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Abstract—In this paper, an approach is proposed to achieve
simultaneous imaging and broadband nanomechanical mapping
of heterogeneous soft materials in air by using atomic force
microscope (AFM). Simultaneous imaging and mechanical map-
ping (SIMM) is developed to, for example, correlate morpholog-
ical and mechanical evolutions of the samples together. Current
methods, however, are limited to nanomechanical mapping at
a single frequency a time, or at frequencies much higher
than those of interests for majority of soft polymers and live
biological species. These limitations have been tackled through
the recently-developed simultaneous imaging and broadband
nanomechanical mapping (SIBNM) technique for materials of
relatively small mechanical spatial variations. We propose, in
this work, to extend the SIBNM technique to heterogeneous
materials by developing a gradient-based adaptive Kalman-
filtering technique to account for spatial variations of the sample
mechanical properties when decoupling the sample topography
tracking and the nanomechanical mapping from each other.
A compressed-sensing technique is introduced to adaptively
tune the gain of the adaptive Kalman filter. Experimental
implementation of the proposed approach shows that both the
topography imaging and the broadband mechanical mapping
of heterogeneous soft samples can be reliably quantified.

Index Terms—atomic force microscope imaging, nanome-
chanical mapping, adaptive Kalman filter, compressed sensing,
iterative learning control

I. INTRODUCTION

In this paper, the problem of simultaneous (topography)
imaging and mechanical mapping (SIMM) of heterogeneous
materials using atomic force microscope (AFM) is addressed.
By combining two of the most important functions/operations
of AFM, i.e., topography imaging and nanomechanical map-
ping, into one, SIMM not only dramatically improves the ef-
ficiency of AFM, but more importantly, provides the potential
to quantitatively correlate and link the spatial variations of
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topography and mechanical properties of the sample together.
Such a topography-mechanical correlation is needed and
becomes a powerful tool in various areas, ranging from
nano-/bio-material analysis and synthesis [1], nanomechanics
[2], to biomechanics of live cells [3]. Specifically, con-
tinuous acquisition of time-elapsed topography-mechanical
correlations is needed in interrogating dynamic evolutions
of the sample at nanoscale, for example, in correlating
morphological and rheological evolutions of live cell dur-
ing the epithelial-mesenchymal transition process [4]. Such
a real-time topography-mechanical correlation, however, is
challenging and has not yet been satisfactorily achieved,
particularly for soft heterogeneous materials.

Limitations exist in current techniques for SIMM. For
example, the force-volume mapping method [5][6] has been
widely used to map elastic modulus of the sample by contin-
uously applying force curves of constant loading/unloading
rate while scanning the sample in a raster pattern. Although
mapping of the frequency-dependent modulus of the material
can be obtained by changing the force load rate, the force
load rate is limited to low frequency range (a few hundred
Hz), and the mapping is limited to one frequency a time. The
force load rate is increased in peak force [7] and other similar
techniques (e.g., pulsed force [8] and fast force [9]). However,
only single-frequency excitation force can be applied during
the mapping process—to cover the viscoelasticity of the
sample over a frequency range, the mapping needs to be
repeated at each measurement frequency in that range. As
a result, it is not only time consuming to cover a relatively
broad frequency range, but also the repeated mappings tend
to induce damage/deformation to soft samples such as live
cells. Similar limitations also exist in the force modulation
technique [10][11], its recent extension—the AFM-nDMA
technique [12], and those mapping techniques based on
tapping-mode imaging [13][14]. Although the mapping speed
is increased in the tapping-mode based approach [13][14],
the excitation force frequencies are not only limited (to one
or two frequencies), but also are in the region (over tens
of kHz to a few hundred kHz) much higher than that of
most interests to the majority of polymers and biological
samples. Therefore, techniques are needed to achieve rapid
broadband nanomechanical mapping with simultaneous to-
pography imaging.

These limitations, in both the measurement time and
frequency range and simultaneous topography imaging, have
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been tackled through the recently developed simultaneous
imaging and broadband nanomechanical mapping (SIBNM)
technique [15]. The main idea is to inject a broadband
excitation force into contact-mode AFM imaging, and in-
tegrate Kalman-filtering and an online iterative-learning
feedforward-feedback control together [15]. Not only can
topography imaging and nanomechanical mapping of the
sample be obtained simultaneously, but also the viscoelas-
ticity of the sample over a large frequency range can be
obtained in one mapping process. Moreover, the measurement
frequency can be chosen arbitrarily within a broad frequency
region, ranging from a few Hz to a few kHz, thereby, covering
the frequency range of most interests for soft polymers
and live biological samples [2][4]. The SIBNM technique,
however, has been developed for materials of relatively small
mechanical spatial variations. Thus, SIMM of heterogeneous
materials is yet to be achieved.

For heterogeneous materials, the effect of mechanical
variations across the sample surface is pronounced and must
be accounted for. During SIMM, the AFM response to
the sample topography variation and that to the injected
excitation signal (for mechanical mapping) are mixed and
coupled together. Such a mixture might be avoided by clearly
separating these two effects in the frequency domain as in the
tapping-mode based techniques and its extensions [16][17]—
by setting the spectrum of the excitation force at frequencies
orders of magnitude higher than those in topography varia-
tions. As discussed above, however, these separation-based
methods face fundamental limitations in the frequency range
that can be measured. Instead, the mixed (cantilever deflec-
tion and z-piezo displacement) signals can be decoupled by
using the Kalman-filtering technique, i.e., by utilizing, in the
filtering process, the dynamics model from the cantilever to
the probe-sample interaction [18][19]. This dynamics-model-
based approach has been demonstrated experimentally on
homogeneous polymer samples with pronounced topogra-
phy variations [15]. For heterogeneous materials, however,
additional issues arise as the underline dynamics (from the
cantilever to the probe-sample-interaction) varies during the
scanning, and such a dynamics variation becomes substan-
tial over the entire imaging/mapping area. As a result, the
conventional Kalman filter—based on a fixed cantilever-to-
probe-sample-interaction dynamics model—becomes ineffec-
tive in discerning the mixed responses. Although the effect
of the sample variation might be accounted for by using the
extended Kalman filtering and unscented Kalman filtering
techniques [20], such an extension is complicated as the
spatial distribution of the sample mechanical properties—
exactly what needs to be measured—is, in general, unknown
a priori. Therefore, challenges exist in SIMM of heteroge-
neous materials.

In this paper, we propose an adaptive Kalman-filtering-
based approach to achieve SIBNM of heterogeneous soft
materials. Built upon the SIBNM approach [15], a gradient
based method is proposed to adjust the gain of the Kalman
filter online to accommodate the mechanical variations of
the sample during the scanning. The key idea is to capture

and exploit the mechanical variation of the sample on the
first scan line to adaptively adjust the Kalman filter gain.
Specifically, we introduce a compressed-sensing-based tech-
nique [21] to obtain the mechanical profile on the first scan
line efficiently. The proposed approach is illustrated through
experiment on a polydimethylsiloxane-epoxy (PDMS-epoxy)
sample of both pronounced topography variation and sig-
nificant heterogeneous mechanical properties, as well as
a photocrosslinked epoxy sample with subtle mechanical
and topographic differences. The results show that both the
topography imaging and qualitative broadband mechanical
mapping of the heterogeneous samples can be reliably ob-
tained by using the proposed adaptive SIBNM technique.

The rest of the paper is organized as follows. In section
I, the adaptive SIBNM technique is proposed with the ap-
plication of an adaptive Kalman filter and the corresponding
indicator recovered by compressed sensing. In section III,
the experiment implementation and results are described and
analyzed, respectively. Conclusions are commented in section
Iv.

II. ADAPTIVE SIMULTANEOUS TOPOGRAPHY AND
BROADBAND NANOMECHANICAL MAPPING

A. Overall scheme

Through the proposed approach, we aim to achieve, for soft
heterogeneous materials, simultaneous topography imaging
and nanomechanical mapping using AFM. The proposed
approach is built upon, and extends the SIBNM technique
recently developed for soft materials of relatively small
spatial mechanical variations [15]. For heterogeneous mate-
rials, however, challenges arise as the mechanical properties
of those samples can vary substantially across the sample
surface.

The overall scheme of the proposed adaptive SIBNM
(A-SIBNM) technique is depicted in Fig. 1. To excite the
mechanical response of the sample, a broadband excitation
signal (e.g., a multi-sinusoidal signal) is injected as feed-
forward signal (the “(D-PBE signal” in Fig. 1) into the
z-axis feedback loop for sample topography tracking (see
Fig. 2), which in turn, allows mapping of the mechanical
properties during the imaging. As such, both the z-axis piezo
displacement (“@-zsen,x(jw)” in Fig. 1) and the cantilever
deflection (“®)-di(jw)” in Fig. 1) consist of the response
to the sample topography and that to the PBE input mixed
together, respectively [15]. To account of the heterogeneous
nature of the sample material, a gradient-based adaptive
Kalman filter (see “Adaptive Kalm,(jw)” in Fig. 1) is devel-
oped below to split the cantilever deflection signal into the
response to the sample topography variation (“@®-dyy, 1 (jw)”
in Fig. 1) and that to the PBE signal (“Q@-dinq,r(jw)” in
Fig. 1), respectively, which, in turn, are used for the feedback
control of the sample topography tracking (“®-Grp(jw)” in
Fig. 1) and the generation of the nanomechanical mapping
(“(D-mechanical mapping” block in Fig. 1), respectively.
The z-axis displacement is decoupled by using a Kalman
filter (“®-Kalm, (jw)” in Fig. 1) as the dynamics from the
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Fig. 1: Schematic block diagram of the proposed A-SIBNM approach, where the colored numbers mark out the signals and
systems described in the text in the order of their first appearance, respectively.
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Fig. 2: Basic idea of the proposed A-SIBNM scheme where
a periodic broadband excitation signal (PBE signal) is aug-
mented and injected to the sample topography tracking signal
for nanomechanical mapping while imaging simultaneously.

piezo to the cantilever fix end is not sample dependent and
remains the same during the imaging/mapping. Finally, a
model-based approach is applied to estimate the indentation
generated by the PBE signal (“Topography Estimation” block
in Fig. 1), and a data-driven iterative feedforward control
(“©®-Gpz,k(jw)” and “Q(jw)” blocks in Fig. 1) is augmented
to the feedback control of the z-axis to track the sample
topography, respectively.

In the proposed A-SIBNM approach, key to addressing
the heterogeneous effect of the sample is the gradient-based
adaptive Kalman filtering, as presented next.

B. Gradient-based adaptive Kalman filtering to topography-
mechanical decoupling

We propose the following gradient-based adaptive Kalman

filter, presented in the discrete-time domain,

z(k) = Alm]z(k — 1) + Bim]u(k) + w(k)

y(k) = Clmlz(k) +o(k), ~ m=1,---, Ny
where Gpoq(jw, m) = {A[m], Blm],C[m]} is the dynamics
from the input voltage to the z-axis piezo actuator to the
cantilever deflection during the imaging-mapping process
(when a stable probe-sample contact is maintained, i.e., the
probe-sample contact is dominated by the repulsive force
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Fig. 3: Experimentally measured piezo-to-deflection fre-
quency response (from the input voltage to the z-axis piezo
actuator to the cantilever deflection) on (red) a PDMS sample
and that on (blue) an epoxy sample, respectively.

region), called the piezo-to-deflection dynamics below, N
denotes the total sampling locations on one scan line, and
u(k), w(k), and v(k) are the excitation input signal (e.g.,
the injected PBE signal), the topography driven signal with
the process noise, and the topography tracking signal with
the measurement noise, respectively. The piezo-to-deflection
dynamics, Gp2q(jw, m), depends on the sample-probe inter-
action (contact), and thereby for heterogeneous materials,
is location dependent in general. As for many polymer
materials, the viscoelastic behavior is mainly presented in the
frequency region much lower than the resonant frequency of
the piezo-cantilever dynamics, the material-caused variation
of the dynamics Gpeq(jw,m) is mainly concentrated in
the relatively low frequency region, i.e., the variation of
Gp2d(jw, m) is dominated by the change of the quasi-static
gain of Gpa4(jw, m) in the low frequency region, i.e.,
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where n = 1,---,N, is the n*® scan line in the total
Ny number of scan lines per image. Equivalently, we can
consider B[m] = B, and C[m] = C,[m] instead.

As an example, the frequency responses of the piezo-to-
deflection dynamics experimentally measured on a PDMS
sample (with the Young’s modulus around a few MPa) and an
epoxy sample (with Young’s modulus around a few hundreds
of MPa) are compared in Fig. 3, respectively. It is evident
that, within the measurement frequency range (2 kHz and
below), the differences were mainly concentrated in the low
frequencies (i.e., 10 Hz to 1,000 Hz).

Therefore, in the proposed gradient-based adaptive Kalman
filtering technique, we focus on adaptive tuning of the input
vector B,,[m] line by line to accommodate the material, based
on the gradient decent algorithm as

Bilm] = po - S1[m],

By, [m] = Bn—l[m] + pg - (Sn[m] - Bn—l[m])a 3)

n=2---,Ng; m=1,---,N;

where the subscript “n” in B,[m] denotes the n'" scan
line, N, is the number of total scan lines (per image),
po > 0 1is a constant, p, is the gradient scale factor, and
S,[-] is the so-called mechanical indicator on the nt" scan
line, respectively. The mechanical indicator S,,[-] captures the
spatial variation of the sample response at different sampling
locations (under the same signal applied to the z-axis piezo).
Next, we propose a compressed-sensing-based approach to
obtain the mechanical indicator.

C. Mechanical indicator based on compressed sensing

The basic idea of the mechanical indicator stems from the
observation that the spatial variation of the sample mechani-
cal property can be quantified directly by using the cantilever
deflection with the same z-axis piezo displacement, provided
that the effect of the sample topography variation can be
excluded. During the imaging-mapping process, however,
such a cantilever deflection variation caused by the spatial
nanomechanical fluctuation is mixed and coupled with that
caused by the topography fluctuation, and it is challenging
(if not completely impossible) to extract the material-caused
deflection variation directly. We propose to obtain the me-
chanical indicator for the first scan line, S [-], offline a priori
first, and then estimate the mechanical indicator for the rest
of scan lines, S,[], by using the cantilever deflection on the
preceding scan lines. The first-line mechanical indicator S []
will be obtained via a compressed-sensing-based approach
[22][23].

1) First-line mechanical indicator based on compressed
sensing: To obtain the first-line mechanical indicator S]],
we measure the cantilever deflection at discrete sampling
locations on the first scan line, by engaging the probe at
each of the sampling locations to the same preload force
level, applying the same z-axis piezo displacement (i.e.,
the z-axis piezo displacement follows the same excitation
trajectory), withdrawing the cantilever, and transiting it to
the next sampling location, and then repeating this process.
As such, the change of the cantilever deflection between

Fig. 4: A schematic representation of the compressed-
sensing-based estimation of mechanical indicator, where the
sample responses (i.e., the cantilever deflection) to the ex-
citation force are measured at randomly-selected locations
(marked by the purple probes) to estimate those at all the
chosen discrete locations across the entire scan line (marked
by the purple and the yellow probes).

different locations shall be only caused by the difference
of the material properties between those locations (within
the acceptable measurement uncertainties). Although such
a discrete measurement can be obtained by covering all
the sampling locations on the first scan line, it is time
consuming and low efficient. Thus, we propose to, based
on the compressed-sensing theory, measure only at a small
fraction of all the sampling locations (see Fig. 4), then
optimally estimate/restore the cantilever deflection variation
across all the chosen same-line discrete sampling locations
[21].

Specifically, at the first scan line (we assume the z-axis
is the scanning direction) a number of p sampling locations,
xi,i = 1,2,---p (x;: the z-coordinate of the i*" sampling
location), are selected from a total number of ¢ sampling
locations on the same line, x;,7 = 1,2,---,q, where the
p locations are obtained as the first p points of the random
permutation of the total ¢ sampling locations [24], i.e.,

Sc S, with
Sz{xi|i:1,2,~-~,p} and 4

The coordinates in set S can be examined a priori and
regenerated (if needed) such that the locations will not be
particularly concentrated in any certain regions while leaving
other regions sparsely covered. Then, the cantilever deflection
measured at these p locations, dp[k|, for & = 1,2,--- p,
is utilized to recover/approximate the cantilever deflection
over the total ¢ number of sampling locations, qu [i], for ¢ =
1,2,---,q. An appropriate homomorphism transform (e.g.,
the Fourier transform) is chosen, such that the data are sparse
in the transformed domain, i.e., choose a transform 7~

dy() T xp()s dgc) T xal0) ®)
such that x, will be sparse.

Then, the cantilever deflection on all the ¢ number of
sampling locations, ciq['], is recovered by minimizing the ¢
norm of the estimated signal d,,[] in the transformed domain,
Xg»

minimize ||xq|1

subject to  d,(-) = ®dy(-) = Py, () ©
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where @ € RP*9 : RP*L — RI*! j5 a sparse matrix with
entries equaling to 0 or 1 that specifies the sampling (spatial)
locations of each measured deflection data d,(k) in the full
vector of deflection Jq(k) for k = 1,---p, ie, ® is the
mapping from S to S, and ¥ € R4 : RIX1 — RI*X1 g the
sparsity basis corresponding to the chosen inverse transform
T 1, respectively.

The above algorithm is summarized in Algorithm 1 below.

Algorithm 1 Compressed-sensing based estimation of the
spatial nanomechanical fluctuation on AFM

o Randomly choose the measurement positions as a
subset S from a set S of all the sampling locations;

o Conduct the required measurements at each location
specified in set .S;

« Transform the measured results at locations of set S to
a sparse space;

e Recover the measured results for all the locations in set
S by solving the ¢; minimization in Eq. (6).

In this work, discrete cosine transform (DCT) [25] is cho-
sen as the homomorphism transform in the above compressed
sensing scheme,

2 & 1 T
xp(n) = \/;kz_ldp(k)m COS(%(/@’ —1)(2n - 1)),

fork=1,---,p, andn=1,2,---,p
(N
where 051 denotes the Kronecker delta.
2) Mechanical indicator on the rest of scan lines:
The mechanical indicator on the rest of scan lines, Sy[],
for n = 2,---, Ny, can be obtained based on that of the
first line quantified above, provided that the difference of the
mechanical distribution of the sample across two successive
scan lines is small. This condition is reasonable and widely
holds in practices as the spatial variation of the mechanical
properties of most soft materials is continuous across the
sample area, and the increment of the line-to-line distance
can be rendered small by increasing the number of scan
lines. Thus, the mechanical indicator on the subsequent scan
lines can be approximated as proportional to the cantilever
deflection responses to the PBE signal on the previous scan
lines, i.e.,
Spm] = ks max dingn—1[m|, with
A ®)
Si[m] = ksdyg(m), ,m=1,2,--- N,

where k; is a constant that converts the cantilever deflection
to the indicator, and maxy, ding,n—1[m] denotes the moving
maximum of the cantilever deflection response with a win-
dow of k points, i.e.,

max

m]?X dz‘nd,n[m] = i=m—k+1,-,m

The moving average is used to smooth out short-term fluc-
tuations (i.e. the measurement noise).

D. Sample topography tracking and quantification

Once the response to the PBE signal is decoupled from
that to the sample topography via the above adaptive Kalman
filtering, the decoupled cantilever response and the z-sensor
displacement will be utilized to estimate the sample to-
pography and the indentation generated (due to the PBE
excitation applied) for nanomechanical mapping. Basically,
the sample deformation generated during the imaging will
be online estimated based on the recently developed control-
based nanomechanical measurement technique (CINM) [26],
and accounted for in the quantification of the sample topog-
raphy. Then the sample topography will be tracked by using
a data-driven online iterative-learning feedforward control
augmented to the z-axis feedback control loop, as developed
in the adaptive contact-mode imaging [27]. The readers are
referred to [15] for details.

III. EXPERIMENTAL EXAMPLE

In this section, the proposed A-SIBNM technique is
demonstrated by implementing it in experiments.

A. Experiment setup

The experiments were conducted on a commercial AFM
system (Dimension FastScan, Bruker Inc.) on which direct
access to the piezoelectrical actuators and the corresponding
displacement and cantilever deflection sensor signals were
provided. The algorithm to implement the A-SBINM tech-
nique was designed in Matlab-Simulink and implemented via
a data acquisition system (PCI-6259, National Instruments)
under xPC-target real-time operation system. The sampling
rate of all experiments was set at 10 kHz due to the hardware
limitation.

A PDMS-epoxy sample of heterogeneous mechanical
properties was used in the experiments. The sample was
prepared by partially filling an epoxy pentagonal quasicrystal
with 1 pm characteristic length scale (in yellow color in
Fig. 5) with crosslinked PDMS material (in green/blue color
in Fig. 5). Specifically, the epoxy quasicrystal pattern was
made by thermal microembossing [28] of an SU-8 2015 (Mi-
croChem) thin film. The film was deposited by spin coating
onto a glass slide and embossed at 95 °C with a silicone
stamp that was made with a silicon master of the quasicrystal
pattern. After embossing, the film was crosslinked by lengthy
flood UV exposure and a dilute solution of Sylgard 184
silicone (Dow Chemical) in hexane (Sigma Aldrich) was drop
cast onto it. After curing of the silicone by lengthy baking at
70 °C, a region near the edge of the drop where the pattern
was only partially filled was identified. The elastic modulus
of the PDMS and the epoxy material used were around 500
kPa and 50 MPa, respectively.

B. Implementation of the A-SIBNM technique

First, the z-piezo dynamics G,.(jw) and the piezo-to-
deflection dynamics G o4 (jw) were measured and identified
by applying a band-limited broadband white noise to drive
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Fig. 5: AFM image (contact-mode, at scan rate of 1 Hz) of
the PDMS-epoxy sample used in the experiment, where the
material of the yellow patterns and the blue/green layer were
epoxy and PDMS, respectively.

the z-axis piezo actuator (after a stable probe-sample contact
was established with the preload force 2 times larger than the
amplitude of the white-noise force), and measuring, respec-
tively, the z-displacement and the cantilever deflection as the
output. The measurements were obtained at the first imaging-
mapping position of the PDMS-epoxy sample without lateral
displacements. Then a state-space model of the obtained z-
piezo dynamics and that of the piezo-to-deflection dynamics
were obtained by using the system identification toolbox in
Matlab, and used to design the Kalman filter and the adaptive
Kalman filter applied to decouple the z-axis sensor signal and
the cantilever deflection, respectively [15].

Next, to design the adaptive Kalman filter, the compressed-
sensing-based method to obtain the first-line mechanical
indicator was implemented to quantify the spatial variation
of the cantilever deflection on the first scan line. A multi-
sinusoidal signal V,(t) consisting of 10 equispaced frequency
components between 100 Hz and 1,000 Hz was applied to

the z-axis piezo actuator as the PBE signal,
10

Vo(t) =) sin(2007kt) ¢ € [0, 0.01] sec,
k=1
then the cantilever deflection was measured at 25 random
locations of a total 51 sampling locations on the first scan
line as described in Sec. II.

The cantilever deflection measured at the 25 randomly
chosen locations was then used to obtain the mechanical
indicator on the first scan line. Specifically, the maximum
amplitude of the cantilever deflection responses to the PBE
signal V,(t) in eq. (10) at the 25 randomly chosen loca-
tions were used as the mechanical indicator, i.e., das[k] =
|25,k () |loo, for k =1,2,--- 25, Then, the vector of daos[']
was transformed to the sparse domain of the IDCT in eq. (7).
The full vector of ds1[-] at all the 51 sampling locations on
the first scan line was recovered/approximated by applying
the ¢; optimization in eq. (6) by using the measured value
of das]-]. Finally, the first-scan-line mechanical indicator was
generated by normalizing the recovered vector ds1 [[] with its
first value, i.e., dsi[k] = dsi[k]/ds1[1], for k = 1,---,51.
This guarantees that the Kalman input gain B[m| changes

(10)

=z

N
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Fig. 6: Mechanical indicator of the sample points on the
first scan line recovered by using the compressed sensing
technique at different number of sampling locations.

from 1.

Finally, the above obtained mechanical indicator was used
in the gradient-based adaptive Kalman filter to implement
the adaptive SIBNM technique, by updating the gain of the
Kalman filter line by line. A multiple sinusoidal signal V,(t)
consisting of 10 equispaced frequency components from 100
Hz to 1,000 Hz was injected as the PBE excitation input.

In the experiments, a sample area of 8 yum x 8 pum was
mapped with a total of 250 scan lines. Given the hardware
limitation and to maintain the same lateral resolution in
both the z- and y- axes direction, the measured force and
indentation over every 100 sampling locations were averaged
to represent the mechanical property in each sampling area
of 0.16 ym by 0.16 um size, i.e., the lateral resolution was
0.16 pm in both the z- and y- axis direction, respectively—
The lateral resolution of the nanomechanical mapping can be
increased proportionally by improving the closed-loop sam-
pling rate accordingly. The averaged measured indentation
and force signals were used to compute the complex modulus
via the following Hertzian contact model [29]:

E"Gw) = 3R1Gw) (n
where F(jw) and I(jw) denote the force applied to the
sample (e.g., in this study, the force generated by the multi-
sinusoidal input) and the corresponding indentation gener-
ated, respectively, and R is the radius of the AFM tip (R = 25
nm), respectively. A relatively soft cantilever (model: DNP-
10, Bruker Nano Inc., spring constant around 0.2 N/m) was
used, and the lateral scan rate was kept at 1 Hz due to
the control hardware limitation. The lateral scan rate can be
further increased by increasing the sampling rate.

C. Experiment results and discussion

The compressed-sensing-based estimation of the mechan-
ical indicator on the first scan line was tested first. The
recovered results obtained by using two different compression
ratio: the 51-point mechanical indicator recovered from the
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Fig. 7: (a) Comparison of the decoupled PBE-caused can-
tilever deflection response obtained by using the proposed
adaptive Kalman filter to that by using the conventional
Kalman filter, respectively, (b) the zoomed-in view of the
comparison, and (c) the difference of the cantilever deflection
response at location “A” and location “B” by using adaptive
Kalman filter (blue) and the conventional Kalman filter (red),
respectively.

25-point measured data, and the 201-point one recovered
from the 100-point measured data, are compared in Fig. 6.
First, the experimental results showed that the mechan-
ical indicator can be captured with the 51-point measured
data (see red-line plot in Fig. 6(a)). The accuracy of the
mechanical indicator can be further improved by measuring
at more locations, i.e., more details were captured with the
201-point measured mechanical indicator (the purple-line
plot in Fig. 6(b)) than the 51-point measured mechanical
indicator. Secondly, by using compressed sensing method, the
mechanical indicator can be recovered, as both the trend and
the value of the corresponding measured mechanical indicator
were captured by the recovered indicator in both 25-to-51
and 100-to-201 cases. Both the 25-to-50 point recovered

mechanical indicator (the blue line in Fig. 6) and the 100-to-
201 point recovered mechanical indicator (the yellow line in
Fig. 6) captures the feature of their “true” ones (i.e., the 51-
point one in the red line and the 201-point one in violet line in
Fig. 6), respectively. And the correlation between the 100-to-
201 point recovered indicator and its “true” one at 0.5883 was
larger than that between the 25-to-51 point recovered one and
its “true” one at 0.4703. Both the accuracy of the recovery
and the compression ratio can be further improved as the
number of total sampling locations increases. More sampling
locations are needed when the entire imaging/mapping area
becomes relatively large (e.g., a live mammalian cell of size
over 90 pum x 90 pm). Save of the first-line measurement
time gained via the proposed compressed sensing method
also becomes more pronounced when the measurement time
at each sampling location becomes large (e.g., on live cell).
Therefore, the experimental results demonstrated the capa-
bility of the proposed compressed-sensing-based in capturing
the mechanical distribution over the sample surface.

Next, the efficacy of the adaptive Kalman filter in decou-
pling and splitting the two responses (i.e., the response to the
topography variation and the PBE input, respectively) was
assessed, with comparison to the conventional Kalman filter.
The decoupled cantilever deflection response to the applied
PBE signal (see eq. (10)) obtained by using the adaptive
Kalman filter was compared to that obtained by using the
conventional Kalman filter in Fig. 7. Due to the hardness
difference of the two materials in the PDMS-epoxy sample,
the amplitude of the decoupled PBE-caused cantilever deflec-
tion should be larger around the hard-portion of the sample,
i.e., the epoxy portion (e.g., location “A” in Fig. 5), than that
around the soft-portion, i.e., the PDMS portion (e.g., location
“B” in Fig. 5) of the sample (for the sample amplitude of
PBE input). Such a material-dependent deflection variation
was clearly captured by using the adaptive Kalman filter:
As shown in Fig. 7(b) and Fig. 7(c), the amplitude of the
second peak (at location “B” in Fig. 5) obtained by using
the A-SIBNM was reduced by 6.92% from the first peak
(at location “A” in Fig. 5), whereas the amplitude of the
two peaks obtained by using the SIBNM were almost the
same. Specifically, the A-B deflection difference obtained
by using the adaptive Kalman fitler was at least two times
larger than that by the conventional one (see Fig. 7 (c)).
Therefore, the experimental results demonstrated that the
proposed gradient-based adaptive Kalman filtering method
can capture the spatial mechanical variations during the
simultaneous imaging-mapping process.

The experimental results showed that with the proposed
A-SIBNM technique, the topography imaging of the hetero-
geneous sample can be reliably acquired, as shown in Fig. 8.
The pentagon feature of the PDMS-epoxy sample topography
was clearly captured—the image quality was compared well
to that obtained by the conventional contact-mode imaging
(compare Fig. 5 to Fig. 8). Specifically, the sample height dif-
ference quantified by using the proposed A-SIBNM method
at around 100 nm was close to that quantified by using the
contact-mode imaging. Sample topography profiles along the
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Fig. 8: The topography image of the PDMS-epoxy sample
acquired by the proposed A-SIBNM technique, where the
red-dashed line denotes the location where the cantilever
deflection comparison results shown in Fig. 7 were taken,
with “A” and “B” corresponding to the two peaks shown
in Fig. 7(b), respectively, and “L”, “M”, and “R” denote
three random locations at which the complex modulus was
measured by using the CINM method at that point (without
scanning) and compared to those obtained by using the pro-
posed A-SIBNM technique, as shown in Fig. 11, respectively.
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Fig. 9: Comparison of the cross-section sample topography
profiles at randomly-chosen scan lines (black dashed lines)
in Fig. 5 by contact-mode imaging and Fig. 8 by A-SIBNM
technique, respectively.

cross-sections in Fig. 5 and Fig. 8 are presented in Fig. 9.
The experimental results also demonstrated that the
frequency-dependent mechanical mapping of the PDMS-
epoxy sample can be clearly quantified by using the proposed
A-SIBNM approach. The mapping of the amplitude of the
complex modulus over the sampling area obtained by using
the A-SIBNM technique is compared to that obtained by
using the SIBNM method in Fig. 10(a). Firstly, the modulus
mappings obtained by both methods at 1000 Hz were above
those at 500 Hz, signaling the increase of the elastic modulus
of polymers with an increase of the excitation frequency,
agreed with the characteristics of the viscoelasticity of poly-
mers [4][30][31]. Secondly, the mechanical patterns of the
pentagon feature—due to the material difference between

8

500 Hz A-SIBNM

Modulus (MPa)

Modulus (MPa)

Fig. 10: Mechanical mapping of the PDMS-Epoxy sample at
measurement frequency of 500 Hz and 1000 Hz by using the
A-SIBNM technique, compared to those obtained by using
the SIBNM technique, respectively: (a) 3-D mapping, (bl)
mapping at 500 Hz by the A-SIBNM technique, (b2) mapping
at 1000 Hz by the A-SIBNM technique, (c1) mapping at
500 Hz by the SIBNM technique, and (c2) mapping at
1000 Hz by the SIBNM technique, respectively.

the PDMS filled-up (in blue/green color in the topography
image in Fig. 8) and the epoxy pentagon pattern (in yellow
color in Fig. 8)—were clearly captured by using the proposed
A-SIBNM technique, and became more pronounced as the
frequency increased. More specifically, the change (increase)
of the modulus between the lower filled-up layer to the
intermediate layer, i.e., between the bottom blue layer and
the intermediate green layer in the topography image in Fig.
8, was less pronounced to that between the filled-up layer
and the pentagon pattern, i.e., between the green layer and
the yellow pattern in Fig. 8, even though the corresponding
topography difference between the former (i.e., between the
blue- and the green- layer) was twice larger than the latter
(i.e., between the green layer and the yellow pattern). Such a
difference agreed to our prediction as the two filled-up layers
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Fig. 11: Comparison of the amplitude of the complex mod-
ulus obtained by using the A-SIBNM technique to those
obtained by using the CINM technique without scanning at
the three randomly-selected locations (marked as “M”, “L”,
and “R” in Fig. 8), respectively.

were mainly composed by PDMS, whereas the pentagon
patterns were mainly composed by epoxy instead. However,
such a mechanical characteristics of the sample was not
well captured by using the SIBNM method. As shown in
Fig. 10(cl) and Fig. 10(c2), the pentagon features were
much less clear and less regular in the mapping obtained
by the SIBNM technique, and the material-caused change
of the modulus was not well quantified—the increase of the
modulus was captured at the edges of the pentagon patterns
only, not across the whole patterns as it should be (see Fig.
10(b1) and Fig. 10(b2)). Therefore, the experimental results
demonstrated that capability of the proposed A-SIBNM tech-
nique in quantitatively capturing the mechanical distribution
of heterogeneous materials.

To further evaluate the mechanical mapping obtained by
the A-SIBNM technique, we also measured the complex
modulus of the sample at three randomly-selected locations
of the sample by using the CINM method, and compared
the results with those obtained by using the A-SIBNM
technique. The cantilever probe was positioned to each of
the three locations (marked as “M”, “L”, and “R” in Fig. 8)
to measure the modulus at that location by using the CINM
method directly, and then repositioned to the next location—
In this point-by-point measurement without scanning, the
effect of the sample topography variation on the mechanical
property measurement was avoided, and the modulus ob-
tained can be utilized as the reference. The mechanical map-
ping/measurement by using the ASIBNM technique and the
CINM technique at these three different sample locations are
compared in Fig. 11. The comparison showed that the value
of the complex modulus acquired by the proposed A-SIBNM
technique were close to those by the CINM method—among
the three selected locations, the relative difference (with
respect to the values obtained by the CINM method) was
between 3.1% and 4.3% for modulus at 500 Hz, and between

Height (nm)

Height (nm)

8 -4 0 4 8
X (um)

Fig. 12: The topography image of the SU-8 sample obtained
by using (a) contact-mode imaging at scan rate of 1 Hz, and
(b) the proposed A-SIBNM technique, where the material of
the yellow patterns and the blue layer were the laser treated
part and untreated part, respectively.

1.8% and 4.9% for modulus at 1000 Hz, respectively (see
Fig. 11). The use of the CINM technique in quantifying
the complex modulus of soft materials including polymers
has been demonstrated previously [26][29][31]. Thus, this
comparison also showed that through the proposed A-SIBNM
technique, both the sample topography and nanomechanical
distribution of heterogeneous materials can be decoupled and
simultaneously quantified.

To further test and evaluate the proposed A-SIBNM
technique, a plasticized SU-8 epoxy photoresin sample of
different topography characteristics (see Fig. 12) was also
imaged/mapped over an area four times larger (16 um x 16
pm) than the above. The SU-8 sample was prepared by plas-
ticizing through addition of Epon 815c low viscosity epoxy
resin until a desired softness of 4 MPa was achieved, and
then focused laser exposure was applied in a hexagonal array
of point exposures to crosslink the material at these positions.
The Epon 815c¢ possessed glycidyl functionality to participate
in the SU-8 epoxide crosslinking, but no photosensitive
chemistries of its own. As a result, the photocrosslinking was
subtle enough to remain after solvent development (shown
in Fig. 13(a)), but resulted in a very low small change in
mechanical stiffness. Thus, this sample served well to assess
the performance of a SIMM technique in discerning such
a subtle mechanical distribution while imaging the sample
topography simultaneously.

The sample was imaged-mapped at the scanning rate of
1 Hz, where a multi-sinusoidal signal consisting of two fre-
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Fig. 13: Analysis of a plasticized SU-8 sample. (a) An optical
microscope image of a sample e mapped sample in (b,c),
but after rinsing in a photoresist developer (propylene glycol
monomethyl ether acetate, Sigma Aldrich > 99%). (b,c)
Mechanical mapping of the SU-8 sample at measurement
frequency of 500 Hz by using the A-SIBNM technique, com-
pared to the result obtained by using the SIBNM technique,
respectively: (b) mapping at 500 Hz by the A-SIBNM tech-
nique, and (c) mapping at 500 Hz by the SIBNM technique,
respectively.

quency components from 100 Hz to 1000 Hz and amplitude
of 0.3 V was applied as the PBE excitation input. The topog-
raphy image and the mechanical mapping obtained are shown
in Fig. 12 and Fig. 13(b), respectively. For comparison, the
mechanical mapping was also obtained by using the SIBNM
method, as shown in Fig. 13(c). That such small mechanical
differences could be detected speaks to the capabilities of this
method.

The experimental results on the SU-8 sample, indeed,
further demonstrated the performance and capability of the
proposed A-SIBNM technique. As shown in Fig. 12, the
topography image acquired by the proposed A-SIBNM tech-
nique compared well to the contact-mode imaging result—
visually there was no noticeable difference. Moreover, the

10

mechanical mapping result (in top-view) of the SU-8 sample
obtained by the A-SIBNM technique showed that the hetero-
geneous property of the SU-8 sample was clearly captured.
Specifically, the dots part in the topography result (Fig.
12) with large mechanical property was clearly reflected
in the modulus mapping (Fig. 13(b)). However, there was
not discernible mechanical variations in the mapping result
obtained by the SIBNM technique (Fig. 13(c)). Therefore,
that such small mechanical differences could be detected—
with simultaneous topography imaging—spoke directly to the
capabilities of the proposed A-SIBNM technique.

IV. CONCLUSION

In this paper, an adaptive Kalman-filtering-based approach
has been proposed to achieve simultaneous topography imag-
ing and nanomechanical mapping of heterogeneous soft ma-
terials (A-SIBNM). First, a gradient based method was pro-
posed to adaptively adjust the gain of the Kalman filter online
to accommodate the spatial variations of the sample me-
chanical properties during the scanning. Next, to characterize
the cantilever deflection variation due to the heterogeneous
mechanical variations of the sample, a compressed-sensing-
based technique was proposed to obtain the indicator function
efficiently that was utilized to adaptively adjust the gain of
the Kalman filter. The proposed approach was implemented
on a polydimethylsiloxane-epoxy (PDMS-epoxy) sample and
a plasticized SU-8 epoxy photoresin sample of pronounced
topography variation and heterogeneous mechanical proper-
ties. The experimental results obtained showed that both the
topography imaging and the qualitative broadband mechan-
ical mapping of heterogeneous soft samples can be reliably
quantified by the proposed A-SIBNM technique.
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