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Abstract: To achieve true 3D nano-measurement with sub-nanometer resolution and very low touch
force through a micro/nano coordinate measuring machine, a new 3D resonant trigger probe based
on a quartz tuning fork is proposed. In this trigger probe, a quartz tuning fork with a microsphere tip
vibrates at its resonant frequency, and is used as the sensing element. The resonance parameters of
this quartz tuning fork (e.g., vibrating amplitude and resonant frequency) are extremely sensitive
to external 3D microforces. The distinguished feature of this probe is its ability to interact with the
sample surface in the actual three directions. The microsphere tip of the probe interacts with the
sample surface in tapping mode in the Z direction, whereas it interacts in friction mode in the X
and Y directions. The dynamic contact mechanism of the probe is based on interfacial force theory,
and mechanical models of the interactions between the microsphere tip and sample surface in the
X, Y, and Z directions are constructed and simulated. The experiment shows that the probe has
sub-nanometer resolution in 3D directions and triggers repeatability of approximately 40 nm in each
direction. Theoretical analysis and experimental results verify that this 3D resonant trigger probe can
be used for true 3D profile measurement.

Keywords: 3D resonant trigger probe; quartz tuning fork; interfacial force; resonant vibration;
micro/nano CMM; 3D profile measurement

1. Introduction

In recent years, micro coordinate measuring machine (CMM) has become a research hotspot in
the field of nanometer-measuring technology. Micro-CMM is a universal and primary tool used in true
3D nano-measurement of micro-devices, such as micro-electro-mechanical systems, ultra-precision
mechanical components, and ultra-precision optical devices. The 3D nano-trigger technology is a key
point in micro-CMM.

As a key element of micro-CMM, nano-probes are being developed on the basis of different
operating principles. Rigid contact method is one of the most commonly used methods. For example,
the probe based on capacitive sensors developed by NPL [1] has a resolution of 3 nm and probing
force of 0.2 mN. The deflections of the flexures are measured by capacitance sensors inside this probe.
The probe based on inductive sensors developed by METAS [2,3] has a resolution of less than 1 nm
and probing forces of less than 0.5 mN. The translational motion is separated into its XYZ components,
which are measured by three inductive sensors. A silicon-based nano-probe designed by Eindhoven
University of Technology [4,5] has a resolution of about 1 nm and probing force of less than 1 mN.
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The probe stylus is attached to three silicon elastic elements with embedded piezoresistive strain
gauges for sensing the deflection. A tactile-optical fiber probe used by PTB and TU Braunschweig [6–8]
has a resolution of about 1 nm. Different from the previous deflection detection methods, the deflection
of the fiber probe in the X and Y directions is detected by the camera system. Owing to the low stiffness
of the optical fiber and the special detection method, the probing force is approximately 1 µN to 100 µN.
This fiber probe can only achieve 2D measurement. The high aspect ratio fiber probe based on a fiber
Bragg grating (FBG) developed by the Harbin Institute of Technology can achieve 3D measurement
with a radial resolution of 5 nm and an axial resolution of 8 nm [9,10]. A touch-trigger probe developed
by HFUT [11] has a repeatability of better than 5 nm. A long-stroke 3D contact scanning probe
developed by HFUT [12,13] has a contact force gradient within 0.5 mN/µm, a measuring range of
20 µm, and a measurement standard deviation of 30 nm. In these contact probes mentioned above, the
stiffness of the elastic elements should be carefully designed because of the mechanical deformation of
the stylus and the damage of the sample surface caused by probing force.

To avoid this contradiction, some probes based on non-contact triggering methods have been
proposed. Optical method is one of the representatives, but it is easily affected by the characteristics
of the sample surface (such as color, roughness, reflectivity, etc.). For example, the ViScan optical
probe system—which is composed of a camera sensor and an objective lens—has a measurement
repeatability of less than 200 nm [14]. The laser-trapper probe [15–17] developed by Osaka University
has a vertical resolution of about 10 nm. Besides optical methods, many novel probes have also been
developed. For example, a probing system based on a spherical capacitive sensor [18] was proposed
by Harbin Institute of Technology. This probe can achieve 3D non-contact probing with resolution
better than 5 nm. The use of the non-contact method is becoming increasingly popular owing to the
fast measurement speed and no contact force.

However, non-contact probes are unable to offer high resolution and accessibility to the contact
one. To reduce the contact probing force, a vibrating tactile probe [19,20] consisting of a triskelion
device and a micro-stylus was developed by NPL, and has a probing force of nearly zero. A new
variable stiffness probing system [21] designed by the University of Nottingham has the overall
uncertainty of 58 nm for three-dimensional displacement measurement. This novel probe allows two
probe stiffness values to be defined and switched between. A micro-roughness probe with ultrasonic
sensor [22] developed by Mitutoyo Research Center Europe can achieve 1 nm resolution with the
measurement force of 1 µN. This probe can only detect the vertical variation in the Z direction in
tapping mode, owing to the limitation of its tip shape. Ilmenau University of Technology has developed
a resonant uniaxial microprobe [23] for the 3D measurement of small structures with a high aspect
ratio. However, the oscillation amplitude of the probe is approximately 5 µm, which may limit the
usage of the probe. A shear-mode micro-probe proposed by Tohoku University is a vibrating type and
is very sensitive, but it is asymmetric in the lateral direction [24,25].

The present study proposes a new probe called a 3D resonant triggering probe based on a quartz
tuning fork, which is different from the previously mentioned operating principles. New mechanical
models are derived and thoroughly described in this paper. The probe structure and the test results
are also presented.

2. Dynamic Contact Models and Simulation

2.1. Mechanical Models

So far, the dynamic characteristics of atomic force microscopy (AFM) have been well investigated,
and mechanical models between probe tip and sample surface in the vertical direction have been
established and analyzed [26]. Similar to the operating mechanism of AFM, scanning probe microscopy
(SPM) based on a quartz tuning fork has been proposed [27,28]. However, the AFM only detects the
microstructure in the vertical direction. Although AFM scans along the lateral direction, it cannot
detect the microstructure in that direction. In the present paper, a 3D triggering method based on
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the characteristics of a resonant device is proposed to detect the sample surface in three dimensions.
This method is based on the principle that the vibration parameters of resonant devices are extremely
sensitive to external microforces.

Different from conventional trigger probes (e.g., mechanical contact modes and optical noncontact
modes), the probe in this study makes use of the tapping mode (TM) in contact with the sample surface
in the Z direction, whereas it performs in friction mode (FM) in the X and Y directions, as shown in
Figures 1a and 2a. The mechanical models of the present study’s probe in vertical (Z direction) and
lateral directions (X and Y directions) are established and analyzed with reference to the existing AFM
mechanical models.
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Figure 2. Friction mode in the Y(X) direction: (a) Contact model between the probe tip and the sample;
(b) Schematic of the equivalent microkinetic model.

At nanoscale, the interaction between the stylus microsphere tip and the sample surface is a
complex process. Different interfacial forces, such as capillary, van der Waals, electrostatic, interfacial
friction, and hydrogen bonding forces, influence the interaction [29]. In our previous study [30],
we established a simple mass-spring contact mechanical model between the microsphere of the
probe and the sample surface in three directions, and the microforces mentioned were only analyzed
qualitatively and schematically. To complete the study, surface forces (e.g., van der Waals and capillary
forces) and their resultant force are analyzed based on this mechanical model and interfacial tribology.
The interfacial adhesive force caused by the resultant force and the contact interfacial friction force
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caused by this interfacial adhesive force are deduced. In view of the interfacial tribology, a new
modified dynamic contact model is established.

The motion equations are established based on the assumption that the center of the microsphere
is the centroid (mx is the effective mass) and the influencing factors of force equilibrium are considered,
such as damping force (Fdamp), elastic restoring force (Frestore), and driving force (Fdrive) of the probe,
as well as the effect of microforces, such as van der Waals force (Fvdw) and capillary force (Fcap),
amongst others.

In the Z direction, the proposed 3D trigger probe makes contact with the sample surface in TM,
similar to the conventional AFM model [31]. Figure 1a shows the schematic illustration in the Z
direction. The probe stays still and vibrates along the Z direction at its resonant frequency, while the
sample is driven upward with a constant speed (Vs). Under the TM condition, the microsphere tip
maintains in normal contact with the sample surface. However, a small angular variation may exist
in the real experiment condition. The existence of the average tip-sample angle may theoretically
generate a lateral force. According to previous research [32], when the angle is small, the lateral force
may affect the model slightly. The tapping contact between the microsphere tip and sample surface
is considered to be within the scope of the elastic contact. The mechanical model is equivalent to
the mass-spring coupling system of the conventional optical lever model in AFM. In Figure 1b, z(t)
represents the motion trail of the effective centroid, which is elastically coupled to the body M by a
spring (equivalent spring constant kz) in the Z direction. D represents the distance between the effective
centroid and the sample surface (D = z + z0), Vs represents the approaching speed of the sample,
and a represents the intermolecular distance between the probe and the sample surface. Restoring
force (Frestore) is caused by the elastic deformation during the movement of the probe. Damping force
(Fdamp) includes the air damping generated during the movement of the whole probe system and
the energy dissipation in making contact with the sample surface. Tip-sample forces (Ftip−sample) are
those that exist between the microsphere tip and the sample, such as van der Waals force, capillary
force, and so on. The arrows beside those forces in Figure 1b represent the direction of the forces. Both
the approach and retract processes of the microsphere interacting with the sample in this mode are
divided into two phases (i.e., D > a and D ≤ a), because interfacial forces are associated with the
distance between the microsphere tip and sample surface. In the D > a phase, the interfacial force is
mainly represented by the long-range van der Waals attractive force (Fatt), whereas in the D ≤ a phase,
the interfacial force is mainly represented by surface adhesion (Fad; Derjaguin-Muller-Toporov (DMT)
theory) [33] and short-ranged repulsive force (Frep). Therefore, the initial motion equation in the Z
direction is established as:{

mz
..
z(t) + βγ

.
z(t) + µz(t) = Fdrive − HR

6(z+z0)
2 + 2πrγLgα(cos θ1 + cos θ2) for D > a

mz
..
z(t) + βγ

.
z(t) + µz(t) = Fdrive − HR

6a2 + 4
3 E∗
√

R(a− z0 − z)3/2 + 2πrγLgα(cos θ1 + cos θ2) for D ≤ a
(1)

where γ is the general damping coefficient (β is a constant, let β = 1), µ is the gradient of the general
elastic restoring force (which is the equivalent elastic stiffness kz), H is the Hamaker constant, R is the
microsphere radius, z0 is the resonant center of the microsphere, z is the instantaneous tip position, r is
the sphere-sample surface contact radius, γLg is the surface free energy of water (steam pressure), θ1 is
the contact angle between microsphere and water film, θ2 is the contact angle between sample surface
and water film, α is the coefficient related to the surface tension, Fdrive is the driving force, and E∗ is
the effective Young’s modulus.

In the X and Y directions, such as the situation in the XOZ plane, the microsphere tip makes contact
with the sample surface along the Y direction, as shown in Figure 2a. For convenience, the equivalent
movement model in the XOZ plane is built by rotating the entire initial model by 90◦ counterclockwise,
as shown in Figure 2b. According to nanotribology, adhesion and applied loads are in the same order
of magnitude under nanofriction conditions. In other words, because of the existence of interfacial
adhesion, generalized Hertz friction theory is not fully applicable to the present study. Considering the
lateral contact stiffness and viscous stiffness, the mechanical model is equivalent to the model shown in
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Figure 2b, where y(t) represents the motion trail of the effective centroid, which is coupled elastically
to the body M by a spring with an equivalent spring constant ky in the Y(X) direction, Vs represents the
approaching speed of the sample, and a represents the intermolecular distance. Based on the model
by Zwörner [34], the dynamic analysis is presented after full consideration of the stress condition
where the microsphere tip is in contact with the sample surface. In addition, according to the wetting
phenomenon [35] in nanotribology and the continuum medium principle, the water film with a certain
thickness (about several nanometers) may be formed in microscale within the contact area because
of the air humidity and the hydrophilic nature of the sample surface. Therefore, the initial motion
equation in the Y(X) direction is expressed as:

my
..
y(t) + βγ

.
y(t) + µ′y(t) = Fdrive −

Kr3

2R
− τc A−V − 2πrγLgα(cos θ1 + cos θ2) (2)

where y(t) is the motion of the effective centroid, γ is the general damping coefficient (β is a constant,
let β = 1), µ′ is the gradient of the general elastic restoring force (which is the equivalent elastic stiffness
ky), R is the microsphere radius, K is the equivalent elastic constant modulus associated with the
material, and K = 4/3 E∗, E∗ is the equivalent Young’s modulus, r is the sphere–sample surface
contact radius, τc is the shear stress acting on the adhesive contact area A, V indicates the van der
Waals force in the Y direction, γLg is the surface free energy of water (steam pressure), θ1 is the contact
angle between microsphere and water film, θ2 is the contact angle between sample surface and water
film, and α is the coefficient related to the surface tension.

In Equations (1) and (2), βγ
.
z(t) and βγ

.
y(t) represent the damping force (Fdamp), µz(t) and µ′y(t)

represent the elastic restoring force (Frestore), 2πrγLgα(cos θ1 + cos θ2) is the capillary force (Fcap),
Fatt = −HR/[6(z + z0)

2] is the long-range van der Waals force in the Y(X) direction, and
Fad = −HR/

(
6a2 ) and Frep = 4/3E∗

√
R(a− z0 − z)3/2 are the adhesive force and short-range

repulsive force, respectively. In Equation (2), Fad = S =
(

Kr3
)

/2R and Ffri = τc A indicate the
adhesive force and interfacial friction force, respectively.

The interfacial adhesive force is the dominant factor for interfacial friction during the dynamic
contact process of the sphere-sample interaction in the friction model in the Y(X) direction; this force is
generated by co-action of several microforces [30] and becomes the “needle point force field” within
the nanocontact area. In the nanometer scale, the friction coefficient is no longer a constant value, and
the relationship between interfacial friction (Ffric) and normal pressure (FN; namely, Fad) is nonlinear.
Their relationship in the nanometer scale is regarded as [36]:

Ffric = ζFN
2/3 = ζ

(
Ka3

2R

)2/3

= ζ(6πRγSV)
2/3 ∝ r12

−3/4 (3)

where ζ is a system parameter similar to the friction coefficient, K is the equivalent elastic constant
associated with the material, R is the probe microsphere radius, a is the contact radius, γSV is
the interface energy in the contact areas between the microsphere and the sample surface, and
γSV = H/

(
24πr12

2), r12 is the distance between them. According to the interfacial tribology, the
motion model in the Y(X) direction is modified into the motion equation of the equivalent centroid of
the 3D resonant trigger probe under damping vibration as follows:

my
..
y(t) +

myω0

Q
.
y + ky = kA0 cos(ωt) + ζ

(
RH

4r12
2

) 2
3
sign

( .
y
)

(4)

where ω0 is the resonant frequency of the probe system, Q is the quality factor, k is the equivalent force
constant, H is the Hamaker constant, and A0 and ω are the amplitude and angular frequency of the
driving force, respectively. The driving force is expressed by Fdrive = kA0 cos(ωt).
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2.2. Microforces and Mathematical Simulation

As the main cause of interfacial friction, the interfacial adhesive force is resulted from the co-action
of the van der Waals force, capillary force, and other microforces. These forces should be analyzed in
order to understand the mechanical properties and triggering mechanism in three dimensions.

The van der Waals force is a type of electromagnetic force that has neither directivity nor
saturability, and has an effective range from nanometer to sub-nanometer. It mainly arises from
three kinds of forces with different generating mechanisms: orientation force between polar molecules,
induction force between polar and nonpolar molecules, and dispersion force among nonpolar
molecules. The dynamic contact model of the sphere-sample is analyzed based on the Hamaker
hypothesis using the continuum medium method. Assuming that the sample surface is an infinite
plane, the van der Waals force (Fvdw) between the microsphere and the sample surface is calculated as
follows [37]:

Fvdw =
TR

180D8 −
HR
6D2 (5)

where R is the microsphere radius, D is the distance between the microsphere and the sample surface;
T is the expression of π2ρ1ρ2 A; H is the expression of π2ρ1ρ2B, where ρ1 and ρ2 are the densities of
the microsphere and the sample surface, respectively; A is the repulsive force constant; and B is the
attractive force constant.

When the absolute distance (D) between the microsphere and the sample surface is considered as
a variable, the change trend of the van der Waals force in the microcontact areas are obtained through
simulation. Let R = 80 µm, and the simulation of the van der Waals force is obtained as shown in
Figure 3. Here, the horizontal axis represents the distance between microsphere tip and sample surface,
and the longitudinal axis represents the magnitude of van der Waals force. The van der Waals force in
section A behaves as a repulsive force. By contrast, the van der Waals force in section B behaves as an
attractive force. In other words, when the microsphere approaches the sample surface, the van der
Waals force changes the “needle point force field” from a long-range attractive force to a short-range
repulsive force in the microcontact regions.

Appl. Sci. 2017, 7, 403    6 of 14 

2.2. Microforces and Mathematical Simulation 

As  the main  cause  of  interfacial  friction,  the  interfacial  adhesive  force  is  resulted  from  the 

co‐action of the van der Waals force, capillary force, and other microforces. These forces should be 

analyzed  in  order  to  understand  the mechanical  properties  and  triggering mechanism  in  three 

dimensions. 

The  van  der Waals  force  is  a  type  of  electromagnetic  force  that  has  neither  directivity  nor 

saturability, and has an  effective  range  from nanometer  to  sub‐nanometer.  It mainly  arises  from 

three  kinds  of  forces  with  different  generating  mechanisms:  orientation  force  between  polar 

molecules,  induction  force  between  polar  and  nonpolar molecules,  and  dispersion  force  among 

nonpolar molecules. The dynamic  contact model  of  the  sphere‐sample  is  analyzed  based on  the 

Hamaker hypothesis using the continuum medium method. Assuming that the sample surface is an 

infinite plane,  the van der Waals  force   between (୴ୢ୵ܨ) the microsphere and  the sample surface  is 

calculated as follows [37]: 

୴ୢ୵ܨ ൌ
ܴܶ

଼ܦ180 െ
ܴܪ
 ଶܦ6 (5)

where  ܴ  is  the microsphere  radius,   ܦ is  the distance  between  the microsphere  and  the  sample 

surface;  ܶ  is the expression of   ;ܣଶߩଵߩଶߨ H  is the expression of   where ,ܤଶߩଵߩଶߨ  ଵߩ and   ଶߩ are the 
densities of the microsphere and the sample surface, respectively;   ܣ is the repulsive force constant; 
and   ܤ is the attractive force constant. 

When the absolute distance (ܦ) between the microsphere and the sample surface is considered 

as a variable,  the change  trend of  the van der Waals  force  in  the microcontact areas are obtained 

through simulation. Let  ܴ  = 80 μm, and  the simulation of  the van der Waals  force  is obtained as 

shown  in Figure 3. Here, the horizontal axis represents the distance between microsphere tip and 

sample surface, and the longitudinal axis represents the magnitude of van der Waals force. The van 

der Waals force  in section A behaves as a repulsive force. By contrast, the van der Waals force  in 

section  B  behaves  as  an  attractive  force.  In  other words, when  the microsphere  approaches  the 

sample surface,  the van der Waals force changes  the “needle point  force field”  from a  long‐range 

attractive force to a short‐range repulsive force in the microcontact regions. 

 

Figure 3. Simulation of the van der Waals force. 

Capillary  force   (ୡୟ୮ܨ) is  the  surface  tension  caused  by  the wetting  action  of  the water  film 

between sample surface and microsphere. The water  film  is generated  from  the air humidity and 

hydrophilicity of the sample surface [38]. Figure 4 shows the diagram of the capillary force existing 

in  nanocontact  areas  between  microsphere  and  sample  surface,  where  ܴ  is  the  radius  of  the 
microsphere,	ܦ  is the distance between the microsphere and the sample surface,   ݎ is the curvature 
radius of the water film,   ଵߠ is the contact angle between the microsphere and the water film, and 

Figure 3. Simulation of the van der Waals force.

Capillary force (Fcap) is the surface tension caused by the wetting action of the water film between
sample surface and microsphere. The water film is generated from the air humidity and hydrophilicity
of the sample surface [38]. Figure 4 shows the diagram of the capillary force existing in nanocontact
areas between microsphere and sample surface, where R is the radius of the microsphere, D is the
distance between the microsphere and the sample surface, r is the curvature radius of the water film,
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θ1 is the contact angle between the microsphere and the water film, and θ2 is the contact angle between
the sample surface and the water film. When R� D, the following is obtained:

Fcap
R�D = 2πRγLg(cos(θ1 + β) + cos θ2 −

D
r
) ≈ 4πRγLg (6)
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Figure 4. Capillary force between the microsphere and the plane surface.

Under the micro-angle condition, the capillary force and the interfacial friction in the modified
model (shown in Equation 3) have the same order of magnitude, which means that under certain air
humidity, the capillary force may multiply the resultant force of the system (items on the right side of
Equations (1) and (2), except Fdrive). This finding proves that, under the atmospheric environment, the
influence of capillary force on the dynamic contact model of this probe system cannot be ignored.

As main microforces in the mesoscopic scale, the co-action of the van der Waals and capillary
forces determines the dynamic mechanical properties of nanocontact between the microsphere tip
and the sample surface. According to the analysis of the established models, van der Waals force is
invalid outside the nanocontact region, and interfacial adhesion and interfacial friction are inexistent.
The probe microsphere maintains a resonant vibration with constant amplitude because no external
force acts on it. Figure 5 shows a simulation diagram of the probe’s FM vibration amplitude in the
Y(X) direction. The horizontal axis represents the distance between the microsphere tip and the
sample surface, and the longitudinal axis represents the amplitude of the microsphere. When the
tip-sample interaction comes into the nanocontact region, the amplitude significantly attenuates, and
the resonance frequency shifts with the change of the force gradient between the probe microsphere
and the sample surface. On the basis of this phenomenon, this probe can be used as a 3D-positioning
trigger sensor.
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3. Experiments on the 3D Quartz Tuning-Fork Probe

3.1. Probe System

A 3D resonant positioning trigger probe using a quartz tuning fork is fabricated to verify the
reliability of the micromechanism of the dynamic contact model and the feasibility of the positioning
trigger method mentioned. The quartz tuning fork has the advantage of a stable mechanical resonant
characteristic, especially a high-quality factor, which is approximately 103–105 [39]. The higher quality
factor may contribute to the sensitivity of the device. Therefore, the material has been used to fabricate
scanning probes for 2D measurement [24]. However, in the current study, the probe based on the quartz
tuning fork is further used for 3D triggering. While the quartz tuning fork vibrates in its resonant state,
its resonant vibrating parameters (resonant vibrating amplitude and resonant frequency) are extremely
sensitive to external microforces. Figure 6 shows a typical frequency spectra of the 3D trigger probe in
air. The horizontal axis represents the excitation frequency of the microsphere, and the longitudinal
axis represents the amplitude voltage of the microsphere. The figure shows that the quality factor is
about 3200, which is deemed very high.
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Figure 6. Typical frequency spectra of the 3D trigger probe in air.

Figure 7 shows the structure of the probe system. The base of the quartz tuning fork is fixed steadily
on the probe frame to avoid additional energy loss when the probe vibrates. One of the quartz tuning
fork arms serves as a piezoelectric driver, and the other serves as a piezoelectric sensor to output
the electrical signal. A home-made integrated fiber microstem with a microsphere tip is mounted
on the free end of the sensing arm. The length of the stem is about 1 mm, and the diameter of the
microsphere is 80 µm [40]. During the operation, the probe is driven in resonant state by a sinusoidal
signal. When the microsphere tip approaches the sample surface, the amplitude attenuates, and the
resonant frequency shifts significantly as soon as the tip-sample interaction comes into the nanocontact
region. As a result, the electrical output signal is changed. This signal can be used as the trigger signal,
but it cannot distinguish the contact direction. For micro/nano CMM, the unknown contact directions
may bring ambiguities when reconstructing a surface. However, in most cases, the basic profiles of the
samples are already known, according to the blueprints or observation. So, the contact directions can
be predicted when measuring these objects.
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Figure 7. (a) Schematic diagram of the structure of the probe system; (b) Enlarged picture of the quartz
tuning fork and the integrated fiber microstem and microsphere tip.

3.2. 3D Trigger Positioning System

Based on the mentioned quartz tuning fork probe combined with a 3D nanopositioning stage,
a feedback control module, and a signal processing circuit, a 3D trigger positioning system is
constructed, as shown in Figure 8. The quartz tuning fork probe keeps vibrating at its resonant
frequency. The amplitude of the probe is detected by the amplitude feedback circuit. When the
probe tip contacts the sample surface in a certain direction, the vibrating amplitude of the probe
attenuates because of the force interaction between the probe tip and the sample surface. The phase
feedback circuit using Phase Locked Loop (PLL) is also designed as an alternative for the system.
To verify the amplitude-distance model that we established, only the amplitude feedback circuit is
used in the experiment part. The 3D nanopositioning stage used in this study is produced by Physik
Instrumente Co., Ltd (Karlsruhe, Germany). The nanostages in the Y(X) and Z directions are P-611.2S
and P-753.1CD, respectively. The X(Y) stage has a closed-loop resolution of 2 nm and a positioning
repeatability of less than 10 nm. The Z stage has a closed-loop resolution of 0.05 nm and positioning
repeatability of ±1 nm.
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3.3. Experimental Results

Noise level, sensitivity, trigger resolution, probing force, and unidirectional repeatability are all
important parameters used to evaluate the quality of a positioning trigger probe. In our previous
research [30], the working surface of an ultra-precision gauge block was used as the target to obtain
the approaching curves of the probe in the X, Y, and Z directions (the approaching curve shows
the relationship between the vibrating amplitude of the probe and the displacement of the stage).
In Figure 9, when the probe is in the nanocontact area, the sensitivity of the tip-sample—which is
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determined by the curve slope of the linear segment obtained through the linear regression method—is
2.62 V/µm in the X direction. The trigger resolution of 0.38 nm is determined via the system noise
level of 1 mV. In the same way, the sensitivity is 2.21 V/µm and the resolution is 0.45 nm in the Y
direction. In the Z direction, the sensitivity is 2.24 V/µm and the resolution is 0.45 nm. The results
show that this probe has a sensitivity of less than 0.5 nm in all directions. This probe is proven to have
sub-nanometer resolution.
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Figure 9 shows the approaching curve in the X direction. The horizontal axis represents the relative
displacement that the positioning stage moves, and the longitudinal axis represents the amplitude
voltage of the microsphere. Before the nanocontact regions, the microsphere of the probe remains
resonant with constant amplitude. When the tip-sample interaction goes into the repulsive region
of section A in Figure 3, the amplitude significantly attenuates because of the interfacial resultant
force of “needle point force field”—a result that is consistent with the model analyzed. This finding
indicates that the proposed model qualitatively explains the interaction between the microsphere of
the 3D resonant trigger probe and the sample surface. When the oscillation amplitude of the probe
decreases to 80 percent of the initial value, this position of the nanostage is recorded as a trigger point.
The probing force of the system is also calculated. In the lateral direction, assuming that the contact
between the microsphere and the sample surface is rigid, the contact force can be calculated simply
by the blending force of the micro-stem. In Figure 9, the distance between the start-decreasing point
and the trigger point represents the blending distance (over travel) of the micro-stem which is less
than 50 nm. With the stiffness of 143 N/m of the micro-stem, the calculation of the probing force is
about 7 µN. In the Z direction, the microsphere is in contact with the sample surface in tapping mode,
which is not rigid contact. Besides, the approaching speed is in sub micrometer per second, which is
very low. So, according to the model we established, the probing force in the Z direction is in a similar
magnitude to the van der Waals force.

Repeatability is an important evaluation parameter of a trigger positioning system. Several factors
may influence repeatability, such as voltage fluctuations caused by unstable factors of the driving
signal, Abbe error resulting from the mechanical structure and positioning accuracy of the nanostage
in the process of testing, changes in environmental conditions, external vibration, and other random
errors. To verify the reliability of the probe system, the repeatability of the triggering process of the
probe has been evaluated by approaching the probe repeatedly at the same measurement point in the
working surface of an ultra-precision gauge block. Figure 10a shows the repeatability tests for 10 times
in the X, Y, and Z directions. The vertical axis indicates the offsets from the average displacement value
of the trigger point. The limit error is 23 nm in the X direction, 23 nm in the Y direction, and 12 nm in
the Z direction. The standard deviation of the X, Y, and Z directions is 7.53 nm, 8.56 nm, and 4.12 nm
respectively. Figure 10b shows the unidirectional approaching curves of the probe in an arbitrary
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direction. The horizontal axis represents the relative displacement that the positioning stage moves,
and the longitudinal axis represents the amplitude voltage of the microsphere. Ten voltage curves are
measured repeatedly in this direction, and the measuring time is about two minutes. The experimental
results illustrate that the unidirectional repeatability error in an arbitrary direction in three dimensions
is in the nanometer order of magnitude, with maximum about 40 nm. The probe is proven to have the
ability for trigger positioning with high stability.
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Figure 10. (a) Triggering repeatability evaluation in the X, Y, and Z directions. (b) Unidirectional
repeatability curves in an arbitrary direction.

In fact, most of the repeatability errors mentioned above are due to the positioning repeatability
error of the stage and the random angular error of the stage magnified by Abbe offset of the
experimental system, rather than the probe itself. The X(Y) positioning stage and the Z positioning
stage are two separate parts. As shown schematically in Figure 8, the Z stage is stacked on the X(Y)
stage. The sample is located on the top of the Z stage and moves with it. A certain distance exists
between the X/Y stage of the 3D nanopositioning stage and the probe tip. This distance implies a large
Abbe offset in the X(Y) direction between the measurement point (tapping point of the microsphere
tip of the probe) and the X/Y reference length scales (strain sensor) inside the X/Y stage. In the Z
direction, an Abbe offset also exists between the measurement point and the Z reference length scale
(capacitance sensor) inside the Z stage. In other words, limited by the mechanical structure of the
system, Abbe errors exist in all three directions. If the experimental system is modified and the Abbe
offsets are zero, then the repeatability error of the probe will improve significantly.

4. Summary

The mechanical models of the interactions between the microsphere tip of the probe and the
sample surface are constructed based on interfacial force theory, and the dynamic contact mechanism
in the X(Y) and Z directions are analyzed. The combined action is presented according to the detailed
analysis of the mechanism of microforces (van der Waals and capillary forces) in the mesoscopic scale.
As the distance between the microsphere of the probe and the sample surface decreases, the resultant
force changes from a long-range attractive force to a short-range repulsive force, the amplitude of the
probe significantly attenuates, and then the resonant frequency shifts because of the changing force
gradient. Although the trigger signal cannot distinguish the contact direction, it has little influence
when measuring the objects with clear structures. Moreover, a visual guide system will be used to
solve this problem and improve the measuring speed in the future.

Through experiments, the trigger resolution of the resonant trigger probe proposed in three
dimensions is found to achieve a sub-nanometer order of magnitude, and the unidirectional
repeatability error is approximately 40 nm. The results indicate that the 3D resonant trigger probe
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system constructed in this study achieves the function of nanoscale positioning with high feasibility
and reliability, and that it can be used as a trigger probe for micro-CMM.
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