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Abstract. Increase in the operational functionality of space technology leads to

the necessity of creating large-sized transformable systems. The development
of adequate models which are used in computational experiments to simulate
the opening of transformable space structures is of great importance. Significant progress has been made in the field of creating large-sized transformable
space antennas: the ratio of the mass of the reflector to its working area has
decreased to 0.5–1.5 kg/m2 . Despite the significant progress achieved in the
design of such structures, the task of ensuring smooth and reliable deployment
of large-sized transformable space structures, while ensuring their subsequent
functioning, remains important. An important area of applied research in the
field of shape memory materials is the creation of thermomechanical force actuators that deploy large-sized space structures. Actuators with shape memory
effect makes the opening process easy to control, ensuring its shock-free nature.
As an active element of the force actuator, it is proposed to use a wire made of
titanium nickelide material with a shape memory effect. To develop a functional model of the actuator’s active element made of a shape memory material,
a series of experimental and theoretical studies was carried out.

1 Introduction
The complication of design schemes and the increase in the dimensions of modern large
space structures due to the increase in their operational functionality leads to the necessity of
creating systems with different configurations in transport and operating states (figure 1).
When the required parameters of working orbits are reached, the process of deploying or
transformation of large space structures is carried out [1]. The procedure of opening such
space systems occurs under the influence of force actuators, which, generally, use various
kinds of springs and electric motors. To date, in the field of space systems, many variants of
opening large structures have been developed [2–5]. Shock-loads occur when the operating
state is fixed after the completion of the structural transformation process in orbit [6].
In recent years, materials with shape memory effect (SME) are widely used in space technology [7, 8]. It is possible to create large space structures in orbit that use force actuators
for their deployment, the active elements of which are made of materials with SME [9–13].
Active elements that use a change in temperature to control their deformation will allow for
controlled slow deployment of large space structures. The defining relations for materials
with SME, which represent the stress-strain dependences, temperature, and the fraction of
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Figure 1. Large-sized transformable space antennas: (a) umbrella-type antenna reflector with a diameter of 12 m; (b) petal-type antenna with a diameter of 10 m

phase composition, are essentially nonlinear. This causes great mathematical difficulties in
calculating the force characteristics (force-displacement relations) of active elements of actuators made of materials with SME [14]. Also, along with the problem of deformation of
active elements, it becomes necessary to solve the problem of thermal conductivity [15, 16].
Therefore, the main role in creating such force actuators is currently played by experimental
methods [17].

2 Experimental studies
In a force actuator, it is proposed to use a wire made of titanium nickelide material as an
active element, which is heated during operation by passing an electric current through it
(figure 2).

Figure 2. Active elements made of titanium nickelide material

The main characteristics of the active element of a force actuator made of SME material
are: developed force, actuation time, maximum displacement or working stroke. To study
the main characteristics of active elements, a large series of experimental studies were conducted. In the course of these experimental studies, the following parameters were measured:
temperature of active element, electrical resistance, operating stroke, actuation time, and generated force.
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The active elements of the force actuator (a wire made of titanium nickelide material
with a diameter of 1.5 mm) were previously subjected to various types of heat treatment.
Length of the samples was 160 mm. Heat treatment was performed to eliminate possible internal stresses. Then the samples of active elements were preliminarily stretched (deformed)
to a relative elongation of about 10% and fixed in this state, the maximum external force
was 1.2 kN. After removing the fixation, their length decreased by 1.0–1.2% of the new
length. Then the active elements were heated. When the temperature of the beginning of the
reverse martensitic transformation was reached, the active elements decreased their length
by 4–5%. This decrease in the length of active elements ceased at the temperature of the end
of the reverse martensitic transformation. During the repeated test cycle, the active elements
were stretched to a relative elongation of about 7% and fixed in this state, while the external
force was 1.15 kN. After removing the fixation, their length decreased by 1.2–1.4% of the
new length. Further, the active elements were reheated and they reduced their length by 5%.
In the next cycle, the active elements were stretched to a relative elongation of about 7%,
with an external force of 1.25 kN. After removing the fixation, their length decreased
by 1.4–1.7% of the new length (figure 3).

Figure 3. Experimental setup for preliminary deformation of active elements

Then the active elements were heated again and they reduced their length by 5%. The
length of the samples after three test cycles was approximately 170 mm. When heated, they
developed a longitudinal force of about 0.8–0.9 kN. Tests of active elements of the force actuator made of material with SME were carried out on the experimental setup shown in figure 4.
These tests were carried out to assess the stability of the main characteristics of the active
elements of the force actuator, such as the working stroke (reduction of the relative elongation
of the active element), the developed force (force generated by the active element) and the
actuation time. Figure 5 shows the results of the conducted experimental studies.
Two methods were used to measure the temperature of the active element: contact and
non-contact. In the contact method, a set of thermocouple sensors placed along the length
of the active element was used. For non-contact measurement, a thermal imager was used
that measures the radiation of the active element in the IR range. Using a digital multimeter
operating in the ammeter mode, the current was measured. The magnitude of the current
changed due to changes in the resistivity of the active element during the test. To measure the
force, developed by the active element, a digital dynamometer with an external strain gauge
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Figure 4. Experimental setup for determining the main characteristics of the active elements of the
force actuator

Figure 5. Experimental results: (a) active element with a length of 174 mm after the first deformation;
(b) active element with a length of 180 mm after the second deformation; 1—temperature change when
measured by thermocouple; 2—temperature change when measured by a thermal imager; 3—change in
the force developed by the active element

was used. During the tests, the displacement of the active element was measured using a
special cable sensor, the operation of which is based on the strain effect. This measurement
made it possible to determine the change in the relative elongation (working stroke) of the
active element with a fairly high accuracy.
When calculating the temperature change of the active elements of the force actuator
in ground tests, the heat exchange coefficient was selected. When conducting a numerical
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experiment, the results obtained correlated well with the data of experimental studies. At the
same time, the calculations took into account changes in the resistance and heat capacity of
active elements during their heating.

3 Model of functioning of the active element of the force actuator
In the course of ground-based experimental studies, it can be assumed that the change in the
thermal energy of the active elements of the force actuator is equal to the amount of heat
received due to electrical energy minus heat losses from natural convection
cm

dT
= RI12 − αS (T − T a ),
dt

(1)

where c—specific heat capacity; m—mass of the active element; T —temperature of the active element; t—time; R—resistance of the active element; I1 —current in the active element
during testing; α—heat exchange coefficient; S —heat exchange surface area; T a —ambient
temperature.
When operating in orbit, it can be assumed that the change in the thermal energy of the
active element of the force actuator is equal to the amount of heat received due to electrical
energy minus thermal losses from radiation in orbit
cm

dT
= RI22 − εσ0 T 4 S ,
dt

(2)

where I2 —current in the active element in orbit; ε—emissivity; σ0 —Stefan–Boltzmann constant. Find the equilibrium temperatures from (1) and (2) under the condition dT/dt = 0
�
RI22
RI12
4
+ T a , T̄ 2 =
.
(3)
T̄ 1 =
αS
εσ0 S
The power supply voltage is determined by the formula
U = RI.
Then the relation (3) can be represented as
U2
T̄ 1 = 1 + T a ,
αS R

T̄ 2 =

�
4

U22
,
εσ0 S R

(4)

where U1 , U2 is the voltage of power sources on earth and in space accordingly.
To ensure an approximate similarity of processes during ground tests and in orbit, it is
necessary that
T̄ 1 = T̄ 2 .
(5)
Then from (5) we obtain
U12
+ Ta =
αS R

�
4

U22
.
εσ0 S R

(6)

Convert (6) to the form
U2 =

�

2
 2

 U1
+ T a  .
εσ0 S R 
αS R
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In the course of conducting experimental studies in ground conditions, the initial length
of the active element of the force actuator was equal to 174 mm, the power supply voltage
was 2.2 V. The resistance of the active element of the force actuator, obtained during the tests,
was 0.09 Ohms. Substituting these values in formula (7), we obtain an approximate value of
the power supply voltage U2 in orbit, which is necessary to fulfill condition (5),
U2 ≈ 1.77 V.
The following values included in relation (7) were used in the calculation:
α = 50

W
,
m2 K
ε = 0.66,

S = 8.19 · 10−4 m2 ,
σ0 = 5.67 · 10−8

T a = 298 K,
W
.
m2 K4

4 Conclusion
The proposed actuator uses an active element, made of a wire of titanium nickelide material with SME, which is heated during operation by passing an electric current through it.
As a result of experimental studies, the strain-force characteristics of active elements operating under uniaxial compression were studied. It has been determined that force actuators
with active elements made of titanium nickelide material with SME have the advantages of
generating significant forces, low weight and low power consumption.
The change in the relative elongation and the force generated by the active element of the
force actuator occurred smoothly during experimental studies. When varying the amount of
voltage supplied to the active element of the force actuator, the time of its operation varied
greatly. However, it is worth noting that despite the significant difference in the actuation
speed of the force actuator, the working stroke of the active element remained constant.
In the course of quantitative and qualitative studies of the active elements of the force
actuator, it was established that it ensures very slow movements, which are necessary for a
smooth shock-free transformation of large space structures in orbit. The main characteristics of these force actuators will ensure reliable opening of promising transformable space
structures.
The development of a model of the functioning of the active element of the force actuator
will allow to obtain its main characteristics (developed force, actuation time, working stroke),
as well as the power and voltage of the power source. If necessary, using the model, it will be
possible to adjust the design parameters of the active element (length, shape and dimensions
of its cross-section) and the conditions of its heating.
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