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Abstract—This paper reports on the mechanism design,
dimension optimization, closed-loop control, and practical
application of a piezoelectrically actuated fast tool servo
(FTS) for the diamond turning of micro-structured sur-
faces. With the mechanism, a finite element based analyt-
ical model is developed to theoretically relate the work-
ing performance with its structural dimensions. Consid-
ering its application for micro/nanocutting, the structural
dimensions of the mechanism are deliberately determined
through evolutionarily optimizing a comprehensive objec-
tive. To ultra-finely track the cutting trajectory with a high
bandwidth, a PID controller together with the dynamics
inversion based feedforward compensation is optimally
designed with assistance of the Nyquist diagram, and a
disturbance observer is further employed to compensate
for the inherent hysteresis nonlinearity as well as external
cutting force disturbances. Both open-loop and closed-loop
experimental tests on the prototype suggest that a stroke
of 15 µm and a closed-loop bandwidth of 1730 Hz are
achieved. Taking advantage of the newly developed FTS,
two typical micro-structured surfaces are ultra-precisely
turned, well demonstrating the effectiveness of the FTS.

Index Terms—Diamond turning, fast tool servo, com-
pliant mechanism, disturbance observer, micro-structured
surface.
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I. INTRODUCTION

FAST tool servo (FTS) was initially proposed to compen-
sate for the motion errors of diamond turning machines

[1], [2], and it was then widely extended to generate non-
circular pistons [3], [4], non-axisymmetric freeforms [5], [6],
and more complicated micro/nanostructured surfaces [7]–[9].
In general, a complete FTS mainly consists of three parts,
namely the actuation, motion transmission, and motion control
systems. To better serve for the industrial application, a variety
of efforts have been devoted to improving performances of
each system of FTS during the last three decades.

With respect to the generation of micro-structured surfaces,
the position-varying shape with highly intensive features in
the micron-scale commonly leads to a requirement for FTS to
conduct oscillations with higher frequencies but shorter strokes
when compared with the application for noncircular and
freeform turning. To satisfy this requirement, the piezoelectric
actuator (PEA) [3], [7], [10] and the Maxwell’s normal stress
electromagnetic force [11], [12] are introduced as two typical
driving sources to achieve the high frequency oscillations, and
the actuations are mainly supported and delivered through
monolithic flexure mechanisms. Compared with the Maxwell’s
force, the commercially available PEA features much higher
stiffness and much larger driving forces which are beneficial
for diamond turning regarding the machining efficiency and
machining stability [12], [13]. Therefore, the piezoelectrically
actuated FTS will be more promising to oscillate the tool for
the generation of micro-structured surfaces.

With respect to the flexure mechanism for FTS, the most
direct design was to adopt a parallelogram mechanism having
two parallel flexure linkages for translational motion guidance,
and the PEA is arranged to actuate at the mid-point of the
flexure linkage to have an one-stage motion amplification
[3], [14]. Since the parasitic motion vertical to the main
driving direction was not constrained for this configuration,
the axisymmetry structure with double parallelogram mech-
anisms was then adopted in a more popular way to guide
the tool [15]–[18]. With this design, taking advantage of
the developed analytical model or finite element simulation,
the multi-objective optimization was conducted to derive the
optimal structural dimensions regarding the sufficient stroke,
long fatigue life, high stiffness, and high working bandwidth
[19]–[21]. However, as the PEA is directly connected with
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the end-effector holding the tool for this axisymmetry FTS, it
is a little bit difficult to arrange the displacement sensor for
motion capturing without affecting its working performance.
Moreover, to expand the achievable stroke for FTS, more
complex flexure mechanisms with multi-stage displacement
amplifications were also deliberately designed. The large
stroke as well as the low bandwidth induced by the relatively
large moving inertia makes such FTS more suitable for the
generation of freeforms with large sag values [6].

It is crucially important to establish a feedback control
system for the piezoelectrically actuated FTS for ultra-fine
tracking of the desired trajectory. With the piezo-electrically
actuated mechanisms, a variety of linear and nonlinear con-
trollers were developed mainly considering the hysteresis
nonlinearity of PEAs [18], [22]–[25]. Generally speaking, all
those methods could be directly applied for the trajectory
tracking in FTS diamond turning. For example, the most basic
proportional-integral-derivative (PID) type controller enhanced
by the dynamics inversion based feedforwad compensation is
commonly adopted to achieve better dynamic performances
[15], [17]. In addition, the generalized fractional order PID
based control system was also developed for FTS. However,
more parameters to be tuned for the fractional order control
systems may lead to an increased design complexity for
practical application [26]. To gain high robustness regarding
system uncertainty, the sliding mode based control strategies
were developed for FTS in the academic society [3], [16], [18],
[27]. With the those controllers, the first-order dynamics of
the power amplifier is commonly ignored during the design to
avoid over-large noises induced by the third order derivative of
the practical motion. The insufficient consideration of system
dynamics will inevitably lead to a poor tracking capability
especially for high frequency applications. Moreover, it is also
very challenging to eliminate the chatter for the sliding mode
based control systems [28], and the system uncertainties are
treated as disturbances rejected through system robustness,
which increases the control burden for trajectory tracking.

Be different from the piezo-electrically actuated nanoposi-
tioning stages, FTS features quasi-periodic trajectory as well as
time-varying disturbances including cutting forces and system
vibrations. Considering the quasi-periodic trajectory, the inter-
nal model based controllers are particularly designed to ultra-
finely track the trajectory with specified periodic components.
The plug-in repetitive controller [14], [29] and the adaptive
feedforward cancellation controller [6] are two typical ones
developed from the internal model principle. With the internal
model based control, a main controller, for example, the PID-
type [14], [29] or phase shaping controller [11], is commonly
employed to tune the system dynamics. Compared with the
repetitive controller, the adaptive feedforward cancellation is
more promising as it is much easier to be implemented to
process signals with multiple frequencies as well as to com-
pensate for system phase variations [30]. Although extremely
high tracking accuracy can be achieved by implementing the
internal model based control, the periodicity for the controller
design must be strictly consistent with that of the trajectory or
disturbances, suggesting that the controller must be changed
with respect to surface shapes and cutting parameters. Further-

more, considering the external disturbances, the active distur-
bance rejection control is proposed for the electromagnetic
force driven FTS featuring high linearity, which adopts an
extended state observer to estimate and compensate for the
generalized disturbances [4], [31]. Generally speaking, the
active disturbance rejection control is promising considering
its strong capability to reject external disturbances. However,
the nonlinear frame imposes challenge for tuning the control
parameters on basis of the classic control theory, and there is
also a limited consideration of parameterizable uncertainties
of the system [31], [32].

In this paper, a piezoelectrically actuated FTS is developed
and comprehensively demonstrated. With this FTS, a novel
mechanical structure is proposed by fully considering the
elimination of parasitic motions, the difficulty for sensor ar-
rangement, and the conflict between motion amplification and
system bandwidth. Dimensions of the FTS are then evolution-
arily optimized to achieve the kinematic and dynamic targets.
To simplify the control system for saving the computation
time, a linear control strategy is newly developed by essentially
addressing the two featuring issues related to piezo-electrically
actuated FTSs, namely the system nonlinearity and external
disturbance. Finally, the performance of the developed FTS is
demonstrated through practically turning a sinusoidal micro-
grid surface and a typical micro-lens array.

II. DESIGN OF THE FAST TOOL SERVO

A. Mechanical design and optimization of the FTS
The three-dimensional (3-D) model of the assembled FTS

is shown in Fig. 1 (a), and the main flexural part is illustrated
in Fig. 1 (b). The end-effector is supported by the well-
known double parallelogram mechanism for parasitic motion
constraint, and each linkage for the double parallelogram
mechanism consists of two right circular flexure hinges con-
nected by one flexure beam. The input-end of the mechanism is
guided by one parallelogram mechanism using the leaf-spring
flexure hinge. It is noteworthy that the two parallelogram
mechanisms are especially designed to be unsymmetrical to
reduce the overall size as well as to decrease the moving mass
for improving its natural frequency.

During working, the PEA is actuated at the middle point of
one flexure linkage, and this unique configuration may lead to
outperforming features as:

1) an amplification of the input actuation motion through
the equivalent lever-amplifier mechanism;

2) a sufficient space for the capacitive sensor to conveniently
capture the displacement most directly related to the
diamond tool.

To describe the elastic deformation behavior of the compli-
ant mechanism, the finite element based analytical model as
introduced in Ref. [33], [34] is adopted, and the corresponding
nodes and elements of the mechanism for the finite element
based analytical model is marked in Fig. 1 (b). Overall, the
mechanism consists of 18 elements which are denoted from
number 1 to 18 in Fig. 1 (b), and the input and output
ports of the mechanism are denoted by node 18© and node
4©, respectively. Following the Newton’s second law, the



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

Fig. 1. Schematic of the piezoelectrically actuated FTS, (a) the 3-D
assembled model, (b) the mechanical structure of the main flexural part
with equivalent nodes and elements, and (c) the convergence for the
evolutionary optimization.

governing equation for the elastic motion of each node can
be expressed in the global coordinate system o− xy as

Mẍ + Kx = F (1)

with {
F = [F1, · · · ,Fn, · · · ,F19]

T

δ = [δ1, · · · , δn, · · · , δ19]
T (2)

where n denotes the node number, and K and M are the
equivalent stiffness and mass matrix of the mechanism which
can be constructed according to the algorithm presented in Ref.
[33]. Fn = [Fx,n, Fy,n, Mz,n] and δn = [δx,n, δy,n, θz,n]
are the planar force and displacement on the n-th node.

Considering the fact that the node 1©, 7©, 8©, 15©, 17©, and
19© are grounded, the corresponding elements in the columns
and rows in Eq. 1 are removed as they have no motions. By
means of applying a unit force vector F18 = [1, 0, 1× l18] on
node 18© with l18 denoting the y-axial distance from this node
to the ox axis, the resulting x-axial displacement of this node
can be calculated by solving Eq. 1. Hence, the input stiffness
kin along the actuation direction can be obtained according
to its definition as kin = |δx,18|−1. Similarly, by separately
applying a unit force vector F4 = [1, 0, 0] on the output
node 4©, the output stiffness along the actuation direction
can be determined using the resulting deformation δx,4 by
kot = |δx,4|−1. In addition, from the relationship in Eq. 1,
the first natural frequency fo of the system can be obtained as
the minimum values of f̂i satisfying

∣∣∣K− (2πf̂i)
2M
∣∣∣ = 0.

With respect to a FTS, the stroke and natural frequency
are two basic factors reflecting its working performance [35].
Moreover, a sufficient output stiffness is essentially required
to guarantee the turning stability [35], [36]. Taking advantage
of the theoretically derived input stiffness kin, amplification
ratio Ar, natural frequency fo, and output stiffness kot, the
multiple design objectives are weighted to be a mono-objective
optimization problem with the objective function being defined

by

minO = ω1

∣∣∣∣ kpdoArkp + kin
− ŝo

∣∣∣∣+ ω2

∣∣∣kot − k̂ot∣∣∣+ ω3

∣∣∣fo − f̂o∣∣∣
(3)

where the first term in the right side is the stroke for the
mechanism, kp = 100 N/µm and do = 15 µm are the stiffness
and nominal stroke of the PEA, respectively; ω1 = 2.8, ω2 = 1
and ω3 = 2 are the weights for the objectives. Considering
bandwidth of the power amplifier and nominal stroke of the
PEA, the desired stroke and natural frequency are set as ŝo=30
µm and f̂o=3.5 kHz, respectively. Since the normal cutting
force in diamond turning of micro-structured surfaces is in
the range of dozens or hundreds of millinewtons [37], [38],
the desired output stiffness is set as k̂ot = 10 N/µm to resist
the cutting forces.

TABLE I
OPTIMIZED STRUCTURAL PARAMETERS.

R mm ls mm lp mm tc mm ts mm α
1.3 4.6 8 0.4 0.4 0.37

The material for the design is spring steel with elastic
modulus, Poisson’s ratio, and mass density of 206 GPa, 0.26,
and 7.86 ×103 kg/m3, respectively. Considering dimensions
of the two types of flexure hinges and the relative positions
between these hinges as marked in Fig. 1 (b), there are
totally six structural dimensions to be determined, and an
indirect parameter α =

lg
lp

is defined to obtain lg from lp.
Therefore, a nonlinear optimization problem with multiple
variables is constructed for the FTS. Herein, an improved
differential algorithm is conducted for solving this problem,
and the convergent path for the optimization is shown in Fig. 1
(c). After optimization, the obtained structural parameters and
the corresponding performances of the optimized mechanism
are presented in Table I and Table II, respectively.

B. Finite element verification
To verify the analytically optimized structure, finite el-

ement analysis (FEA) using the commercial software AN-
SYS/Workbench modulus is conducted, and the mechanical
structure is meshed by the 3D tetrahedron element. Through
applying a force of 100 N on the input-end along the actuation
direction, the resulting static deformation of the mechanism
is illustrated in Fig. 2 (a). By means of the modal analysis
in FEA, the first mode shape is also obtained as shown in
Fig. 2 (b) with a natural frequency of 3321 Hz. The second
order natural frequency is simulated to be 17 kHz which is
much higher than the first natural frequency, suggesting that
it is beneficial for the FTS to maintain the desired dynamics
during turning. The FEA result is comparatively summarized
in Table II with that obtained by analytical model, and a good
agreement between them demonstrates the effectiveness of the
optimization as conducted.

One feature of FTS turning is its high frequency oscilla-
tion which leads the potential fatigue issue to be carefully
addressed during the design [35], [39]. Herein, the modified
Goodman approach using the equivalent stress is employed to
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(a) (b)

Fig. 2. Schematic of the piezo-actuated flexure mechanism, (a) the 3-D
assembled model, and (b) the mechanical structure of the actuation part
with equivalent nodes and elements.

evaluate the safety factor Sf of the optimized mechanism for
its fatigue life characterization. Under the static loading with a
maximum input displacement of 15 µm, the maximum stress
is simulated to be σm =340 MPa through FEA.

To investigate the fatigue behavior, the stress is assumed
to be harmonically varied between 0 and σm. Considering the
fatigue stress concentration factor Kf = 1.4, ultimate strength
σu = 1274 MPa, and endurance limit σe=700 MPa for the steel
[39], the safety factor Sf is determined by [21]

Sf =

(
Kfσm

2σe
+
Kfσm
2σu

)−1
(4)

which leads to Sf ≈ 1.9 > 1, demonstrating an infinite fatigue
life of the optimized mechanism [21].

Note: The optimized result exhibits a good comprehen-
sive working performance, and it is acceptable to perform a
high quality diamond turning for the generation of micro-
structured surfaces. More practically, if necessary, different
balances between those conflict design targets can be realized
to achieve any specified working performances through tuning
the target weights in Eq. 3.

TABLE II
PERFORMANCES OF THE OPTIMIZED STRUCTURE.

kin N/µm kout N/µm fo Hz Ar

Anal. 28.32 4.63 2949 1.91
FEA 29.12 6.06 3321 1.81
Error 3.06% 23.60% 11.20% 5.52%

III. CONTROL SYSTEM DESIGN FOR THE FTS

Although the hysteresis is widely compensated for piezo-
electrically actuated nanopositioning stages, less attention was
paid on that of the piezoelectrically actuated FTS [40]. Cur-
rently, the inverse hysteresis model based feedforward com-
pensation is the most popular way to deal with the hysteresis,
and it requires high accurate modeling and identification of
the complex hysteresis. However, the state-of-the-art hysteresis
models are still insufficient to describe this nonlinear behavior
covering a wide frequency spectrum. Inspired by the work
in Ref. [41], [42], the linear nominal model based DOB is
employed to compensate for the hysteresis through treating it
as an external disturbance imposed on the linear system.

A. Dynamics modeling of the FTS
Considering the coupled effect between the mechanical

structure and actuation system, the electromechanical dynam-
ics model of the FTS is constructed to facilitate the design
of its control system. Considering the amplification of the
mechanism, the dynamics equation for the input end can be
expressed by

mẍin(t) + cẋin(t) + kinxin(t) = Fp (5)

where m and c are the equivalent moving mass and damping
coefficient, respectively; and Fp is the driving force generated
by the PEA.

Considering the hysteresis of the PEA, the relationship
between the input voltage and actuation force is decomposed
into a linear term and a nonlinear hysteresis term, namely

Fp = kpΛuin(t) + h̄(t) (6)

where h̄(t) denotes the nonlinear hysteresis force which can be
modeled through any differential or operator based hysteresis
models, and Λ is the equivalent piezoelectric coefficient.
In general, the nonlinear hysteresis is demonstrated to be
bounded, that is |h̄(t)| ≤ h̄m := sup |h̄(t)| [41].

By approximating the PEA as an equivalent capacitance Cp
with a resistance Rp, the relationship between the command
voltage u(t) and the driving one uin(t) amplified by the power
amplifier can be expressed by

Ra

[
Cpu̇in(t) +

uin(t)

Rp

]
+ uin(t) = Kau(t) (7)

where Ra and Ka are the equivalent resistance and amplifi-
cation gain of the power amplifier, respectively.

Since the second natural frequency is much higher than the
first one for the FTS, the output motion of the end-effector
can be obtained as y(t) = Arxin(t) for a wide range of the
working frequency. Through setting the bounded hysteresis
force as an external disturbance, the nominal transfer function
relating the end-effector motion and command voltage can be
linearly expressed by

Pm(s) =
Y (s)

U(s)
=

εω2
0

(1 + τs) (s2 + 2ξ0ω0s+ ω2
0)

(8)

where Y (s) = ArXin(s), ω0 =
√

kin
m , ξ0 =

√
c2

4mkin
, τ =

RaRpCp

Ra+Rp
, and ε =

kpλKaRpAr

(Ra+Rp)kin
.

B. Model based controller design
The control system for the FTS is illustrated in Fig. 3,

Besides the DOB, a typical PID controller with a dynamics
inversion based feedforward compensator is adopted for the
trajectory tracking. Since the DOB is to compensate for
the lumped disturbance imposed on the control system, the
hysteresis as well as the practical external disturbance from
the cutting process (i.e., cutting forces, machine vibrations,
etc.) can be compensated by the DOB. Considering that only
the cut-off frequency is to be tuned for the DOB, the proposed
control system is very convenient to be implemented for
engineering applications.
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Fig. 3. Schematic of the closed-loop system for the FTS.

(a) (b)Im

Re

Fig. 4. Schematic of the Nyquist diagram of the open-loop system.

1) Optimized PID control: The gain margin, phase margin
and crossover frequency of the open-loop transfer function are
the key performances for a control system from the viewpoint
of frequency domain analysis. Considering the sampling rate
Ω, the adopted PID can be expressed by

C(s) = ρ1 +
ρ2
s

+ ρ3
Ωs

s+Ω
(9)

where ρ1, ρ2, and ρ3 denote the proportional, integral, and
derivative gain for the PID controller, respectively.

In the Nyquist diagram, a given gain and phase margin can
determine a line as marked by l1 in Fig. 4(a). Considering
another line l2 which is tangent to the unit circle at a point with
a phase angle being of γ = π

4 −
φm

2 , the angular frequency ωx
which is at the intersecting point between the unit circle and
the line l2 separates the crossover frequency to be above the
line l2, namely ωc ≥ ωx. Therefore, assurance of the specified
gain and phase margin as well as the crossover frequency can
be transform to be the following geometry constraints [43]:

1) To assure the gain and phase margin, the Nyquist curve
of the open-loop system G(s) = C(s)Pm(s) should be
at the right side of the line l1.

2) To keep the crossover frequency be greater than the given
ωx, the Nyquist curve of the open-loop system G(s)
should be below the line l1 and above the line l2.

In this paper, the main design goal for the PID controller
is to maximize the low-frequency gain (i.e., the integration
gain) of the system to reject the low-frequency disturbance
and to minimize the steady error [43]. Assume the points on
lines li (i = 1, 2) can be expressed by f(x + iy, li) = 0, the
specified performance can be mathematically described as a
constrained optimization problem by [43]:

max ρ2 (10)

subject to

f (CL(jω)Pm(jω), l1) < 0 for ω > ωx
f (CL(jω)Pm(jω), l2) > 0 for ω > ωx
f (CL(jω)Pm(jω), l2) < 0 for ω ≤ ωx

(11)

In this study, the required gain and phase margin for the
optimization are set as gm = 1.5 and φm = 50 deg for
defining the line l1, and the crossover frequency is set as
ωc = 1000π rad. The linear constrained problem in Eq.
(10) can be easily solved by means of the simple linear
programming optimization through MATLAB.

2) Disturbance observer: The DOB structure is presented
in the highlightened block in Fig. 3, and P−1m denotes the
inversion of the nominal model for the FTS. The key for
the employment of a DOB is to design a low pass filter
Q(s), which is used to make the transfer function P−1m (s)Q(s)
proper as well as to guarantee the stability of the control
system [41], [44]. Considering the relative degree of the
system nominal model in Eq. 8, a third order Butterworth
low-pass filter is employed, which can be expressed by

Q(s) =
Nq(s, τqc)

Dq(s, τqc)
=

1

(τqcs+ 1) [(τqcs)2 + τqcs+ 1]
(12)

where τqc = 2π
ωqc

with ωqc > 0 being the cut-off frequency of
the filter.

With assistance of the DOB, the system output Y (s) sub-
jecting to a disturbance ds(s) can be obtained as

Y (s) =
(1−Q(s)) (Pm(s) +H(s))

1 + P−1m (s)Q(s)
ds(s) (13)

where H(s) denotes the modeling uncertainty, and P (s) =
Pm(s) +H(s) represents the practical model for the FTS.

Considering that Q(jω) ≈ 1 in the low frequency range
for the filter, the resulting output in terms of the lumped
disturbance and model uncertainties can be approximately
rejected for working in the low frequency range [45].

3) Feedforward compensation: Since the system hysteresis
nonlinearity is treated as the model uncertainty to be com-
pensated by the DOB, only a dynamics inversion based linear
feedforward compensator is adopted to improve the dynamics
response of the control system.

Accordingly, the compensator can be simply defined as

Fc(s) = P−1m (s)Qc(s) = P−1m (s)
Nq(s, τf )

Dq(s, τf )
(14)

where Qc(s) := Q(s, τf ) is a third-order Butterworth low-pass
filter defined in Eq. 12 with a cut-off frequency of ωf = 2π

τf
.

C. System stability
Since the feedforwad compensator does not change the

stability of the closed-loop system, we only focus on the
stability of the control system consisting of the PID and DOB
controllers. Considering the physical property of the piezoelec-
trically actuated compliant mechanism, the plant model P (s)
can be assumed to belong to a set of transfer functions P(s)
for which all the coefficients of its numerator and denominator
are positive. Taking advantage of this assumption, the robust
internal stability of the control system can be demonstrated
following the work done in Ref. [41], [45], [46]:
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Proposition 1: There is an upper boundary τ̂s > 0, for
all τqc ∈ (0, τ̂s) in Eq. 12, the closed-loop system is robustly
internally stable if the following three conditions are satisfied:

1) the closed loop system G(s) using only the PID controller
is stable, where G(s) is:

G(s) =
C(s)Pm(s)

1 + C(s)Pm(s)
(15)

2) the plant P (s) is minimum phase and stable;
3) Pf (s) is Hurwitz, where

Pf (s) := Dq(s, 1) +

(
lim
s→∞

P (s)

Pm(s)
− 1

)
Nq(s, 1) (16)

To check the stability of the control system, the first
condition in Proposition 1 is quite natural, and it can be
easily guaranteed during the design of the PID controller with
respect to the identified nominal model Pm(s). In common, it
is obviously true that the piezoelectrically actuated compliant
mechanism with high first mode gain is minimum phase and
stable [41].

Considering the fact that the mechanism for the FTS works
in the small elastic deformation region and the hysteresis
nonlinearity is usually less than 20% of the full motion span,
the following relationship can be obtained:

Rd := lim
s→∞

P (s)

Pm(s)
− 1 = lim

s→∞

H(s)

Pm(s)
∈ (−1, 1) (17)

Recall the employed third-order Butterworth filter in Eq. 12,
the term Pf (s) can be expressed as

Pf (s) = s3 + 2s2 + 2s+ (1 +Rd) (18)

Obviously, Pf (s) is Hurwitz and the control system is of
robust internal stability when a stable PID control system is
designed. It is noteworthy that the third condition can be
always guaranteed by adopting a proper filter, even for the
system subjecting to arbitrarily large uncertainties [46].

IV. EXPERIMENTAL TESTING

A prototype using spring steel is produced using the op-
timized structural dimensions. During testing, the FTS is
installed on a three-axial ultra-precision machine tool (Moore
Nanotech 450 UPL, USA) which is also used to conduct the
practical turning experiments as described in the following
section. The experimental setup is shown in Fig. 5.

To construct the FTS, a PEA with a nominal stroke of
15 µm is employed (PI P-887.51, Germany) together with
a corresponding power amplifier having a gain of 10 ± 0.1
(PI E617.001, Germany). The generated motion at the output
end is captured through a capacitive displacement sensor
(Microsense 5810 module with probe 5503, USA) with the
measurement range and bandwidth of 500 µm and 20 kHz,
respectively. A data acquisition board (NI PCI-6259, USA) is
adopted for the transfer and collection of the output command
and input displacement, respectively. With the feedback con-
trol, the Matlab/Simulink module in the Desktop Real-Time
environment is constructed to practically perform the designed
control algorithm.

(a) (b)1

2

3

4

FTS

Fig. 5. Experimental setup of the FTS, (a) the ultra-precision machine
tool with the installed FTS, and (b) an enlarged view of the FTS, where 1:
the workpiece installed on the spindle, 2: diamond tool, 3: piezoelectric
actuator, 4: capacitive sensor probe.
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Fig. 6. Characteristics of the frequency response function for the FTS.

A. The open-loop performance

By adopting a harmonic voltage from 0 to 10 V, the practical
stroke is measured to be around 18 µm. To identify the system
dynamics in Eq. (8), the frequency domain characteristic of the
FTS is measured through sweep excitation in the open-loop
mode. During the sweep excitation, the voltage amplitude of
the sweep command is 1 V, and the frequency linearly varies
from 10 Hz to 5 kHz.

Through fast Fourier transform of the sweep command and
the corresponding response, the resulting frequency response
function is calculated and further illustrated in Fig. 6. From
the amplitude-frequency response in Fig. 6, the first natural
frequency can be identified as ω0 = 2πfo with f0 = 3215 Hz
which shows a good accordance with the designed value (3321
Hz as obtained by FEA). Through tuning the resonant peak
and the phase changes, the system parameters in Eq. (8) are
identified to be ξ = 0.008, τs = 1.5× 10−4, and ε = 1.1013.
Therefore, the identified nominal model for the FTS can be
obtained as

Pm(s) =
4.5× 108

(1 + 1.5× 10−4s) (s2 + 323.2s+ 4.08× 108)
(19)

The resulting frequency response function for the identified
model in Eq. (19) is comparatively presented in Fig. 6. Overall,
the theoretical response matches well with the practically
measured one, suggesting that the identified nominal model
of the FTS is reliable for the controller design.
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B. The closed-loop performance

To construct the control system, the cut-off frequencies of
the filters for the DOB and feedforward compensator are set
as 800 Hz and 2 kHz, respectively. With assistance of the
identified model, the PID controller is optimized to be:

C(s) =
0.28(s2 − 3.4× 104s+ 5.3× 108)

s(s+ 5× 104)
(20)

To investigate the trajectory tracking capability of the FTS, a
harmonic signal with a frequency of 100 Hz and an amplitude
of 5 µm is employed as the desired motion. The tracking
performances of the control system using three controllers in-
cluding the PID, PID with feedforward compensator (denoted
as PID+FC), and PID with feedforward compensator and DOB
(denoted as PID+FC+DOB), are comparatively studied, and
the tracking results for all the three conditions are illustrated
in Fig. 7 (a), and the corresponding tracking errors are further
presented in Fig. 7 (b).

As shown in Fig. 7 (b), the maximum tracking error for
the control system only using PID is about ±0.85 µm, and
it is then reduced to be about ±0.35 µm by conducting the
feedforward compensation. Tacking advantage of the DOB, the
tracking error for the designed control system (PID+FC+DOB)
is further decreased to be about ±0.18 µm which is only
about ±1.5% of the desired motion, showing an improvement
of about 78.8% and 48.6% when compared with the control
systems using only PID and PID with feedforward compen-
sator, respectively. Overall, the result as obtained demonstrates
the necessary and effectiveness of embedding the designed
feedforward compensator and DOB for the basic PID control
system.

With respect to a recently reported FTS in Ref. [18], an
adaptive terminal sliding mode controller was deliberately
designed for a similar piezo-electrically actuated FTS having
a stroke less than 10 µm and natural frequency around 6
kHz. The following error was reported to be ±2.5% for
tracking a harmonic motion with a frequency of 100 Hz.
The relative error is slightly higher than that obtained in
this study. Considering the fact that higher natural frequency
may lead to better dynamic tracking accuracy using the same
control strategy, the result well suggests the superiority of
the proposed control system by combining PID, feedforward
compensator and DOB.

To give a comprehensive evaluation of the dynamics of
the closed-loop FTS system, a sweep command with the
frequency ranging from 0 to 2 kHz is adopted to excite the
closed-loop system (PID+FC+DOB). Similarly, the resulting
frequency response function is calculated and illustrated in
Fig. 8. Overall, the amplitude frequency function exhibits a
relatively flat feature before 100 Hz. It will commonly lead to
a relatively small tracking error within this frequency range
which also shows a good accordance with the error observed
in the time domain in Fig. 7. Moreover, as shown in Fig. 8,
the working bandwidth of the FTS system is found to be 1730
Hz where an amplitude attenuation of -3 dB occurs.

Fig. 7. Tracking performance of the FTS without cutting, (a) the desired
and practical motions, and (b) the tracking errors.
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Fig. 8. The frequency response function of the close-loop system.

V. FTS TURNING OF MICRO-STRUCTURED SURFACES

To demonstrate the effectiveness of the constructed FTS
system, the practical turning of two typical micro-structured
surfaces are conducted based on the mentioned ultra-precision
machine tool as illustrated in Fig. 5. Considering the high
intensity of the surface micro-structures, the spindle rotates
with a constant speed of 15 rpm, and the x-axial slide
concurrently moves with a constant velocity of 5 µm/rev.
To generate the micro-structured surface, the FTS which is
fixed on the x-axial slide of the machine tool will precisely
actuate the diamond tool to follow the desired toolpath which
is deliberately determined based on the shapes of both the
diamond tool and desired surface.

Herein, a round edge natural single crystal diamond tool
(Contour Fine Tooling, UK) is employed with zero rake angle,
and the nose radius and clearance angle are 0.1 mm and 7o,
respectively. First of all, a harmonic micro-grid surface which
can be mathematically expressed in its local coordinate system
by z = S(x, y) = As cos(2πfsx) + As sin(2πfsy) is turned
using the FTS. The amplitude and spatial frequency for the
surface are As = 1.25 µm and fs = 5, respectively.

After turning, the generated surface is measured through
a white light interferometer based optical surface profiler
(Bruker ContourGT-X8, USA). The 3-D micro-topography of
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(a) (b)

(c) (d)

Fig. 9. Characteristics of the generated micro-grid surface, (a) the 3-
D micro-topography, (b) the projected 2-D view, and the cross-sectional
profile along the (c) horizontal and (d) vertical directions.

the resulting machined surface is illustrated in Fig. 9 (a), and
the projected 2-D view is further shown in Fig. 9 (b) featuring
uniformly distributed contours. The cross-sectional profiles
along the horizontal and vertical directions as marked in Fig.
9 (b) are further given in Figs. 9 (c) and (d), respectively. As
shown in Figs. 9 (c) and (d), the practically generated spatial
periodicity and structural height are measured to be 254.3
µm (∆X) and 5.1 µm (∆Z), respectively. The practically
obtained dimensional feature exhibits a good accordance with
the desired micro-grid surface which has a periodicity of 250
µm and a height of 5 µm, respectively.

Fig. 10. Tracking performance of the FTS in turning the harmonic micro-
grid surface, (a) the practical and desired tool motion, (b) the tracking
error, and (c) the output of the DOB.

Considering the cutting force as the external disturbance,
the practical tracking performance in turning the micro-
structured surface is further illustrated in Fig. 10 (a), and a
good agreement between the desired and practical motion is
observed, irrespective to the disturbance. The tracking error
and estimated voltage from the DOB are further shown in Figs.
10 (b) and (c), respectively. The voltage from DOB ranges
from -1.3 V to 0.35 V which is jointly caused by the external
disturbance and system hysteresis. Furthermore, the maximum

error is observed to be within ±0.07 µm during turning
which is about ±1.4% of the full motion range, demonstrating
that the control system is capable to conduct high accuracy
trajectory tracking under practical turning.

(a) (b)

(c)
(d)

Fig. 11. Characteristics of the generated micro-lens array, (a) the 3-D
micro-topography, (b) the projected 2-D view, and the cross-sectional
profile along the (c) horizontal and (d) vertical directions.

As another demonstration, a typical hexagonal spherical
micro-lens array is generated with the radius and height of
each lenslet being designed as 0.2 mm and 4 µm, respectively.
The same cutting parameters as that used for the micro-
grid surface are employed. Similarly, the resulting concave
micro-lens array and its corresponding 2-D projected view are
captured through the optical surface profiler and illustrated in
Figs. 11 (a) and (b), respectively. The radial cross-sectional
profile in Fig. 11 (c) shows that the relative distance between
centers of any two successive lenslets is about 171.8 µm,
and the maximum height difference along the circumference
direction is about 3.08 µm as shown in Fig. 11 (d). For
the hexagonal structure, the theoretical relative distance and
structure height can be calculated to be 173.2 µm and 3 µm,
respectively. Overall, the relatively small deviation between
the practical and desired profiles further demonstrates the
effectiveness of the designed FTS for diamond turning.

VI. CONCLUSION

In this paper, a piezoelectrically actuated fast tool servo
(FTS) is developed for the diamond turning of micro-
structured surfaces. With the FTS, a novel compliant mecha-
nism with one-stage amplification is designed for the support
and motion guidance of the diamond tool. With full consider-
ation of the purpose for micro/nanocutting, the multi-objective
optimization of the structural dimensions is conducted for the
mechanism, followed by further verification through the finite
element analysis from both static and dynamic aspects.

On basis of the identified system dynamics, a feedback
control strategy is developed for the FTS for which a PID
controller is primarily designed as the main controller through
maximizing the low-frequency gain with linear constraints
from the system gain margin, phase margin and crossover
frequency. Furthermore, a dynamics inversion based feedfor-
ward compensator and a disturbance observer are deliberately
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designed to work with the PID to improve the dynamic
response as well as to compensate for the system uncertainties.

With the optimized FTS, experimental test on the prototype
suggests that a natural frequency of 3215 Hz and a stroke of 18
µm are practically obtained. With the closed-loop system, the
maximum tracking error is observed to be about ±1.5% of the
desired motion span when tracking a 100 Hz harmonic signal,
which is only about 48.6% of the closed-loop system without
adopting the disturbance observer. Moreover, a closed-loop
bandwidth of about 1730 Hz is achieved from the frequency
response function of the control system.

Practical turning using the developed FTS is performed on
an ultra-precision machine tool to generate two typical micro-
structured surfaces. The maximum tracking error with cutting
force disturbances is examined to be less than ±1.4% of the
motion span, and the feature dimensions of the generated
micro-structured surfaces exhibit a good accordance with the
desired surface, well demonstrating the effectiveness of the
developed FTS for the generation of micro-structured surfaces.
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