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a b s t r a c t 

Piezoelectric stack actuators are the actuator of choice for many ultra-high precision systems owning to 

its fast responses and high pushing force capabilities. These actuators are constructed by bonding mul- 

tiple piezoelectric layers together. An inevitable drawback of these actuators is that there are highly in- 

tolerant to tensile and shear forces. During high-speed operations, inertial forces due to effective mass of 

the system cause the actuators to experience excessive tensile forces. To avoid damage to the actuators, 

preload must be applied to compensate for these forces. In many nanopositioning systems, flexures are 

used to provide preload to the piezoelectric stack actuators. However, for high-speed systems with stiff

flexures, displacing the flexures and sliding the actuators in place to preload them is a difficult task. One 

may reduce the stiffness of the flexures to make the preload process more feasible; however, this reduces 

the mechanical bandwidth of the system. This paper presents a novel preload mechanism that tackles the 

limitations mentioned above. The preload stage, which is connected in parallel mechanically to a high- 

speed vertical nanopositioner, allows the piezoelectric stack actuator to be installed and preloaded easily 

without significantly trading of the stiffness and speed of the nanopositioning system. The proposed ver- 

tical nanopositioner has a travel range of 10.6 μ m. Its first resonant mode appears at about 24 kHz along 

the actuation direction. 

© 2016 Elsevier Ltd. All rights reserved. 
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. Introduction 

Piezoelectric stack actuators have been used in many high-

peed nanopositioners [1–7] and precision systems [8–11] due

o their high-bandwidth and large pushing force capabilities. The

undamental component of piezoelectric stack actuator is a thin

ayer of piezoelectric material sandwiched by two electrodes. All of

hese piezoelectric layers are poled in the direction of their thick-

ess as illustrated in Fig. 1 . The piezoelectric layers are bonded in

eries mechanically with opposite poling direction to each other.

heir electrodes are connected in such a way that the layers are in

arallel electrically. When a voltage V is applied to the piezoelec-

ric stack actuator, its estimated total displacement is �l = nV d 33 ,

here n is the number of piezoelectric layers, and d 33 is the piezo-

lectric coefficient. Without load, �l is roughly around 0.1% to

.15% of the actuator length [12] . 

Piezoelectric stack actuator is highly vulnerable to tensile and

ateral forces [12] . High inertial force due to effective mass of the

anopositioning system during high-speed operations could poten-

ially damage the actuator [13,14] . A common practice to avoid
∗ Tel.: +61249216438. 
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uch damage is to mechanically preload the actuator in the in-

tallation to compensate for these forces. A conventional preload

echanism involves a preload screw and block [1,15–17] , as illus-

rated in Fig. 2 (a). The screw is used to push the preload block

gainst the piezoelectric stack actuator. Whilst this preload method

s simple and effective for low-speed operations, at high-speed the

crew and preload block act as a mass-spring system that inter-

eres with the dynamics of the nanopositioning system. Another

ommon way of preloading the actuator is to use a pair of wedges

16–19] as shown in Fig. 2 (b). One of the wedges is attached to

he actuator. When the other wedge is pushed down, the actua-

or is pushed forward due to the slope of the wedges. As a result,

 preload is applied to the actuator. This preload method may in-

uce lateral forces to the piezoelectric stack actuator which could

otentially damage it. Some other preload methods include using

ermanent magnets [20] , a preload bolt [21] and a dual-stack with

idirectional actuation [22] . 

Flexures have been used in many high-speed nanopositioner

esigns to simultaneously preload and guide the motion of the

iezoelectric actuators [23–25] . To install and preload the actua-

ors in these high-speed systems, forces are applied to elastically

eform the flexures in order to make room for the actuators [see

ig. 2 (c)]. The piezoelectric stack actuators are gently slided into

http://dx.doi.org/10.1016/j.mechatronics.2016.03.004
http://www.ScienceDirect.com
http://www.elsevier.com/locate/mechatronics
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mechatronics.2016.03.004&domain=pdf
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Fig. 1. Piezoelectric stack actuator. 
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Fig. 2. Common preload methods. 
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Fig. 3. (a) A high-speed vertical nanopositioner with a novel preload mechanism. 

(b1) An exploded view showing the nanopositioner and its support housing. (b2) 

Assembled view of the nanopositioning system. 
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their designated spaces. The applied forces are then released to re-

store the flexures to their original position in order to clamp the

actuators in place. For high-speed systems, flexures are designed

to be stiff (about 10% of the actuator’s stiffness) in order to achieve

high mechanical bandwidth [1] . Displacing these stiff flexures is

a difficult task. For example, to deform a set of flexures with ef-

fective stiffness of 10 N/ μ m [23,24] by 0.1 mm, a large pulling

force of 10 0 0 N is required. It is impractical to hang a 100 kg dead

weight on the flexures to deform them. A carefully designed pul-

ley system or a high-force preloading tool may be needed for this

challenging task. Another approach to make the preload procedure

more feasible is to reduce the stiffness of the flexures, however,

this also reduces the resonances and speed of the nanopositioning

system. 
This paper proposes a novel preload mechanism which deals

ith the aforementioned challenges in high-speed nanopositioning

ystems. The proposed nanopositioner design is a single-axis high-

peed vertical stage. Vertical nanopositioning stages have many ap-

lications in the area of precision positioning, such as in the field

f atomic force microscopy [5] , alignment of optics [12,26] , and

bjective scanners [27,28] . The preload stage, which is connected

n parallel mechanically to a high-speed nanopositioner, allows for

he ease of preloading and installation of the piezoelectric stack ac-

uator without significantly trading-off the stiffness of the nanopo-

itioning system. 

The remainder of the paper is organized as follows.

ection 2 describes the design configuration of the proposed

anopositioner. Stiffness and stress analysis of the nanopositioner

s presented. Range and resonance frequency of the system are

lso estimated and presented in this section. Section 4 presents

he experimental results of the nanopositioner. Conclusions are

rawn in Section 5 . 

. Design analysis of the nanopositioner 

A high-speed vertical nanopositioner with a novel preload

echanism is shown in Fig. 3 . The nanopositioning stage con-

ists of four sets of beam-flexures to guide the motion of the cen-

ral platform, and to provide the requisite stiffness to the struc-

ure. Mechanically in parallel is the preload mechanism that con-

ists of two curved-beams. These curved-beams connect the cen-

ral platform to the base of the device. A piezoelectric stack ac-

uator is located between the platform and base. When a volt-

ge is applied to the actuator, it displaces vertically, which in

urns, elastically deforms the flexures to move the central platform

ertically. 
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Fig. 4. Parameters of a fixed-guided curved-beam. 
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Fig. 5. Stiffness of the first mechanism plotted against θ and R . 
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.1. Preload mechanism design 

The curved-beams of the preload mechanism were designed

o be much compliance than that of the nanopositioner. This is

o minimize the effect of the preload mechanism to the dynam-

cs of the nanopositioner. During preloading, the central platform

as fixed. A pulling force was applied to the base to displace

he flexures, thus elongating the cavity in order to accommodate

he piezoelectric stack actuator. After the actuator was placed, the

ulling force was released. The curved-beams then return to its

riginal position, and hence clamping the actuator into position. 

.1.1. Deformation and stiffness analysis 

The amount of pulling force needed to elongate the curved-

eams relies on their stiffness. For a fixed-guided curved-beam as

hown in Fig. 4 , its vertical stiffness can be estimated using Roark’s

ormulations [29] , that is 

HA = 

R 

3 

EI 

(
B HV V A + B HM 

M A 

R 

− LF H 

)
, (1) 

here R is the radius to the centroid of the cross-section; I =
 

3 h/ 12 is the area moment of inertia of the cross-section about

he principal axis perpendicular to the plane of the curve; E is the

oung’s modulus; B HV and B HM 

are coefficients which can be esti-

ated in Eq. (3) . LF H is a loading term given in Eq. (4) . V A and M A 

re the reaction force and moment respectively at the guided-end

f the beam as shown in Fig. 4 , which are expressed as 

V A = 

B MM 

LF V − B MV LF M 

B V V B MM 

− B 

2 
MV 

, 

M A 

R 

= 

B V V LF M 

− B MV LF V 

B V V B MM 

− B 

2 
MV 

, (2) 

here 

 MM 

= 2 θ, 

B MV = 2 θs, 

B V V = 2 θs 2 + k 1 (θ + sc) − k 2 2 sc, 

B HV = −2 θsc + k 2 2 s 2 , 

B HM 

= −2 θc + k 2 2 s. (3) 

 = sin( θ ), c = cos( θ ), n = sin( φ), and m = cos( φ). θ is one-half of the

otal subtended angle of the curve. It is limited to the range zero

o π . φ is the angle measured counterclockwise from the midspan

f the curve to the position of the applied load W . In the case of

he proposed curved-beam here, θ = φ. For the case of thin beams,

 and k can be set to unity. 
1 2 
For a fixed-guided boundary condition with a concentrated load

 , the loading terms LF H , LF V and LF M 

are [29] 

LF H = W [(θ + φ) mc + 

k 1 
2 

(θ + φ − sc − nm ) 

−k 2 (sm + cn )] , 

LF V = W [ −(θ + φ) sm + 

k 1 
2 

(c 2 − m 

2 ) 

+ k 2 (1 − 2 c 2 + cm + sn )] , 

F M 

= W [ −(θ + φ) m + k 2 (s + n ) ] . (4) 

y substituting Eqs. (2) - (4) into (1) , δHA can be expressed as a

unction of W . The stiffness of the curved-beam is therefore W / δHA .

ince the two curved-beams are arranged in parallel, the stiffness

f the preload mechanism, k cb is 

 cb = 

2 

δHA 

. (5) 

A stiffness contour map is plotted against θ and R and is shown

n Fig. 5 . Note that t and h were selected to be 0.22 mm and 7 mm

espectively. t = 0 . 22 mm is the smallest machinable thickness and

 = 7 mm was chosen to be the same width as the piezoelectric

tack actuator. Aluminum alloy 7075-T6 with E = 72 GPa, which is

 common material used in flexure-based nanopositioner [1] , was

hosen. 

.1.2. Stress analysis 

To ensure that the stack can be practically slided into the cav-

ty without experiencing excessive lateral forces, it is a requisite to

eform the curved-beams by at least d = 0 . 35 mm. In order to re-

ain in the elastic region of the material, the following stress anal-

sis is carried out to ensure that the curved-beams do not deform

eyond the yield strength of the material. The maximum stress of

he curved-beam is [29] 

i = 

k i Mc h 
I 

, (6) 

here 

c h = 

t 

2 

, 

k i = 

1 

3 e/c h 

(
1 − e/c h 
R/c h − 1 

)
, 

e 

c h 
= 

R 

c h 
− 2 

ln 

R/c h +1 
R/c −1 

. (7) 
h 
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Fig. 6. A contour map of σ i plotted against θ and R . The contour lines plotted in 

red are the stiffness of the curved-beams k cb (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this 

article.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

Summary of material properties, design parameters and dimen- 

sions of flexures and piezoelectric stack actuators. 

Aluminum alloy 7075-T6 Unit Value 

Young’s modulus, E GPa 72 

Shear modulus, G GPa 27 

Poisson’s ratio, v 0.33 

Yield strength, S y MPa 505 

Piezoelectric stack actuator Unit Value 

Young’s modulus, E a GPa 52.6 

Poisson’s ratio, v a 0.32 

Capacitance, C a nF 790 

Stiffness, k a N/ μ m 224.3 

Nominal displacement, �L μ m 10.3 

Curved-beam Unit Final design value 

Thickness, t mm 0.22 

Depth, h mm 7 

Radius, R mm 11.7 

Subtended angle, θ ° 45 

Stage flexure Unit Final design value 

Thickness, t f mm 0.45 

Length, l f mm 3.3 

Fig. 7. Stiffness (top) and stress (bottom) estimations of the preload mechanism 

using ANSYS. 

2

The moment M is found using Eqs. (2) –(4) and W = k cb d/ 2 (where

d = 0 . 35 mm). According to the distortional energy density crite-

rion (von-Mises) [30] , 

σi < 

S y 

S F 
, (8)

where S y is the yield strength of the material, and S F = 1.5 is the

safety factor. A contour map of σ i plotted against θ and R is shown

in Fig. 6 . The threshold limit S y /S F = 337 MPa is plotted in the fig-

ure. The stiffness contour, which is marked in red, is superimposed

on the figure to assist with the design analysis. 

The stiffness of the curved-beams should be soft enough to al-

low for the ease of deformation, and stiff enough so that it would

not break easily while being handled. It should also be sufficiently

stiff to provide the requisite preload to the actuator. The required

preload is estimated from Newton’s second law by calculating the

maximum acceleration of the platform during maximum displace-

ment and operating frequency. Assuming sinusoidal motion, the

estimated dynamic (inertial) force on a piezoelectric stack actua-

tor is [4,12] 

F i = 4 π2 M e f f 

(
�L 

2 

)
f 2 , (9)

where M eff is the effective mass and �L is the maximum stroke.

For example, to displace a 5 g mass at 50 0 0 Hz over a 5 μ m range,

the minimum preload is approximately 12 N. 1 Given k cb = W/d,

and d = 0 . 35 mm, W > 12 N, k cb should be at least 0.03 N/ μ m.

As a result, the properties of the curved-beams should satisfy the

following requirements: 

0 . 03˜ N /μm ≤ k cb ≤ 1˜ N /μm , 

σi ≤ 337˜ MPa . (10)

Based on the above design criteria, R = 11 . 7 mm and θ = 45 ◦ were

chosen using Fig. 6 . Their corresponding values σ i and k cb are

324 MPa and 0.046 N/ μ m respectively. The R and θ values were

chosen by taking into account of the compactness of the device.

Summary of the final design values of the preload mechanism is

exhibited in Table 1 . 
1 Note that most nanopositioners are used to displace a smaller mass at much 

lower speeds. The 5-g mass at 50 0 0 Hz are chosen here to ensure that extra preload 

is available to protect the stack during high-speed operations. 

 

c  

(  

a  

a  
.1.3. Finite-element-analysis 

Stiffness and maximum equivalent stress (von-mises) of the

urved-beams were investigated using a finite-element-analysis

FEA) package ANSYS. To simulate the stiffness, the beam-flexures

nd the central platform were fixed. Force was applied to the base

s shown in Fig. 7 . The deformation was then recorded to calculate
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Fig. 8. Stiffness estimation of the nanopositioner using ANSYS. 

Fig. 9. Finite-element simulated resonance frequencies of the nanopositioner. Note 

that the support housing of the device was hidden in order to show the piezoelec- 

tric stack actuator and flexures. 
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he stiffness. The simulated stiffness of the preload curved-beams

s 0.0 6 6 N/ μ m. The maximum equivalent stress of the curved-

eams was obtained using the similar boundary conditions, ex-

ept that the force was replaced by a displacement of 0.35 mm.

ig. 7 shows that the maximum equivalent stress is 333 MPa. 

The small discrepancy between the analytical and FEA results

s due to the fact that the filleted corners of the curved beams

ere omitted in the analytical formulations. These filleted corners

lightly increase the stiffness and maximum stress of the curved-

eams. Nevertheless, the simulated stiffness and maximum equiv-

lent stress satisfy the design criteria in Eq. (10) . 

.2. High-speed nanopositioner design 

The high-speed nanopositioning stage is guided by four sets of

exures. Each set consists of four beam-flexures. In order to de-

ign a high-speed nanopositioner with relatively large displace-

ent (approximately 10 μ m), a custom made 7 mm × 7 mm

11.5 mm piezoelectric stack actuator with a high stiffness, large

orce and large stroke is used. Two 2.6 mm alumina end plates are

lued to each end of the piezoelectric stack actuator to extend its

ength in order to fit into the cavity of the nanopositioner. The ac-

uator’s properties can be found in Table 1 . 

.2.1. Estimation of stiffness, range and resonance frequency 

The stiffness of the nanopositioner k s was designed to be ap-

roximately 10% of the stack for high-speed applications [1] . This

mounts to approximately 20 N/ μ m. Details on how to design

exures for high-speed nanopositioning systems can be found in

1,4,23,24] . The chosen length l f and thickness t f of the beam-

exures are 3.3 mm and 0.45 mm respectively. The estimated stiff-

ess k s , travel range D s and resonance frequency f z can be calcu-

ated as follows [1,23,24] : 

 s = 16 

[
l 3 

f 

Eht 3 
f 

+ 

αl f 

Ght f 

]−1 

, (11) 

 s = �L 
k a 

k s + k a + k cb 

, (12) 

f z = 

1 

2 π

√ 

K e f f 

M e f f 

, (13) 

here K eff and M eff are the effective stiffness and mass of the sys-

em. Descriptions of the design parameters and their correspond-

ng values can be found in Table 1 . The estimated k s , D s and f z are

9.3 N/ μ m, 9.5 μ m and 22.3 kHz respectively. 

.2.2. Finite-element-analysis 

FEA was conducted to study the stiffness and resonance fre-

uency of the nanopositioning system. To simulate the stiffness of

he system, the base and the top four mounting holes were fixed

s shown in Fig. 8 . Force was applied to the center of the platform

nd the deformation was recorded. The simulated stiffness is cal-

ulated to be 21.7 N/ μ m which is in close agreement with that of

he analytical result. 

Resonance frequency of the system was simulated by model-

ng the entire assembled system which includes the nanoposi-

ioner, piezoelectric stack actuator and the support housing (see

ig. 3 ). The nanopositioner was secured to the housing and the

our mounting holes on the support housing were fixed. The ob-

ained first resonant mode was the actuation mode at 23.1 kHz,

hich is again in close agreement to the analytical result. Fig. 9

hows the first four resonant modes obtained using ANSYS. During

igh-speed operations, both in- and out-of-plane modes can be ex-

ited, and hence limiting the bandwidth and speed of the nanopo-

itioning system. This vertical nanopositioner was designed in such
 way that its actuation mode precedes the bending and other out-

f-plane modes. This is desirable because the actuation mode is

elatively straightforward to measure. Feedback control techniques

an be implemented to effectively suppress the actuation mode in

rder to further increase the bandwidth [1,4,24] . This can not be

chieved if other undesirable resonant modes precede the actua-

ion mode. 

. Preloading piezoelectric stack actuator 

Fig. 10 shows the setup for preloading the piezoelectric stack

ctuator. The central platform of the nanopositioner was fixed on

 stationary front jig. A lock nut was secured onto the base of

he nanopositioner. A fine pitch screw, which was held on a sta-

ionary back jig, was screwed onto the lock nut. When the screw

as tightened, a pulling force was applied to the base and the

urved-beams were deformed. The gap as shown in Fig. 10 was

ept to approximately 0.35 mm using a filler gage. The piezoelec-

ric stack actuator was slided in between the curved-beams. The

crew was then loosen and the actuator was clamped into posi-

ion. Note that a safety factor of 1.5 was used in the stress analysis

n Section. 2.1.2 . The gap can be set from 0.35 mm–0.5 mm. The
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Fig. 10. Preload setup of the piezoelectric stack actuator. 

Fig. 11. Machining tolerances. 

 

 

 

 

 

Fig. 12. Experimental setup of measuring the frequency response and travel range 

of the nanopositioner. 
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deformation of the curved-beam flexures within this range will re-

main in its elastic region. 

3.1. Tolerances 

The cavity length between the two curved-beam is 16.55 mm,

which is 0.35 mm less than that of the piezoelectric stack actu-

ator. It was machined with precision, with a tolerance of +0.00/–

0.02 mm. The actuator length is ± 0.05 mm of its nominal value.

Due to manufacturing errors and tolerances, the preload can vary
etween 13.8 N–19.3 N. Nevertheless, this preload range is suffi-

ient for moving a 5 g mass at 5 kHz as discussed in Section 2.1.2 .

After piezoelectric stack actuator was installed, the nanoposi-

ioner was mounted to the support housing. The top four screws

S1) were secured first, followed by the bottom horizontal screws

S2) as shown in Fig. 3 . Note that the contact surfaces between the

ase and support housing were machined with sliding fit preci-

ion as shown in Fig. 11 . This is to avoid rotational motions of the

ase as well as to minimize unequal horizontal forces induced by

he horizontal screws at the bottom of the housing during instal-

ation. The through holes on the support housing were machined

ith free fit tolerance, that is, in this case a 4.8 mm diameter hole

or a M4 screw. This tolerance is sufficient to accommodate for ma-

hining errors. Furthermore, these holes are also offset by 0.35 mm

o account for the additional distance after preloading the actuator.

It is worth mentioned here that the existing preload techniques

n literatures involve using stiff flexures [23,24] . The combined

tiffness of these flexures are approximately 10 N / μ m–20 N/ μ m.

o elongate the cavity by 0.35 mm for the installation of the piezo-

lectric stack actuator, a 3500 N–7000 N force is required which

s impractical. The proposed curved-beam preload mechanism re-

uires no more than 20 N. This can easily be achieved using a sim-

le setup as shown in Fig. 10 . The curved-beam mechanism pro-

ides sufficient preload to the actuator for high-speed operations

nd allows for ease of installation of actuator. 

. Experimental result 

This section evaluates the dynamic performances of the high-

peed nanopositioner. A Polytec PSV-300 laser scanning vibrometer

as used to measure its displacement and resonance frequency as

hown in Fig. 12 . A high-bandwidth PX200 voltage amplifier from

iezoDrive, which has a gain of 20, was used to drive the piezo-

lectric stack actuator. 

A small pseudo-random input signal with a bandwidth of

0 Hz–200 kHz was applied to the piezoelectric actuator to mea-

ure the resonance frequency of the nanopositioner. The measured

requency response is plotted in Fig. 13 , showing its first resonant

ode of 24 kHz. Note that there are no resonances appear before

4 kHz in the measured frequency response. This indicates that the

ynamics of the preload mechanism does not degrade the high-

peed performances of the nanopositioning system. 
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Fig. 13. Measured frequency response of the nanopositioner. The first resonant 

mode appears at 24 kHz. 
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Fig. 14. Measured displacement range of the nanopositioner. The full-range of the 

nanopositioner is 10.6 μ m. 
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Fig. 15. Experimentally determined mode shapes of the nanopositioner. (Top) First 

mode: 24 kHz. (Middle) Second mode: 66.5 kHz. (Bottom) Third mode: 84.7 kHz. 

All three modes are the actuation mode along the vertical axis. 
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A 200 V peak-to-peak sinusoidal input at 100 Hz was applied to

he actuator, and the displacement of the vertical nanopositioner

as measured. The measured full-range displacement is 10.6 μ m.

ig. 14 illustrates the hysteresis profile of the nanopositioner. The

idth of the hysteresis loop is approximately 0.79 μ m, that is 9%

f the full-range displacement of the nanopositioner. 

Mode shapes of the central platform was also measured using

he laser vibrometer. Fig. 15 shows the first three mode shapes of

he system. They appear at 24 kHz, 66.5 kHz and 84.7 kHz respec-

ively. All of these mode shapes are along the actuation direction,

hich are the preferred mode shapes from the control perspective.

. Conclusions 

A novel preload mechanism for a high-speed vertical nanopo-

itioner was presented. The preload mechanism consists of two

urved-beams which can be elastically deformed to accommodate

nd preload the piezoelectric stack actuator without significantly

educing the stiffness and speed of the nanopositioning system.

he preload mechanism was also designed in such a way that it

oes not affect the dynamics of the nanopositioner. Experiments

ere conducted to evaluate the dynamic performances and travel

ange of the nanopositioner. The proposed high-speed nanoposi-

ioner has a first resonant mode at 24 kHz along the preferred

ctuation direction. Its measured travel range is 10.6 μ m. Feed-

ack or feedforward control will be implemented to this preloaded

igh-speed nanopositioner in the near future for precision appli-

ations such as atomic force microscopy and alignment of optical

ystems. 
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