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Abstract—It has recently been proved that, in alloys, e.g., based on the Ti—Ni system, a shape memory effect
(SME) is preserved down to the nanoscale sizes of an active alloy layer and demonstrated ultrasmall-sized and
fully functional micro- and nanomechanical devices: actuators and nanotweezers that are fabricated via stan-
dard microelectronic technologies relying on composite materials with the SME. In the nearest future, such
achievements will enable the creation of the next-generation micro- and nanomechanical devices whose sizes
are quite comparable with those inherent to, e.g., carbon nanotubes, graphene sheets, viruses, etc. Mathe-
matical simulation methods are used to study how the shape-memory micromechanical devices can be acti-
vated by means of resistive pulse heating. A decrease in the overall sizes of heating elements (from 1 mm to
10 um) is demonstrated to be accompanied by the fact that the speed of operation increases sharply from
10% to 10° s~ ! and, simultaneously, the energy consumption diminishes from 10~3 to 1078 J per operation. The
preliminary results of experiments whereby the control of the composite nanotweezer exhibiting the SME is
perfected with the help of the automatic pulsed heating technology, as well as the prospects for creating high-
speed and high-performance microrobotic systems incorporating newly developed components, are dis-

cussed.
DOI: 10.1134/S1064226915100083

INTRODUCTION

Over the last few years, progress in producing new
materials has stimulated fast achievements in various
fields of microelectronics and microsystem technol-
ogy. Alloys with a shape memory effect (SME) belong
to an important class of heat-controlled functional
materials ensuring giant (up to 10%) deformations. In
recent years, shape-memory alloy technology has
been rapidly developed. In particular, it was revealed
that the novel nanostructure substantially increases
substantially both the operational and functional
properties of shape-memory alloys [1]. In ferromag-
netic allows, an opportunity of controlling the SME
was demonstrated by switching on/off a magnetic field
at constant temperatures [2—7]. It has recently been
proved that, e.g., in Ti—Ni, Ti—Ni—Cu, and Ni,MnGa
alloys, the SME remains intact down to submicro- and
nanometer sizes of an active alloy layer [8—16]. Stan-
dard technologies of local ion etching and ion-

induced deposition from a gas phase made it possible
to fabricate ultrasmall-sized micro- and nanomechan-
ical devices: nanotweezers with the SME. Their oper-
ational capability was successfully demonstrated dur-
ing manipulations with real micro- and nanometer-
sized objects, such as carbon nanotubes, sets of
graphene sheets, microbiofibers, and microparticles.

Below, mathematical simulation methods are
employed to study how the new-generation microme-
chanical devices exhibiting the SME can be activated
via pulsed resistive heating. The goal of this work is to
investigate the energy and time characteristics of the
control system versus the heating system sizes, experi-
mentally test the prototype of the system whereby a
micromechanical device can be automatically con-
trolled by means of pulsed heating, and discuss the
prospects for creating the high-speed and high-perfor-
mance microrobotic systems based on newly devel-
oped components.
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Fig. 1. SME microdevice control model. The heater is
designed as a tapered needle with the resistive heating ele-
ment located near its thin end. Here, R and r are, respec-
tively, the radii of thick and thin needle ends; L; is the nee-
dle length; L, is the distance between the beginning of the
heating element and the needle tip, and /4 is the resistive

heating-element length. The heater model is scaled using
the equality L, = 2h.

1. MATHEMATICAL MODEL DESCRIBING
THE CONTROL PROCESS APPLIED
TO MICROMECHANICAL DEVICES

WITH THE SHAPE MEMORY EFFECT

A. Physical Model of the Control Process

The purpose of the model-based system is to govern
a micromechanical device, nanotweezer, described in
[8—16]. The nanotweezer involves a bimetallic com-
posite material consisting of SME and elastic layers.
The main physical effect underlying any SME device
is a thermoelastic martensitic transformation of the
first order. During a direct martensitic transition, the
cooling process is associated with the fact that a cubic
high-temperature alloy phase, austenite, converts into
a low-symmetry low-temperature phase, martensite.
Similar to the first-order phase transition, thermoelas-
tic martensitic transformation is characterized by a
temperature hysteresis. Below, it is assumed that M,
and M;are, respectively, the starting and final temper-
atures of direct martensitic transition and A4, and A,
are, respectively, the starting and final temperatures of
reverse martensitic transition. The given work deals
with Ti,NiCu alloy for which M, M, A, and Ayare 42,
39, 50, and 52°C, respectively [16].

The nanotweezer, the sizes and heat capacity of
which are negligibly small, is located at the pointed tip
of a tapered microwire (Fig. 1). The thicknesses of thin
and thick microwire ends are, respectively, 1 pm or less
and 0.5 mm, and its length is L = 1 cm. The thin end
does not emit heat because the nanotweezer is
immersed in vacuum. The thick microwire end is main-
tained at fixed (room) temperature 7;,. The resistive-
heating element, e.g., diode or thermistor, has length 4
and is arranged at distance L, from the pointed tip.
Thus, the minimum distance between the pointed
microwire tip and the heating element is L, — 4. The
heat capacity of the heating element is disregarded.

The nanotweezer actuation (closing) criterion is
defined as 7} > A4j; i.e., the thin microwire tip is heated
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Fig. 2. Dependence of the heating-power density g(x) on
the coordinate x. Here, P = Ul and 4 are, respectively, the
heating-element power and its length; L; is the needle
length; and 7 and U are, respectively, the current flowing
through the heating element and the voltage over it.

to the temperature exceeding that corresponding to
the termination of the martensite—austenite transition
in the SME alloy. The opening criterion is written as
T, < Mj; i.e., the pointed microwire tip is cooled to the
temperature less than that observed at the end of the
martensite—austenite transition in the SME alloy
(see details in [13, 14]). It is commonly supposed that,
along the entire length of the heater, the technological
restriction of the temperature 7'< 400 K.

B. Generalized 1D Problem of Heat Transfer
along the Variable Cross-Section Rod

On the basis of the energy balance equation, the
differential heat conduction equation can be written as
[17, 18]

0

perinl = 2321

)+, ()

2
fix) = n(B=ri i g)', @
L,
where C is the heat capacity; p is the density; A is the
thermal conductivity of a needle material; R and rare,
respectively, the thick and thin needle ends; and f{x) is
the tapered-needle cross section as a function of coor-
dinate x. A heating source is a diode or thermistor. In
calculations, the heating source is simulated by a nee-
dle region of length 4, in which specific heat power ¢ is
homogeneous along the needle length (Fig. 2). Thus,
the whole heater power is P = gh. Substituting (2) into
(1) and performing differentiation, we obtain

T 3)
e
1
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The boundary conditions are defined as

T _gatx=1, 4)
ox
Tx=0)=T, (5
The initial condition is written as
T(x, t=0) = T, (6)

In calculations, it is customary to assume that the
microwire material is tungsten, the heat capacity, den-
sity, thermal conductivity of which are, respectively,
C= 134 J/(kg K), p = 19250 kg/m’, and A =
162.8 W/(m K); R = 0.25 x 10~* m is the thick-nee-
dle-end radius; = 0.5 x 10~®m is the thin-needle-end
radius; L, = 2h is the distance between the starting
edge of the heating element and the needle tip (% is the
heating-element length); L = 1072 m is the needle
length; P is the heater power; and 7, = 293.15 K.

Calculations were carried out using the physical
model under the following assumptions:

(i) Temperature distributions over the coordinate
and in time are evaluated versus the heater power P.
The minimum time intervals required for the heat-
insulated thin tip of the heater needle to be heated up
to the nanotweezer actuation temperature 7, = 350 K
and cooled down to the opening temperature 7, =
320 K are determined. Under the initial conditions,
the microwire temperature is 7, = 293.15 K and the
nanotweezer is opened.

(ii) Calculations are performed at different values
of 4. In this case, the problem geometry is proportion-
ally scaled so that the distance between a terminal
heater edge and a pointed microwire tip remains equal
to the heating-element width 4 (i.e., L, = 2h) under
changes in scale parameter 4.

(iii) A single current pulse is employed.

(iv) The dependences of the nanotweezer actuation
time 7, and the energy W= P, on the scale parameter
h are calculated at quantities 4 varying from 1073 to
10 m.

(v) In the problem under consideration, the tech-
nologically restriction imposed on the heater power
is caused by the fact that the heater temperature must
not exceed 400 K. This restriction is typical of silicon
diodes and other materials used in electronic tech-
nology. The maximum power needed to satisfy the
given condition is also determined during numerical
simulation.

C. Numerical Calculation Results

Calculations were performed using MATLAB and
COMSOL program packages and provided approxi-
mately identical results.

The numerical calculation results are presented as
graphs illustrating the dependences of the heater nee-
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dle temperature on the coordinate at different time
values. Dependences between the heater needle tem-
perature and the coordinate, which were obtained at
h=1000 pm, L, =2000 um, P =285 mW, and = 0—
3.5 ms, are depicted in Fig. 2. The heating process
ceases at the heater temperature 7 = 395 K, corre-
sponding to the instant #,, = 6.5 ms (Fig. 3, curve J5).
After cessation of heating, i.e., at 7 > f,; = 6.5 ms,
(Fig. 3, curves 6—10), the tip temperature grows to
386 K and then reduces to 320 K at instant ¢t = 7, =
35 ms, indicating that the complete closing—opening
cycle occurs. Thus, the nanotweezer closing time (i.e.,
the time it takes for the needle tip to be heated to 7=
386 K) is 7,, and its opening time (i.e., the times
required for the needle tip to be cooled to 7= 320 K)
corresponds to #,. The power was selected so that the
nanotweezer actuated within the shortest time without
violation of the technological restriction on the maxi-
mum temperature of the heating element.

Figure 4 presents the dependences of the tempera-
ture on the coordinate obtained at # = 100 um, L, =
200 pm, P =30 mW, and ¢ = 0—440 ps. On the basis of
calculations, it was found that 7, = 83 usand 7, = 44 ps.

Figure 5 depicts the dependences of the tempera-
ture on the coordinate obtained at # = 10 um, L, =
20 um, P=9 mW, and 7= 0—9 pus. As a result of calcu-
lations, it was ascertained that 7, = 1.4 usand 7, = 9 ps.

Figure 6 graphically characterizes the scaling of the
energy Wand z, calculated versus 4. The dependence
between the calculated allowable heater power P and
the scale parameter /4 is illustrated in Fig. 7. In the log-
log scale, calculated dependences W(h), f,(h), and
P(h) are almost linear, corresponding to power-law
variations (Fig. 8). The slope ratio determined via the
least-squares method is £ = 2.59. Accordingly, we
obtain

W~ h=2%, ()
() ~ h2, ®)
P(hy ~ b~ ©)

The heating-system scaling is specified by depen-
dences (7)—(9), making it possible to predict control-
system properties in the pulse mode if sizes vary pro-
portionally. In practice, the scale parameter 4, as well
as the technological criterion that imposes constraints
on the maximum heater temperature, is determined
by manufacturing capabilities. Under pulsed heating
conditions, relationships (7)—(9) indicate that both
actuation time and energy consumption diminish
sharply with deceasing scale parameter 4.

Note that, in scaling applied to the given model, an
increase in the speed of operation is an obligatory but
insufficient condition because there are no experi-
mental data confirming that the SME and a martensi-
tic transition can appear in the time interval of 103 s or
less. With the aim at proving the opportunity of creat-
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Fig. 3. Dependences between the heater needle temperature and the coordinate obtained at # = 1000 pm, L, = 2000 um, P =
285 mW, and 7= (1) 0.0006, (2) 0.0025, (3) 0.003, (4) 0.006, (5) 0.0065, (6) 0.007, (7) 0.01, (&) 0.015, (9) 0.0265, and (10) 0.035 s.
The heating process ceases at the instant corresponding to the heating-element temperature 7' = 395 K.

T, K
400 -

390
380
370
360
350
340
330
320

310

300

290 | |

| |
9600 9650 9700 9750 9800 9850 9900 9950 10000
X, pm

Fig. 4. Dependences between the heater needle temperature and the coordinate obtained at #= 100 pm, L, =200 pm, P= 30 mW,
and r= (1) 10, (2) 50, (3) 60, (4) 70, (5) 83, (6) 89, (7) 100, (&) 240, (9) 280, and (10) 440 ps. The heating process ceases at the
instant corresponding to the heating-element temperature 7= 395 K.
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Fig. 5. Dependences of the temperature on the coordinate obtained at # = 10 pm, L, = 20 pm, P =9 mW, and ¢ = (/) 0.005,
(2) 0.03, (3) 0.05, (4) 0.08, (5) 0.14, (6) 0.16, (7) 0.17, (8 0.19, (9) 2, (10) 3, (11) 4, (12) 5, (13) 6, (I14) 7, (15) 8, and (16) 9 ps.
The heating process ceases at the instant corresponding to the heating-element temperature 7' = 395 K.

ing high-speed and high-performance micromechan-
ical devices, which allow for not only an acceleration
in heat exchange but also the dynamics of the austen-
ite—martensite phase boundary and changes (associ-
ated with its motion) in the shape of small-sized alloy
samples, it is necessary to perform deep experimental
investigations, which can require the development of
new SME alloys, techniques of fabrication of
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Fig. 6. Dependences of the energy W required for nanot-
weezer actuation and closing time #,; on the parameter 4.
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micrometer-sized objects, and new experimental
methods of the study thereof.

2. EXPERIMENTAL

A. Scheme of the Automatic Pulsed Control
of the Heating Process

The prototype system whereby a nanotweezer can be
resistively heated in the automatic pulsed mode was fab-
ricated and investigated in the chamber of a FEI FIB
Strata 201 focused ion-beam microscope. The elec-
tronic schematic diagram of the setup designed to

P,W
1071 E
102
10—3 1 1 1
10 100 1000
h, pm

Fig. 7. Dependence of the power P restricted by techno-
logical requirements on the scale parameter 4.

No. 10 2015



SIMULATION OF THE CONTROL PROCESS

log W]

0.5 1.0 1.5 2.0 2.5 3.0 3.5
logh [um]

Fig. 8. Dependence between the logarithmic energy W
needed for the needle tip to be heated to a temperature of
350 K and the logarithmic heater width 4 (point). The
least-squares approximation of energy values is shown by
the straight-line segment.

control the heating of the needle with the attached
nanotweezer is depicted in Fig. 9.

The setup operates as follows. Diode D is mounted
near the needle tip. When transistor V7 is driven to
cutoff, the circuit current flows through both resistor
s and diode D and resistor R, of large resistance
(R > ). In this case, the current is small and the
diode temperature increases inappreciably. The diode
voltage is measured with the help of the ADC board.
At the fixed current, the voltage across diode D (i.e.,
the chosen 2D910B1 diode chip) depends on its tem-
perature. Thus, the diode temperature can be calcu-
lated after this dependence is preliminarily studied.
When transistor is driven to connection by means of a
DAC signal, the current restricted by resistor 7, flows
through the diode. The resistor r,, prevents the burn-
out thereof. In this case, the current becomes appre-
ciable and leads to diode and needle heating.

Thus, the setup operation cycle is divided into two
time intervals of equal duration, in which measure-
ments and expectable heating are carried out. If the
diode temperature turns out to be less than that of the
reliable nanotweezer actuation in the measurement
interval, the DAC signal is applied to the transistor in
the next interval. As a result, the circuit current grows
and the diode is heated. If the temperature is large
enough to sustain the nanotweezer in the closed state,
a pulse is not applied. The timing diagrams illustrating
the principles of pulsed control of the nanotweezer
heater temperature are presented in Fig. 10.

The composite nanotweezer control system was
experimentally tested under pulse-periodic condi-
tions. The time dependence of the heating-element
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Fig. 9. Schematic diagram of the setup designed to control
the pulsed heating process.

diode voltage is depicted in Fig. 9. During the experi-
ment, the operation cycle was divided into two (mea-
surement and probable heating) intervals with equal
durations of 60 ms. Under exposure to heating-pulse
trains, the diode is heated and, consequently, its volt-
age decreases over the time interval of measurements
(Fig. 11). Upon attaining the working temperature 77,
which corresponds approximately to a 0.1-V drop
across the diode, the average diode voltage is stabilized
near 0.1 V (horizontal line) because the frequency
reduces automatically and heating current pulses are
supplied. The system exhibited the reliable control
process, and the nanotweezer actuation time was less
than 1 s.

B. Results of Experiments on the Manipulation
of Nanometer-Sized Objects

The device incorporating a needle, heater
(2D910BI1 silicon diode chip), and nanotweezer was
assembled and connected to the electronic control cir-
cuit (Fig. 12). A shell-type heater is compatible with
commercial Kleindiek manipulators. The photomi-
crograph of the nanotweezer located on the heater
needle is presented in Fig. 13.

Similar manipulators made it possible to carry out
experiments with the manipulation of real submi-
crometer-sized objects, namely, the whiskers of quasi-
1D TaS; and NbS; conductors exhibiting the genera-
tion of charge-density waves (CDWs) [19]. The whis-
kers are micro- and nanofilaments whose thicknesses
are usually less than 10 pm. Moreover, the minimum
transverse sizes thereof are commonly limited by the
possibilities of their detection, transport on a sub-
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T

Fig. 10. Dependences of the current / and temperature 7" on the pulsed heating time upon controlling the SME microdevice.

strate, and mounting of contacts between them. As a
rule, these operations are performed manually with
the use of optical microscopes. In this case, the profes-
sional skill and acquired habits of specialists enables
the investigation of the samples up to ~10 nm wide at
a l-pm distance between contacts. Such structures
necessitate many efforts during preparation thereof. In
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Fig. 11. Time dependence of the heating-element diode
voltage when the microdevice control system is tested
under pulse-periodic conditions. It is shown that, in the
measurement range, the diode voltage diminishes with
increasing temperature. After achieving the working tem-
perature, the average diode voltage is stabilized at a level of
0.1V (horizontal line).
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addition, it should be noted that these efforts proved
their value via the detection of several size effects
observed only in the samples of the given kind (see [20]
and references therein): the quantization of states,
mesoscopic fluctuations of a threshold field, the
coherent sliding of CDWs, the microwave field-
induced synchronization of sliding [19], ultrahigh cur-
rent densities of CDWs, etc. Suspended quasi-1D con-
ductor samples can operate as unique self-sensitive
torsion resonators [21, 22]. As might be expected, the
fundamental resonance frequency increases to 1 GHz
or more if the suspended part length varies down to
I pm.

In compliance with the aforementioned circum-
stances, a rather urgent problem is the nanowhisker-
based manipulation of samples with CDWs and the
preparation of their contacts under the condition that
such operations are governed, e.g., with the help of a
scanning electron microscope. During the experi-
ment, an individual filamentary NbS; crystal was
extracted from the total growth zone (Fig. 14a) and
transported on another substrate. To measure the
resistivity, the chosen whisker ends were fastened on
two contact areas via ion-beam deposition of platinum
(Fig. 14b). Subsequent measurements demonstrated a
good quality of contacts.

3. DISCUSSION OF THE RESULTS
Approximate calculations based on the proposed
model provided the results formulated as scaling rela-
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Fig. 12. Photomicrograph of the heater with a heating element (diode) fastened near the thin needle end.

(@)

(b)

Fig. 13. Photomicrographs of the nanotweezer located at the heater needle end: (a) 1000x and (b) 5000x magnifications.

tionships (5)—(7) that imply a very fast increase in the
speed of operation and decrease in the required energy
W ~ h~2%  which obeys the power law. From these
relationships, it follows that, in practice, the required
control-pulse energy can be expected to reduce to 10~7—
10-8 J and the actuation time, to 10—1 ps. However, it is
pertinent to note that the application of (5)—(7) involves
the following severe difficulties of technological and
fundamental physical nature:

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS Vol. 60

(i) At present, fundamental physical restrictions
imposed on the martensitic phase-transition rate and
the SME arising from its excitation are unknown.

(ii) The scaling relationship W ~ h=2>? is valid only
under pulsed heating conditions. When a continuous
pulse train is prolonged, a nanotweezer does not cool
and open. Such a situation is analogous to energy con-
sumption in analog and digital electronics. To ensure

No. 10 2015
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(b)

Fig. 14. Manipulation of the real submicrometer-sized
object (quasi-1D TaS; whisker): (a) whisker is captured by
the nanotweezer and (b) TaS3 nanowhisker transported on
the contact area.

that the nanotweezer’s control system consumes
energy only under changes from one state to another,
its structure must correspond to the normally closed
state. In this case, the object remains captured by the
nanotweezer without expenditure of energy over an
unrestrictedly long period of time and its liberation
occurs upon arrival of the next pulse.

(iii) The basic system constraint preventing the
implementation of high-speed nanomanipulations is
the low imaging frequency in modern observation
instruments: electron and ion microscopes.

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS Vol. 60
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CONCLUSIONS

The main results of the given study can be formu-
lated as follows.

(i) The model intended to control a thermally acti-
vated micromechanical device with the shape memory
effect, which is located at the tapered needle end, is
proposed. The given model allows for the heat
exchange between a needle and a heater and the heat
removal near its base and enables us to calculate the
durations of heating from the initial to actuation tem-
perature of the device (i.e., to that of the martensite—
austenite transition) and returning to the initial state
(cooling to the austenite—martensite transition tem-
perature). The technological restrictions on the maxi-
mum allowable heater temperature are chosen. The
geometric sizes are scaled in the admissible range of
cutting-edge technology: from 10 mm to 10 pm.

(ii) Numerical calculations indicate that the actua-
tion time diminishes from 6.5 ms to 1.45 ps and the
energy consumption, from 1.85 x 103 to 1.3 x 1078 J,
with decreasing sizes of the heating element arranged
at distances of 10 mm to 10 pum from the tip of the
standard tungsten needle 0.5 mm thick.

(iii) The control system of the SME nanotweezer
mounted at the tungsten needle tip, which is compat-
ible with a Kleindiek manipulator, is experimentally
implemented. The pulse-periodic temperature-con-
trol mode makes it possible to turn on the heater,
maintain the temperature and the nanotweezer’s
closed state, and turn off the heater by an operator
command. The manipulation of real micrometer-
sized objects is discussed.

(iv) From the result of our study, it is possible to
define the scaling principle applied to thermomechan-
ically controlled micro- and nanomechanical devices,
which predicts that gradually decreasing sizes (from
1 mm to 10 pm) can lead to a power-law increase in
the speed of operation and the same decrease in energy
required for nanomechanical-device actuation.
According to the derived scaling principle, the effi-
ciency of promising nanorobotic systems can be
improved sharply and their energy consumption
diminished in passing to the technology ensuring the
smaller geometrical sizes of the heating system.
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