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Featured Application: This study provides theoretical and technical references for the practical
development of a parallel piezoelectric impact drive mechanism. A controllable complex curve
motion can be realized by the method of using coupled motions.

Abstract: A two-degrees-of-freedom (2-DOF) linear piezoelectric impact drive mechanism (PIDM) is
actuated by two independent piezoelectric actuators (PAs). The coupled motion interactions of a two
orthogonal DOF linear PIDM with a single friction interface are introduced and analyzed. A complete
dynamic model of the 2-DOF PIDM is established with the Karnopp friction model considering the
distribution of friction in the x-axis and y-axis. The output displacements of the 2-DOF PIDM and
two corresponding independent 1-DOF PIDMs are investigated numerically. When the two input
exciting signals of a 2-DOF PIDM have the same driving voltage of 100 V with a duty ratio of 98% at
10 Hz and two 1-DOF PIDMs are driving under the same conditions, the step displacements in the
two axes of 2-DOF PIDM are improved compared to the corresponding 1-DOF PIDM. When the two
input exciting signals of a 2-DOF PIDM have the same driving voltages of 100 V with a duty ratio of
98% but the driving frequency is 10 Hz in the x-axis and 20 Hz in the y-axis, the results show that the
displacement of high frequency achieves a slight decrease and displacement of low frequency shows
a large increase compared to the two corresponding 1-DOF PIDMs.

Keywords: piezoelectric; coupled motion; simulation; motion interaction

1. Introduction

Because piezoelectric impact drive mechanisms (PIDMs) have a compact structure,
high positioning accuracy, and a long stroke, they have been widely used in the fields of precision
positioning [1,2]. Multiple-degrees-of-freedom (DOF) motions of stages and manipulators with PIDMs
can achieve flexible and wide control in actuators. Multi-DOF motions of PIDM can be designed
in two structures. The first kind of structure is the complex structure in series [3–5], for which the
motions are independent and their corresponding controls are relatively simple. The second kind
of structure is the compact structure in parallel [6–9], for which the motions often share a common
friction interface [6,8] that leads to a coupled motion when the motions are operated at the same
time [8,10]. Recent studies on parallel PIDMs have attained multi-DOF motions by using different
modes of vibration under ultrasonic driving [8,11–15], and studies on series PIDMs have achieved
multi-DOF motions by avoiding coupled motions [4,5,16]. However, there are few studies on the
coupled motion characteristics of the parallel impact PIDM [17,18].
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Establishing the dynamic model of parallel multi-DOF PIDMs is foundational to understanding
coupled motion interactions and estimating the influences on motion performances. PIDMs are usually
combined by three basic elements: piezoelectric actuator (PAs), a stage, and a slider. The working
process is a stick-slip motion with friction actuation under a sawtooth driving voltage signal [19].
In the dynamic analysis, the PA and stage are simplified as a spring–mass–damper lumped model,
and the slider is considered as a mass. The motion of the slider relies on the friction between the stage
and slider [20]. The friction force is nonlinear, so an accurate friction model is important to study
coupled motion interactions. Many friction models, such as the Coulomb, Karnopp, LuGre, Leuven,
and elastoplastic friction models, have been widely used in the friction analysis of PIDMs [21–25].
The Coulomb model is a basic static friction model that cannot describe friction when the relative
speed is zero. The Karnopp model is an improved static friction model that provides a simple manner
to avoid the detection of zero relative velocity by defining a zero velocity interval. Dynamic friction
models, such as such as the LuGre, Leuven, and elastoplastic models, have high accuracy and can
explain the presliding, Stribeck, and hysteretic effects, although the definitions of the model parameters
are difficult [26–30]. The Karnopp friction model is used for analysis when the precision is low.

In this paper, a 2-DOF parallel linear PIDM is considered as the research object. A simplified
model for the orthogonal motions of the PIDM is established and a two-dimensional extended Karnopp
friction model is introduced. Interactions of the orthogonal motions are investigated numerically by
simulations [31].

2. Structure Design, Working Process, and Dynamic Model Analysis

The proposed 2-DOF linear PIDM is shown in Figure 1a and is made up of two orthogonal PAs,
a stage, and a slider. According to present studies, the 2-DOF linear PIDM can be regarded as two
spring–mass–damper systems. The simplified system of the PIDM is shown in Figure 1b, where mpx is
the equivalent mass of the PA and stage in the x-axis, xp is the distance of the PA in the x-axis, xs is the
distance of the slider in the x-axis, kx is the stiffness of the PA and stage in the x-axis, cx is the damper
of the PA and stage in the x-axis, Fpx(t) is the equivalent driving force of the PA in the x-axis, fx is the
friction force in the x-axis, msx is the mass of the slider in the x-axis, mpy is the equivalent mass of the
PA and stage in the y-axis, yp is the distance of the PA in the y-axis, ys is the distance of the slider in the
y-axis ky is the stiffness of the PA and stage in the y-axis, cy is the damper of the PA and stage in the
y-axis, Fpy(t) is the equivalent driving force of the PA in the y-axis, fy is the friction force in the y-axis,
and msy is the mass of the slider in the y-axis [32,33].
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Figure 1. A two-degrees-of-freedom (2-DOF) linear piezoelectric impact drive mechanism (PIDM):
(a) Schematic diagram; (b) Simplified system.
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Kinematics equations of the 2-DOF orthogonal motions in the parallel 2-DOF PIDM can be
extended from the 1-DOF PIDM model [34] and expressed as

mpx
..
xp = Fpx(t)− cx

.
xp − kxxp − fx

msx
..
xs = fx

Fpx(t) = δxVx(t)
, (1)


mpy

..
yp = Fpy(t)− cy

.
yp − kyyp − fy

msy
..
ys = fy

Fpy(t) = δyVy(t)
, (2)

where the subscript x and y represent the two directions of motion and δ is the conversion coefficient
between Fp(t) and driving voltage V(t).

When the x-axis and y-axis motions of the 2-DOF PIDM are driven independently, there is no
coupled motion and the control is very simple. Taking the x-axis motion of 2-DOF PIDM as an example,
the working principle is shown in Figure 2. One working cycle can be divided into three parts: (1) initial
state: all components of the structure are still and they stay in their initial positions; (2) stick state:
with the slow rise of the driving voltage, the PA extends to a length of x1 and the stage moves along the
PA with the distance of x1 in a low speed as a result of the static friction force; (3) slip state: with the
sudden decrease of the driving voltage, the PA contracts back to its original position quickly. The stage
is adhered to the PA, so the stage moves back to its original position with a high speed. Because the
slider moves by the friction force between the contact surface of the stage and slider, the speed of
slider is less than the speed of the stage. Thus, the slider cannot catch the stage and it moves back
with a small displacement of x2. After the working cycle, the slider moves forward with a stepping
displacement of x1–x2. With repeated working cycles, the slider will move forward continuously.
When the driving voltage rises rapidly and falls down slowly, the slider will move backward [35].
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The working principle of the y-axis is similar to the x-axis motion when the 2-DOF PIDMs are
driven independently. Because the two motions share a common friction interface, the coupled motion
will exist when the two PAs are working together. The study of friction distribution and the value in
the x-axis and y-axis of a 2-DOF PIDM is very import. The Karnopp friction model is often used to
analyze the friction force in a 1-DOF PIDM, as shown in Figure 3. A zero velocity interval is defined
from −a to a; then, the Karnopp friction model [22] of a 1-DOF motion is described as follows:

f =


fcsgn(v), |v|> a

min( fe(t), fs), |v| ≤ a, fe(t) > 0
max( fe(t),− fs), |v| ≤ a, fe(t) ≤ 0

, (3)
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where fc is the Coulomb friction, fs is the maximum static friction, fe(t) is the external force, v is the
relative velocity of the friction interface, and a is a nonzero artificial parameter.
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By extending the Karnopp friction model in a 1-DOF PIDM and considering the friction
distribution in the x-axis and y-axis of a 2-DOF PIDM, the value of the friction in the two directions
satisfy the following formulations of a 2-DOF Karnopp friction model:

while
√
(

.
xp −

.
xs)

2
+
( .

yp −
.
ys)

2 > a

fx = f
.
xp−

.
xs√

(
.
xp−

.
xs)

2
+
( .

yp−
.
ys

)2

fy = f
.
yp−

.
ys√

(
.
xp−

.
xs)

2
+
( .

yp−
.
ys

)2

f = fc

, (4)

while
√
(

.
xp −

.
xs)

2
+ (

.
yp −

.
ys)

2 ≤ a

fx = f
..
xp√

(
..
xp)

2
+
( ..

yp

)2

fy = f
..
yp√

(
..
xp)

2
+
( ..

yp

)2

f =


ms

√( ..
xp
)2

+
( ..

yp

)2
, ms

√( ..
xp
)2

+
( ..

yp

)2
≤ fs

fs, ms

√( ..
xp
)2

+
( ..

yp

)2
> fs

, (5)

where f is the friction between the slider and stage.

3. Numerical Simulation Processes

Assume that the spring-mass-damper system of the PA and stage has a resonant frequency of
1 kHz and a mechanical quality factor Q of 50. Through the flexure hinge amplifier based on the
principle of triangle amplification, the final output displacement of one PA can be amplified to 60 µm
with a driving voltage of 100 V. The driving force of the PA can be measured by the theory of spring
deformation force; thus, the conversion coefficient δ can be calculated to −0.6 N·V−1. The resonant
frequency and damper ratio can be calculated according to the formulas based on free vibration
as follows:

fr =
1

2π

√
k

mp
, (6)
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ξ =
1

2Q
=

c
2
√

kmp
(7)

where fr is the resonant frequency, k is the stiffness of the PA and stage, mp is the equivalent mass of
the PA and stage, c is the damper of the PA and stage, and ξ is the damping ratio.

Structural parameters of the PIDM were assumed equal in the x-axis and y-axis. By choosing an
appropriate slider, the parameters for numerical simulation were calculated and are listed in Table 1.

Table 1. Parameters of the parallel 2-DOF linear PIDM.

Parameter Value Unit

mpx (mpy) 2.5 × 10−3 kg
msx (msy) 5.0 × 10−3 kg

kx (ky) 1.0 × 106 N·m−1

cx (cy) 3.2 N·s·m−1

δx (δy) −0.6 N·V−1

fs 1.2 N
fc 1.0 N
a 1.0 × 10−6 m·s−1

With these simulation parameters, the simulation blocks were established (Figure 4) according
to the abovementioned kinematics equations [36]. The whole simulation block used a subsystem
module, which included a relay module, a saturation module, and a logical operator module. Thus,
it could distinguish the friction force when the system was driving under different speeds. The relay
module was used to judge whether the slider was sliding on the contact surface between the slider and
stage. Because the stage and PA were tightly adhered, the speed of the stage and PA were assumed
to be equal. If the relative speed between the slider and PA was beyond the velocity range of a in
the Karnopp friction model, the sliding friction was chosen in the kinematics equations. The sliding
friction was usually equal to Coulomb friction, and if the relative speed between the slider and PA
was in the velocity range of a, the static friction was chosen and used with the kinematics equations
according to the logical operator module. The saturation module was used to judge whether the
calculated static friction exceeded the maximum static friction. If the calculated static friction was
greater than the maximum static friction, the maximum static friction was chosen. If the calculated
static friction was less than the maximum static friction, the calculated static friction was chosen and
used with the kinematics equations.
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4. Simulation Results and Discussions

The output displacements of the PA and slider in the direction of the x-axis and y-axis of the 2-DOF
PIDM were compared to the output displacements of the PA and slider of the two corresponding
independent 1-DOF PIDMs in order to analyze the coupled motion interactions. The PAs were actuated
by sawtooth driving voltage signals. The curves of output displacements of the PA in the direction
of the x-axis and y-axis in the 2-DOF PIDM are shown as curve-dpx and curve-dpy, respectively.
The output displacement curves of the PA are the periodic sawtooth curves (dotted curves), which are
similar to the driving signals. The output displacement curves of the slider in the direction of the
x-axis and y-axis in the 2-DOF PIDM are shown as curve-dsx and curve-dsy, and the output curves
are usually the stepping curves (solid curves). The output displacements of the PAs and sliders in
the two corresponding independent 1-DOF PIDMs are curve-dp1, curve-dp2, curve-ds1, and curve-ds2,
respectively. The curve-dp1 and curve-ds1 correspond to the curves of the 2-DOF PIDM (curve-dpx

and curve-dsx), which was driven by the x-axis alone. The curve-dp2 and curve-ds2 correspond to
the curves of the 2-DOF PIDM (curve-dpy and curve-dsy), which was driven by the y-axis alone.
According to the above principles, curve-dpx and curve-dp1 are the same dotted curves, and curve-dpy

and curve-dp2 are the same dotted curves.
In order to verify the correctness of the friction distribution in the two orthogonal coupled motions,

the 2-DOF PIDM was excited by a driving voltage of 100 V at a frequency of 10 Hz with a duty ratio of
98% in the direction of the x-axis and a driving voltage of 0 V at a frequency of 10 Hz with a duty ratio
of 98% in the direction of the y-axis. In addition, one of the two corresponding independent 1-DOF
PIDMs was excited by a driving voltage of 100 V at a frequency of 10 Hz with a duty ratio of 98%,
and the other was excited by a driving voltage of 0 V. The results of the mentioned eight curves are
shown in Figure 5a. The 2-DOF PIDM was driven by a voltage of 100/

√
2 V at the frequency of 10 Hz

with duty ratio of 98% in both the direction of the x-axis and y-axis. Simultaneously, one of the two
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corresponding independent 1-DOF PIDMs was driven by a voltage of 100 V at a frequency of 10 Hz
with duty ratio of 98%, and the other was driven by a voltage of 0 V. The results of the mentioned eight
curves are shown in Figure 5b.
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PIDM is
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2 times than that of the 2-DOF PIDM in the direction of the x-axis (y-axis).

The results in Figure 5a show that curve-dpx and curve-dp1 are the same sawtooth curves, and the
results of curve-dsx and curve-ds1 are the same output stepping displacement curves. All curves
in the y direction and the corresponding 1-DOF PIDM are horizontal lines with a magnitude of 0.
The results in Figure 5b show that curve-dpx and curve-dpy are the same sawtooth curves (dotted
curves), and curve-dsx and curve-dsy are also the same sawtooth curves (solid curves). Figure 5b
shows that the maximum value of curve-dp1 is about

√
2 times than that of curve-dpx (in one cycle),

and the maximum value of curve-ds1 is about
√

2 times than that of curve-dsx (in one cycle). The results
indicate that the two-dimensional extended Karnopp friction model in the 2-DOF parallel linear PIDM
is correct.

The 2-DOF PIDM was driven at a frequency of 10 Hz with a voltage of 100 V and a duty ratio of
98% in both the x-axis and y-axis directions. At the same time, the two corresponding independent
1-DOF PIDMs were driven at the same conditions. The results of the mentioned eight curves are shown
in Figure 6. The output of slider was important and was analyzed. The results show that the average
stepping displacements of the slider for the 2-DOF PIDM in the two axes (curve-dsx and curve-dsy) are
both about 19.5 µm, but the average stepping displacement of the two 1-DOF PIDMs (curve-ds1 and
curve-ds2) are both about 6.0 µm. In the parallel 2-DOF PIDM, the backlash displacement of the slider
was decomposed, and the stepping displacement in the two axes was improved in a circle.
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Figure 6. Results of two directions in the 2-DOF PIDM and the two 1-DOF PIDMs driven at the same
driving signal.

The two directions of the 2-DOF PIDM were driven at the same frequency of 10 Hz with a duty
ratio of 98%, but the driving voltage was 100 V in the direction of the x-axis and 50 V in the direction
of the y-axis. At the same time, one of the two corresponding independent 1-DOF PIDMs was excited
by a voltage of 100 V at a frequency of 10 Hz with a duty ratio of 98%, and the other was excited by a
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voltage of 50 V at a frequency of 10 Hz with a duty ratio of 98%. The results of the eight curves are
shown in Figure 7. The average stepping displacements of the slider for the 2-DOF PIDM in the two
axes (curve-dsx and curve-dsy) are about 10.8 and 5.8 µm, while the average stepping displacements of
the two 1-DOF PIDMs (curve-ds1 and curve-ds2) are about 6.0 and −3.3 µm. The 2-DOF motions are
quite different from the corresponding 1-DOF motions.
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two 1-DOF PIDMs driving at the corresponding conditions.

The two directions of the 2-DOF PIDM were excited by the same driving voltage of 100 V with a
duty ratio of 98%, but the driving frequency was 10 Hz in the direction of the x-axis and 20 Hz in the
direction of the y-axis. At the same time, one of the two corresponding independent 1-DOF PIDMs
was excited by a driving voltage of 100 V at a frequency of 10 Hz with a duty ratio of 98%, and the
other was excited by a voltage of 100 V at a frequency of 20 Hz with a duty ratio of 98%. The results of
the eight curves are shown in Figure 8. The average stepping displacements of the slider for the 2-DOF
PIDM in the two axes (curve-dsx and curve-dsy) are about 23.8 and 43.1 µm, while the average stepping
displacements of the two 1-DOF PIDMs (curve-ds1 and curve-ds2) are 6.0 and 44.3 µm. It is obvious
that the high frequency motion achieves a slight decrease and the low frequency motion obtains a
large increase.
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the two 1-DOF PIDMs driven at the corresponding conditions.

The results from Figures 6–8 indicate that the coupled motion interactions of the 2-DOF parallel
linear PIDM are complex and they are not a simple superposition of double 1-DOF motions.

5. Conclusions

This paper presents the coupled motion interactions of a 2-DOF parallel linear PIDM with a single
friction interface. The complete dynamic model with the Karnopp friction model was established
to analyze the distribution of friction force in the orthogonal directions. With different relationships
of the two sawtooth driving signals, the influences of the coupled motion interactions on the 2-DOF
PIDM’s performance and the two independent 1-DOF PIDMs are contrasted through numerical values.
The results show that when the driving voltage or driving frequency is different in the two directions
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of the parallel 2-DOF linear PIDM, the value of the stepping displacement of the slider will change,
and even the motion direction can turn over compared to the corresponding 1-DOF PIDM. The results
mean that by using the coupled motion, the complex motion curves can be synthesized by the two
directions of the 2-DOF parallel PIDM. This study provides theoretical and technical references for
the practical development of a parallel piezoelectric impact drive mechanism. Thus, a controllable
complex curve motion can be realized by a parallel piezoelectric impact drive mechanism.
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