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Abstract
A novel microvibration hammerhead consists of a piezoelectric actuator and a double cross-shape compliant mechanism 
(DCCM) is presented in this paper. The output force of the piezoelectric actuator can be detected in real time by an inside-
installed pressure sensor. A theoretical model including the stiffness, first natural frequency, and stress of the DCCM and the 
displacement output of the piezoelectric actuator are established, and then they are further analyzed using the finite element 
analysis method. The effects of the beam thickness on the static and dynamic properties are deeply analyzed and compared. 
A prototype micro hammering system is constructed by integrating the microvibration hammerhead assembly and controlling 
system. Various experiments are also carried out to verify the basic performance of the micro hammering system.

Highlights

1. A microvibration hammerhead including piezoelectric 
actuator, pressure sensor and DCCM was proposed.

2. The static and dynamic models of the DCCM were theo-
retically established, which was validated to be avail-

able in the analysis of the stiffness, stress and resonant 
frequency.

3. The relationships between the hammering force and ini-
tial contacting force, driving frequency and amplitudes 
were presented based on the experimental results.
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1 Introduction

High surface strength can help improve the abrasive resist-
ance and fatigue properties of a component  [1, 2]. The 
general surface-strengthening technique mainly includes 
deformation strengthening  [3], cladding strengthening  [4], 
and heat treatment  [5]. Deformation strengthening applies 
mechanical force on a workpiece to produce microstruc-
tural change, refine grains, increase dislocation density, and 
further realize surface strengthening. The whole process is 
simpler and has a lower cost compared to other techniques. 
Based on the classical deformation strengthening technique, 

vibration-assisted rolling has been proposed to further 
improve the strengthening effect, and many researchers have 
validated its efficiency  [6, 7].

In the vibration-assisted rolling system, the microvi-
bration system is the most important component, which is 
divided into resonant and non-resonant vibration systems. 
In the resonant vibration system, a transducer is generally 
selected to enlarge the vibration amplitude  [8, 9]. How-
ever, the ultrasonic transmission is severely affected by the 
mechanical structure and clamming point, but the clamping 
point is not always calculated so accurately  [10].

In the non-resonant vibration system, voice coil motors 
have the advantages of large stroke and high precision, and 
they have been utilized in vibration-assisted electrochemical 
machining  [11]. However, a small output force is obviously 
not appropriate for the application of deformation strength-
ening. A piezoelectric ceramic displays high resolution, fast 
response, large stiffness, and output force, and it has been 
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widely applied as an actuator in nanopositioning and vibra-
tion-assisted micro/nanomachining  [12, 13]. Lu proposed 
a three-dimensional (3D) ultrasonic vibration platform with 
tunable characteristics, including vibration amplitude and 
frequency; the maximum amplitude and frequency reached 
approximately 50 nm and 20 kHz, respectively  [14, 15]. 
Wang designed an ultrafast 2D nonresonant vibration cutting 
tool for machining microstructured surfaces, and the tool can 
operate at up to 6 kHz in a workspace of 9.3 × 16 μm  [16]. 
Zhu developed a novel 2D vibration-assisted compliant cut-
ting system with a parallel-kinematic configuration, which 
showed 494.4 and 697.5 Hz resonant frequencies in the X- 
and Y-directions, respectively  [17]. All of these piezoelec-
tric-driven and flexure hinge-supported vibration platforms 
were used to fabricate micro/nanostructures, but there have 
been no reports on the application of surface strengthening.

In this paper, a novel microvibration hammerhead is pro-
posed, which mainly includes a piezoelectric actuator, the 
double cross-shape compliant mechanism (DCCM), and an 
inside-installed pressure sensor. The mechanical design of 
the microvibration hammerhead is first shown in Sect. 2. 
The theoretical stiffness, stress model of the DCCM, and dis-
placement output model of the piezoelectric are established 
in Sect. 3. The finite element analysis (FEA) of the DCCM is 
implemented in Sect. 4. Lastly, a prototype micro hammering 
system is constructed and experimentally tested in Sect. 5.

2  Design of the Microvibration 
Hammerhead

As shown in Fig. 1, the microvibration hammerhead mainly 
includes a piezoelectric actuator, a pressure sensor, and the 
DCCM. A piezoelectric ceramic is employed to drive the 

DCCM, and the output displacement of the piezoelectric 
is measured by a strain gauge mounted on the ceramic sur-
face or an additional laser displacement sensor. The output 
force of the piezoelectric actuator is directly measured by 
the inside-installed pressure sensor. The preload screw and 
roller support mechanism are installed in the threaded center 
hole of the DCCM. The former is used to preload the piezo-
electric actuator, whereas the latter is applied to support the 
roller. The roller is positioned by the right-hand round bush 
and further fixed by the left-hand nut in the mounting shaft. 
The connecting structure is used to connect these compo-
nents together, and then the whole hammerhead is assembled 
on the base structure through the up-end cover.

During the micro hammering, the piezoelectric gener-
ates the vibration output and acts on the center rigid of the 
DCCM, and the DCCM pushes the roller rolling on the 
workpiece surface with a certain hammering force, which 
can be calculated in Eq. (1). The hammering force is mainly 
decided by the output displacement. A large stiffness of the 
pressure sensor is helpful in improving the hammering force.

where s0 is the output displacement of the piezoelectric actu-
ator, Fs is the measured pressure, Ks is the stiffness of the 

(1)Fham = Fs − K
3,3

DCCM

(
s0 −

Fs

Ks

)
,
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Fig. 1  Microvibration hammerhead
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Fig. 2  Model of the probe suspension mechanism: a Cross-shape 
compliant mechanism; b Model of the leaf-spring flexure hinge
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pressure sensor, and K3,3

DCCM
 is the 3–3 element of the matrix 

KDCCM, KDCCM is the stiffness of DCCM.

3  Theoretical Modeling

The DCCM plays an important role in the microvibration ham-
merhead, which suffers frequent deformations during hammer-
ing and supports the piezoelectric actuator and roller. There-
fore, the theoretical analysis and FEA are implemented on it.

3.1  Stiffness Modeling

As shown in Fig. 2a, the top and bottom compliant mecha-
nisms of the DCCM are absolutely the same. For instance, the 
top layer includes 12 flexible beams, but only the central four 
beams generate deformation during the hammering because 
the surrounding rigid is fixed on the connecting structure; these 
four beams have been marked as 1–4 in Fig. 2a. Obviously, the 
four beams are overconstrained, but the movement along the 
Z-direction is free due to the flexibility of the beam in this direc-
tion. Simultaneously, the over-constraints in the other directions 
can help improve the dynamic property of the DCCM.

In the stiffness analysis of the DCCM, each flexible beam 
can be seen as a leaf-spring flexure hinge, which is modeled 
in Fig. 2b with the local coordinate O0-X0Y0Z0. According 
to Refs. [18] and [19], the original compliance matrix of the 
leaf-spring flexure hinge in the local coordinate is formu-
lated by Eq. (1), where b, l, and t are the geometric dimen-
sions of the leaf-spring hinge, as shown in Fig. 2b. E and G 
are the Young's modulus and shear modulus of the material, 
respectively. k2 is a geometric parameter, and k2 = b/t.

The global coordinate of the DCCM is established 
as O-XYZ in Fig. 2a. Based on the matrix transformation 
method, the compliance matrix of eight flexible beams is 
transferred from the local coordinate to the global coordinate 
through the following equation:

(2)C0 =
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]
 is the vector from the origin Oi to the global 

origin O in the local coordinate Oi-XiYiZi. Ri is the rotation 
matrix of the coordinate Oi-XiYiZi with respect to O-XYZ, 
which is decided by the rotation axis. The rotation matrixes 
about the X, Y, and Z axes are

The stiffness matrix is the inverse of the compliance 
matrix. Considering the parallel connection of the eight flex-
ible beams, the stiffness matrix of the DCCM is obtained.

The working direction of the DCCM is along the Z-direc-
tion. To maximize the working frequency, the first resonant 
mode shape should be better in the Z-direction, and the natu-
ral frequency in the Z-direction can be calculated as

Rx(�x) =

⎡
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Fig. 3  Displacement output model of the piezoelectric-driven flexure-
based mechanism
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where M is the mass of the central moving stage.

3.2  Displacement Output of the Piezoelectric

The piezoelectric-driven DCCM is modeled in Fig. 3. The 
piezoelectric is seen as a mass-spring model with stiffness 
Kpzt, and an additional contact stiffness between the pie-
zoelectric and DCCM is brought in after the piezoelectric 
assemble. The contact stiffness and DCCM stiffness are par-
allel connected to the piezoelectric, so they can be seen as 
the load for the piezoelectric, which leads to the reduction of 
the actual output of the piezoelectric. According to Hooke’s 
law, the relationship between the nominal and actual output 
displacements of the piezoelectric can be calculated in the 
following equation:

where Kc is the contact stiffness, and Snpzt and Sapzt are the 
nominal and actual outputs of the piezoelectric, respectively.

3.3  Stress Analysis

To guarantee the repeatability and durability of the DCCM, 
the stress of flexure hinges must be examined to maintain 
the maximum stress less than the allowable stress of the 
material. Considering the vertical alignment of the two-layer 
flexible beams, the DCCM can be seen as two parallel dual-
leaf parallelogram hinges in the crossed arrangement. Thus, 
the stress attribution of the DCCM is similar to the parallel 
dual-leaf parallelogram hinges. Based on the stress analysis 
of the dual-leaf parallelogram hinges in Ref. [20], the maxi-
mum stress of the DCCM occurs at the up or bottom surface 
of the beam, and it is calculated as

where Δ and kb1 are the translational displacement and stress 
concentration factor, respectively, and kb1 = 1.2.

4  FEA

The finite element model of the DCCM is constructed in the 
ANSYS Workbench software to implement the simulation 
analysis. The aluminum alloy is selected as the material, 

(5)fDCCM =
1

2π

√
K

3,3

DCCM

M
,

(6)Sapzt =
Kpzt

(
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3,3
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)
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(
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3,3
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)
+ KcK

3,3
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(7)�max =
3kb1ΔEt

l2
,

the Young’s modulus, Poisson’s ratio, and density of which 
are 71 GPa, 0.33, and 2770 kg/m3, respectively. Consider-
ing the effect of the roller and supporting mechanism, they 
are equivalent to a cube with a side length of 10 mm and a 
height of 16 mm. The meshing quality of the flexible beam 
greatly impacts the simulation results for the thin thickness. 
Thus, the DCCM is first split into 52 separate solids with a 
cubic structure and then forms a new part. The free meshing 
of the mechanism is pretty regular, and the meshed DCCM 
is shown in Fig. 4.

According to the theoretical analysis, the width b, length 
l, and thickness t of the flexible beam and the height h affect 
the stiffness and resonant phenomenon of the DCCM. How-
ever, considering the boundary size of the microvibration 
hammerhead, b = 10 mm and l = 10 mm are first selected. 
A small height between the two layers of the cross-shape 
mechanisms is helpful in reducing the mass of the moving 
stage, which is beneficial to improve the resonant frequency. 
However, to conveniently preload the piezoelectric actuator 
and assemble the roller supporter, the distance h = 15 mm 
is decided. Furthermore, the beam thickness greatly affects 
the static and dynamic properties of the DCCM, and it has 
little effect on the boundary size. Therefore, the effects of 
beam thicknesses on the stiffness, first natural frequency, 
maximum stress of the DCCM, and actual output of the 
piezoelectric are analyzed through the FEA. They are fur-
ther compared to those of the theoretical analysis to validate 
the correctness of the established model.

Three different beam thicknesses, i.e., 0.5, 0.75, and 
1 mm, are used for the analysis. The corresponding results 
are shown in Fig. 5. Figure 5a, b indicate that the stiffness 
and first natural frequency of the DCCM obviously increase 
as the thickness increases, and the maximum resonant fre-
quency reaches 3618.3 Hz for the 1-mm beam thickness. 
However, the modeling errors of the stiffness and fre-
quency are also increased, which are 1.38% and 3.65% for 
the 0.5 mm thickness, 8.67% and 8.19% for the 0.75 mm 

Fig. 4  Meshed double cross-shape compliance mechanism
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thickness, and 16.87% and 13.13% for the 1 mm thickness, 
respectively, which means that the compliance modeling is 
not applicable for the thick beam.

An input displacement of 75 μm is imposed on the center 
rigid of the DCCM. The simulation results show that the 
stress mainly occurs at the flexible beams, and the maxi-
mum stresses are shown in Fig. 5c. The simulated maximum 
stresses for the three beam thicknesses are 87.32, 144.13, 
and 206.06 MPa, all of which are less than the permissible 
stress of aluminum. The modeling errors between the theo-
retical and simulated maximum stresses are 9.77%, 0.25%, 
and 6.97%, and the modeling error is the least for a beam 
thickness of 0.75 mm. The possible reason is the applied 
value of kb1; a gradual change in kb1 is conducive to improv-
ing the modeling precision.

Based on the simulated stiffness and Eq. (5), the theo-
retical and simulated actual outputs of the piezoelectric are 
shown in Fig. 5d. When the nominal output displacement of 
the pizoelectric actuator is assumed to be 75 μm, the simu-
lated actual output is reduced from 72.98 to 62.79 μm as 
the thickness increases from 0.5 to 1 mm, which shows the 
same trend as the theoretical analysis results. This is because 
a large beam thickness leads to a large stiffness and further 
reduces the displacement output of the piezoelectric, which 
goes against the efficient utilization of the piezoelectric.

The modal analysis of the DCCM with different beam 
thicknesses is further implemented, and the results are 
shown in Fig. 6. For the three DCCMs, the first mode shape 
is the translation along the Z-direction, and the second and 
third mode shapes are the rotation about the X- and Y-direc-
tions, respectively. Hence, the thickness does not affect the 
mode shape of the DCCM. In addition, the second and third 
natural frequencies are almost the same due to the sym-
metric structure. For t = 0.75 mm, the first three resonant 
frequencies are 2454.4, 10,989, and 10,989 Hz. The natural 
frequency of the second and third modes is approximately 
4.5 times the first natural frequency, which means that the 

(a)

(b)

(c)

(d)

Fig. 5  FEA and theoretical results of the DCCM with different thick-
nesses: a Stiffness in the Z-direction; b First natural frequency; c Maxi-
mum stress; d Actual output of the piezoelectric

Fig. 6  Mode shapes of the proposed hammering head. a First mode 
shape; b Second mode shape; c Third mode shape

Table 1  Size of the DCCM

b l T h p

10 mm 10 mm 0.75 mm 15 mm 40 mm
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unwanted movement is hard to occur. Based on the above 
analysis, t = 0.75 mm is applied in the structure fabrication. 
The sizes of the DCCM are listed in Table 1.

5  Experimental Validation

As shown in Fig. 7, the DCCM is fabricated in a mono-
lithic 7075 aluminum alloy using wire electrical discharge 
machining. A cylindrical piezoelectric (VS12, CoreMor-
row) is applied as the actuator with a nominal maximum 
displacement of 76 µm in 150 V. The output displacement of 
the piezoelectric is measured by a laser displacement sensor 
(CDX30, FASTUS). The LabVIEW software is employed 
to generate the control signal, which is first converted to an 
analog signal through a D/A interface (USB5820, Advan-
tech). Then, it is further amplified 15 times by a voltage 
amplifier (E01.A3, CoreMorrow). A small columnar pres-
sure sensor with a maximum range of 500 kg is applied 
inside the microvibration hammerhead to measure the output 
force of the piezoelectric.

Different voltages of 20, 40, 60, 80, 100, and 120 V are 
applied to drive the piezoelectric, and the corresponding 
deformations of the DCCM and forces are simultaneously 
measured. The results are shown in Fig. 8. The stiffness of 
the DCCM is 2.02 N/μm, which agrees well with the theo-
retical and simulation results.

To test the resonant frequency of the hammerhead, a 
swept sine signal with an incremental frequency from 1 to 
3500 Hz is applied to the piezoelectric actuator. The results 

Micro-vibration hammer head

Pressure sensor

Lifting platform

D/A interface

Computer

Voltage amplifier

Weight transducer

Laser displacement sensor

Base structure

Fig. 7  Experimental setup

Fig. 8  Measured force and displacement

Fig. 9  Hammering force with an initial contacting force of 50 N

Fig. 10  Hammering force with an initial contacting force of 100 N

Fig. 11  Hammering force with an initial contacting force of 150 N
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show that the first resonant frequency of the hammerhead 
is approximately 2705 Hz, which is a little larger than the 
FEA and theoretical results. The primary reason is that the 
installation of the piezoelectric brings in the contact stiffness 
and self-stiffness, which improves the global stiffness and 
further leads to a large resonant frequency.

The hammering force between the workpiece and roller 
is an important parameter for surface strengthening, and 
they are tested in this study. An external pressure sensor 
marked in Fig. 7 is employed to measure the hammering 
force, which is located under the roller. The initial contact-
ing forces between the workpiece and roller are set as 50, 
100, and 150 N, which can be adjusted by the height of the 
lifting platform. In the measurement of the hammering force, 
the deformation of the inner pressure sensor is ignored due 
to the large stiffness, and the deformation of the external 
pressure sensor is measured using the laser displacement 
sensor, which is used to calculate the deformation force of 
the DCCM and then correct the hammering force. A sinu-
soidal voltage signal with different amplitudes (2, 4, 6, and 
8 V) and a driving frequency of 1 Hz are used to actuate the 
piezoelectric. The measured hammering forces are shown 
in Figs. 9, 10 and 11.

Based on the experimental results, the hammering force 
is increased with the increase in the voltage amplitude. This 
is because a larger driving voltage generates a larger output 
displacement in the roller, which further leads to a larger 
deformation and testing force of the pressure sensor. As 
shown in Fig. 9, the amplitude of the output hammering 
force is approximately 22.5, 45.2, 67.5, and 90.2 N for the 
four driving voltages, and the changing rate of the hammer-
ing force is 11.28 N/V. The same hammering force ampli-
tude and changing rate are presented in Figs. 10 and 11, 
which means that the initial contacting force has little effect 
on the hammering force.

Based on the sinusoidal signal with an amplitude of 6 V, 
a series of driving frequencies (1, 10, and 20 Hz) are further 
inputted to the piezoelectric to investigate the influence of 
the driving frequency on the hammering force. As shown 
in Fig. 12, the amplitudes of the hammering force are 62.4, 
39.4, and 19.5 N for the driving frequencies of 1, 10, and 
20 Hz, and the force amplitude is significantly decreased 
with the increase in the driving frequency. This is mainly 
because the piezoelectric is similar to the capacitance, and 
it needs a certain amount of time for the complete charge 
and discharge, which directly affects the output displace-
ment of the piezoelectric. In the high-frequency driving of 
the DCCM, the elongation and contract of the piezoelectric 
are not enough, which leads to the reduction of the output 
displacement, further resulting in a smaller hammering 
force.

6  Conclusions

In this paper, a novel piezoelectric-driven microvibration 
hammerhead is proposed, which mainly includes the piezo-
electric actuator, DCCM, and inside-arranged pressure sen-
sor. The static and dynamic properties of the microvibration 
hammerhead are analyzed using theoretical modeling, FEA, 
and experimental test. The stiffness of the DCCM is 2.02 N/
μm, and the first natural frequency is 2705 Hz. The maximal 
hammering force is 90.2 N, which is affected severely by 
the amplitude and frequency of the input voltage but only 
slightly by the initial contacting force.

The proposed microvibration hammerhead will be used 
for surface strengthening in the future. To improve the 
strengthening effect and investigate the relationship between 
the hammering force and surface mechanical property, we 
will focus on the approach to improve the amplitude and 
precision of the hammering force.
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