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Abstract. Physical and technical potential of shape memory single crystals for applications in
rotary actuators was experimentally studied. Single-crystalline Cu-Al-Ni cylindrical rods for
tests and actuator applications were grown from melt by Stepanov method. The crystals were
tested by tension under conditions simulating their work in the proposed design of a rotary
actuator. Actuator performance parameters such as rotation angle, torque and useful work were
estimated basing on experimental results. Actuators employing shape memory effect
outperform conventional electric motors and actuators in terms of specific work output.
1. Introduction
Martensitic transformations in crystals with shape memory effect under the influence of an
external force lead to large deformations of inelastic nature. In some materials, these reversible
deformations are in the single-digit to low double-digit percentage range [1-2]. The recovery of
accumulated inelastic deformation and, as a consequence, the return to the original form of the
body can occur both in the unloading process at a constant temperature (superelasticity effect),
and upon heating (shape memory effect). Both effects are interesting in view of their application
in compact actuators.
In our previous study [3], we considered the design of cyclic linear motors based on the
shape memory effect in Cu-Al-Ni single crystals. This paper is devoted to the development of
cyclic rotary actuators employing shape memory effect.
Upon heating the shape memory effect generates stresses in the bulk of the material. If
shape memory alloy faces any resistance to the recovery of the remembered shape it can
generate the reactive force [4-6]. The importance of this effect in technical applications is that
the reactive force significantly exceeds the force that caused the initial change in shape. This
can be used to produce useful mechanical work [7].
2. Thermal cycling of Cu-Al-Ni single crystals under tensile load.
The studies were carried out on Cu-13.5 wt.% Al-5.0 wt.% Ni single crystals grown from the
melt along the <100> direction by the Stepanov method [4] in the form of cylindrical rods with
a diameter of 5 mm. Samples were heat treated, quenched from 900 °C into water followed by
soft tempering at 373 K for 1 h. According to differential scanning calorimetry, they have the
following characteristic transformation temperatures without load: Ms = 52 °C, Mf = 39 °C, As
= 49 °C, Аf = 60 °C.
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Figure 1 shows transformation temperatures for the crystals versus applied stress in
thermocycling experiments under tensile load.

Fig. 1. Transformation temperature for Cu–13.5%Al–5.0 %Ni single crystals versus stress in
thermocycling experiments under tensile load.
To determine the reversible and residual deformations, as well as the dependence of the
transformation temperatures on the applied stress, thermal cycling experiments under load were
carried out. The stress σ was applied to the test sample at a temperature 20-30 degrees above
the temperature of the end of the reverse martensitic transformation Аf(σ), and after that a
cooling-heating cycle under load was carried out. The intensive deformation of the sample
started in the cooling semi-cycle when the temperature of the beginning of the direct martensitic
transformation Ms (σ) was reached and stopped at the end temperature of the direct martensitic
transformation Mf (σ). Then, in the heating semi-cycle, when the temperature reached the onset
of the inverse transformation of Аs(σ), an intensive shape recovery occurred, which ended at
the temperature of the end of the reverse transformation Аf(σ). Thus, a thermal strain curve
corresponding to a given stress was registered, after which the applied stress was increased and
the thermal cycle was repeated.
In the stress range up to 180 MPa and temperature up to 200 °С there is no degradation
of the crystals and deformation of the shape memory accumulated during cooling is completely
restored upon heating.

Fig. 2. Reversible shape memory strain (εSM) versus stress in Cu–13.5%Al–5.0%Ni crystals in
thermo-cycling experiments under tensile load.
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Figure 2 shows the reversible deformation of the shape memory εSM versus the stress σ
acting in the thermal cycle. The maximum deformation of the SM (εSM =8,4 %) is achieved
when applying stress of at least 62 MPa.
When the sample is clamped so that the recovery of remembered shape is restricted, the
stresses generated upon heating amount to σgen = 180 MPa. The difference in stresses makes it
possible to design a device that produces useful work.
3. Principles of operation and the main technical characteristics of rotary actuators based
on shape memory crystals
Let us consider a cyclic actuator, which converts input energy into mechanical work using the
shape memory effect. The actuator includes two active SM crystals in the form of rods which
provide the generation of force (force elements). Force elements are working against each other
in antiphase to the thermal cycle, i.e. while one crystal is being heated, the other one is being
cooled. The crystals are mechanically connected so that when the deformation of the SM is
restored in the first crystal, the other one is deformed and useful work is produced. Transfer of
deformation of the SM from one to another ensures cyclic operation of the actuator. The main
requirement in such design is the absence of irreversible residual (plastic) deformations in the
crystals during thermal cycling under load; otherwise plastic deformations will be accumulated
in each cycle of actuator operation, which will lead to a gradual reduction in the magnitude of
the rotor movement, up to the total loss of actuator performance.
The structural diagram of a rotary actuator (motor) converting tensile deformation of SM
crystal into rotation is shown in Fig. 3.

Fig. 3. The scheme of rotary actuator (motor) with shaft and two SM crystals
a) start position; b) end position.
The motor includes two SM crystals denoted as C1 and C2. One end of each crystal is
fixed to the actuator frame and the other end is connected via a flexible link to the output shaft
of the actuator. Figure 3a shows the initial position of the motor shaft where the first crystal C1
is in the undeformed state with length L0, and the second crystal C2 is stretched to the length
L1. Figure 3b shows the final position of the shaft where the second crystal C2 recovers its
initial underformed length L0 upon heating. As this takes place, the shaft turns counterclockwise
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by an angle + θmax, and the first force element C1 stretches to the length L1. Turning the shaft
clockwise by the angle -θmax returns it to the original position and thus completes a full cycle
of motion. This is achieved by heating the first crystal C1 and cooling the second crystal C2.
Repeating this algorithm ensures cyclic operation of the rotary actuator. If necessary, the shaft
can be stopped at any arbitrary angle θ between the extreme positions. It is possible to resume
rotation of the shaft from this intermediate position in any direction by heating-cooling of the
respective elements.
The following balance of moments holds when the actuator rotates in the required
direction against the load torque and produces useful work:
Mc – Md = Mmot > Mex,
(1)
where
Mc = Fc*R is the moment produced by the heated crystal;
Md = Fd*R is the moment needed to deform the opposite crystal;
R is the length of the lever arm;
M mot is the torque developed by the actuator
Mex is the load torque acting against the actuator.
In turn, the condition for stopping and positioning the shaft at an arbitrary angular position
θ within the range [0, θmax] is the equality between the actuator and the load torques:
Mc – Md = Mmot = Mex.
(2)
The swing of the shaft between the end positions is:
𝐿𝐿1−𝐿𝐿0
𝐿𝐿0∙(1+εSM )−𝐿𝐿
𝐿𝐿0∙ε
Θ𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑅𝑅 =
= 𝑅𝑅SM .
(3)
𝑅𝑅
The maximum torque developed by the motor M mot max is defined as the difference
between the maximum torque created by the heated crystal and the minimum torque required
for the deformation of the cooled crystal:
𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐹𝐹𝑐𝑐 𝑚𝑚𝑚𝑚𝑚𝑚 ∙ 𝑅𝑅 − 𝐹𝐹𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚 ∙ 𝑅𝑅 = (σgen 𝑚𝑚𝑚𝑚𝑚𝑚 – σd ) ∙ S ∙ R,
(4)
where S is a cross-sectional area of the crystals.
Mechanical work of rotary actuators. The mechanical work produced by a rotary
actuator when the shaft is rotated between the angles θ1 and θ2 is given as:
θ2
А = ∫θ1 𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑θ .
(5)
The maximum work is proportional to the product of the shape memory deformation εSM
and the difference between the maximum generated stress and the stress which is needed to
provide full shape memory deformation in these crystals. Thus, the maximum work is produced
by the actuator at the maximum angle of rotation of the shaft:
θ𝑚𝑚𝑚𝑚𝑚𝑚

А𝑚𝑚𝑚𝑚𝑚𝑚 = � 𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑θ = (σgen 𝑚𝑚𝑚𝑚𝑚𝑚 – σd ) ∙ S ∙ R ∙
0

𝐿𝐿0 ∙ εSM
=
𝑅𝑅

= (σgen 𝑚𝑚𝑚𝑚𝑚𝑚 – σd ) ∙ εSM ∙ V𝑐𝑐 ;
(6)
where Vc is volume of the shape memory crystals
The most indicative is the upper bound estimate of the specific work of a SM actuator,
i.e. work per unit volume. This parameter is useful for the comparison of SM actuators with
conventional electric motors. The value of SM rotary actuator specific useful work is as high
J
А
as А𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 𝑚𝑚𝑚𝑚𝑚𝑚
= 9.6 ∙ 106 m3 .
V
𝑐𝑐

However, in the real world practical design considerations should be also taken into
account. Let us consider a rotary actuator with 5 mm-diameter SM crystals. The width and the
height of the actuator will be three and six diameters of the force element, respectively. To
provide a 90° rotation the SM crystal should be about 200 mm long and the actuator frame is
20 % longer than of the SM crystal. Assuming that the maximum torque developed by such an
actuator is 24 Nm, the specific work would be only 0.35 MJ / m3.
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Next, we compare performance of SM actuators with that of convectional electric motors.
Motor/gearhead assemblies RE35 + GP42 and RE50 + GP62 [9, 10] produced by MAXON
MOTOR company were used for that purpose. These motors have close values of output torque
of 15 Nm and 30 Nm, respectively. The values of specific work (i.e. work per unit volume) for
these drives are 0,11 and 0,17 MJ/m3, respectively. Thus the specific work for SM actuator is
2-3 times higher compared to that for a typical electric motor. Therefore SM actuators are
particularly attractive for compact solutions where weight and size of the motor [11] are the
most critical qualities.
4. Conclusions
Thermo-mechanical properties of shape memory Cu-Al-Ni single crystals under conditions
simulating their operation in a rotary cyclic actuator were studied. The crystals exhibited
completely reversible shape memory deformation over multiple thermal cycles in the stress
range up to 180 MPa and temperatures up to 200°C. Performance characteristics of SM
actuators based on Cu-Al-Ni crystals were estimated. The specific work for SM actuators is 23 times higher compared to that for electric motors. Therefore SM actuators are a good
alternative to conventional electric drives in certain applications.
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