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~
Physical characteristics like mass and stiffnes§ of biological objects are emerging as
new markers for severe diseases. Micromeﬁic resonators can be used to quantify

multiple of these characteristics simultane

y.’yl this paper, we propose a method-
ology that utilizes higher flexural m% ration to perform simultaneous charac-
s

terization of density and elastic modulu sorbates. To demonstrate this concept,

a polymeric block with known di wension and anisotropy is written directly on the

cantilever surface using two—pm ymerization technique and characterised by
modal analysis. Our met captures the effective bending stress exerted by non-
isotropic materials thatw ked in atomic force microscopy indentation technique.
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Publishi@g( r the last decades, the development of microsystem technologies has enabled systems that

can interact with matter at the micro and nano scale. In this context, nano/micromechanical
devices have been proved to be suitable for characterizing mechanical properties of biolog-
ical systems leading to new insights. Atomic Force Microscopy (AFM) probe was used to
distinguish the stiffness of cancer cells from healthy cells' 3. Fo% spectroscopy mode of
AFM was used to identify that cancer cells are more elastic th ormal, cells, which could
be the reason for their metastasis. However, biological object%gzt anisotropic stiffness*®

that cannot be measured with force spectroscopy. Simila v attaching single cells to the

AFM cantilever free-end and continuously monitoring t icosgram mass changes, mass

—
regulation in different cell states was revealed®. 5

It has been shown that by adsorbing soft objects like teria, spread over a small dis-
tribution (~ 20%) on the cantilever surface, etther mLa_S? or stiffness of the soft objects can
be accurately determined”. Adsorbing at fre ‘:%Ve reliable mass measurement and ad-
sorbing at fixed-end gave reliable stiff ss&ver, by adsorbing at other locations, both
mass and stiffness were effected sim t%ﬂ&g. The added mass decreases the fundamen-
tal resonant frequency whereas the added stiffness increases it'%!!. Thus, both parameters
exhibit counteracting effect o thgﬁ ant frequency. In fact, it has been shown that if the

s isaunderestimated*. Therefore, methods to disentangle

effect of stiffness is neglected,

mass and stiffness for cofrectaguantitative estimations of both are needed!?.

Gil-Santos et al. u$ed t TlV§nogonad modes of vibration of a nanowire for estimating mass
and stiffness of eléctr ‘—/bezjm—induced carbon deposition!3. Additional information for the
son mass, rigidity, and nanoscale heterogeneity of adsorbate has been

simultaneous

also provid stimating damping due to surrounding medium of the cantilever'4. The
mass meéhaniém g erns the resonant frequency response in regions of cantilever resonators
with larger Vl tlon amplitude. The stiffness contribution arises for the material adsorbed
al st cancelling the mass effect®. Moreover, it was shown that by simultaneous
nkuri ent of the first three natural frequencies of a cantilever it is possible to obtain
rg ion about mass, stiffness and direction of an adsorbed bacteria?.

In this paper, we show that density and anisotropic elasticity of a material shall be
disentangled by careful combination of different vibrational modes in multi-modal analysis.
Unlike previous reports, we illustrate that focusing only on the first three vibration modes

will give erroneous mass measurement results. We also show that the adsorption of material
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Publishinghr fixed-end of the cantilever would suffice to quantify both mass and stiffness properties.

In our experiments, we have deposited a polymer film near the fixed-end of cantilever. A
two-photon polymerization technique was used to directly write a polymer layer of desired

15-17

dimensions . Figure 1 shows Scanning Electron Microscope (SEM) images of the two

microcantilevers (AFM CONTR type probe from Nano World A.?./%x;\;vere used as res-
firs

onating sensors in our work. Figure 1(a) shows the top view g t‘hj
Fig. 1(b) illustrates the lateral view of the second sample. controlling the writing direc-
tion of the laser with respect to the speed and power of e"sol erization, an anisotropic

Cy
N

ecimen whereas

adsorbate can intentionally be fabricated!® 2.

o

<N S
FIG. 1: SEM images of the Mtﬂever after the deposition of the polymeric block. a)
Top view of the first safuple, the specimen has length, width and thickness {L,, W,,T,} =
{45.79,45.20, 3.28} - 4 antilever is 455.21 pm long, 47.13um wide, 2um thick, 0.12
N/m stiff with f?{dam talfresonance frequency of 11.04 kHz. b) Lateral view of a second
'mequio {L,,W,,T,} ={47.38,47,23,2.89} um. The cantilever is 433.37um

sample with

long, 45.78fim
13.34kHz Tl a

U

The lij'esence of polymer on top of cantilever changes the dynamic response of the res-

ile, 2.22um thick, 0.17N/m stiff with fundamental resonance frequency of
d material is highlighted in yellow.

tor-“Figure 2(a) shows the frequency spectra before (in orange) and after (in blue) the

\ . .
pelymer addition.

The positive and negative shifts of the resonance frequencies can be directly assessed
by accounting for the dual contribution of the added mass and the added stiffness on the

cantilever. In order to obtain the natural frequencies of the cantilever in presence of the

3
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Publishipfggvmer adsorbate, Rayleigh-Ritz method has been used®:

ke 2, (7))
. 0 D(x) (8 ng ) dx | "

Lc
/ (pWeTe + paWaTo(x)) ¥h (z)dx
0

in which L., W, and T, are the length, width and thickness thewcantilever resonator
with density p.. Moreover, T, and p, are the thickness and d :’D of the added material.

With 1, (x) we refer to the flexural vibration mode shapes 6f thé<bare cantilever®! that

represent an admissible set of eigenmodes used for the al@?o position in the linear
approximation™®?2.  The adsorption on the cantilefrer T does ot significantly modify the
vibration shapes of the cantilever as experlmen Iy validatéd comparing the mode shapes

of vibration of the bare cantilever and those i 1 1ce of the adsorbate.

AN
n

FIG. 2: a) Averag spe; ‘\f the cantilever beam before (orange) and after (blue) the
deposition. The i sets lyfagmﬁcatlon of the frequency shift around the first five flexural

modes of th t1lever at: fi = 11.046 kHz (Af; = +1.003 kHz ), fo = 70.893 kHz
(Afy 94 kHz ), f3 = 199.502 kHz (A fs = +7.700 kHz ), f4 = 391.770 kHz
(Afy = ), f5 = 694.359 kHz (Af; = —2.304 kHz ). b) Theoretical estimation

% e ted frequency shift in presence of the added material (£, = 1.36 GPa,

=0. ) for the first five flexural modes as a function of the adsorbate position.
%@tudmal axis is the position of the center of mass of the block. The dotted line is
<

the position of the center of mass of the first specimen (Fig. 1(a)).

Due to non-uniform distribution of the sample along the cantilever length, T, = T,(z).

Finally, E. and FE, are the Young’s modulus of the cantilever and the added material,

4
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Publishirgpectively. The bending rigidity D(x) of the cantilever-adsorbate system is a function of

the longitudinal spatial coordinate (x) and it accounts for the neutral axis shift due to the
adsorbate layer?. In the absence of added material, this stiffness measure reduces to the
product of the modulus of elasticity E. and the moment of inertia W,7,?/12. The model

assumes that the adsorbate longitudinal dimension is much larg?/than the thickness and

thus the adsorbate can effectively be regarded as a thin layer dgfegitedQn the cantilever??

The case of single biological entities, e.g. proteins and virusgs, fagffo be differently tackled
accounting for the deformation during the adsorption %e o interfacial energy,
'M\
—

Figure 2(b) shows the expected frequency shift induced bj)t e adsorption of the material

adsorption direction and low bending rigidity®.

at different locations of the resonator, numerically. It can“be observed that the deposition

close to the clamped edge (dotted line) resul?\n\z; ’)tlve shift in the first four flexural
Y

frequencies, while the frequency shift is n g}KfO the fifth mode of vibration, confirming
the trend observed in Fig. 2(a \
In order to identify den51ty an You 'S modulus simultaneously, we minimize the
weighted difference of experime ally tained resonance frequencies and those obtained
using equation (1) keeping p and s the free parameters. Our minimization approach
accounts for the first resonance qu cy (mode i) combined with a higher mode of vibra-
tion (mode j)?*, in ter s’c?hblatlve shifts, as shown in equation (2). The error is then

minimized to obtain

1 w; — WP\ > w; — w2
QE ey (] .
2 W Wi

re sult 1 eported in Table I. The accuracy of the identification technique increases by

er flexural modes as a result of a larger mass contribution. Since the polymer

IQSS ut is not able to realize the mass effect. It can be observed that, unlike the common
balief of utilizing the first two resonance frequencies for obtaining information on both mass
and stiffness, using the first two modes in this case can lead to unrealistic values. The use
of the first and the fifth frequency, bounds the total error on the five flexural frequencies to

less then 4.23%.
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PUinShing Combination of modes |E, (GPa)|p, (g/cm3)
15t flex. mode T 274 flex. mode|  1.44 -65.77
15¢ flex. mode T 37 flex. mode| ~ 1.40 -0.96
15t flex. mode T 4t* flex. mode|  1.39 -1.62 /
15t flex. mode T 5" flex. mode|  1.36 0.7 \
3

TABLE I: Identified values for the elasticity (F,) and dens&(\piuof the added polymer
equ

with different combinations of flexural m dea ion (2)).

—

-

To investigate the suitability of modal analysis fi captf)ring the anisotropic nature of
adsorbates, a second experiment is then perfor@ with an orthogonal writing direction
(i.e. laser direction for polymerization was aleng y4axis). The estimation based on the

frequency shift lead to an elasticity signiﬁw than the previous case F, = 0.41 GPa

and p, = 0.53 g/cm?. \\
e

Y

\\Q\

&
~

FIG. 3: Identi Qion of the mechanical properties considering an uncertainty of 5% in the

three dindgnsigns ofithe deposited material. a) Distribution for the specimens elasticity .
the in t(, we show the different specimens with their writing directions under

3 deformation. b) Distribution for the specimens density p,.

)

&a identification procedure is extended by accounting for small geometric imperfections
and the multiple detection process is repeated by varying the polymeric block dimensions.
The distribution of obtained values for both Young’s modulus and density is reported in
Fig. 3.

The distributions, in which the density is detected, present an overlapping region around
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Publishiag® g/cm?® (see Fig. 3(b)). The two-photon polymerization technique can lead to a small
variability in the density of the polymerized material. This is particularly delicate in the
case of changing the printing direction that can induce different overlaps of the three dimen-
sional voxels of the two-photon polymerized material. Since the laser intensity defines the

material structure locally, the photoresist is excited each time in X different way, and only

when a specific volume in the focus point of the laser has eno cnefgy to overcome the

h
oval shaped voxel in the two-photon polymerized proces a veLry sensitive parameter of

polymerization threshold, the material is effectively printed. T\& gth and diameter of an
] 7

‘?C'ﬁfl'-errors in stage motion dur-

exposure time. Furthermore, the overlap error due to geo
-

ing printing and errors due to translation of CAD mogels togrint cannot be ignored. Thus,

the variability on the density is associated with e sing al voxel properties induced by
the fabrication process. The histograms relative to t@ample elasticity are instead highly
differance is related to the different polymeri-

dissimilar as can be seen from Fig. 3(a). h\n
sation directions of the polymeric block o e cantilever surface. The insets of Fig. 3(a)

n
provide a qualitative scenario of the e;o%hQ)n of the polymeric structure subjected to the

bending moment caused by the Litﬂbé‘ﬁexural modes of vibration.
r

To better understand the diffe N tween responses of the two specimens, a further
investigation was performed by a\PM force spectroscopy in contact regime (Bruker AFM).
The measures of the el tl‘dbﬁzvyere obtained by force spectroscopy technique. Figure 4(a)

of t meric block obtained by AFM. It can be observed that the

polymerisation diyéct for/his polymer block was along the longitudinal axis of the beam.

rovides the data to estimate the Young’s modulus of the polymer

4 E
;())) The Hertz model, F' = - @ __\/r63 (F being the force exerted on

3(1—1v,)
the induced indentation) has been used to fit the experimental data

Indentation of the materia

(circles in Ei
the polyfuer dnd
yieldifig & Yo s modulus of 1.42+0.32 GPa in good agreement with the one estimated by
theamodal a&dysis. The knowledge of the tip radius is essential for estimating the Young’s
n dulusSwith accuracy and this can be quantified either ex-situ by using SEM or in-situ
‘agyg\ ynamical method?. In this work the tip radius was measured by SEM and was

nd to be r = 7+ 2. The estimated value and error is due to the normal distribution fit

at fixed r = 7 nm radius. Moreover, in calculating the fits Poisson’s ratio was assumed to

be v, = 0.33 from literature for fast contact with viscoelastic material?6-2%.

The AFM image of the second sample shown in Fig. 4(c) highlights the material direction

7
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figured.pdf

FIG. 4: a) Topography image of the first polymeric sam eﬁ%&.is the longitudinal axis

along the cantilever length, y the dimension in the cafitilevergidth axis). b) Estimation of

the Young’s modulus with AFM indentation techniqu (forc} spectroscopy). The red curve
is the fit of the Hertz model to the experiment@t o). In the inset, the histogram of

point. ¢) Topography image of the seco eric sample block (x is the longitudinal
axis along the cantilever length, y k@sion in the cantilever width axis). d)
Estimation of the Young’s modulus 'itb)A indentation technique (force spectroscopy).
The red curve is the fit of He\%ﬁo 1 ‘E the experimental data (o). In the inset the
histogram of several in :1%(6 given and each count is an average of 3 to 5
indengations at the same point.

along the y axis. H@ indentation provides values similar to the previous exper-
he

iment (Fig. 4(d)2/since Aﬁaterial is still locally isotropic and the AFM is not capable of

several indentations is shown. Each count is an“ayerdgé of 3 to 5 indentations at the same
%OkQ

capturing th gk?j:)al sponse of the material under the effect of an induced deformation.
t

Indeed, it i
£

o / Sample|Measure| E, (GPa) |p, (g/ cmS)‘
3 AFM [1.42+0.32 /

o 1
3 MA  |1.36+0.24 0.75 + 0.32

S ~ , AFM [1.75+0.36 /

lobal effect of the distribution of the structure that creates the bending

MA |0.45+0.11 0.47+£0.17

TABLE II: Summary of the identified properties by making use of AFM and modal
analysis (MA) method.
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Publishi:n:g( ss of the additional layer. Thus, the orthogonal alignment of the fibres with respect

to the elongation/constriction axis, limits the opposition to the deformation during both
stretching and compression, i.e. it reduces the effective stiffness. Conversely, the polymer
presented in Fig. 4(a) acts homogeneously in the direction of the deformation (z). Table IT
summarizes the attained material properties using both modal an?/ sis and AFM.

In summary we have shown that: i) the deconvolution of effective Young’s
modulus of the adsorbate is highly sensitive to the utlhzatlo\om\e correct combination of

flexural modes of vibration. Indeed, for a deposition locati t thefixed-end, higher flexural

modes play an important role on determining the accu “‘f\the extracted properties;

—

ii) our proposed methodology does not require amplitude Sah ration as it only considers
the extracted frequencies; iii) unlike other appfoaches, orption of the material under

investigation near the fixed-end would sufﬁce%&xtra) density, elasticity and anisotropic

modes with fundamental mode is ne

information. \h
To conclude, our results show that the or ct choice and combination of higher flexural
S Nv&luamon of density, elasticity and anisotropy
of the adsorbed material on the ﬁz\tiﬁrxﬂk believe this research could trigger a devel-
t

opment of more sophisticatedsme \S{o studies of complex mechanical characteristics of
various biological sarnples
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