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ABSTRACT A vertical inertial nanostep piezoelectric drive is considered. A virtual model was created, and the
operating modes of a real drive were studied by numerical experiment. Piezo electromechanical resonance
was discovered and a method to eliminate resonant vibrations by increasing electrical losses in the discharge
circuit of the piezo actuator capacitance was proposed. A satisfactory agreement between the calculated and
experimental data for the drive steps in the nanometer displacement range was obtained.
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1. Introduction

Due to the development of nanotechnology, precision mechanical scanning, positioning and manipulating systems
with nanometer accuracy are of great interest. There are various approaches to the implementation of nano movements
based on the use of purely mechanical systems, such as a lever, differential screw or a “soft spring-rigid membrane” type
gearbox, as well as systems based on electromagnetic and piezoelectric nano drives. The nanometer step value imposes
special requirements on their protection of such systems from thermal drifts, acoustic, mechanical and electromagnetic
noise. In some cases, there are also restrictions for the size of nano movement systems and special requirements for
their operating conditions (low temperatures, ultrahigh vacuum). In this regard, piezoelectric drives are of particular
interest [1-4]. Indeed, since piezoelectric actuators (PA) generate small mechanical displacements in the range of 1 —
100 microns, positioning and manipulation systems based on them have high accuracy of ~ 1 — 10 nm, and due to the fact
that in PA the energy of the electric field is directly converted into mechanical displacement, they are simple, compact and
relatively high rigidity and, as a result, they have good protection against thermal drift and external mechanical vibrations.
Piezoelectric drives are usually divided into three groups: resonant drives in which vibrations in the ultrasonic frequency
range are transmitted through a friction coupling to a moving element [5—10], stepper drives operating in a quasi-static
mode when the drive supports are alternately pressed against a fixed base during compression/stretching of the PA [1,11]
and, finally piezo-inertial drives, the movement of which is determined by the ratio between the friction force and the
inertia force [12—15]. Inertial stepper piezoelectric drives, which will be called below as inertial drives (ID) for simplicity,
are based on the electromechanical system consisting, as a rule, of a PA and a slider sliding along the rod. There are
ID in which the PA is connected to a fixed base or moves along with the slider [16]. In this paper, the first option is
considered. A qualitative explanation of the effect of moving the slider along the rod is based on the fact that the slider
with a mass of M located on the rod moves with it during the smooth movement of the rod and slips due to inertia with
a sharp acceleration of the rod. Thus, by applying asymmetric voltage control pulses with slow and fast fronts to the PA,
leading to a slow elongation (compression) of the PA and subsequent rapid compression (elongation) to its original size,
it is possible to move the slider step by step along the rod. There are known ID with both horizontal and vertical rod
arrangement, having the same operating principles and differing in the fact that in the vertical ID, there is an additional
clamping of slider to the rod. The stage of movement, when the slider moves along with the rod, and their relative velocity
is zero, has a stable term in the literature — Stick (sticking). The stage when the relative velocity of the rod and slider is
different from zero and slippage occurs has the term Slip. The paper considers an ID with a vertical rod arrangement.
The reason is as follows. When moving up and down along the axis of the rod, only gravity and friction force Fj; act on
the slider, its acceleration in the up direction ay, and in the down direction agows in the inertial coordinate system (ICS)
relative to the fixed base is determined by expressions (2) and (2), respectively:
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where mygjiger 1 the slider mass, N is the reaction force of the support, 1 is the coefficient of friction, g is the acceleration
of gravity, Fijamp is the clamping force.

As follows from these expressions, the amount of slider acceleration in the ISC is limited. Thus, the slider can move
up or down with the rod (Stick phase) only if the acceleration value of the rod does not exceed the threshold values of
the air, or down, and, as follows from the expressions (1, 2), ay, < @gown. If the absolute value of the rod acceleration
exceeds the threshold value, then the slider will slip along the rod (Slip phase) [17, 18]. When slipping, the slider has a
velocity in a non-inertial coordinate system (NICS) relative to the rod, directed opposite to the acceleration of the rod in
the ICS. At all times when the rod is moving, the frictional force acting on the slider is a thrust force for it. This fact
is important for understanding the nature of the slider movement. Of course, the quantitative ID model must take into
account the detailed shape of the control pulses, the mechanical resonant frequency of the structure, the friction force in
the rod-slider pair, and energy losses in the “PA-rod-slider” oscillatory electromechanical system. In [15], a study of the
operation of the ID was conducted and it was shown that the trajectory of the slider depends on a combination of various
factors. In [19,20], the influence of the shape of the pulse on the movement of the slider was investigated. In [18,21],
the attention is paid to trajectories containing sections where the slider moves in the direction opposite to the direction
of movement of the rod and the results of modeling of such trajectories are presented. It was shown in [22] that the
ID can work even under the control of symmetric control pulses. Note that in some cases, for example, when moving
over long distances, it is important to have a relatively high speed of the slider moving under the action of a sequence of
pulses. To increase the ID speed, it is necessary to minimize the intervals between the control voltage pulses. However,
with an increase in the frequency of repetition of control pulses, it is necessary to take into account the finiteness of the
relaxation time of vibrations arising in the electromechanical system in response to a sharp excitation from a short front
of the control pulse. The presence of vibrations was already noted in one of the first works on ID [23]. Vibrations caused
by strong high-frequency harmonics of sawtooth and cycloidal control signals were noted in [24]. These vibrations affect
the movement of the slider under the control of a sequence of pulses, but they can be ignored if the vibrations fade out
in the time intervals between pulses [25]. Therefore, for the stable operation of the precision displacement system, it is
necessary to coordinate the frequency of the control pulses with the attenuation time of vibrations occurring in the ID.
Thus, despite the simplicity of the design and ease of operation, the trajectory of the slider in the ID can have a rather
complex appearance, since it depends on many factors. It is clear that in order to carry out movements in increments of
several tens of nanometers, which, generally speaking, corresponds to a distance separating only about a hundred atoms
in a solid, a special “smart setting” of the ID is required. At the same time, it is useful to have preliminary calculated data
obtained on the basis of an adequate model of a real ID [13,26].

In this paper, we build the model, and use it for investigation the trajectories of movement of the rod and slider in
the ICS (relative to a fixed base) and the trajectory of movement of the slider in the NICS (relative to a fixed rod). We
also calculate the step value of the real ID depending on the amplitude and shape of the sawtooth control pulse and the
clamping force of the slider to the rod. Also, the step value of the real ID is measured experimentally, depending on the
shape of the control pulse and the calculated data are compared with experiment.

2. The design of the inertial stepper piezoelectric drives and the scheme of the experiment

The appearance and layout of the vertical ID are shown in Fig. 1(a,b,c), respectively.

A titanium rod (2) is fixed on the PA (1), to which a slider (3) is pressed. In cross-section, the rod has the shape of
a triangle (Fig. 1(c)). The slider surface, which has the shape of a two-sided angle, is pressed against two flat surfaces of
the corresponding dihedral angle on the rod using an elastic clamp (4) mounted on the slider. A fluoroplastic washer is
installed in the contact area of the elastic element with the rod to reduce friction, so that the main friction acts between
the surfaces of the rod and the slider. The slider design consists of several parts. The part of the slider in contact with the
rod is made of titanium. Due to the triangular shape of the rod, the slider has one degree of freedom and can only move
along the axis of the rod. A multilayer piezoelectric package (PP) (Pst150/5x5/7H) was used as a surfactant. The rod is
connected to the PP through a thin layer of epoxy glue.

The general scheme for measuring the steps of the ID is shown in Fig. 2. To control the PP, a simple scheme for
forming sawtooth control pulses based on an electronic key in the form of a field-effect transistor is used, the input of
which is supplied with a sequence of rectangular pulses (Fig. 3). In the initial state, for the voltage at the input of the
circuit V' = 0, the transistor is closed, the capacitance of the PP is charged to a voltage V; = 50 V, and the PP is
stretched by 3.5 - 107 m. Under the action of an initial rectangular pulse with a voltage of V' = 12 V and a duration
of ty, the transistor opens, and the PP is discharged to zero, passing into the initial equilibrium state. Here ¢;, 2 are
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FI1G. 1. Appearance (a) and the scheme of the inertial nano step piezoelectric drive (b — front view, ¢ —
top view) 1 — piezo package, 2 —rod, 3 — slider, 4 — clamp

the times set for the formation of a control sawtooth pulse with long leading and short trailing edges. Under the action
of the leading edge, the PP slowly lengthens, and under the action of the trailing edge, it quickly contracts, returning
to an equilibrium position. To reverse the direction of movement of the slider, switching is provided (not shown in the
diagram) of the contacts at the input of the PP, leading to slow compression and rapid return of the PP to an equilibrium
state. When the transistor is closed, the PP with its own capacity of ~ 0.7 - 107° F is charged through the resistance
R1 = 2000 ohms, and when the transistor is open, the PP is discharged through the resistance Rs. Using such a simple
scheme, it is possible to control the step of the ID by changing the charging time of the PP ¢;, or changing the time of its
discharge by changing the resistance R>. In our experiment, the resistance of Ry varied from 1 ohm to 30 ohms. With a
sharp voltage jump from 50 V to zero and a corresponding sharp compression of the PP in the PP-rod oscillatory system,
damped resonant vibrations occur, depending on the quality factor of the system, and, thanks to the piezoelectric effect,
there will be mutual influence of mechanical and electrical vibrations. The time ¢y required for relaxation of resonant
vibrations and the transition of PP to an equilibrium state was determined experimentally and was ~ 2 ms. After the PP is
transferred to an equilibrium state, the piezoelectric package is charged during time ;. In our experiment, the time ¢; was
0.4 ms and 0.14 ms, which corresponded to the amplitude of 14 V and 5 V for the control sawtooth voltage pulse. Since
the charging time constant is as follows: 71 = R;C > t;, the leading edge of the voltage pulse on the PP has a close
to linear dependence on time, which leads to a corresponding smooth movement of the rod. The trailing edge is formed
when the capacitance of the PP is discharged through the resistance R» when the transistor is opened for the time ¢5. If
the capacitance of the PP had a purely electrical nature, then its charging or discharging would not be accompanied by
mechanical compression or stretching, and the trailing edge of the pulse would decay exponentially with a time constant
Ty = RyC = (1 +30) - 1075 s. However, as mentioned above, it is necessary to take into account the emerging resonant
vibrations, the attenuation of which will depend on the Q-factor of the oscillatory piezo electromechanical system. Using
simulation, it will be shown below how the shape of the trailing edge depends on the resistance Rs, which affects both the
discharge time of the PP and the Q-factor of the “PA-rod” oscillatory system.

Measurements of the ID step were carried out using the scanning probe microscopy (SPM) method. For this purpose,
the ID was included in the “home-made” SPM as a system for approaching the probe with the sample. The sample had a
smooth surface (roughness less than 1 nm) and was fixed on a slider. To measure the step value, the interaction between
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FI1G. 2. Diagram of the experiment on measuring the value of the ID step. 1 — inertial piezo drive,
2 — sawtooth pulse control circuit, 3 — sample, 4 — probe, 5 — probe sensor, 6 — SPM scanner, 7 —
differential amplifier, 8 — integrator, 9 — amplifier, 10 — high voltage amplifier
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FIG. 3. Scheme of the ID calculation model 1 — piezo package, 2 — rod, 3-1 — slider (part in contact
with the rod), 3-2 — slider (part without contact with the rod)

the probe and the sample was captured, after which the feedback in the SPM tracking system was broken, and the probe
was withdrawn from the sample surface. Then the ID took a step, the tracking system turned on again, and the interaction
was re-captured. The step length i was measured at the same interaction signal between the probe and the sample as the
difference in positions of the SPM scanner before and after moving the ID under the action of a single control pulse [14]

h=a«a |UZn,+1 - UZn| ) (4)

where « is the sensitivity of the SPM scanner, Uz, is the voltage on the SPM scanner after the (n)-th step of the slider,
U.,,. is the voltage on the SPM scanner after the (n + 1)-th step. To measure the average value of a single step,
multiple one-step movements were performed under the action of a sequence of control pulses and a histogram of the size
distribution of steps was constructed. At the same time, the time t» was set so that the ID had time to relax after executing

the next step.

3. Description of the model

Figure 3 shows the ID model investigated by the finite element method using the COMSOL software package. Since
the slider moves only along one (vertical) spatial Z axis, a two-dimensional simplification of the three-dimensional prob-
lem is considered. The model includes a multilayer PP Pst150/5x5/7H and a sawtooth control pulse generation circuit
based on an n-type MOSFET field-effect transistor. The parameters of the transistor were chosen so that the calculated
shape of the control sawtooth pulse most closely corresponded to the shape of the real pulse, which was observed in the
experiment when charging and discharging a conventional electrical capacitance equal in value to the capacitance of the
used PP (C' = 0.7 uF). At the same time, the values of the main parameters corresponded to the default parameters set
in COMSOL, and the values of the parameters “Gate Length” and “Transconductance Parameter” were selected to be
1-107" mand 2 - 102 A/B?, respectively. The package consists of 40 layers of piezoceramic material PZT 5H with
a thickness of 0.17 mm, connected in parallel. The physical parameters of the PZT 5H were selected in the COMSOL
library. In this case, the value of the piezoelectric module es33 = 72 Kl/m? was set based on the data specified by the
manufacturer in the PP passport. The inductance L = 2 - 10~% H is also included in the electrical circuit. The inductance
L ~ 1-107% H is also included in the model, due to the conductive electrodes between the PP layers and the conductive
wires in the electrical circuit. The value of this constructive inductance was estimated from an experimentally measured
frequency f ~ 200 kHz in an electromagnetic oscillatory circuit with a known capacitance C' = 0.7 - 10 % F.

For a two-dimensional simulation of a three-dimensional slider, in the construction of which different materials
(titanium and steel) are used, the slider is made up of two parts rigidly connected to each other. The material of the part
in contact with the rod has all the properties of titanium, as does the rod. The density of the second part of the slider is set
so that the total weight of the slider is 10 g, which corresponds to its real weight. The titanium rod is rigidly connected to
the PP. The size of the rod and its weight embedded in the model correspond to the actual design of the ID. The slider is
pressed against the rod by an elastic element with the force of Fjamp. Dry friction contact interaction is enabled between
the surface of the rod and the slider. The friction at the point of contact of the elastic element with the surface of the rod
is neglected, since it is much less than the friction in contact of the slider with the rod. The rod and slider are modeled
as linear elastic materials, the calculations take into account the density, Young’s modulus and Poisson’s ratio for each
material.
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The ID model (Fig. 3) consists of a composition of several physical Comsol modules. The PP model is built using the
modules “Solid Meshes” and “Electrostatics” using a multiphysical combination of these modules “Piezoelectric Effect”.
The finite element method was used to calculate both the deformation field at each point of the model grid and the electric
field in the PP. The model of an electric circuit built with the help of the “Electrical Circuit” module using the “Terminal”
mechanism fully reproduces the electrical circuit shown in Fig. 3. The step pulse with a height of 12 V is supplied at the
input of circuit, and the time interval ¢; (¢; < R;C') before the start of the voltage surge corresponds to the time of the
open state of the transistor, when the PP is charging, and sets the amplitude of the control sawtooth pulse. The models
of the rod, slider and contact interaction between them are made using the “Multibody Dynamics” module. At the same
time, a rigid connection of the rod and the PP is implemented using the “Fixed Joint” element. For the rightmost border of
the rod and the leftmost border of the slider, a “Prescribed displacement” offset constraint is set along the horizontal axis.
The introduction of this restriction is due to the rigidity of the actual ID design. The contact interaction between the rod
and the slider is modeled based on the condition that the movement of the touching bodies occurs along one spatial axis
(vertical). Due to the limited information on contact interaction, the most generalized method of describing contact was
chosen using a lumped connection of the prismatic type “Prismatic Joint”, in which the movement of contacting bodies is
allowed only along one direction and any turns are prohibited.

The following equations were solved jointly:

1. The equation of motion in a form that takes into account mechanical vibrations in the system

A’z

P~ pwlr =V-8, (5)

where S is the stress tensor, w = 27 f, where fj is the mechanical resonance frequency.
2. Linear elasticity equation (linear relationship between mechanical stress and strain)

S=c:eg, (6)

where c is the stiffness matrix, ¢ is the strain tensor. Deformations are considered as engineering, which is an
acceptable approximation when linear changes in the size of objects are relatively small.
3. The electric field is additionally calculated for PP

E=-VV, )

R (EOET‘E) = Pu; (3

where E is the vector of the electric field, V' is the electric potential, ¢, is the dielectric constant of material, ¢ is
the dielectric constant of vacuum, p,, is the spatial charge density.
4. Equation for the dry friction force

Fy = —,uNi <1 — exp (_v|>> , &)
v o

where v is the velocity of the slider relative to the rod, p is the coefficient of friction, N is the normal reaction
force of the support, vg is the velocity, the value of which is small compared to the velocities in the system.
The minimum velocity v is introduced to ensure the continuity of the function by which the friction force is
calculated. This eliminates the mathematical problem associated with the discontinuity of the slider speed during
the transition from the sticking phase to the sliding phase. Considering that the minimum slider speed in our case
is~107% m/sec, the value for vg was ~ 5 - 1072 m/sec. The above formulation is the law of continuous friction
and describes both slip and stick, and thus completely replaces Coulomb’s law. Sticking is replaced by sliding
between touching bodies with a small relative velocity. This explains the slight slope of the slider trajectory
X (t), which always takes place under the influence of gravity. Therefore, within the framework of this model,
the resulting step is calculated at the moment when the slider speed relative to the rod becomes less than vg.
5. Equations describing the piezo effect in the “Stress-Sharge” formulation

T =cPS — ¢,E, (10)

D = ¢,S +¢0c°E, (11

where T is the mechanical stress tensor, S is the strain tensor, D is the electric displacement field (induction),
et is the relationship matrix (piezomodule), ¢ is the stiffness matrix, e is the relative permittivity matrix. The
values of the main parameters of the ID model are presented in Table 1.
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TABLE 1. The main parameters of the ID model

Name Value Units of measurement
PP dimensions 9x5x5 mm
Rod dimensions 25 x5x%x5 mm
Slider mass 10 g
Clamp force 1.2 N
Friction coefficient 0.25

Charge resistance R 2000 Q
Discharge resistance Ro 1-30 Q
Young’s modulus of PP (C3E3) 117 GPa
Piezo module of PP (e33) 72 C/m?
Density of PP 7500 kg/m?
Young’s modulus of titanium 112 GPa
Poisson’s ratio of titanium 0.32

Density of titanium 4505 kg/m?
Young’s modulus of steel 200 GPa
Poisson’s ratio of steel 0.3

Density of steel 7850 kg/m?3
Voltage Vj 50 v
PP charging time (¢;) 0.4,0.14 ms

4. Simulation results, comparison with experiment

Let’s analyze the dependence of the slider trajectory and the step size on the shape of the control pulse in the case of
slider steps direction upward. Fig. 4(a,b) shows the shape of the control voltage pulse at the input of the PP for various
resistance values Ry. Fig. 5(a,b) show the trajectories of the rod and slider, respectively, in the ICS relative to the fixed
base. As mentioned above, a small slope in the dependence of the slider offset on time, which occurs after the end of the
control pulse in the ICS (Fig. 5(b)), should not be taken into account, since it is an artifact of the model. Figs. 6(a,b) show
the speed of the slider and the movement of the slider, respectively, in NICS (with relation to a rod). Under the action of
a linearly increasing leading edge (Fig. 4(a)), the PP linearly expands, which leads to a smooth linear movement of the
rod upwards in the ICS by ~ 800 nm (Fig. 5(a)) with acceleration and deceleration at the beginning and at the end of the
linear movement, causing a slip phase. Slippage leads to the fact that the slider lags behind the rod and has a nonlinear
dependence of movement on time (Fig. 5(a)). As can be seen from Fig. 6(b), the slider descends downwards relative to
the fixed rod by ~ 600 nm. As a result, under the action of the slow leading edge of the sawtooth voltage, the slider rises
only by ~ 200 nm in the direction of the fixed base (Fig. 5(b)).

Changing the resistance of R changes the constant 75 and affects the shape of the trailing edge of the control
pulse. At small resistances Rs (1 and 5 ohm), there is a rapid discharge of the PP capacitance, which leads to its sharp
contraction, causing the excitation of electromechanical resonance oscillations with exponentially decaying amplitude
in the system “PP-rod”. Fig. 5(a) observes the resonant oscillations of the rod at 30 kHz, while Fig. 4(b) shows the
corresponding voltage oscillations on the PP. The resonant oscillation of the rod produces slip, which is confirmed by the
appearance of the slider’s velocity relative to the stationary rod in the NICS (Fig. 6(a)). The change in sign of velocity
observed in Fig. 6(a) means that the slider slips both up the rod (positive sign of velocity) and down the rod (negative
sign). For example, with Ry = 1 ohm, when the rod is first sharply lowered downward maximally, the slider moves
upward maximally by ~ 1400 nm relative to the stationary rod due to slip. Then, as a result of several oscillations of the
rod with damped amplitude, the slider periodically slips up and down the rod, dropping to ~ 650 nm (Fig. 6(b)), and stops
at ~ 110 nm above the fixed base in the ICS, i.e., the resulting step of slider movement is ~ 110 nm. Note that in the
case of fast discharge of the PP and low losses in the discharge circuit (22 = 1 and 5 ohm), the voltage on the PP changes
sign, (Fig. 4(b)) and the rod passes through the equilibrium position in the ICS during oscillation (Fig. 5(a)).
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FIG. 4. The shape of the control voltage pulse at various resistances Ry. a — is the entire pulse, b — is
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When Rs is increased (10, 20, 30) ohms, the character of the change in the voltage across the PCB and the rod
displacement changes. Now there are no oscillations and there is an exponential in time decrease of the voltage on the
PCB and corresponding exponential in time displacement of the rod to the equilibrium position (Figs. 4(b), 5(a)). The
exponential decline is explained, firstly, by the fact that as the resistance increases, the Joule losses in the PP discharge
circuit also increase and, consequently, the goodness of the piezo electromechanical oscillating system decreases. Second,
as Rs increases, the discharge time constant 7, increases, and the PP contracts more smoothly, so that resonant oscillations
with appreciable amplitude are not excited, or are quickly damped. We attribute the observed steps on the exponential
tails to the manifestation of the piezo effect. As can be seen from Fig. 6(a), in this case the slider velocity does not change
sign and the slip is only one way up the rod without oscillation. At resistance Ry = 30 ohm, under the action of the
trailing edge of the control pulse, the slider acquires a velocity in NICS relative to the stationary rod, which, however,
does not change sign, and slippage occurs only one way up the rod without oscillation. As a result, under the action of
a fairly smooth trailing edge (R2 = 30 ohm) when the rod is lowered, the slider slips ~ 700 nm up the rod (Fig. 6(b))
and stops ~ 120 nm above the fixed base in the NICS (Fig. 5(b)). Thus, despite the different nature of slider movement
along the rod at Ry = 1 ohm and R5 = 30 ohm, the resulting slider pitch appears to be approximately the same and equal
to 110 and 120 nm, respectively. In the case of Ry = 10 ohm, due to a rather sharp voltage drop on the PP (Fig. 4(b))
and a sharp downward movement of the rod without oscillations in the ICS (Fig. 5(a)), there is a strong slip of the slider
up the rod by ~ 800 nm (Fig. 6(b)) practically without rolling down, so that the resulting slider step has a value equal to
~ 200 nm (Fig. 5(b)).

We consider the optimal trajectory of the slider to be one where there is no oscillation of the slider relative to the rod
and the time for the rod to return to the equilibrium state is minimized. Indeed, the absence of oscillations reduces the
length of the trajectory of the slider movement along the rod and, consequently, reduces wear and heating of the surface,
and the reduction of the relaxation time allows to reduce the intervals between steps, which is important for increasing
the movement speed. In our case, as can be seen from Figs. 5,6, the optimum trajectory takes place when the resistance is
as follows: Ry = 10 ohm. Fig. 7 shows the histogram of the distribution of the value of ID steps obtained at the optimal
trajectory of the slider.
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F1G. 7. Histogram of the distribution of ID steps at Ry = 10 Ohm

Figure 8 shows the calculated and experimental curves obtained for the slider pitch value as a function of resistance
Rs. Tt can be seen that the calculated and experimental curves have close maximum values, h = 220 nm at R = 7 ohm
and h = 205 nm at Ro = 10 ohm, respectively, which confirms the adequacy of the constructed model.

Figure 9 demonstrates the trajectory of the slider in the ICS relative to the fixed base as a function of the clamping
force. It can be seen that when the clamping force increases, the slip of the slider on the slow edge of the sawtooth control
pulse decreases and the slider practically does not lag behind the displacement of the rod in the ICS. Indeed, at a clamping
force of 120 g, the slider moves ~ 200 nm in the ICS relative to the fixed base (Fig. 9), while the rod moves ~ 800 nm
(Fig. 5(a)), indicating that the slider lags significantly behind the rod as a result of slippage. However, at a clamping force
of 400 g, the slider practically moves with the rod as its displacement is ~ 800 nm (Fig. 9), indicating negligible slippage.
At the same time, the displacement step also increases from ~ 200 to ~ 800 nm. Thus, we can see that by increasing the
clamping, it is possible to reduce the slip under the action of the slow edge of the control pulse and to increase the length
of the ID step. Of course, it should be remembered that increasing the pressure increases the wear of the rubbing surfaces,
which can impair the reproducibility of the ID steps. In addition, increasing the pressure will reduce the slippage under
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FIG. 9. Trajectories of the slider in the ICS relative to the stationary base at different pressing force

the action of the fast trailing edge, which will reduce the value of the ID step, and if the pressure is too high, it will stop
the operation of the ID altogether.

The slider displacement step can also be controlled by changing the amplitude of the sawtooth voltage of the control
pulse. Fig. 10 shows the results of calculating the rod, slider and slider displacement step size in the ICS with resistance
Ry = 10 ohm, but under the action of a sawtooth control pulse with a smaller amplitude, formed by decreasing the time
t1 from 0.4 to 0.14 ms. It can be seen that reducing the amplitude of the control sawtooth pulse from 14 to 5 V results in
a decrease in the step size from ~ 200 to ~ 30 nm.

5. Results and conclusions

The design and numerical model of a vertical ID controlled by sawtooth voltage pulses with slow leading and fast
trailing edges are proposed. The control pulses are generated by a simple circuit based on an electronic key by charg-
ing/discharging the electrical capacitance of the PA at a large charge time constant and a small discharge time constant.
Using the finite element method, the trajectories of the rod and slider movement and the step size of the vertical ID de-
pending on the amplitude and shape of the sawtooth-shaped control pulse and the force of the slider pressure on the rod are
investigated. It is found that inertial slippage in the friction pair “slider-rod” occurs both at the fast and slow fronts of the
control pulse. A piezo electromechanical resonance in the system “PA-rod-slider”, which is excited by a sharp discharge
of PA capacitance and causes harmful oscillations of the slider, is detected. It is shown that it is possible to eliminate
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the control sawtooth voltage pulse with amplitude ~ 5 V

resonance oscillations by selecting the optimum value for the resistance in the PA discharge circuit, which affects both the
discharge rate and the goodness of the piezo electromechanical resonator. It is shown that, with the optimal resistance in
the PA discharge circuit, it is possible, by changing the charge time and the pressure force, to control the slider movement
step during its progressive upward movement along the guide rod without rolling back. The magnitude of the actuator step
as a function of the resistance in the PA discharge circuit is experimentally measured. A satisfactory agreement between
the calculated and experimental data in the nanometer range of the ID displacements was obtained, which confirms the
adequacy of the proposed model. The obtained results can be used in the development and tuning of ID.
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