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Abstract

A new design of a fine positioner or high precision driven unit with a large positioning range is proposed for a custom-made in-situ indenter
device equipped inside an SEM chamber. The design configuration of the proposed system is size-effective for the confined working area of the
SEM chamber. The indentation depths can be precisely varied by controlling the fine positioner driven by a piezoelectric actuator. The main goal is to
achieve very deep penetrations toward the bottom layers of tall or large-size scale specimens by single indentation, without the need for sequential
indentations. Thus, the proposed design can eliminate the need for sequential adjustments of the specimen position with respect to the indenter tip
as currently being practiced by the researchers. The specimen position adjustment after each indentation heavily depends on the coarse positioner
and its accuracy level in a sub-millimeter regime which could result in position errors and unwanted lateral forces in the nanoindentation process.
Therefore, the sequential indentations technique could lead to considerable variations in the outcomes of nanoindentation tests done on similar
specimens. The proposed design will be realized to deploy in the Continuous Stiffness Measurement (CSM) techniques generally used to evaluate
elastic properties as a function of continuous penetration depth with high-frequency loading and unloading cycles.
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INTRODUCTION

A nano-indenter is a tool to provide compression load to a
material of interest to determine its mechanical properties such as
modulus, hardness, and friction at the micro or nanometer scale [1].
A nano-indenter device can be combined with a Scanning Electron
Microscope (SEM) to implement an in situ imaging technique that
can enable direct observation of mechanical behaviors of nanoscale
materials [2]. Thus, fast and efficient in situ nanoindentation tests
can provide new insights into the mechanical behaviors of materials
in nanometer regimes. The fine positioners or positioning stages
and coarse positioners or positioning stages currently available for
in situ nanoindentation devices inside the SEMs are considered
large in size and have complex mechanisms. Taking the avails
of flexure mechanisms [2], actuator units of positioners provide
high-precision motion at the micro or nanometer scale [3]. Small
volumes of the SEM chambers demand further development
and miniaturization of the in situ nanoindentation devices [4,5].
Besides, some nanoindentation techniques require a large stroke
or displacement range of the indenter device, specifically the fine
positioner. For example, the Continuous Stiffness Measurement
(CSM) technique is used to evaluate elastic properties as a function
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of continuous penetration depth without the need for discrete
unloading cycles [6]. This technique can be very useful to better
characterize the beam-like deflection or the foam-like buckling
of Vertically Aligned Carbon Nanotube (VACNT) arrays having
a height range of 500-1500 pum. However, the maximum stroke
or displacement range of the existing high-precision actuators
(driven units) is typically 10 um - 40 pum. The limited stroke is
currently addressed by multiple sequential indents to obtain
greater depths along the same direction inside the tall VACNT
arrays. Despite using this technique, the previous relevant studies
[6-8] are limited to the total penetration depths of 100 um - 200
um inside the VACNT arrays. This level of penetration depth
inside the VACNTSs with heights of several hundred pm has been
generally achieved by moving the specimen stage 40 um closer
to the indenter tip after each indentation test. This is done by
adjusting the position of the Z-axis coarse positioner before the
following indentation. Consequently, the accuracy of the specimen
stage’s sequential position with respect to the indenter tip depends
on the accuracy of the Z-axis coarse positioner which usually falls
in sub- millimeter regime. Thus, the limitation of this technique is
the stage drift during loading after the retraction of the indenter
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tip during proceeding unloading. This stage drift can change the
position of the indenter tip on a micro or nanometer scale from its
original position along the indentation path inside the specimen.
This may also lead to unwanted lateral forces on the specimen
during the stage position adjustment. Therefore, it is important to
develop a compact nanoindentation device capable of long stroke
(up to 1 mm) with high force and displacement resolutions so that
tall specimens or a large number of samples assembled together
can be tested continuously in a shorter amount of time, without
introducing unwanted lateral forces. An excellent combination of
mechanical [9], thermal [10], and electrical [11] properties makes
Carbon Nanotubes (CNTs) promising in numerous applications
that require lightweight, energy-efficient, and high-strength
materials. Consequently, it is important to define and understand
the characteristics of CNTs so that they can be properly utilized for
their applications. The mechanical behaviors of Vertically Aligned
Carbon Nanotube (VACNT) arrays, also known as CNT forests,
in response to an axial compressive load, depend on successive
bending as well as the density and alignment of the nanotubes
[12]. Elastic properties of CNTs can be derived from the force-
displacement relationship obtained through the nanoindentation
process [13].

The objective of this work is to develop a new design concept of
a compact, high precision driven unit for an in situ nanoindentation
device capable oflong stroke (up to 1 mm) along the indentation axis
with nano-newton force and nanometer displacement resolutions.
This can be used to realize axial penetration of an intender tool to
a tall specimen or a large number of samples assembled together,
with relative ease and high-frequency loading and unloading
cycles. The miniaturized driven unit can be easily integrated into
the small working area of an SEM chamber for direct observation.
Such a new device can facilitate a better understanding of the
mechanical properties or behaviors of nanoscale materials with
large-length scale structures and various morphologies.

A new concept of the novel high precision driven unit with
extended stroke and compact size is proposed for the in situ
nanoindentation technique. This can be achieved by means of an
Amplified Piezoelectric Actuator (APA) configuration [14], without
compromising the high force and motion resolutions. In an APA,
a piezoceramic stack is usually housed inside a compact, shell-
like flexure mechanism. The flexural shell provides a preload to
the piezoceramic stack. The piezoceramic stack provides actuation
in the lateral direction which in turn amplifies the desired motion
of the APA in the longitudinal direction to several hundred
micrometers. The small dimensions of the APA structures make
them suitable for the small working area of the SEM chambers.
The proposed high precision driven unit based on an Amplified
Piezoelectric Actuator (APA) will enhance the displacement range
of the existing indenters used for in situ nanoindentation tests. A
nanoindentation device equipped with this compact size driven unit
will enable new experimental observations through its extended
stroke during nanoindentation tests on various materials, which
would have not been possible before because of the limited stroke
and force capabilities of the existing Atomic Force Microscope
(AFM) based [15] and Microelectromechanical System (MEMS)
based techniques [16].
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Design considerations

Due to the lack of real-time observation during the indentation
process, the understanding of mechanical behaviors of nanoscale
materials is often limited to post-indentation deformation analysis
[17]. As a result, these are usually related to the investigation
of stress-strain relationships and comparison with relevant
theoretical models. When it comes to the mechanics of VACNT
arrays under compression, such post-indentation analysis may
lead to inaccurate prediction of the deformation and recovery
[17]. Therefore, a nanoindentation device can be combined with
a Scanning Electron Microscope (SEM) to implement an in situ
imaging technique. This technique can enable direct observation of
buckling formation and propagation of VACNT arrays of different
heights.

A few studies [12,17,18] have reported the influence of CNT
array height over several orders of magnitude on mechanical yield
strength. This proposed design is based on the technique that
allows for axial compression on CNT arrays of different heights
by utilizing flat punch indenter tips inside an SEM chamber. Flat
surface indenter tips simplify the computation of stress compared
to indenter tips having spherical or angular geometries. Metrics of
interest for the indentation tests include axial and lateral buckling,
elastic stiffness and plastic deformation in CNT arrays observed in
situ SEM imaging technique.

An experimental study [17], using in situ SEM nanoindentation
technique, shows that the VACNT arrays shorter than 10 pym
demonstrate elasticity even at high compressive strain (80% - 90%)
whereas the VACNT arrays taller than several hundred micrometers
demonstrate a plastic deformation upon the application of much
less strains (~15%). The shorter arrays with highly aligned and
weakly interacting CNTs demonstrate deformation geometry
(beam-like deflection) according to the Euler-Bernoulli column
or beam theory [19]. On the other hand, tall VACNT arrays with
highly entangled morphology demonstrate sequential buckling
formation where the buckles are first formed at the bottom side
and then at the top surface of the arrays. The Euler- Bernoulli
column theory is therefore not sufficient to represent this behavior
(foam-like buckling) due to the entangled morphology and strong
van der Waals interactions between neighboring CNTs [20]. Thus,
in situ observation enables us to evaluate the different buckling
modes and possibly explain their sequence inside the tall VACNT
arrays. Then the observed deformation can be compared with
the several proposed models [21,22] considering yield strengths
dependency on height, vertical alignment, and density profile of
CNTs morphology.

Many commercial indentation products utilize electromagnetic
motors which are typically large in size. In addition, electro-
magnetic interference affects the overall quality of the SEM
images. Electrostatic actuation is also commonly used to realize
high high-precision motion of the indenters. Although electrostatic
actuators can provide compact size and fast response, they have
limited force and displacement capabilities. Piezoelectric actuators
can offer large force generation along with high force (in the nano-
newton range) and motion (in the nanometer range) resolutions.
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Piezoelectric actuators can be housed inside flexure mechanisms
(Figure 1) which can provide the required compressive load to the
actuators. Flexure hinges can provide precise displacement during
actuation while overcoming the limitations of mechanical bearings
and slides. However, such piezoelectric actuation configurations
have limited strokes (only a few tens of um) and are often
considered large in size for the nano-indenters. The proposed
long-stroke nano-indenter device can be a versatile tool for in situ
nanoindentation tests on various nanoscale materials that have
great potential as engineered structures for a number of future
applications. By eliminating the position errors and unwanted
lateral forces during the specimen position adjustment for the
sequential nanoindentation process, the proposed design with long-
stroke capability can address the discrepancy in the compressive
elastic modulus values as reported in similar experimental studies.
The accurate formation and propagation of buckling of tall VACNTSs
and CNT composites during nanoindentations will significantly
improve the understanding of their collective mechanical
properties. Thus, this proposed system can potentially contribute
to better designs of CNT-based structures for applications such as
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Figure 1: Prototype of the previously developed in situ nanoindentation device
consisted of a precision-driven unit and an indenter unit (reproduction from [20]).
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artificial skins, energy-absorbing materials, lighter aircraft frames,
and wind turbine blade coatings [6].

In addition to potentially improved nanoindentation tests on
tall VACNT arrays, the proposed device can be used for mechanical
tests on protein fibers and fibrils which may lead to a better
understanding of their mechanics. Collagen is a type of protein and
is one of the key components of human bone, tooth dentin and blood
vessels [23]. Due to the difficulty in sample isolation, preparation,
and handling, nanoindentation tests on single collagens often
lead to dehydration and uncertainty in the estimation of their
biomechanical properties [24]. For more accurate results with
relative ease, it is desired to have the tests done on multiple fibrils
integrated into larger-scale structures with lengths of hundreds of
microns [25,26]. Thus, the proposed device with extended stroke
and large force capabilities can lead to a better understanding and
biomechanical modeling of collagen mechanics. This can in turn
potentially contribute to improved therapies for osteoporosis and
genetic disease.

METHODOLOGY

A. Precision-driven unit

This design considers the small working area of the SEM
chamber as well as the configuration of the indenter, motorized
positioning stages, load sensor, and displacement sensor. A previous
design [17] of in situ nanoindentation device has dimensions of 103
mm x 47 mm x 60 mm as illustrated in Figure 1. Similarly, the
proposed system has dimensions of 100 mm x 70 mm x 40 mm so
that it can be easily integrated to the SEM chamber for effective in
situ observation of the indentation region. The proposed precision-
driven unit is composed of a compact actuator unit to provide
driving force, an L-bracket to rigidly fix the actuator unit with the
coarse positioner, and a U-bracket to connect the actuator unit to
the specimen stage through the load sensor. In addition, the force
accuracy of this type of nanoindenter system largely depends on the
linearity of the actuating spring. The lack of linear stiffness of the
actuating spring can cause considerable variations in results from
nanoindentation tests done on similar specimens due to loading
errors. As shown in Figure 1, the previous design utilizes a compact
flexure mechanism with hinges to provide accurate and precise
displacement through the linear springs. Thus, precision driving
and size miniaturization become possible to realize. This proposed
driven unit also utilizes a flexure mechanism taking advantage of
its ability to provide accurate and precise linear displacement in
a compact size format. In this design, a rhombus-shaped flexure
mechanism is used to magnify the precise displacement of the
linear springs as illustrated in Figure 2. As a result, this proposed
system can provide a maximum displacement of 1130 um which is
almost 10 times greater than the maximum displacement (11.4 pm)
provided by the previous design [17].

B. Actuator unit

The actuator unit is usually required to provide high force
resolution and linear displacement resolution in the nanoscale.
In the previous design, a piezoceramic stack is placed inside the
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Figure 2: Amplified piezoelectric actuator (APF710®) by Thorlabs [10].

flexure mechanism in series, and a compressive load is applied
to the stack through a preload screw as shown in Figure 1. As a
result, both the piezo stack and flexure provide the precision
driving along the same axis, i.e., the indentation direction. Thus,
the flexure mechanism can precisely move the attached stage in
the plane with respect to the indenter and realize precise loading
and unloading of the indenter. This proposed design utilizes an
amplified piezoelectric actuator (APA) configuration to realize
precise linear motion with nanometer-level displacement and
nano-newton-level force resolutions. The piezoceramic stack is
housed inside the flexure mechanism in parallel as shown in Figure
2. The proposed actuator unit has dimensions of 100 mm x 18 mm
x 10 mm. The flexural shell provides a preload to the piezoceramic
stack so that it does not suffer from backlash. The flexural shell has
two ends or faces in the middle of its two lever arms. One of the
ends is rigidly fixed so that the other end is free to move through
which the stack displacement can be amplified and transformed.
Upon the application of voltage, the stack provides the actuation
in the lateral direction which in turn amplifies the desired motion
of the APA lever arms in the longitudinal direction several times.
As aresult, the proposed actuator unit has long-stroke ability with
a relatively simple and compact structure realized by the APA
configuration.

C. Assembled configuration

Two metal brackets are used to integrate the proposed actuator
unit into the whole system. As shown in Figure 3, the actuator
unit is rigid and fixed to the Z-axis coarse micro-positioning stage
through a L-bracket. Subsequently, the free end of the actuator
unit is attached to the load sensor through a U-bracket. To form
the high-precision driven unit, the load sensor is attached to the
stage upon which the specimen is placed. Through the Z-axis
coarse positioner, the proposed driven unit can be further attached
to the indentation device base which can be tilted with respect to
the stage of the SEM in order to obtain a good observation angle.

Simulation results and potential impact

A finite element analysis of the proposed high precision driven
unitis performed by using ANSYS® software to ensure the necessary
linear displacement of the unit. The flexure model is made of steel
A36 which has a density of 7800 kg/m3, Young’s modulus of
200 GPa, Poisson’s ratio of 0.26, and a shear modulus of 75 GPa.
From the FEA analysis, the maximum linear displacement of the
precision-driven unit along the indentation axis is found to be
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1131 um at the applied voltage of 150V as illustrated in Figure 4. In
addition, the maximum stress is found as 49.83 MPa at the flexure
hinges which is significantly less than the ultimate tensile strength
A36 steel of 550 MPa.

A nanoindentation process starts after placing a specimen
in the stage. A commercial APA product, APF710 manufactured
by Thorlabs [8], can be used as the actuator unit for this design
configuration. The APA has spring stiffness of 0.04 N/um and can
provide a maximum pulling force of 55 N which is sufficient for
most of the nanoindentation tests. As the APA pulls its free end
upon the application of voltage, the attached U-bracket pushes the
stage towards the indenter unit. Thus the high precision driven unit
precisely moves the stage with respect to the stationary indenter
and to realize precise loading and unloading of the indenter
inside the specimen during tests. This high precision-driven unit
can be manipulated in a relatively long-range by a Z-axis coarse
positioner. During the indentation, the load to the CNTs by the
displacement of the indenter is measured by the load sensor.
Due to the stiffness difference between the actuator unit and the
specimen, the measured displacement is not the real penetration
depth inside the CNTs. However, the measured load is the real
penetration load to the CNTs. The design described here can be set
up using instruments commonly available in research laboratories
as illustrated in Figure 5. The performance specifications of the
proposed system greatly match with reference values obtained
from the nanoindentation techniques on similar tests.

A nanoindentation device equipped with this compact size-
driven unit will enable up to 1 mm of penetration depth in a
single indentation (Figure 6). There will be no need for sequential
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Figure 4: Finite element analysis of proposed high precision driven unit showing
linear motion of stage provided by APA.
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Figure 5: Schematic of the prospective experimental setup for the long-stroke
nanoindentation device equipped with the proposed driven unit.
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Figure 6: Expected output displacement curve of the proposed high precision
driven unit.

adjustments of the specimen position with respect to the indenter
tip after each indentation which could result in position errors
and unwanted lateral forces in the nanoindentation process.
Thus faster and more reliable experimental observations through
its extended stroke during nanoindentation tests on Vertically
Aligned Carbon Nanotube (VACNT) arrays having a height range
of 500 um - 1500 um will be very useful to better characterize the
beam-like deflection or the foam-like buckling of the arrays.

CONCLUSION

The elastic properties of VACNT arrays with different heights
are evaluated by applying axial compressive loads through flat
punch nanoindentations. The direct observations enable new
insights into the beamlike and foam-like deformations of the
CNT arrays as a function of array height. The influence of array
morphology on the deformations is also observed through this
technique. The previous studies are limited to the total penetration
depths of 100-200 um due to the limited stroke of the actuator
units used for the indenter instruments. The successive insertion
and retraction of the indenter tip along with sequential adjustment
of the specimen position can be used to achieve deeper penetration
inside the tall CNT arrays having a height range of 500 um - 1100
um. However, this technique may result in some variations in the
natural formation of localized buckling modes and their sequential
evolution with strain upon continuous loading.

Most of the existing nanoindentation systems have limitations
in terms of size, stroke, and force capabilities. To address these
limitations, a new concept of novel high precision driven units
with extended stroke and compact size is proposed for the in
situ nanoindentation technique. This can be achieved by means
of an amplified piezoelectric actuator configuration, without
compromising the high force and motion resolutions. The small
dimensions of the APA structures make them suitable for the small
working area of the SEM chambers. The proposed high precision
driven unit will enhance the displacement range of the existing
indenters used for in situ nanoindentation tests.
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