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A Compliant Self-stabilization Nanopositioning
Device with Modified Active-passive Hybrid

Vibration Isolation Strategy
Zhongyuan Zhu, Hui Tang, Member, IEEE, Yunwei Huang, Zhihang Lin, Yanling Tian, Peng Yu, Chanmin

Su

Abstract—Micro/mini LED (Light-emitting Diodes) dis-
play panel inspection and repairs have a high demand for
vibration isolating devices to protect industrial-level atomic
force microscopes (AFM scanning head) against vibrations.
The motivation of this work is to combine the advantages
of both passive and active vibration isolation strategies
to improve inspection performance. The developed self-
stabilization device achieves this objective with a design
that incorporates a suspension-type passive vibration iso-
lation unit and integrates it with the modified active-passive
hybrid (MAPH) vibration isolation strategy using piezoelec-
tric ceramics (PZT) and voice coil motors (VCM) as compen-
sators. First, the design, modeling, and optimization of a
self-stabilization device are presented based on the MAPH
vibration isolation strategy. To satisfy the requirements of
vibration isolation performance and a lightweight design,
a multi-objective optimization task was conducted. Next,
a tailor-made double compensating PID (DCPID) controller
was designed to allow this mechanism run in the MAPH
method to effectively isolate vibrations. Finally, a series of
validation experiments, including passive vibration isola-
tion performance tests and MAPH closed-loop tests were
applied. From 1-500Hz, more than 98% frequency domain
achieved a vibration isolation rate of 90%, the vibration
amplification effect of the passive vibration isolation was
significantly suppressed, the steady-state positioning ac-
curacy reached ±0.1µm, load capacity was up to 2.5kg,
the attenuation ratio of the disturbances reached up to
70%, and the heat of the VCM was effectively reduced.
All results comprehensively confirmed that the developed
compliant MAPH vibration isolation system has achieved a
satisfactory self-stabilization function.
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Fig. 1. The diagram of an ultra-HD display panel surface inspection
system with AFM scanning head. (a) the components of the whole
system; (b) the proposed compliant vibration isolation device; (c) unclear
AFM image: without the developed device vs. clear AFM image: with the
developed device.

Index Terms—Flexure, compliant mechanism, AFM scan-
ning head, vibration isolation, Micro/mini LED.

I. INTRODUCTION

In the ultra-HD display era, Micro/mini LED chips on
display panels are becoming extremely tiny (≤10µm), and
total chip quantity is growing to the tens of millions merely
on a 4K TV (e.g. 75 inch). To ensure production yields, the
LED display panel should be inspected carefully by high-
precision instruments to ensure their 3D surface physical
properties are up to standards [1]–[3]. Hence, various high-
precision inspection equipment, like the atomic force micro-
scope (AFM) system, is expected to be applied to industrial
production. Unfortunately, it is difficult to achieve large-scope
(≥1m) display panel inspections since the workspace of the
AFM scanning head is only several micrometers (see Fig.
1). Therefore, the solution is that the AFM scanning head
is mounted on the gantry and carried from one point to
another to inspect surfaces. However, some vibrations along
the z-axis are commonly caused by the gantry and the macro
motion motor because of the complex noise in the production
line environment. It has a severely negative effect on the
inspection performance of the AFM because of its unique
working principle. Thus, finding a method to ensure that the
AFM inspection equipment works in a stable and reliable
condition has become an important issue for Micro/mini LED
display panel inspection.

To cater to this requirement, various pioneering studies have
been conducted to eliminate vibrations. Generally, they can be
grouped into three categories:
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1) Pure passive vibration isolation: Consists of a payload,
a spring, and a damper [4]–[6]. It can easily achieve high-
efficiency vibration isolation in the high-frequency range,
while there is a resonance phenomenon (vibration amplifica-
tion) in the low-frequency range;

2) Pure active vibration isolation: The essence is actuating
the output plant to cancel out the disturbances measured by
sensors [7]–[14]. Although various modern control elements
were added to the controller [15]–[18], the pure active vibra-
tion isolation performance in the high-frequency range is still
limited by the inherent time delay of the sensor and drive
capability of the actuator;

3) Semi-passive vibration isolation: Semi-passive vibration
isolation is different from passive vibration isolation in that
it has an active component. This component identifies the
type of vibration and adjusts the passive isolation mechanism
for better isolation under different conditions. Unlike pure
active vibration isolation, the active component in semi-passive
isolation does not directly generate counteracting force [19]–
[26]. Semi-passive vibration isolation still faces two issues.
The first is that disturbance identification is too slow. The
second is that changing physical properties is too slow to
handle complicated vibrations.

Obviously, the passive and active vibration isolation s-
trategies have their own advantages at different frequency
ranges. To fully combine these advantages, designing and
implementing active-passive hybrid (APH) vibration isolation
has become a focus in this field [27]. In [28]–[31], the vibra-
tion isolation mechanisms are optionally driven by VCM and
PZT actuators, the minimum steady-state error has achieved
±0.01µm, and the maximum payload has reached 20 kg.
However, it is hard to achieve high positioning accuracy, high
bandwidth, and heavy payloads simultaneously. By the way,
the VCM overheat problem has also limited its further devel-
opment and application, especially when the VCM needs to
continuously push or pull something. The heat will accumulate
during this time and will inefficiently dissipate due to poor heat
conduction, which causes the coil to easily become charred in
actual production.

To solve this problem, a novel self-stabilization nanopo-
sitioning device with the MAPH vibration isolation strategy
is proposed. Furthermore, a DCPID controlling strategy is
designed and demonstrated in detail, which allows the system
work in a MAPH vibration isolation way. Finally, a series
of validation experiments were successfully implemented. The
vibration attenuation rate out of the resonance region (Working
frequency:≤ 500Hz) can achieve 90% or more. The influence
of the vibration amplification effect of the passive vibration
isolation unit has been significantly inhibited. The steady-state
positioning accuracy achieves up to ±0.1µm. In the presence
of step change aperiodic disturbance, the attenuation ratio
of the disturbances achieves up to 70%. All the simulation
and experimental results validated that the proposed MAPH
self-stabilization device can achieve a satisfactory vibration
isolation effect.

The main contribution of this work is the innovative design
and controlling tests of a compliant self-stabilization nanopo-
sitioning device with the MAPH vibration isolation strategy,

Fig. 2. The schematic diagram of displacement response using the
passive vibration isolation strategy.

which would allow the industrial-level AFM inspection equip-
ment to operate in a stable and reliable condition. The rest
of this paper is organized as: In Section II, the design and
modeling of the self-stabilization nanopositioning device are
demonstrated; Section III is related to mechanism optimization
and FEA analyses; in Section IV, a DCPID controlling strategy
is designed and illustrated in detail; in Section V, a series
of validation experiments and performance evaluations are
conducted; finally, the achievements, as well as further work,
are discussed and indicated in Section VI.

II. DESIGN AND MODELING OF THE SELF-STABILIZATION
NANOPOSITIONING DEVICE

The main purpose of this section is to explore the process
of passive and active vibration isolation separately and to find
the method to establish the MAPH vibration isolation strategy.
Based on this strategy, the detailed configuration of the device
is demonstrated. For a better understanding and further control
of the device, the compliance model and dynamics model are
also presented.

A. Modified Active-Passive Hybrid Vibration Isolation S-
trategy

First, the essence of active vibration isolation is that the
actuator drives the target (which weighs several kilograms) to
move in the reverse trajectory along the vibration. However,
with the increments in the frequency of the vibration distur-
bance, the inherent sensor time delay will become obvious,
which means that the vibration disturbance has affected the
target before it was detected. Moreover, driving this target at
such a high frequency requires high driving force and large
quantity of power, which easily causes the actuator saturation.
Therefore, a passive vibration method is wisely adopted to
handle high-frequency vibration disturbances since improving
the performance of the sensor and the actuator is costly and
difficult.

As mentioned earlier, the passive vibration isolation strategy
cannot minimize low-frequency vibrations and has a resonance
problem. However, if the input of the passive vibration isola-
tion unit is zero, then the output is zero as well. Therefore, it
needs a light movable object, whose variation in positioning
can be maintained at zero under the effect of the low-frequency
vibrations. It is achievable because when the vibrations are
at a low frequency, the time delay of the sensor can be
ignored. Therefore, the light movable object can be moved
rapidly in reverse along the vibration trajectory (nullifying the
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Fig. 3. 3D design drawings of the MAPH vibration isolation device. (a) assembly diagram including: 1) Active vibration isolation unit (PZT actuated),
2) Passive vibration isolation unit, 3) VCM actuator, 4) AFM scanning head; (b) transitional dynamic model (c) dynamic model.

vibration). Taking this position as the input of the passive
vibration isolation mechanism, the output will be near zero
when encountering low-frequency vibrations. Of course, the
resonant frequency should be designed for a low frequency.
The lower the resonant frequency, the better the low-frequency
vibration can be eliminated by active vibration isolation.

Except for vibration elimination, closed-loop position track-
ing is needed. As shown in Fig. 2, (a)-(c) the m2 has
an obvious delay between input and output because of the
insufficient force. As Fig.2 (d)-(g) indicates, the m2 achieves
the desired position, however, it can not remain there, and
some oscillation occurs. All these issues are caused by the
weak connection. The connection, i.e., the flexure spring, is
too weak to provide a force large enough, and it cannot adjust
promptly. Thus, a controlled force provider should be included
to improve dynamic performance.

The conventional APH vibration isolation strategy usually
only uses the force of VCM to control the output position.
However, it is hard for a VCM to have a large driving
force and a great resolution simultaneously. Therefore, it
is difficult to achieve high steady-state positioning accuracy
using the APH vibration isolation strategy. What makes our
strategy special is that the position input ultimately affects the
output, while the force in our strategy is just assistance. As
a result, the position of our device can achieve high steady-
state positioning accuracy because its input, the position, can
be precisely controlled. To summarize, the proposed MAPH
vibration isolation strategy can achieve higher steady-state
positioning accuracy and large load capacity simultaneously.

B. Design of Self-Stabilization Nanopositioning Device

Based on the MAPH vibration isolation strategy, as shown
in Fig. 3(a), a 3D model of the device is established. The
device mainly consists of two parts, i.e., the active vibration
isolation part and the passive vibration isolation part. 1) An
S-shaped flexure structure (the orange part) was specially
designed and acts as a spring. It connects the target (AFM
scanning head) and the terminal (the light green part) of the
active vibration isolation unit. These three are the components
of a passive vibration isolation unit. 2) An active vibration
isolation unit consists of a terminal mass (the light movable
object), a high rigidity flexure spring, a piezoelectric stack (a
kind of Pb-based Lanthanumdoped Zirconate Titanates (PZT)
actuator), and the foundation of the piezoelectric stack. The

Fig. 4. Partially enlarged view of the quarter flexure structure (Link1).

position of the mass is the output of the active vibration
isolation unit. Indeed, the passive vibration isolation unit and
the active vibration unit share the mass (light green part)
together, so the output of the active vibration isolation unit is
the input of the passive vibration isolation. Finally, two active
vibration isolation units are arranged on the left and right sides
of the passive vibration isolation symmetrically.

Fig. 3(b) is a transitional model for a better understanding
of the relevance between the dynamic model in Fig. 3(c) and
the 3D model in Fig. 3(a). The top surface of the device
connects to the macro motion motor which is installed on the
gantry firmly and the foundation of the piezoelectric stack is
connected to the top surface rigidly.

C. Device Working Principle
The vibration elimination process is demonstrated below

based on the dynamic model. From the top down, the vi-
bration first passes through the active vibration isolation unit
and affects the position of the light and movable mass x1.
Then x1 passes through the passive vibration isolation unit
and affects x2, which is the position of the AFM scanning
head. Thanks to the passive vibration isolation unit, the high-
frequency vibration is stabilized, because x2 has no response
to that kind of vibration at x1. Then only the low-frequency
vibration at x1 needs to be careful. It is rejected by the
active vibration isolation unit. Treating the vibration at x1

as an output disturbance and using the powerful piezoelectric
stack as the actuator, the active vibration isolation unit can
reject disturbances rapidly, because the controller gain of the
active vibration isolation unit is permitted to be set at a high
value. Therefore, the low-frequency vibration will not occur
on x1. As a result, all vibrations are stabilized by the device,
and cannot affect the position of the AFM scanning head.
In addition, a VCM is added to apply force to the AFM
scanning head directly, which can further improve the dynamic
performance of the device as mentioned above. Two groups
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Fig. 5. Overall view of the flexible hinge of the passive vibration isolation
unit.

of displacement sensors are needed for measuring x1 and x2

in actual production. To research the performance of vibration
isolation quantitatively, another displacement sensor is needed
to measure the vibrations in the lab.

D. Compliance Modeling of the Device
In the proposed device, there are two parts of compliant

structures. The first one belongs to the active vibration isola-
tion unit and acts as a linear guideway, which is a simple
design. The second one is more complex and undertakes
the passive vibration isolation mission, whose compliance
modeling should be derived in detail.

According to the compliance theory, the force-displacement
relationship is shown as:

D = C × F (1)

where D is the displacement vector, C is the compliance
matrix, and F is the force vector. The specific expression is: △ x

△ y
△ θ

 =

 Cx,Fx Cx,Fy Cx,Mz

Cy,Fx Cy,Fy Cy,Mz

Cθ,Fx Cθ,Fy Cθ,Mz

×

 Fx

Fy

Mz

 (2)

As shown in Fig. 4 and Fig. 5, first CLink1o′Fo′ is calcu-
lated, which reveals the influence of the force applied to point
o’ in three directions. The specific expression is

CLink1o′Fo′ =
9∑

i=1

T 9
diChingei

i
iTf

i
9 (3)

where Chingei
i
i is a 3×3 compliance matrix of each hinge,

which is determined by their machine dimensions and material
coefficients. And Td

9
i is a displacement transformation matrix,

which is utilized to transform the displacement that occurred
in point i to point 9. Tf

i
9 is a force transformation matrix,

which is utilized to transform the force applied to point 9 to
point i.

CLink1oFo is acquired through a space conversion:

CLink1oFo = Td
o
o′CLink1o′Fo′Tf

o′

o (4)

Based on the symmetry principle, CLink2oFo can be ac-
quired through a space conversion as well:

CLink2oFo = Td
o
o′′CLink1oFoTf

o′′

o (5)

Because the connection between link1 and link2 is parallel,
so CLink1,2oFo can be acquired by the parallel principle:

CLink1,2oFo =
(
(CLink1oFo)

−1
+ (CLink2oFo)

−1
)−1

(6)

Due to the similarity of structure, CLink3,4oFo can be
acquired by space conversion too:

CLink3,4oFo = Td
o
o′′′CLink1,2oFoTf

o′′′

o (7)

Finally, considering that Link 1, 2, 3, and Link 4, the total
compliance CoFo is acquired, and the specific expression is:

CoFo=
(
(CLink12oFo)

−1
+ (CLink3,4oFo)

−1
)−1

(8)

It was found that in the compliance matrix CoFo, as shown
in matrix equation (9), all the elements are approximately
equal to zero except for the element Cy,Fy . In addition, a
precision slider was utilized to constrain the motion except for
the motion along y−axis, which makes the other 8 elements
in matrix CoFo closer to zero.

CoFo =

 Cx,Fx Cx,Fy Cx,Mz

Cy,Fx Cy,Fy Cy,Mz

Cθ,Fx Cθ,Fy Cθ,Mz

 (9)

E. Device Dynamics Modeling

To satisfy the requirements of the following simulated and
experimental verifications of the MAPH vibration isolation
strategy, a dynamic model of the designed device was estab-
lished (see Fig. 3(c)). First, the stiffness of the spring k2 in
Fig. 3(c) can be acquired through

k2 =
1

C
=

1

Cy,Fy
(10)

The output and input of the passive vibration isolation unit
are the position x2 and x1, respectively, and the flexure con-
nection can be replaced by a spring and a damping. Therefore,
the differential equation acquired through the Newton’s second
law can be expressed as:

m2ẍ2 = k2 (x1 − x2) + c2 (ẋ1 − ẋ2) (11)

where m2 means the equivalent mass block of the AFM, which
is the target needed to be protected from the vibration. After
the Laplace transformation, the transfer function of the passive
vibration isolation unit is obtained and can be expressed as:

X2 (s)

X1 (s)
=

c2
m2

s+ k2

m2

s2 + c2
m2

s+ k2

m2

. (12)

The input and output of the active vibration isolation unit
are the voltage signal to the piezoelectric stacks and x1. The
transfer function of the active vibration isolation unit can be
simply regarded as 1 because its position output can have a
rapid and linear response to the input voltage signal under the
closed-loop control.

The last process refers to the VCM. Taking the force of
VCM as the input and the position x2 as the output, the
differential equation acquired through Newton’s second law
can be expressed as:

m2ẍ2 = −k2x2 − c2ẋ2 + FV CM . (13)
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TABLE I
MECHANICAL PROPERTIES OF SEVERAL HIGH-STRAIN MATERIALS

Material Fatigue stress
E / GPa Density εFa

σFa / MPa ρ / (kg/m3) (σFa/E)
Ti-6Al-4V 470 113.8 4430 0.0041

AL7075-T6 223 71.7 2810 0.0031
55Si2MnB 720 206.6 7750 0.0034

After the Laplace transformation, the transfer function of the
force compensation using a VCM as an actuator is obtained
and can be expressed as:

X2 (s)

FV CM (s)
=

1
m2

s2 + c2
m2

s+ k2

m2

. (14)

III. MECHANISM OPTIMIZATION AND FEA ASSESSMENT

After the integrated design of the whole device, to ensure
the device has a great vibration isolation performance, the
mechanical structure of the passive vibration isolation unit
should be optimized by adopting proper material and adjust-
ing dimension parameters. Moreover, some FEA analyses of
the optimized mechanism and the effect of the VCM force
compensator are presented in this section.

A. Material Selection

Material selection is important for the passive vibration
isolation structure. Because the passive vibration isolation
works continuously, material fatigue and failure need to be
considered first. Therefore, materials with a high ratio of
fatigue stress to Young’s modulus εFa should be adopted. To
make the effective vibration isolation region of the passive
vibration isolation unit cover more frequencies, the stiffness
of the passive vibration isolation unit should be low. However,
limited by electro-sparking manufacturing, the thickness of the
flexure structure cannot be too thin, which limits the stiffness
the passive vibration isolation unit can achieve at a low value.
On the other hand, since the flexure structure is suspended in
mid-air, the density of the passive vibration isolation should
not be too high. The heavy suspended structure may bring
about more instability. The mechanical properties of several
common materials with high εFa value are listed in Table
I. From Table I, we can see that, though Ti-6Al-4V and
55Si2MnB own a relatively high εFa, their density is far
higher than AL7075-T6. Considering Young’s modulus has a
positive correlation with stiffness, the AL7075-T6 is the most
suitable material for this design.

B. Optimization Objectives and Results

As shown in Fig. 4, the main dimensional parameters of
the flexure structure of the proposed device are: the length of
the flexure hinge l1, l2, l3, l4, l5, l6, l7, l8, l9 and the overall
thickness t. To simplify the optimization calculation, l1, l9 are
set as la, and l2, l4, l6, l8 are set as lb, and l3, l5, l7 are set
as lc. The relationship between la, lb and lc is:

lc = 2× la − 30× 10−3 (15)

Fig. 6. FEA simulation results of the optimized passive vibration
isolation unit of the device. (a) the 3D results when the resonance
is aroused (the resonant frequency is 11.098Hz); (b) comparison of
frequency responses.

where the distance between two rigid bodies on the left
side and the right side is 30 mm. Thus la, lb, and t are
chosen as optimization parameters because they play the most
important role in passive vibration isolation performance after
the material. Then the lower limits of la, lb, t are set as
27, 2.3, and 0.8 respectively, and the upper limits are set
as 29, 3, and 1 respectively. To make better use of passive
vibration isolation performance, emphasis should be placed on
the resonant frequency of the passive vibration isolation unit,
and the mass of flexure hinges should be reduced because they
are suspended in mid-air.

The optimization task was undertaken by MATLAB using
the Pareto method. After several iterations, the optimization
dimensions were obtained: la = 28.3 mm, lb = 2.4 mm, t = 0.8
mm, which generates an optimal performance with resonant
frequency ωn = 63.056 rad/s and the volume of the flexure
hinge V = 4204.8 mm3.

C. FEA Simulation and Assessment
The harmonic response of the optimized passive vibration

isolation unit was evaluated by ANSYS Workbench. As shown
in Fig. 6(a), a displacement input was added to x1, with
an amplitude of 500 nm, and frequency changes from 1Hz
to 500Hz. The input x1 and output x2 are measured to
plot the frequency response. In Fig. 6(b), it can be seen
that the passive vibration isolation unit acts like a second-
order system(MCK system), which works with the dynamic
model derived in Section II. The resonant frequency is about
11.098Hz and is near the optimized result acquired above
(63.056 rad/s≈10.04 Hz). As section II stated, the VCM can
improve the dynamic performance of position tracking for x2.
The effect of the force compensation provided by VCM is
evaluated. As shown in Fig. 7, the rise time of x2 is decreased
by the force compensation of the VCM, which means the
dynamic performance of the device is improved by VCM.

IV. DESIGN OF CONTROLLING STRATEGY

In this section, a double compensating PID controller to
allow the proposed system work in the method of MAPH
vibration isolation is demonstrated.

A. Closed-loop Control Strategy
As shown in Fig. 8, the terminal output is the position

x2. The vibration denoted as d enters the loop from the
position x1. The vibration can be divided into two groups from
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Fig. 7. FEA simulation verification of VCM force compensation.

the perspective of frequency, i.e., low-frequency and high-
frequency vibrations. The criteria for delineating vibrations
is if the vibration can be isolated by the passive vibration
isolation unit, it is a high-frequency vibration. The other
vibration is classified as a low-frequency vibration. The low-
frequency vibration is first rejected by the loop around the
controller PID3. Then, the remnant vibration on x1 is merely
a high-frequency vibration, which will be dissipated by the
passive vibration isolation. For the purposes of the closed-loop
control of x2 and taking x1 as the process variable and taking
x2 as the control variable, a cascade control was adopted
because a long time constant is present between x1 and x2.
In addition, the controller gain of PID3 can be set at a high
value, so the cascade control is achievable. We regard the loop
around the controller PID3 as the displacement compensation
because the original purpose of this loop is not controlling the
position of the AFM scanning head, but compensating for the
vibration through reverse displacement.

Besides the displacement compensation, the VCM is added
to improve the dynamic performance of the reference tracking
for the AFM scanning head because it can apply force directly
to the AFM scanning head to compensate for the force short-
age of the force caused by low-rigidity connection. Therefore,
the ambition of the loop around PID1 is to provide force
compensation. A VCM can further stabilize the AFM scanning
head. It can eliminate some residual low-frequency vibrations
on x2 resulting from the friction of internal components, such
as the slider.

B. Simulation and Assessment
To verify the effectiveness of the designed controller, the

entire device is established in the MATLAB Simulink software
according to Fig. 8. The input of these simulations is the
vibration disturbance (d), and the output is the position of
the AFM scanning head (x2).

To make the simulation more in line with reality, a time
delay unit was applied to the active vibration isolation unit,
counteracting the low-frequency vibrations. As shown in Fig.
9, the vibration with the same amplitude of 0-3 µm and varying
frequencies are applied to the plant as the disturbance. It can be
observed that the frequency varies from 1Hz to 500Hz, and the
vibration disturbance has been eliminated under this control-
ling strategy. Even within the resonant frequency range, seeing
Fig. 9 (c), the vibration amplification phenomenon has been

Fig. 8. The control scheme. (a) entire control system; (b) VCM compen-
sator block; (c) passive vibration isolation unit block; (d) active vibration
isolation unit block.

significantly suppressed. The simulation results successfully
verified the effectiveness of the designed controlling strategy.

V. EXPERIMENTAL VERIFICATION AND DISCUSSION

In this section, to generate vibration disturbances, an aux-
iliary mechanism was first designed and demonstrated. Then
the prototype system was established. A series of experimental
tests, including vibration isolation tests, the closed-loop posi-
tioning test and the stability maintenance test were conducted
to verify the superiority of the proposed self-stabilization
nanopositioning device.

Fig. 10. Diagram of the auxiliary mechanism (blue parts). (a) oblique
drawing; (b) right side drawing.

Fig. 11. Experimental setup. (1) PZT voltage amplifier, (2) dSPACE
system, (3) AFM scanning head equivalent load, (4) S-shape flexure
hinge (passive vibration isolation unit), (5) active vibration isolation unit
(including piezoelectric stack actuators), (6) VCM, (7) cylindrical PZT
actuators, (8) auxiliary mechanism.

A. Establishment of Experimental System
An auxiliary mechanism is designed and presented in Fig.

10 (the blue section). The mechanism uses the cylindrical PZT
and the flexure plate-form spring (linear guideway) to generate
controllable and measurable vibration disturbances along the
z-axis.
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Fig. 9. Simulation results of vibration isolation performances at the same amplitude (3µm) and different frequencies. (a) 1Hz; (b) 5Hz; (c) 10Hz; (d)
20Hz; (e) 50Hz; (f) 100Hz; (g) 300Hz; (h) 500Hz.

The experimental system (symmetric distributed) is dis-
played in Fig. 11, AL 7075-T651 material was adopted to fab-
ricate the prototype (particularly the flexure structure) via the
WEDM machining technics, and a small part is made of steel.
A precision linear guideway (VRT1025) is utilized to limit
the foundational support of the AFM scanning head equivalent
load to one degree of freedom. On each side, there is a cuboid
shape PZT stack (Pst150/7x7/20) to actuate the active vibration
isolation unit to implement displacement compensation. The
vibration disturbance is generated by the auxiliary mechanism
and driven by the cylindrical PZT (XMTPSt150/7/40VS12).
At the very top, a VCM (TMEC0001-001-00A) is utilized to
provide force compensation. Outside of the device, controller
implementation was achieved by using the dSPACE rapid
prototyping simulating system (DS-1007, dSPACE), while the
displacement sensor model is NS-DCS10L-430F.

B. Vibration Isolation Tests of the Nanopositioning Device
Before implementing the vibration isolation test, the mag-

nitude response of the passive vibration isolation was verified
first because it is an open-loop process that can hardly be
improved with control. As shown in Fig. 12, the experimental
magnitude response shows that the resonant frequency is about
11Hz and the experimental magnitude response is consistent
with the magnitude response of the FEA result and fitting func-
tion, which certifies the effectiveness of the passive vibration
isolation unit.

Based on the superposition theorem of the linear system
and for simplicity, a series of representative frequency points
were selected to illustrate the MAPH vibration isolation per-
formance. The initial point at 1Hz was selected because the
passive vibration isolation unit cannot mitigate low-frequency
vibration. The second point at 10Hz was selected because
the passive vibration isolation unit will even exhibit vibration

Fig. 12. Magnitude response of the passive vibration isolation unit.

amplification within the resonant range and the third point
at 20Hz was selected because the passive vibration isolation
unit starts to take effect, as seen from the magnitude response
curve in Fig. 12, while this frequency is not too harsh for the
active vibration isolation. As for the remaining two frequency
points (40Hz and 80Hz), the passive vibration isolation unit
can eliminate the vibration with a frequency over twice the
resonant frequency. However, the active vibration isolation unit
also has to confront a greater challenge mainly resulting from
the sensor delay, and the driving capability of the actuator.

As shown in Fig. 10, the vibration disturbance (d) generated
by the auxiliary mechanism mentioned in the previous section
acts on the rigid top surface directly as Fig. 1 and Fig. 3
illustrate. The amplitude of d is about ±5µm, and the fre-
quencies are located on the series of representative frequency
points above. The input d and the output x2 are measured to
present the vibration performance of the whole device and the
MAPH strategy. It can be observed that at 1Hz, the passive
vibration isolation unit is completely unable to eliminate the
vibrations, while the proposed strategy eliminates 97% of
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Fig. 13. Vibration isolation performance test under vibration disturbances of the same amplitude and different frequencies. (a) 1Hz; (b) 10Hz; (c)
20Hz; (d) 40Hz; (e) 80Hz; (f) frequency-domain overview of the vibration isolation performance.

vibrations, which results in the output position fluctuations are
kept within ±0.15µm. As Fig. 13 (b) shows, the amplitude of
the vibration at the frequency of 10Hz (within the resonant
range) passed the passive vibration isolation unit becomes
relatively large (5.85 times larger than the initial vibration
disturbance). However, the MAPH strategy has suppressed
the vibrations caused by the passive vibration mechanism
(much less than the 5.85 times one). Looking at Fig. 13(c)-
(e), with vibrational frequencies at 20Hz, 40Hz, and 80Hz,
the passive vibration isolation unit and the MAPH isolation
strategy worked as intended. With the improvement of the
frequency of the vibration disturbance from 80Hz, as shown
in Fig. 12, the displacement transmissibility is decaying in
general and maintained at a level less than -20dB. Meanwhile,
the proposed MAPH vibration isolation strategy has almost no
negative effects on passive vibration isolation. The vibration
at the frequency within 80Hz-500Hz can also be generally
eliminated just like Fig. 13(d) and Fig. 13(e) present.

C. Closed-loop Positioning Performance Test
Except for the vibration isolation task, reference tracking

performance is important in practical production. Thus, a
VCM is added to the device to improve its performance. As
shown in Fig. 14, we can observe that using both the PZT stack
and VCM as the actuator, the response speed becomes faster
and the steady-state error is eliminated because the VCM has
provided a controlled force to compensate for the insufficient
force that the target tracking reference needed, and the PZT
stack provides a high precision balance point attracting the
target to arrive to the desired point.

On the other hand, seeing the comparison in Fig. 14(b),
the control variable remains high level (which is positively

related to the force) under the circumstances actuated only
by the VCM, which means the VCM is continuously pushing
and pulling the output. In this case, the VCM easily becomes
charred due to the overheating problem during actual opera-
tions. On the contrary, the control variable of VCM under the
circumstances actuated by both VCM and PZT stack remains
low level, when the AFM scanning head arrives at the right
place. According to Ampere’s rule, the relationship between
heat production and the control variables is demonstrated as
follows:

F = BIL = Kv (16)

I = F/ (BL) (17)

q = I2R = F 2/ (BLR) (18)

Q=

∫
qdt = BLR×

∫
F 2dt = K2BLR×

∫
v2dt (19)

where F represents the driving force generated by the VCM, B
represents the invariant magnetic flux density, I represents the
current following in the coil, v represents the control variable
shown in Fig. 14b), K is a positive coefficient; q and Q
represent the transient heating production and the cumulative
heating production, respectively. It is obvious that by using
the VCM and PZT stack as the actuator with the MAPH
vibration isolation strategy, the damage to the VCM caused
by overheating can be avoided.
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Fig. 14. Tracking performance improvement. (a) Closed-loop tracking
under different driving modes; (b) comparison of control signal of VCM
under different driving modes.

D. Stability Maintenance Test
Subsection B has presented the frequency-domain vibration

isolation performance of the nanopositioning device that has
adopted the MAPH vibration isolation strategy. Based on the
superposition principle of the linear system, the nanoposition-
ing device can perform complex vibration elimination well.
To further validate the vibration eliminating performance in
the practical production facing the aperiodic vibration distur-
bance, the step change signal was adopted as the simulated
disturbance signal because the step signal is always utilized to
test the linear time-invariant (LTI) system and can provide an
intense disturbance to validate system stability performance.
As shown in Fig. 15, the step changes vibration disturbance
represented by the red solid line changes within ±2.35µm
and we can observe that, although facing intense disturbances,
the nanopositioning device using a MAPH vibration isolation
strategy remains stable. Mostly, the target position is kept with-
in ±0.3µm. Moreover, the steady-state positioning accuracy of
the device achieves ±0.1µm and the attenuation ratio of the
disturbances achieved up to 70%.

E. Performance Evaluation and Discussion
To validate the effectiveness of the proposed nanoposi-

tioning device with the MAPH vibration isolation strategy,
we compared it to existing devices with the traditional APH
vibration isolation strategy described in [28]–[31]. The steady-
state precision, load capacity, and working frequency are the
typical quantities used to characterize the performance of the
nanopositioning device with a vibration isolation function.
For a clear comparison, several typical devices are tabulated
in Table II. Although the device described in [28] has a
better steady-state precision and wider working frequency than
ours, its load capacity of 0.1 kg is insufficient to support
the weight of the AFM. On the other hand, our proposed

Fig. 15. Aperiodic vibration disturbance eliminating performance test.

device surpasses the devices of [29] and [31] in both load
capacity and working frequency. Meanwhile, the devices in
[29] and [32] may have a larger load capacity, but it cannot
provide a stable working environment for the AFM, because
of their lack of precise closed-loop positioning control. To
summarize, this work with the MAPH vibration isolation
strategy is capable of simultaneously achieving high steady-
state precision (±0.1µm) and high load capacity (2.5kg) and
large working frequency (500Hz).

In addition, it is worthwhile to mention that, the vibration
isolation performance within the narrow resonant frequency
range is not as good as the performance in the other regions
of the working frequency. However, the performance can be
further improved by enhancing resistance to yield and fatigue
failure with optimization algorithm [33] and by adopting more
progressive controlling strategy simultaneously [34].

TABLE II
PERFORMANCE COMPARISON OF THE VIBRATION ISOLATION DEVICE

Steady-state
precision

Load
capacity

Actuator
Working

frequency

[28] ±0.01µm <0.1kg Lorentz actuator ≤ 5kHz
[29] - 20kg VCM ≤100Hz
[30] ±0.6µm 1.4kg VCM ≤ 380Hz
[31] ±2µm 2kg PZT&VCM ≤ 100Hz

[32] - 3kg
Magnetostrictive

actuator
60-150Hz

This work ±0.1µm 2.5kg PZT&VCM ≤ 500Hz

VI. CONCLUSIONS

A compliant self-stabilization device with the MAPH vibra-
tion isolation strategy is proposed and validated in this paper.
The main achievements are:

1) A flexure-based vibration isolation device with dual
compensators (PZT & VCM), and a novel MAPH vibra-
tion isolation strategy were developed, respectively;
2) A DCPID closed-loop controlling strategy aiming at
making the proposed device work in the method of
MAPH vibration isolation is presented;
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3) A series of validation experiments were success-
fully conducted. The frequency-domain vibration isola-
tion rates out of the resonance region (≤500Hz) can
achieve 90% or more. Its steady-state positioning ac-
curacy achieved ± 0.1 µm, load capacity achieved up
to 2.5kg, and the attenuation ratio of the disturbances
achieved up to 70%. Also, the problem of VCM over-
heating has been avoided.

The results comprehensively confirm that the proposed
device can provide a stable and reliable working environment
for the AFM scanning head and lays the foundation for the
surface physical property inspection system for Micro/mini
LED display panels. As for the future, the developed compliant
self-stabilization nanopositioning device will be integrated into
the industrial AFM inspection equipment to undergo practical
sample testing under a production-line environment.
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