)u(jw), and z(jw) denotes the output component caused by the disturbancésrand

the measurement noise. Then,

1. the ratio of the iterative inputdjw) to the desired inputd( jw) is bounded in magni-

tude and phase, respectively, as

uk<1w>'< 1-¢(w) A0

4(”“(’:("))’ gsinl( £(w) ) (A.0)



91

provided that the noise to signal ratio (NSR) as defined belwwpper-bounded by a

less-than-half constant w),

’Z'Z‘:‘((jj;;) ’ <elw) <1/2, Yk (A.0)
where the desired inputydjw) enables the linear part of the system output to exactly
track the desired output, i.e.qldw) = G(jw)uq(jw), and zn(jw) denotes the part
of the output caused by disturbances and/or measuremese riithe K' iteration.

Moreover, the relative tracking error is bounded as

lim

k— 00

i)~ 2(10)| _ 26(w)(1 - £()).
o e A0

. The use of the MIIC algorithm will improve the output traackat frequencyw, i.e.,

Z(jw) —z(jw)
Zy(jw)

lim

k— 00

‘ <1, (A.0)

provided that the upper bound of the NSR is less man\g ~ 0.3 i.e.,

‘gs(w)<l—§2, v k. (A1)

‘Zk,n(jw)
Zy(jw)
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