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Understanding the heterogeneity of biological structures, particularly at the micro/nano scale can offer
insights valuable for multidisciplinary research in tissue engineering and biomimicry designs. Here we
propose to combine nanocharacterisation tools, particularly Focused Ion Beam (FIB) and Atomic Force
Microscopy (AFM) for three dimensional mapping of mechanical modulus and chemical signatures.
The prototype platform is applied to image and investigate the fundamental mechanics of the rat face
whiskers, a high-acuity sensor used to gain detailed information about the world. Grazing angle FIB

Iéz{vxlf:lier milling was first applied to expose the interior cross section of the rat whisker sample, followed by a
Biomechanics “lift-out” method to retrieve and position the target sample for further analyses. AFM force spectroscopy

measurements revealed a non-uniform pattern of elastic modulus across the cross section, with a range
from 0.8 GPa to 13.5 GPa. The highest elastic modulus was found at the outer cuticle region of the whis-
ker, and values gradually decreased towards the interior cortex and medulla regions. Elemental mapping
with EDS confirmed that the interior of the rat whisker is dominated by C, O, N, S, Cl and K, with a sig-
nificant change of elemental distribution close to the exterior cuticle region. Based on these data, a novel
comprehensive three dimensional (3D) elastic modulus model was constructed, and stress distributions
under realistic conditions were investigated with Finite Element Analysis (FEA). The simulations could
well account for the passive whisker deflections, with calculated resonant frequency as well as force-
deflection for the whiskers being in good agreement with reported experimental data. Limitations and
further applications are discussed for the proposed FIB/AFM approach, which holds good promise as a
unique platform to gain insights on various heterogeneous biomaterials and biomechanical systems.

© 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Sensory information is actively acquired by animals such as rats
with their whiskers (vibrissae) playing an essential role in sensing.
These tactile detectors are actively moved through the environ-
ment, in a process known as whisking, to sense position, shape,
size, and surface features of objects [1-5] which are then fed to
neurons to the brain. Sensory information gained from contact of
the tip or the upper part of the whisker with an object is transmit-
ted to neurons located at the whisker base and is therefore likely to
be governed by the whisker’s mechanical and chemical properties.
Understanding the biomechanics of the rat whisker system is criti-
cal in understanding the message that is fed to the neurons for
decoding by the brain and can also help in designing robust robotic
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active sensing and exploratory systems. Unsurprisingly, the whis-
kers have therefore been the subject of many analytic and inte-
grated studies including simulation, modelling, chemical and
mechanical approaches to study anatomical and physiological
properties of real whiskers and designing artificial whiskers
[6-29]. However, one limitation in the biomechanics studies is that
the whiskers have been assumed to be homogeneous, as conven-
tional mechanical measurements were technologically restricted
from accessing and measuring the interiors of the whisker. The
diameter of a typical rat whisker is of tens of micrometres, and
uniaxial tensile tests [22] of single whiskers ex vivo have been
performed to determine its elastic modulus. Recently, nanoin-
dentation on the whisker surface was used to obtain a more
accurate value for the modulus in situ, which was then assumed
to be the “universal” modulus of a whisker [13,15]. The presump-
tion of structural homogeneity of a whisker is challenged by optical
imaging investigations showing the whiskers have an anisotropic
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cross-sectional structure with clear layers and hollow regions
being visible [28]. The challenge to bridge the modulus measure-
ments with resonance frequencies results [21] also implies that
more knowledge is required by exploring the structural and
mechanics of the whisker interior to further understand this intri-
cate sensory system.

Atomic Force Microscopy (AFM) provides an in situ approach to
probe the mechanical properties of objects; here, sharp cantilever
tips are indented into the sample surface, and the elastic modulus
is derived from a force-deflection curve. By selecting different tips,
this force spectroscopy technique has been successfully applied to
characterise soft cells and tissues, to explore their mechanics at
nanometre resolution [30-32]. One limitation, however, is that
AFM investigations are only confined to the top nanoscale layer
of the sample, and leave a wealth of important information
beneath the probed regions. Another nanoengineering tool,
Focused lon Beam (FIB), has proven to be superior to a conven-
tional microtome to “slice” biological samples with regard to pre-
cision and compression artefacts [33,34]. It also allows the imaging
of cell-material interfaces previously inaccessible [35,36], and of
cellular interiors by combining different chemical imaging meth-
ods such as Secondary lon Mass Spectrometry (SIMS) [37], Atom
Probe Tomography (APT) [38] and synchrotron X-ray [39]. In a pre-
vious study combining FIB and AFM, porous polymer surfaces were
prepared by FIB milling to achieve the required flatness, and AFM
was employed to obtain the surface morphology but investigation
of the mechanics was not performed [40].

In the current study, we first developed an integrated novel
approach combining FIB and AFM force spectrometry to probe
the elastic modulus of the interior of biological samples. Using
the relatively new AFM mode of PeakForce Quantitative
Nanomechanical Property Mapping (PFQNM), which provided high
spatial resolution nanomechanical information, we found and
quantified a non-uniform distribution of modulus across the inter-
ior section of the rat whisker. Chemical mapping of the same rat
whisker cross section was done using Energy-dispersive X-ray
spectroscopy (EDS). The second objective was to explore the struc-
tural mechanics of the rat whisker, and to build a 3D biomechani-
cal model of this high-acuity tactile sensor. For this, the obtained
elastic modulus distribution was incorporated into Finite
Element Analysis (FEA), and simulation results obtained for stress
distribution and frequency for the complete whisker model. A
summary of the experiments for mechanical and chemical
characterisation of rat whisker interior cross section using FIB,
SEM, AFM and EDS is presented in Fig. 1.
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2. Materials and methods
2.1. FIB lift-out based whisker cross section (disc) preparation

Rat whisker samples were obtained from an anaesthetised
3-month old (adult) female Sprague-Dawley rat, by grasping the
base with a fine forceps and pulling out from the rat’s face [15].
For the study of the interior of whisker sample, it is necessary to
expose the interior cross sections first for further analysis. To allow
for AFM probing of the whisker interior, we developed a protocol
similar to FIB lift-out, a common technique for Transmission
Electron Microscopy (TEM) sample preparation [41]. A “cut-off”
disc shaped subsample can be retrieved from the whisker and posi-
tioned on a solid substrate for access by additional probes. All FIB
and SEM tasks including milling, lift-out and mounting on silicon
substrate were performed on a dual beam SEM-FIB (Helios
NanoLab 600i, FEI company, OR, USA).

The morphology of the rat whisker sample is presented in Fig. 2;
In Fig. 2a, SEM image of the exterior cuticle is acquired after apply-
ing 10 nm of silver coating to minimise the charging effect, and
Fig. 2b shows the interior cross section of the rat whisker after
being exposed by FIB milling (Ga*, 30 keV, ion currents > 1 nA).
Fig. 2c introduces several regions which can be distinguished in
the exposed cross section of the rat whisker including cuticle, cor-
tex, cortex-medulla and medulla. Also shown in Fig. 2¢ are exterior
cuticle, FIB based platinum (Pt) deposition for securing the sample
on the substrate and Pt deposition for milling protection during
cleaning milling of the interior part.

Due to the complexity of the experiments, several trial-and-
error tests were performed to determine the appropriate milling
parameters and sample transfer procedure. In the first attempt,
an in-SEM micromanipulator (MM3A-EM, Kleindiek Nanotechnik
GmbH, Reutlingen, Germany) was used for manipulating the
milled whisker cross sections, and two trials are shown in
Fig. 3(a1-4) and (b1-4). Disc shaped cross section samples were
milled off successfully with FIB, and the samples were transferred
to a Si substrate by securing the samples on the micromanipulator
tip with FIB based Pt deposition.

One challenge for FIB lift-out is that further manipulation of a
disc-shaped sample is non-trivial, particularly for laying down
the cross section side on the substrate. In the two attempts shown
in Fig. 3a and b, the micromanipulator tip was attached to different
locations of the cross section, but the orientations of the samples
on the substrate were not easily controlled. Hence a microgripper
(MGS2-EM, Kleindiek Nanotechnik GmbH, Reutlingen, Germany)
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Fig. 1. Schematic diagram of the proposed approach for three dimensional mechanical and chemical characterisation of the rat whisker by combining multiple

nanoengineering tools including FIB, SEM, AFM and EDS.
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Fig. 2. The anatomy of a rat whisker: (a) the exterior cuticle of the rat whisker
imaged by SEM showing scale shape surface morphology, and (b) the cross section
of the same whisker exposed by FIB (Ga®, 30 keV, ion currents > 1 nA) with hollow
medulla along the centre axis exposed. (c) SEM image of the retrieved rat whisker
cross section positioned on the Si substrate, with labels indicating the inner layers:
cuticle, cortex and cortex-medulla. Scale bars: (a): 20 um, (b): 20 pm and (c):
40 pm.

was employed to transfer the disc sample and to position the sam-
ple on the substrate, as demonstrated in Fig. 3c1-4. After two sides
of a disc-shaped sample from the whisker were initially milled
with FIB (Fig. 3c1), the two jaws of the microgripper were engaged
to seize the sample, and then the remainder of the attached part of
the disc was milled. After positioning the sample with the flat cross
section side on the substrate, Pt was deposited with FIB at the
interfaces of the sample and the substrate, to secure the sample
(see Fig. 3(c4)). It should be noted that this approach of combining
FIB milling, microgripper and platinum deposition has great repro-
ducibility for positioning milled-off biological samples, such as the
disc-shaped whisker cross section in this study, for further
analysis.

Large current ion beam > 1 nA was applied to mill the sample,
producing surface damage such as the curtaining effect visible on
the cross section of the whisker sample (Fig. 2¢). To minimise such
artefacts, additional Pt coating for milling protection was added on
the exterior cuticle side of the sample, followed by cleaning milling
with FIB parallel to the cross section surface to expose a pristine
region of the cross section (upright darker quarter in Fig. 2c). The
minimal surface roughness of the pristine region implied that the
milling artefacts are negligible with this treatment, and as the
ion beam was engaged in grazing angle, damage on the surface
was expected to be minimal [42,43].

2.2. AFM 3D topography and modulus calculations

Current reports on various biological systems and materials
highlight the unique features of the recently developed PeakForce
Quantitative Nanomechanical Property Mapping (PFQNM) mode
[44,45] for the study of biological systems [46-49] as well as other
materials [50-52]. Hence this AFM method was used for advanced
force-distance (FD) curve-based Atomic Force Microscopy, high res-
olution topography and Young’s modulus measurement of the FIB
exposed whisker cross sections. All experiments were conducted
under ambient conditions with an AFM instrument (Dimension
Icon, Veeco, NY, USA) equipped with PFQNM mode. Scan rate of
1 Hz and 512 scanning lines were applied for scanning the desired
regions on the surfaces. During acquisition, the peak force set-point
was carefully adjusted online using Veeco software (NanoScope
version 7.2) to obtain a better fit between trace and retrace signals.
Offline analyses were performed with an AFM data processing soft-
ware package (NanoScope Analysis 1.40, Bruker, Billerica,
Massachusetts, USA) based on DMT model [53]. The spring constant
and deflection sensitivity of tips were calibrated using the reference
sample, and the same AFM probe was used for study of both interior
cross section and exterior cuticle. The cantilever spring constants
were calibrated using the thermal noise method implemented in
the Veeco software (NanoScope version 7.2) and were assumed to
have a 5% error [54].

In the PFQNM mode, appropriate probe selection is crucial. As
mentioned in the Section 1, the stiffness of the whisker exterior
cuticle has been reported in previous studies [7,9,12,13,15,21,22]
and the modulus of the rat whisker based on these exterior mea-
surements determined to be in the range of 0.09-7.8 GPa. Hence,
a triangular cantilever with nominal frequency of 300 kHz and
nominal spring constant of 40 N/m (model RTESPA, Bruker, CA,
USA) was used in the AFM measurements [45]. In our study, multi-
ple interior regions containing cortex-medulla, cortex and cuticle
(Fig. 2c) were probed according to the proposed interior structural
characterisation of the rat whisker by Voges et al. [28]. Also, the
exterior cuticle surface was measured to compare with previously
published results for this region and with the measurements we
obtained from the interior section.

2.3. EDS analysis

The SEM-FIB instrument (FEI Quanta 3D FEG, FEI, OR, USA)
equipped with an energy dispersive spectrometer (EDAX, NJ,
USA) was employed to determine the elemental composition
distribution of the whisker interior cross section and the exterior
cuticle. EDS map as well as EDS line scan measurements were per-
formed with an electron beam of accelerating voltage 10 kV and
current 4 nA. For the EDX line scan, user-defined line length of
35 um and 60 pm on the interior section and exterior cuticle were
utilised respectively, with a 100 nm spot interval. Analyses were
done using EDAX-TEAM software (EDAX, NJ, USA).

2.4. Finite Element Analysis

In previous reports of the whisker modelled as a cantilever
beam, it was suggested that the stiffness properties of the whisker
might be directly linked to the rat’s ability to perform accurate
radial distance discrimination [7]. As such, the modulus results
we determined from the earlier part of the study were incorpo-
rated to build a new three dimensional mechanical model of the
rat whisker, followed by simulations using this whisker model
under various physiological conditions, e.g. stress distribution
across the whisker base with applied load during whisking. As
described above, since there are no receptors along the length of
the whisker; all sensory information must be mechanically
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Fig. 3. Strategies to retrieve and position of rat whisker cross sections on the substrate using a micro-manipulator. (a-1)-(a-IV) retrieving the cut-off whisker sample by
attaching the micromanipulator needle to the medulla; (b-1)-(b-IV) retrieving the whisker with a micromanipulator attached to the cuticle, with FIB milling performed at the
two sides; and with the equipped micro-gripper (c-1)-(c-1V), disc sample of the whisker sample was pinched and positioned on the substrate with expected orientation. Scale

bars: a-I to a-1V and b-II, b-II, c-II and c-1V 50 pm; b-I 40 pm; b-IV and c-I 100 pm.

transduced back to receptors as reflected by the stress distribution
at the whisker base [7].

Rats typically have rows of five to nine whiskers on each side of
their face, and the lengths of these whiskers can be up to 50 mm
[55,56]. Diameters of the base and end tip of the rat whiskers vary
from 0.085 mm to 0.18 mm and 0.001 mm to 0.035 mm, respec-
tively [21]. In our simulation, a 30 mm long 3D whisker structure
was set up, with 50 um radius at the base and 10 pm at the free
end. The detailed internal structures were modelled based on the
optical investigations by Voges et al. [28]. During the course of
whisking, the free end of the whisker is displaced with applied
external force, which is assumed to be normal to the longitudinal

axis of the whisker with negligible friction [7]. In the simulation,
the actual value of whisking force 1.35 x 1074 N was extracted
from [57] and applied to the tip of the whisker. It should be noted
that actual rat whiskers have an inherent curvature, and additional
simulations were performed by applying the whisking load to a
point close to the whisker base rather than the tip of the whisker
to mitigate the influence of curvature [7].

Structural mechanics module of Software package COMSOL
Multiphysics (release 4.4, COMSOL Inc., Burlington, MA, USA) was
used for all simulations. The models are defined as linear, 3D and
under static condition. Each model was meshed with a suggested
large number of tetrahedral elements. For simulations of the stress
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Fig. 4. AFM images of (a) height and (b) modulus measured on the exterior cuticle along with the corresponding histograms (c) and (d). (e) Comparison of the obtained
modulus results of the exterior cuticle in this study with those determined by different methods in previous reports. Scale bars: 500 nm.
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at the whisker base, fixed constraint boundary condition was con-
sidered for the whisker base, while boundary conditions for the
other regions were considered as free. The considered load also
was applied as a point load to (1) the very end of the whisker tip
and (2) 6 mm away from whisker base, and all the stress models
were solved using a stationary solver in COMSOL. For simulation
of first resonance frequency (FRF), two types of boundary condi-
tions, fixed-fixed and fixed-free, were considered according the
experiment setups from Neimark et al. [21]. Fixed constraint
boundary condition was applied accordingly, and for all the FRF
simulations, the eigenvalue solver of COMSOL was utilised.

3. Results and discussion
3.1. Mechanical characterisation

AFM images of height and stiffness of the whisker exterior cuti-
cle are presented in Fig. 4a and b, along with the corresponding
histograms presented in Fig. 4candd. The figures exhibit
microstructures of the surface including elliptic-shaped as well
as ridge-like protrusions, with length ranging from 0.2 to 0.5 pm.
The stiffness values of these protrusions are also higher than those
of the neighbouring areas. In Fig. 4a and c, with pixel size equal to
4 nm, it can be found that the surface height follows a normal dis-
tribution with root mean square and average surface roughness of
4.71 nm and 3.77 nm respectively. This implies minimal artefacts
between the surface topology and the tip radius. The obtained
modulus results show an average value of 4.72 GPa with a standard
deviation of 1.16 GPa (Fig. 4b and d). Comparison of the obtained
modulus of the exterior surface with those reported in the litera-
ture is presented in Fig. 4e [7,9,12,13,15,21,22,57]. The average
value in this study is consistent with previous reported values of
approximately 4 GPa, while the range is significantly wider.

The agreement with previously published data confirms that
the proper type of cantilever was employed for the PFQNM AFM
measurements. The wider range can be due to a considerably smal-
ler interaction volume of AFM tip in the PFQNM mode compared to
previous methods [44,45]. A larger number of surface microstruc-
tures and phases are now distinguishable with the AFM tip in
PFQNM mode, and as a result, more detailed distributions of

cortex-medulla cortex

67.4nN
1.7nN
3.2nm 2.2 nm
0.1 nm 0.1 nm

modulus can be determined. Also compared with previous nanoin-
dentation based measurements [13,15], PFQNM mode functions
with the same principle as the conventional nanoindentation
approach, but elevated frequencies enable a significantly higher
data throughput [58].

After exposing the whisker interior with FIB milling, AFM images
of adhesion and surface deformation for the cortex-medulla, cortex
and cuticle regions of the whisker interior cross section as well as
corresponding histograms were recorded and are presented in
Fig. 5. The mean values of adhesion for the cortex-medulla, cortex
and cuticle parts of the whisker were determined to be 62.3, 84.5,
and 49.6 nN respectively (Fig. 5a-c), which highlight the fact that
the surface had been sufficiently cleaned by grazing angle FIB
milling. In addition, values of surface deformation in all cases are
well below the tip radius of 8 nm, suggesting proper selection of
cantilever for the measurements (Fig. 5d-f).

Representative distributions of modulus acquired from different
regions of the rat whisker interior are presented in Fig. 5g, and dis-
tinct patterns for the cortex-medulla, cortex and cuticle regions are
shown. For instance, the modulus values for the cortex-medulla
region, which is in close proximity to the axis of the whisker, fit
a normal distribution. A broader range of modulus values can be
found in the cuticle region, possibly due to significant change of
material properties towards the exterior surfaces. Indeed, the cuti-
cle part of the whisker shows the highest measured modulus val-
ues up to 13.5 GPa which is even higher than the exterior cuticle.
These regions of high modulus values are in close proximity to
the exterior cuticle, and the mean values for the cortex-medulla,
cortex and cuticle parts are 3.65GPa, 3.79 GPa and 4.79 GPa,
respectively. Comparison of elastic modulus values of the three
regions indicates that in general, interior regions of the whisker
are softer than the exterior cuticle. One exception is that the modu-
lus of cuticle region measured from the cross section is signifi-
cantly higher compared to the modulus measured on exterior
cuticle, suggesting that the stiffness of the cuticle layer is anisotro-
pic. Another interesting observation is that a common significant
peak of modulus between 3 and 4 GPa can be found in all the three
regions (Fig. 5g), which suggests that the three internal layers may
share the same material composition. Together with the topologi-
cal images (Fig 5a-f), it can be hypothesised that additional nanos-
tructures are also present in cuticle and cortex as revealed by AFM
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Fig. 5. AFM adhesion images acquired at the different regions on the cross section of the rat whisker: (a) cortex-medulla (b) cortex (c) cuticle, and the corresponding images
of surface deformation (d)-(f). Histograms of modulus obtained from those regions (cuticle, cortex and cortex-medulla) are presented in (g). Scale bar: 200 nm.
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probing, although a more comprehensive study is required in the
future.

3.2. Chemical characterisation

EDS experiments were performed for further investigation of
the interior whisker cross sections, and an example of the elemen-
tal map obtained through EDS is presented in Fig. 6b. The line scan-
ning along the radius of the interior cross section and the exterior
cuticle is highlighted with the dashed lines in Fig. 6a. It can be
observed that the interior cross section mostly comprises of C, S,
O, N, CI and K elements. This is also holds for the cuticle except
for K which has minimal counts in the cuticle. Other observed ele-
ments introduced during sample preparation are gallium from FIB
milling, silicon associated to the substrate and platinum that
resulted from Pt deposition. As shown in the Fig. 6¢ and d, these
elements are barely found in the interior surface, indicating mini-
mal ion implantation and damage in the final cleaning for AFM
measurements. The amounts of C, O and N in the cortex-medulla
and cortex regions are slightly higher than those in the cuticle,
while for S, the reverse was observed. The distributions of Cl and
K are approximately constant through the interior cross section
and are less than all of the other elements. No odd behaviour such
as significant increase or decrease of elements can be found in the
exterior cuticle, while for the interior cross section the one obser-
vation is a remarkable decrease of the counts in the cuticle, very
close to the exterior cuticle. This is evident by the darker region
in the EDS map (see Fig. 6b) of the interior cross section and in
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measurement

/ Radial measurement
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the diminishing counts in the EDS line scan across the radius of
cross section in Fig. Ge, starting from 32 pm to the exterior cuticle.
This fact can be related with the observations of local modulus
change, and further correlating chemical imaging with mechanical
properties is still an ongoing topic [40,59].

3.3. FEA simulation results

The obtained modulus measurements were incorporated into
computer modelling of the whisker, and two different models are
considered in the simulations. Fig. 7 presents the cross sections
of the modelled internal geometry of the whisker, based upon
the model proposed by Voges et al. [28]. According to the report
by Voges et al. [28], average share of total diameter is 16% for cuti-
cle, 67-84% for the cortex and 6-15% for the medulla. Depending
on the type of whisker, medulla region accounts for 50-75% of
the overall length.

In the first model, a uniform modulus value of 4 GPa was
applied for all the different internal geometries of the whisker
model, similar to the previous reports. For the second model, the
Young’s modulus of 3.72 GPa; average of AFM measured values
of 3.65 GPa and 3.79 GPa for the cortex-medulla and cortex, was
applied for the part II of Fig. 7. For the cuticle region (part I), an
average modulus value of 4.79 GPa was applied reflecting the
actual AFM stiffness measurements at this study. In all of the sim-
ulations, Poisson ratio is considered as 0.4 [15] and average density
of 1.14 mg/mm?> [12] was utilised for the whisker. It should be
noted that in the non-uniform modulus distribution cases, the
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Fig. 6. Energy-dispersive X-ray spectroscopy (EDS) mapping of the interior cross section including the edge of the exterior cuticle. (a) Dashed lines indicate the path of EDS
scans in both the interior cross section and the exterior cuticle, while solid circles represent areas sampled for the AFM; (b) Combined EDS maps of the whisker interior cross
section; EDS map of (c) Ga and (d) Pt in the interior cross section; (e) Radial measurement - EDS line-scan along the radius of the interior cross section from the cortex-
medulla to the cuticle; and (f) Exterior cuticle measurement - EDS line-scan of the exterior cuticle. Scale bars: 10 pm.
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Fig. 7. Schematic of cross sectional views showing the considered interior structure
of the mechanical model based upon the proposed structure in Voges et al. [28]. Top
image presents the overall model in 2D, with bottom cross sectional views showing
percentage contribution of each sublayer along the axis of the whisker.

Poisson’s ratio is assumed to be constant for all of the regions due
to insufficient data.

To date there is lack of direct experimental measurement of the
stresses that occur at the whisker base with different whisking
forces applied to the whisker tip or shaft. Several studies provided
mechanical properties of rat whiskers including their first reso-
nance frequencies as well as values for whisker deflection subject
to the applied forces. Our models in this study were first validated
by comparing the experimental observation of rat whisker’s FRF
[21] and force-deflection measurements [7]. Values of Young
modulus, Poisson’s ratio, density and geometrical dimensions of
considered whiskers are referred to[7,21]. Table 1 presents com-
parison of simulated FRF of our model for ry./L? ratio of 0.55
[10~*mm~!] with the FRF values based on the model proposed
by Neimark et al., which is least square fit to experimental mea-
surements [21]. It should be noted that the final simulated values
were consistent particularly with the in vivo measurements of
Neimark et al. [21]. The observed differences, approximately 20%,
can be due to the discrepancies of density and modulus values
used in the simulation and the actual values that occurred in the
experiments [21]. Difference in the geometry such as the consid-
ered geometry of the medulla is also possible to affect the final
simulation results to some extent.

Further validation included the scenarios in previous experi-
ments by Birdwell et al. [7], while whiskers deflect due to applied
horizontal forces imposed at 6 mm from the base. The results were
presented in Fig. 8a, and whiskers gamma, E2 and E3 were selected
for comparison. The arc length (mm) base diameter (pum) and

Table 1

Comparison of FRF values of this study’s rat whisker model with ryqs/L? ratio of 0.55
[10~* mm~"] with least square fit to experimental measurements by Neimark et al.
[21].

Boundary This Neimark Neimark % difference % difference

condition study et al. et al. with with
(Hz) (ex vivo) (in vivo) Neimark Neimark
(Hz) (Hz) et al. (ex vivo) et al. (in vivo)
Fixed-free 72 95 90 24 20
Fixed-fixed 141 195 170 27 17

average modulus (GPa) applied in the simulations were 60.3, 199
and 3.75 for whisker gamma, 48.1, 232 and 1.90 for whisker E2
and 33.3, 189 and 3.9 for whisker E3, respectively. A good agree-
ment between the simulation and experimental results was
observed, while some discrepancies occurred with increased force,
possibly due to the approximation of end tip diameter and density
of whisker. In addition to verifying the integrity of the simulation
model, solutions were also tested to be mesh independent and con-
vergent with refining the mesh size. With mesh extension results
of the simulated models presented in Fig. 8b, the first principal
stress at the whisker base for the uniform and non-uniform struc-
tures subject to the applied force are shown to be convergent for
each case confirming the stability of the simulation as well as
the solutions. It should be noted that the results of these sim-
ulations are subject to several constraints. In particular we have
ignored several natural whisking factors, such as whisker velocity
during whisking, inherent whisker curvature, which are known
to be important in natural behaviour.

After model validation, values of principal stress at the whisker
base are acquired to assess the effects by whisker deflection. As
discussed in the previous sections, stresses in the base follicle are
hypothesised to be crucial for object localisation [55], and used
to determine surface texture [56,57] and avoid obstacles [58].
Fig. 9a and b present the first principal stress at the whisker base,
for both models of uniform and non-uniform modulus dis-
tributions. It can be seen that for the same conditions, the amount
of produced stresses at the whisker base of the non-uniform modu-
lus model is similar to that in the homogenous model, although
slightly higher (~10%) with regard to the maximum stress. The
simulations also reveal that regions close to the cuticle experience
the highest resultant stresses, as shown in Fig. 9a and b, and this
phenomenon extends to the base of the whisker which connects
to the follicle.

Also, analysis of Birdwell et al. [7] showed that the error of
neglecting the inherent curvature of the whisker can be reasonably
decreased provided that the force is imposed at a/L < 70%, where a
is the distance from the base and L is the whisker length. Therefore,
additional simulations on the considered uniform and non-uniform
models were performed and the results are presented in
Fig. 9d and e. For these simulations, a larger force of magnitude
1 mN was imposed horizontally at 6 mm from the whisker base,
to minimise the effects of inherent curvature of the actual whisker
due to large displacement. Results in Fig. 9d and e also confirm
similar or modest increase of base stress in the non-homogenous
whisker model. Furthermore, resonance is considered to enhance
both detection and discrimination of signals in the biological and
human-made sensory systems [21]. FRF can also be quantitatively
determined with the constructed multi-layer mechanical model
with simulated vibration behaviours as shown in Fig 9g-i. For
the particular whisker investigated in this study, it is suggested
that FRF is in the range of 100 Hz and increases with higher cuticle
modulus.

With the proposed AFM/FIB 3D mapping approach and the fol-
lowing simulations, the acquired results can provide a number of
insights for developing artificial whisker-based sensory systems.
The revealed non-homogenous modulus structures contain a core
layer of lower modulus which primarily acts as a “softer” can-
tilever while the higher moduli regions act as a “stiffer” outer
layer. Therefore, minimal forces are needed for large displacements
due to the “weaker” core, while at the same time, significant stres-
ses are still present in the whisker base. An improved design of
artificial whisker is tested with non-homogenous modulus struc-
ture: 16 GPa for the cuticle and same 4 GPa for the cortex-medulla
and cortex. The simulated results of artificial whisker were pre-
sented in Fig. 9c and f, and the amount of produced stresses at
the whisker base increased by approximately 30%.
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Fig. 8. (a) Comparison of force-deflection graphs simulated in this study with experimental measurements by Birdwell et al. [ 7] including whiskers Gamma, E2 and E3. (b)
Simulated values of first principal stress at the base of the whisker models with increasing mesh size. The actual force was applied to the whisker tip, with both uniform and
non-uniform modulus distributions considered.

First principal stress at the whisker base (MPa)  First principal stress at the whisker base (MPa) First principal stress at the whisker base (MPa)
60 A 209 60 A 227 A 298
50 50
40 40
30 I 200 30 ' 200 250
20 150 20 200
150
13 100 18 100 120
-10 - -10 = Ll
-20 20 50
-30 0 -30 0 0
-40 -40 - 50
.50 -50 -50 ' -100
-60 -60
-50 0 50 ¥ -85.4 -50 ] 50 ¥-90.8 -50 0 50 Vv -120
a b c
First principal stress at the whisker base (MPa) First principal stress at the whisker base (MPa) First principal stress at the whisker base (MPa)
A 311 A 333 A 438
l 300 - 400
250
250 300
200 200
150 150 200
100 100
50 50 100
0 0 0
50 50 )
-100 -100 100
50 0 50 ¥ -125 50 0 50 ¥ -135 -50 0 50 ¥-178
d e f

9 h i

Fig. 9. Mechanical simulation of first principal stress distributions at the whisker base and first resonant frequency (FRF) of the considered whisker models. With forces
applied to the whisker tips; cross sectional views of the first principal stress at the whisker base for models of (a) uniform modulus (b) non-uniform modulus and (c) artificial
whisker. With forces applied to a location 6 mm from the whisker base, cross sectional views of first principal stress at the whisker base for models of (d) uniform modulus,
(e) non-uniform modulus and (f) artificial whisker. In (a)-(f), the unit of the x-y axes is um and the unit of colour map values is MPa. Simulation of FRF of the whisker based
on (g) uniform modulus, (h) non-uniform modulus and (i) artificial whisker, assuming fixed-fixed boundary condition.
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Table 2

Comparison of current microanalysis techniques for investigating three dimensional biomechanical systems.

Technique Resolution/accuracy

Acquisition/imaging

Remarks

X-ray micro/nano

tomography down to 10 nm resolution based on
synchrotron.
Mechanical ~100 nm accuracy in sectioning

sectioning (serial
block imaging)
Focused Ion Beam ~10 nm resolution and ~10 nm accuracy in
milling
[36,72-74]

Submicron resolution for laboratory setup, and Primarily for structure with phase contrast. [60-63]
Structure (SEM), elemental and molecular mapping feasible by
integration with various imaging techniques. [64,65]

Structure (SEM), elasticity (AFM), elemental and molecular
mapping feasible by integration with various imaging techniques. cryo-compatible

Fast acquisition,
cryo-compatible

Elasticity study infeasible
due to mechanical
compression

Limited sectioning speed,

4. Conclusions

In this study a prototype platform combining FIB and AFM was
developed to investigate mechanical and chemical properties of
biomechanical systems using the rat’s large face whiskers as a
model test system, and both the interior cross section and exterior
surface of the rat whisker were investigated. Comparison of cur-
rent three dimensional microanalysis techniques is summarised
in Table 2, which are suitable for small biomechanical systems
such as the rat whisker. The recent progress in X-ray imaging par-
ticularly and the synchrotron-based systems allow 3D tomography
of tissue and single cells towards 10 nm resolution [60-63], but
limited information other than density and structure can be
revealed. In mechanical sectioning or serial block imaging
approach, a microtome is applied to remove thin sections of the
sample followed by SEM imaging [64,65]. Potentially chemical
imaging can also be integrated to explore the sample in the third
dimension after microtoming, but compression of the sample sur-
face is well known and prevents further AFM analysis. FIB milling,
as demonstrated in this study, provides high precision surface pre-
paration and sample transfer to enable AFM probing of the sample
interior. It should be noted that a trade-off of high resolution is the
low material removal rate of FIB, and it will be challenging to
explore structures much larger than the rat whisker sample.

To the best of our knowledge, it is the first study providing three
dimensional insights of the interior of the rat whisker and a multi-
layer mechanical model. “Lift-out” sample preparation followed
for AFM probing was performed, and this can be applied in other
projects to investigate samples which would otherwise be inac-
cessible for study. The measured values for the exterior cuticle
showed good agreement with previously published results. Non-
uniform modulus distribution in the whisker cross section was
revealed and quantified, while chemical properties of interior cross
section demonstrated similar patterns. Finite element simulations
with varied modulus distributions further confirmed that non-uni-
form modulus distribution of the rat whisker as determined in this
study, likely contributes to the high sensitivity of this tactile sensor
for natural behaviours although a more comprehensive study is
needed. The mechanical and chemical characterisation results
can be useful for further developing prototype artificial whiskers
[66-69] and for biological study of rat whisker behaviour
[1,25-27,70,71]. The characterisation methodologies and protocols
developed in this study, although only applied to the rat whisker,
can also be extended to studies of a wide range of biomechanical
systems in future.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 1 and 4-9 are dif-
ficult to interpret in black and white. The full colour images can be
found in the on-line version, at http://dx.doi.org/10.1016/j.actbio.
2015.03.028.
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