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Abstract
In the solar power sail demonstrator IKAROS launched by JAXA in 2010, an unexpected
deformation of the sail membrane was observed, which was caused by the thermal deformation
of thin-film solar cells. The influence of solar radiation pressure changes due to this deformation,
resulting in unexpected attitude disturbance. In order to cancel the attitude disturbance, a large
amount of fuel is required. This study proposes a shape control method for membrane space
structures using Shape Memory Alloy Wire Actuator (SMA Actuator). SMA Actuator is one of
artificial muscles that can be contracted and cured in response to thermal input. Various
deformations can be effect by changing the locations and contraction directions of the actuators.
Relationships between the control input and the effected deformations are investigated by

numerical analysis and experiment.
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1. Introduction solar sail deformation due to the influence of

In the solar power sail demonstrator the thermal deformation of the thin-film solar
IKAROS (Fig. 1) launched by JAXA in 2010, it cell. The deformation of the entire membrane
is known that the membrane shape of the 1s thought to be caused by the change in the
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circumference of the four membrane materials
called petals that configure the solar sail.
When the circumference after deformation
is smaller than the circumference when
deformation, the membrane shape is deformed
into a saddle shape. On the other hand, it is
known that When the circumference after
deformation is bigger than the circumference
when deformation, the membrane shape

deformed into an umbrella shape (Fig. 2).
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When the

disturbance torque is generated in the solar

membrane shape changes,
sail. It is thought to be caused by the change
in the distance between the center of solar
radiation pressure (SRP) and the mass of the
solar sail. When deformed into a saddle shape,
the SRP torque generated is small. Because
the distance between the center of SRP and

the mass is small. On the other hand, when

deformed into an umbrella shape, the distance
between the center of SRP and mass is large,

so the torque is large (Fig. 3).
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Fig. 3 Relationship of Membrane Shape and
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Deformation of membrane shape changes
the SPR torque and acts as an attitude
disturbance. In IKAROS, the “spiral motion”
(Fig. 4) in which the rotation axis of the
spacecraft tilts and the “windmill torque” (Fig.
5) in which the spin rate decreases due to

deformation into the windmill shape were

confirmed.
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In the previous research, the influence of
the warp direction and location of the thin-
film solar cell on the solar sail was confirmed
using finite element method (FEM) analysis,
and the shape deformation mechanism was
clarified. In addition, the influence of the
membrane shape on the spacecraft was
clarified by calculating the SRP torque
according to the membrane shape.

In this study, we propose a shape control
method for membrane structures assuming
solar sail using Shape Memory Alloy Wire
(SMA  wire

fundamental consideration, we show the

Actuator actuator). As a
utility of the shape control using the actuator
from the finite element method analysis. In
addition, the validity of the analysis result is

confirmed from experiment.

2. Principle of control method

In this study, we used to propose a control
method using SMA Wire Actuator (BMF150,
TOKI corporation). SMA Wire Actuator is one
of artificial muscles that can be contracted and

cured in response to thermal input. This

actuator is fixed at both ends and heat shrinks.

The control method is considered to affect the
deflection due to the contraction of actuator.
The membrane shape is controlled using the
deflection. Assume that multiple actuators are
located to the membrane surface, as shown
Figure 6. We considered the deformation
control to various membrane shapes by the

changing the contracting actuator.
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Fig. 6 Basic Membrane Model

3. Finite Element Model
3.1 Finite element model to confirm the

usefulness of control methods

First, the utility of the control method is
shown by numerical analysis using Finite
Element Method (FEM). In this study, finite-
element software Abaqus/Explicit 6.14-2 was
used. The analysis model was set so that 12
actuators were fixed at both ends on the
membrane surface. The analysis conditions
were set that the actuator contracted by 4%
when heat at 60 °C was applied (Fig. 7). Table
1 and Table 2 shows the set values and
conditions for analysis. The boundary
condition was set so that the displacement in
the X, Y, and Z directions at the center of the
membrane surface was zero in order to make

1t easier to see the effect on the membrane

surface of the actuator.
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Fig. 7 Analysis Conditions of FEM Model
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Table. 1 Properties of Membrane

Parameter Value

Young’s modulus [kPa] 4000000

Size [mm] 200 X 200
Thickness [pm] 50
Poisson’sratio [-] 0.33

Table. 2 Properties of SMA Wire Actuator

Parameter Value
Young’s modulus [kPa] >8840000
Length [mm] 50
Diameter [pum] 150
Thermal shrinkage [/°C] —6.7 x 107*
Poisson’s ratio [ -] 0.3

3.2 Finite element model to confirm the
validity of the membrane surface shape
The validity of the analysis model shown in
3.1 is examined by comparing the simple
analysis model of the SMA wire actuator and
the experiment. We consider a simple model
with four actuators arranged in the
circumferential and radial directions as
shown in Figure 9. The properties of the
membrane and actuator in the analysis are
the same value as those shown in Table 1 and
Table 2. In order to match the conditions of
analysis and experiment, the boundary
conditions of the model were set so that the
displacement in the X, Y, and Z directions at
the tip of the tether on the upper side of the

membrane was zero.
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Fig. 9 Analysis condition of Finite Element
Model of Membrane with SMA Wire Actuator

4. Experiment Method
4.1 Overview of experiment method

In the experiment, in order to confirm the
validity of the finite element model, film
surface shape data after deformation due to
thermal contraction of the actuator 1is
measured. In the experiment, the film surface
shape was measured using a 3D scanner (SLS-
3, DAVID).
4.2 3D Scanner

Figure 10 shows a schematic diagram of the
experimental apparatus, and Figure 11 shows
an overall view of the measurement. A 3D
scanner can measure the shape of an object
using a projector that projects light and a
camera that captures the shape of the film
surface. In this research, the film surface
shape when the actuator is contracted is
measured.
4.3 Configuration of membrane structure

Figure 12 shows the configuration of the
actuator on the membrane surface. A matte
polyethylene terephthalate (PET) membrane,
Lumirror X42G was used in the experiment.

Lumirror X42G is suitable for measurement
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using a 3D scanner because of its low
transmittance and Young's modulus, which is
similar to polyimide film. In addition, the SMA
wire actuator can be contracted by using Joule
heat generated when a voltage is applied.
Copper wire was connected to the actuator,
and both ends were fixed with polyimide tape.
Further, a voltage of 1.5 V was applied so that
the actuator contracted by 4%.
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Fig. 10 Schematic diagram of experimental

setup
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Fig. 12 Configuration of membrane structure

5. Results and Discussion
5.1 Results of the finite element Analysis to
confirm the usefulness of control methods
Figure 13 shows the FEM analysis results.
Figure 13 shows the case when it is
transformed into an umbrella shape and a
saddle shape. The position of the contracted

actuator and the analysis result are shown.
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Fig. 13 Results of FEM Analysis

From the analysis results, it was confirmed
that it can be deformed into a saddle shape or
an umbrella shape by combining the positions
of the contracting actuators. The membrane
shape is considered to be generated by
combining the membrane surface deflections
caused by the contraction of the actuator (Fig.
14).
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Fig. 14 Deformation of membrane shape
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5.2 Results of Finite element model to confirm
the validity of the membrane surface shape
Figure 15 shows the results of experiment
and FEM analysis when four actuators are
radial

located on circumferential and

directions.
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Radial direction
Fig. 15 Result of Experiment and FEM
Analysis
In addition, the membrane surface
irregularities in the image data are expressed
by red lines.
Comparing the result, it can be confirmed

that the unevenness of the membrane surface

shape 1s almost the same in the models with
actuators located in the circumferential and
radial directions.

Therefore, the validity of the FEM model
could be

experiments.

shown from the results of

6. Conclusion
In this study, we proposed a control method
for space membrane structures using Shape
Wire

fundamental consideration, the validity of the

Memory Alloy Actuators. As a
membrane surface control by the SMA Wire
Actuator was shown by FEM analysis. As a
result, the deformation of the membrane is
thought to be generated by combining the
deflection of the membrane surface caused by
actuator contraction. In addition, the validity
of FEM analysis results was clarified by

comparing with experiments.
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