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Abstract: A novel three-dimensional (3D) elliptical vibration turning device which is on the basis of
the leaf-spring-flexure-hinges-based (LSFH-based) double parallel four-bar linkages (DPFLMs) has
been proposed. In order to evaluate the performance of the developed 3D elliptical vibration cutting
generator (EVCG), the off-line tests were carried out to investigate the stroke, dynamic performance,
resolution, tracking accuracy and hysteresis along the three vibration axes. Experimental results
indicate that the maximum stroke of three vibration axes can reach up to 26 µm. The working
bandwidth can reach up to 1889 Hz. The resolution and hysteresis tests show that the developed 3D
EVCG has a good tracking accuracy, relative high resolution and low hysteresis, which is appropriate
for micro/nano machining. Kinematical modeling is carried out to investigate the tool vibration
trajectory. Experimental results shown that the simulation results agree well with the experimental
one, which indicate that the developed 3D EVCG can be used as an option for micro/nano machining.

Keywords: elliptical vibration cutting; three-dimensional elliptical trajectory; flexure hinge;
compliant mechanism

1. Introduction

Freeform optics with complex geometric features have many advantages. In recent years,
the requirement of applications for optical parts in aerospace and industrial production has increased
year by year [1–3]. However, the further application of optical parts is restricted due to high rates of tool
wear, low efficiency of ultra-precision machining and high manufacturing costs [4]. For optical elements
manufacturing, generally, fast tool servo (FTS) or slow tool servo (STS) is usually adopted [5–7].
Compared with traditional precision machining, FTS or STS do bring a lot of benefits especially for
freeform optics manufacturing. However, the ability is limited when comes to the more complicated
manufacturing requirements. Therefore, elliptical vibration cutting (EVC) is proposed and recognized
as one of the promising ways, and its unique intermittent cutting and friction reversal characteristics
caused large attention. In order to obtain an ideal machining results, EVC generator (EVCG) always
plays a key role in it. Thus, many studies have been carried out trying to achieve an effective design.

The research of EVC apparatus has grown from two dimensional to three dimensional,
and resonance to non-resonance. The two dimensional resonant EVC apparatus was first
proposed by Shamoto and Moriwaki [8,9], which was actuated by two piezoelectric plates glued
to the lateral surfaces and its resonant frequency is 20 kHz. However, this device has strict
requirements when it is fixed, otherwise it is difficult to motivate ideal mode of the transducer.
Shamoto improved the EVC device with 4 large piezoelectric plates subsequently and developed
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an ultrasonic elliptical vibration controller to compensate the vibration interfere in two perpendicular
directions, then a 3 degree-of-freedom (DoF) ultrasonic vibration tool was developed for sculptured
surfaces [10,11]. Li and Zhang proposed an asymmetrical structural model of ultrasonic elliptical
vibration transducer which was driven by single actuator with the longitudinal excitation [12]. Kim and
Loh proposed an ultrasonic EVC device for micro V-groove machining which was based on Cerniway’s
design [13]. Guo and Ehmann developed a novel device which was composed of two bolt-clamped
Langevin transducers [14]. The two bolt-clamped Langevin transducers work in the resonant mode
of which the frequency are almost same and deliver an elliptical trajectory at this coupled resonant
frequency. As is konwn, all these apparatus summarized above belong to the category of ultrasonic
vibration cutting. The biggest advantage of resonant EVCG is the large working frequency. However,
this is also a weakness of it due to the fixed working frequency. Therefore, non-resonant EVCG is
proposed to increase the manufacturing flexibility during machining.

Compared with resonant EVCG, non-resonant EVCG always have a lower frequency, but the
working frequency is continuous, which make the processing process more flexible. The largest number
of studies focused on 2D non-resonant EVCG. JH Ahn et al. developed a 2D vibration apparatus for
micro-machining accuracy improvement which was actuated by two perpendicular piezoelectric
actuators (PEAs), a cross-shaped voids are devised in order to remove cross-interference [15].
Cerniway and Negishi proposed a low-frequency and high-frequency EVC devices which can be
operated at 200 Hz with vibration amplitudes of 20 µm × 4 µm and 4 kHz with vibration amplitudes
of 18 µm × 3 µm, respectively [16,17]. A 2D vibration cutting tool based on elastic hinges which can
produce amplitude of 10 µm and maximum frequency of 500 Hz with no phase distortion was proposed
by Ho-Sang Kim et al. [18]. R Kurniawan and TJ Ko developed a non-resonant mode transducer tool
holder inspired by Guo’s and Kim’s design proposal to fabricate micro-dimple and groove patterns [19].
Zhou et al. proposed a double-frequency EVC apparatus for freeform surface by using two piezoelectric
actuators perpendicularly each other which are both based on the leaf type flexure hinge [20]. In order
to obtain a compact design with high working bandwidth and low axis coupling, Lin et al. propose
a parallel PEA actuated EVCG [21]. Although these studies propose different method for different
considerations to improve the machining performance, it is difficult to achieve a perfect result due to
the inherent attribute, such as single vibration direction, mutual conflicting between high working
bandwidth and large stroke. In order to obtain a more flexible vibration in space, a flexure-based 3D
EVCG actuated by four PEAs are developed by Lin [22]. In addition, a three PEAs actuated 3D EVCG
is proposed by Zhu [23]. However, the size is very large and the structure is relatively complicated.
Then a novel rotary spatial vibration system is proposed by Zhu to impose tertiary motions with
multiple DoFs on a rotating spindle for micro/nanomachining [24]. This design uses three PEAs along
three perpendicular directions to generate the 3D motion. The stroke is not very high, and the life
of PEA is threatened by transverse force results from transverse motion. Moreover, the compound
multibeam parallelogram mechanisms (CMPMs) are nonlinear according to the report of [25]. And the
non-linear behavior of the system is a common phenomenon due to the initial internal force [26],
material non-linear and large deformations [27]. However, for EVCG, the linear elastic material is
often adopted and the deformation is only tens of microns which is relatively small. Therefore, it is
appropriate to neglect the non-linear behavior of the system.

As discussed above, there still have some problems in the research of all these developed EVC
apparatus, especially for 3D EVCG, less researchers pay attention to it. In this paper, a novel 3D
EVCG is proposed aiming to obtain a compact structure with relative large stroke and high working
bandwidth to offer more options for micro/nano machining.
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2. Mechanical Design

2.1. Design of 1-Degree-of-Freedom (DoF) Flexure-Based Compliant Mechanism

It is known that applications where the orientation of the end-effector needs to be fixed and
the angular motion needs to be eliminated, the parallel four-bar linkages mechanisms (PFLMs)
are widely used. According to [28], the most commonly used configurations for PFLMs include
right-circular-flexure-hinge-based systems (RCFH-based systems) and leaf-spring-flexure-hinges-based
systems (LSFH-based systems). However, the parasitic motions are always exist. In order to
avoid the parasitic motions, various double parallel four-bar linkages (DPFLMs) are developed
and widely used [20,29–31]. In general, the amplifier mechanism is adopted to achieve displacement
amplification [32]. In order to investigate the elastic deformation behavior, various methods have
been adopted, including finite element method (FEM) [33], Castigliano’s second theorem [32] and
pseudorigid body (PRB)-based models [34]. It is easy to carry out the theoretical analysis based on
these methods. In this paper, the DPFLM without amplifier mechanism is chosen to achieve a high
motion resolution. As shown in Figure 1, the dominant resonant mode of LSFH-based DPFLMs is
much larger than the dominant resonant mode of RCFH-based DPFLMs under the same dimensional
parameters condition. Besides, the LSFH-based DPFLMs are much easier to be manufactured and it
is easy to carry out the theoretical analysis. Without loss of generality, the LSFH-based DPFLMs are
adopted as motion guidance.
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2.2. Structure Design

In this paper, a PEA-actuated non-resonant 3D EVCG is developed on the basis of three DPFLMs.
The mechanical structure is schematically illustrated in Figure 2. As is shown in Figure 2a, two parallel
PEAs in vertical direction and one PEA in horizontal direction is adopted to drive the compliant
mechanism. The structure of developed apparatus is mainly composed of two parts: the top part and
the lower part. The lower part compliant mechanism can be fixed on lathe by the connecting block, and
three precision screws are utilized for the PEA preloads. The PEA1 and the PEA2 are fixed on the lower
part compliant mechanism, and the PEA3 is fixed on the top part compliant mechanism. For easy
analysis, three axes are defined, e.g., the axis along PEA1 is defined as x1, axis along PEA2 is defined as
x2, and axis along PEA3 is defined as z1. The structural parameters of the development 3D EVC device
are shown in Figure 2b and Table 1. It should be noted that the three PEAs’ motion are approximately
independent of each other, there is no transverse motion introduced which is helpful to extend the life
of PEAs from shearing effects. In addition, the 3D elliptical vibration can be obtained when three input
displacement signals with different phase shifts are adopted. The displacement signal generated by
PEA can be acquired by three displacement sensors which are fixed on the apparatus through sensor
holders. As feedback signals, these displacement signals can be used to form a closed-loop control.
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Table 1. The structural parameters of the development 3D elliptical vibration cutting (EVC) device.

Parameters H (mm) a1 = a3 (mm) a2 (mm) b1 = b2 = b3 (mm)

Value 10 3 2 10

3. Performance Testing and Discussion

3.1. Experimental Setup

In order to investigate the performance of the developed 3D EVCG, off-line tests were carried
out. The experimental setup is illustrated in Figure 3. Three PEAs (40vs12, Harbin Core Tomorrow
Science & Technology Co., Ltd., Harbin, China) was chosen to drive the 3D EVCG. The driving signals
were amplified by the power amplifier (E500, PI Inc., Athens, TN, USA) and then applied to the
PEAs to achieve the vibration. The displacements were measured by capacitive transducers and act
as a feedback signals to form a closed-loop control. A power PMAC (Delta Tau Data Systems Inc.,
Chatsworth, CA, USA) was chosen as the controller. In order to reduce the external disturbances, the
off-line tests were carried out on a vibration-isolated air-bearing platform.
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3.2. Stroke Test

As is known, the large stroke of EVCG can enhance the machining dimension, which is very
important for micro/nano machining, especially for microstructures and freeform surfaces fabrication.
Thus, a consecutive step input with maximum displacement 30 µm was adopted as the driving signal
for each input end, separately. The results are shown in Figure 4. From Figure 4a, it can be seen that the
stroke along z1 axis can reach up to 26 µm. And the stroke along x1 and x2 axes are 24 µm and 22 µm,
respectively. Although the structure is symmetry along xz plane, the stroke of x1 axis and x2 axis are
different. The reason can be attributed to the manufacturing error. Because the up part compliant
mechanism is assembled on the lower part compliant mechanism which is can be seen an external
load, thus the stroke is little smaller than that of z1 axis. Compared with that in [24], the stroke of the
developed 3D EVCG has a lot of improvement.
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3.3. Dynamic Test

As shown in Figure 5, the dynamic performance is carried out by using swept excitation method
from 100 Hz to 3000 Hz. The output displacements can be obtained by capacitive transducers.
And through the fast fourier transformation (FFT), the displacement-frequency response can be
deduced by matlab software. The results show that the first natural frequency along z1, x1 and x2 axes
are about 1901 Hz, 1889 Hz and 1895 Hz, respectively. The similar first natural frequencies are results
from the similar structure. As a machining system, the working bandwidth is restricted by the lowest
first natural frequency. Therefore, the first natural of the machining system is 1889 Hz. It is enough for
ultra-precision machining.
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3.4. Resolution Tests and Tracking Accuracy Analysis

It is known that the EVC is widely used in freeform and microstructure fabrication. The machining
accuracy determined the performance of the machined components. The resolution of the EVCG is
very important, because the minimum size of processing characteristics is dependent on the resolution.
Stair excitation signals were adopted to investigate the resolutions of developed 3D EVCG. It can be
seen from Figure 6, the resolutions of the compliant mechanism along z1, x1 and x2 axes are 33 nm,
35 nm and 36 nm, respectively. Considering the applications of the EVCG [23,24], the resolution
can satisfy the freeform and submicron scale microstructures’ fabrication. In addition, according to
Figure 6, the tracking errors of three motion axis are all within 0.03 µm, which indicate a good tracking
ability of the developed 3D EVCG.

3.5. Hysteresis Analysis

The developed 3D EVCG has a hysteresis phenomenon due to the reality of hysteresis of the
PEAs. In order to investigate the hysteresis of the developed 3D EVCG, a triangle voltage with
10 V amplitude and 5 Hz frequency was generated by signal generator and applied to the three
PEAs, separately. Figure 7 shows the input signals and the corresponding input voltage-displacement
responses. The lower curve denotes the expansion of PEA and the upper curve denotes the retraction of
PEA. It can be seen that the maximum positioning differences of three motion axes between expansion
and retraction are 1.62 µm, 1.56 µm and 1.37 µm, respectively, which is about 11.2%, 11.1% and 9.8% of
the displacements under 100 V input voltage. Thus, in our future work, an appropriate control strategy
is necessary to reduce the hysteresis phenomenon.
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4. Kinematical Modeling and Experimental Validation

4.1. Kinematical Modeling

In order to drive the developed 3D EVCG to work, three PEAs are applied with three sinusoidal
signals with a certain phase difference as follows:

x1 = A1 sin(ω1t + ϕ1)

x2 = A2 sin(ω2t + ϕ2)

x3 = A3 sin(ω3t + ϕ3)

(1)

where A1, A2, A3 are the input signal amplitude of three PEAs, respectively; ω1, ω2, ω3 are the
input signal angular frequency of three PEAs, respectively; ϕ1, ϕ2, ϕ3 are the phase shift of input
signals, respectively.

In order to illustrate the operational principle of the developed flexure-based 3D EVCG, the cutter
location calculation model of diamond tool was established in this paper, as shown in Figure 8.
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Figure 8. The cutter location calculation model of diamond tool.

In Figure 9, the initial position of the diamond tool tip is (x0, y0, z0). The three initial displacement
driving signals of three PEAs are denoted as x1, x2, x3, respectively. During the operation process,
the PEA is expansion and retraction, and the initial signals are transformed into x′1, x′2, x′3. Due to the
phase shift between the driving signal of PEA1 and the PEA2, the top part compliant mechanism will
generate an angle θ with the initial position, which can be expressed as:

θ = arcsin
(

x′1 − x′2
l1 + l2

)
(2)

where x′1, x′2 is the current displacements of the PEA1 and the PEA2 in x direction, respectively; l1, l2 is
the vertical distance between the two PEAs and diamond tip in y direction.

The leaf type flexure hinge was used as the guide elastic element in the top part and lower
part compliant mechanism which are designed to be parallel and symmetric structures. The motion
trajectory of diamond tool tip (xt, yt, zt) can be obtained as follows:

xt = l · sin θ

yt = l · cos θ + x′i + li · tan θ

zt = x′3

(i = 1, 2) (3)

where l1 = 20 mm, l2 = 20 mm, l = 42 mm are adopted in this developed 3D EVCG. Taking the simplified
connection point between top part compliant mechanism and the lower part compliant mechanism
as the original point, and setting the parameters of driving signals of the PEAs as: A1 = A2 = A3 =
4 µm, ω1 = ω2 = ω3 = 100 Hz, ϕ1 = 0, ϕ2 = π/2, ϕ3 = π. The cutter location calculation model can be
simulated by using the matlab software, and the trajectory of diamond tool tip can be obtained which
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is shown in Figure 9. It can be seen from the developed 3D EVCG cutter location trajectory that the
projections of diamond tool locus are ellipse in xy, yz and xz planes. In addition, the elliptical trajectory
of diamond tool tip can be changed flexibly by adjusting the related parameters.
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4.2. Experimental Validation

In the developed flexure-based 3D EVCG, the probes of the displacement sensor are placed
parallel with the PEAs and fixed by the sensor holder. By setting the driving parameters same as
the MATLAB simulation in Section 4.1, the output displacements are measured and acquired by the
capacitive transducers. In order to validate the efficiency of the kinematical model, the diamond tool
tip trajectory is synthesized and shown in Figure 10. As shown in Figure 10, the synthetic diamond
tool tip trajectory in experiment is same as the simulation results except the angular error of projection
in xy and yz plane which may be caused by the PEAs’ hysteresis. It should be noted that the formed
3D elliptical locus is smooth and steady, which indicates the good stability of the system.Micromachines 2017, 8, 305 10 of 12 
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5. Conclusions

In this paper, a novel flexure-based 3D EVC apparatus has been developed, aimed at solving the
processing limitations of optical parts with complex geometric features. The developed 3D EVCG is
composed of two compliant mechanisms on the basis of LSFH-based DPFLMs. Taking advantage of
symmetry design and independent motion of PEAs, there is no transverse motion introduced which is
helpful to extend the life of PEAs from shearing effects.

In order to investigate the performances of the developed 3D EVCG, off-line tests were carried
out. Results show that the stroke along z1, x1 and x2 axes are 26 µm, 24 µm and 22 µm, respectively.
The working bandwidth can reach up to 1889 Hz. The resolutions of the compliant mechanism along
z1, x1 and x2 axes are 33 nm, 35 nm and 36 nm, respectively. In addition, the tracking errors of
three motion axis are all within 0.03 µm, which indicate a good tracking ability of the developed
3D EVCG. The maximum positioning differences of three motion axes between expansion and
retraction are 1.62 µm, 1.56 µm and 1.37 µm, respectively, which is about 11.2%, 11.1% and 9.8%
of the displacements under 100 V input voltage. Finally, the cutter location model of diamond tool
tip is established based on the driving characteristics of developed apparatus. The simulation results
agree well with the experiments’, which indicate that the developed novel flexure-based 3D EVCG has
a good performance and it can be used in 3D EVC experiments. In our future work, the developed 3D
EVCG will be used to machining experiment to exam the machining performance.

Acknowledgments: The authors would like to acknowledge the financial support from the Ministry of
Science and Technology State Key Support Program (Grant No. 2016YFE0105100), Chunhui plan of Education
Ministry (Grant No. Z2016024), Scientific and Technological Development Program of Jilin Province
(Grant No. 20160520072JH), and Key Laboratory of Micro-Nano and Ultra-precision manufacturing of Jilin
Province (Grant No. 20140622008JC).

Author Contributions: Jieqiong Lin and Mingming Lu conceived and designed the experiments; Jinguo Han,
Xian Jing, Jiakang Zhou and Da Feng performed the experiments; Jinguo Han and Yan Gu analyzed the data;
Jieqiong Lin and Mingming Lu contributed reagents/materials/analysis tools; Jinguo Han wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fang, F.Z.; Zhang, X.D.; Weckenmann, A.; Zhang, G.X.; Evans, C. Manufacturing and measurement of
freeform optics. CIRP Ann.-Manuf. Technol. 2013, 62, 823–846. [CrossRef]

2. Savio, E.; de, C.L.; Schmitt, R. Metrology of freeform shaped parts. CIRP Ann.-Manuf. Technol. 2003, 56,
810–835. [CrossRef]

3. Zhou, M.; Zhang, H.J.; Chen, S.J. Study on diamond cutting of nonrationally symmetric microstructured
surfaces with fast tool servo. Mater. Manuf. Process. 2010, 25, 488–494. [CrossRef]

4. Tang, X.R.; Nakamoto, K.; Obata, K.; Takeuchi, Y. Ultraprecision micromachining of hard material with tool
wear suppression by using diamond tool with special chamfer. CIRP Ann.-Manuf. Technol. 2013, 62, 51–54.
[CrossRef]

5. Fang, F.Z.; Zhang, X.D.; Hu, X.T. Cylindrical coordinate machining of optical freeform surfaces. Opt. Express
2008, 16, 7323–7329. [CrossRef] [PubMed]

6. Tian, F.; Yin, Z.; Li, S. Fast tool servo diamond turning of optical freeform surfaces for rear-view mirrors.
Int. J. Adv. Manuf. Technol. 2015, 80, 1759–1765. [CrossRef]

7. Yin, Z.Q.; Dai, Y.F.; Li, S.Y.; Guan, C.L.; Tie, G.P. Fabrication of off-axis aspheric surfaces using a slow tool
servo. Int. J. Adv. Manuf. Technol. 2011, 51, 404–410. [CrossRef]

8. Moriwaki, T.; Shamoto, E. Ultrasonic elliptical vibration cutting. CIRP Ann.-Manuf. Technol. 1995, 44, 31–34.
[CrossRef]

9. Shamoto, E.; Moriwaki, T. Ultaprecision diamond cutting of hardened steel by applying elliptical vibration
cutting. CIRP Ann.-Manuf. Technol. 1999, 48, 441–444. [CrossRef]

10. Shamoto, E.; Suzuki, N.; Moriwaki, T.; Naoi, Y. Development of ultrasonic elliptical vibration controller for
elliptical vibration cutting. CIRP Ann.-Manuf. Technol. 2002, 51, 327–330. [CrossRef]

http://dx.doi.org/10.1016/j.cirp.2013.05.003
http://dx.doi.org/10.1016/j.cirp.2007.10.008
http://dx.doi.org/10.1080/10426910903365836
http://dx.doi.org/10.1016/j.cirp.2013.03.094
http://dx.doi.org/10.1364/OE.16.007323
http://www.ncbi.nlm.nih.gov/pubmed/18545437
http://dx.doi.org/10.1007/s00170-015-7152-9
http://dx.doi.org/10.1016/j.ijmachtools.2011.01.008
http://dx.doi.org/10.1016/S0007-8506(07)62269-0
http://dx.doi.org/10.1016/S0007-8506(07)63222-3
http://dx.doi.org/10.1016/S0007-8506(07)61528-5


Micromachines 2017, 8, 305 11 of 12

11. Shamoto, E.; Suzuki, N.; Tsuchiya, E.; Hori, Y.; Inagaki, H.; Yoshino, K. Development of 3 DOF ultrasonic
vibration tool for elliptical vibration cutting of sculptured surfaces. CIRP Ann.-Manuf. Technol. 2005, 54,
321–324. [CrossRef]

12. Li, X.; Zhang, D.Y. Ultrasonic elliptical vibration transducer driven by single actuator and its application in
precision cutting. J. Mater. Process. Technol. 2006, 180, 91–95. [CrossRef]

13. Kim, G.D.; Loh, B.G. An ultrasonic elliptical vibration cutting device for micro V-groove machining:
Kinematical analysis and micro V-groove machining characteristics. J. Mater. Process. Technol. 2007, 190,
181–188. [CrossRef]

14. Guo, P.; Ehmann, K.F. Development of a tertiary motion generator for elliptical vibration texturing.
Precis. Eng. 2013, 37, 364–371. [CrossRef]

15. Ahn, J.H.; Lim, H.S.; Son, S.M. Improvement of micro-machining accuracy by 2-dimensional vibration
cutting. Proc. ASPE 1999, 20, 150–153.

16. Cerniway, M.A. Elliptical Diamond Milling: Kinematics, Force and Tool Wear. Master’s Thesis,
North Carolina State University, Raleigh, NC, USA, 2002.

17. Negishi, N. Elliptical Vibration Assisted Machining with Single Crystal Diamond Tools. Master’s Thesis,
North Carolina State University, Raleigh, NC, USA, 2003.

18. Kim, H.S.; Kim, S.I.; Lee, K.I.; Lee, D.H.; Bang, Y.B.; Lee, K.I. Development of a programmable vibration
cutting tool for diamond turning of hardened mold steels. Int. J. Adv. Manuf. Technol. 2009, 40, 26–40.
[CrossRef]

19. Kurniawan, R.; Ko, T.J. A new tool holder design with two-dimensional motion for fabricating micro-dimple
and groove patterns. Int. J. Adv. Manuf. Technol. 2014, 15, 1165–1171. [CrossRef]

20. Zhou, X.Q.; Zuo, C.M.; Liu, Q.; Wang, R.Q.; Lin, J.Q. Development of a double-frequency elliptical vibration
cutting apparatus for freeform surface diamond machining. Int. J. Adv. Manuf. Technol. 2016, 87, 2099–2111.
[CrossRef]

21. Lin, J.; Han, J.; Lu, M.; Yu, B.; Gu, Y. Design, analysis and testing of a new piezoelectric tool actuator for
elliptical vibration turning. Smart Mater. Struct. 2017, 26, 8. [CrossRef]

22. Lin, J.; Lu, M.; Zhou, X. Development of a Non-Resonant 3D Elliptical Vibration Cutting Apparatus for
Diamond Turning. Exp. Tech. 2016, 40, 173–183. [CrossRef]

23. Zhu, Z.; To, S.; Zhang, S.; Zhou, X.Q. High-Throughput Generation of Hierarchical Micro/Nanostructures
by Spatial Vibration-Assisted Diamond Cutting. Adv. Mater. Interfaces 2016, 3. [CrossRef]

24. Zhu, Z.; To, S.; Ehmann, K.F.; Zhou, X.Q. Design, analysis, and realization of a novel piezoelectrically
actuated rotary spatial vibration system for micro-/nano-machining. IEEE/ASME Trans. Mechatron. 2017, 22,
1227–1237. [CrossRef]

25. Hao, G.B.; Li, H.Y. Nonlinear analytical modeling and characteristic analysis of a class of compound
multibeam parallelogram mechanisms. J. Mech. Robot. 2015, 7, 041016. [CrossRef]

26. Hao, G.B.; Li, H.Y. Extended static modeling and analysis of compliant compound parallelogram mechanisms
considering the initial internal axial force. J. Mech. Robot. 2016, 8, 041008. [CrossRef]

27. Borboni, A.; Santis, D.D. Large defection of a non-linear, elastic, asymmetric Ludwick cantilever beam
subjected to horizontal force, vertical force and bending torque at the free end. Meccanica 2014, 49, 1327–1336.

28. Polit, S.; Dong, J. Design of high-bandwidth high-precision flexure-based nanopositioning modules.
J. Manuf. Syst. 2009, 28, 71–77. [CrossRef]

29. Zhu, Z.; Zhou, X.; Liu, Q.; Zhao, S. Multi-objective optimum design of fast tool servo based on improved
differential evolution algorithm. J. Mech. Sci. Technol. 2011, 25, 3141–3149. [CrossRef]

30. Tian, Y.; Shirinzadeh, B.; Zhang, D. A flexure-based mechanism and control methodology for ultra-precision
turning operation. Precis. Eng. 2009, 33, 160–166. [CrossRef]

31. Pham, H.H.; Chen, I.M. Stiffness modeling of flexure parallel mechanism. Precis. Eng. 2005, 29, 467–478.
[CrossRef]

32. Lobontiu, N.; Garcia, E. Analytical model of displacement amplification and stiffness optimization for a class
of flexure-based compliant mechanisms. Comput. Struct. 2003, 81, 2797–2810. [CrossRef]

http://dx.doi.org/10.1016/S0007-8506(07)60113-9
http://dx.doi.org/10.1016/j.jmatprotec.2006.05.007
http://dx.doi.org/10.1016/j.jmatprotec.2007.02.047
http://dx.doi.org/10.1016/j.precisioneng.2012.10.005
http://dx.doi.org/10.1007/s00170-007-1311-6
http://dx.doi.org/10.1007/s12541-014-0452-4
http://dx.doi.org/10.1007/s00170-016-8596-2
http://dx.doi.org/10.1088/1361-665X/aa71f0
http://dx.doi.org/10.1007/s40799-016-0021-0
http://dx.doi.org/10.1002/admi.201500477
http://dx.doi.org/10.1109/TMECH.2017.2682983
http://dx.doi.org/10.1115/1.4029556
http://dx.doi.org/10.1115/1.4032592
http://dx.doi.org/10.1016/j.jmsy.2010.01.001
http://dx.doi.org/10.1007/s12206-011-0824-y
http://dx.doi.org/10.1016/j.precisioneng.2008.05.001
http://dx.doi.org/10.1016/j.precisioneng.2004.12.006
http://dx.doi.org/10.1016/j.compstruc.2003.07.003


Micromachines 2017, 8, 305 12 of 12

33. Lobontiu, N.; Paine, J.S.N.; Garcia, E.; Goldfarb, M. Design of symmetric conic-section flexure hinges based
on closed-form compliance equations. Mech. Mach. Theory 2002, 37, 477–498. [CrossRef]

34. Pei, X.; Yu, J.J.; Zong, G.H.; Bi, S.S. An effective pseudo-rigid-body method for beam-based compliant
mechanisms. Precis. Eng. 2010, 34, 634–639. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S0094-114X(02)00002-2
http://dx.doi.org/10.1016/j.precisioneng.2009.10.001
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Mechanical Design 
	Design of 1-Degree-of-Freedom (DoF) Flexure-Based Compliant Mechanism 
	Structure Design 

	Performance Testing and Discussion 
	Experimental Setup 
	Stroke Test 
	Dynamic Test 
	Resolution Tests and Tracking Accuracy Analysis 
	Hysteresis Analysis 

	Kinematical Modeling and Experimental Validation 
	Kinematical Modeling 
	Experimental Validation 

	Conclusions 

