Smart material using Fiber Bragg Grating transducers and
Shape Memory Alloy actuators

L. Rodriguez-Cobo*, A. Quintela, A. Cobo, J.M. Lopez-Higuera
Photonics Engineering Group, University of Cantabria, Av los Castros S/N, 39005,
Santander, Spain

ABSTRACT

A structure based on a smart material and a PID control loop is presented in this paper. A glass fiber
reinforced plastic material is instrumented with Fiber Bragg Gratings (FBG) and Shape Memory Alloy
(SMA) actuators. The smart material and the smart structure are both successfully checked by being
subjected to different operational conditions at the laboratory. Very good responses are obtained under
both slow and quicker varying conditions.
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1. INTRODUCTION

The new industrial requirements usually need from very complex structures. There are many examples in
which feedback automated systems can upgrade the production with an increment of the reliability such
as robotic car factories. The combined use of sensor, smartness and actuator systems enables the
development of smart structures, which can respond in a predetermined manner to changes in the
environment or in their structural conditions. In particular, new materials with self-response capabilities
can be used in lots of scenarios to increase the final performance of the whole structure. Some attempts of
fed back structures have been reported using Fiber Bragg Gratings (FBG) [1] such as reducing vibration
in a metallic beam with piezoelectric actuators [2] or by modifying a mass position to reduce the vibration
of a working structure [3]. Even in robotics field FBG sensors have been reported providing signals to
feed a control loop to reduce the vibration of a robot arm [4]. On the other hand Shape Memory Alloy
(SMA) actuators have also been applied to smart materials in different fields such as crack suppression on
carbon fiber reinforced plastics [5] or to adapt wing geometry [6]. These cases combine both FBG
transducers and SMA actuators but it is done in an offline way with no feedback process during the
structure operation.

In this work the properties of a smart material actuated by shape memory alloy actuator and feed-backed
by Fiber Bragg Grating (FBG) signals under a PID control are shown. The proposed smart material is
able to adapt its response to different operational conditions and loads to follow a pre-established target
position for specific applications.

2. STRUCTURE DESIGN

A simple structure to evaluate the feedback control using SMA actuator is designed based a glass fiber
reinforced plastic sheet. FBG transducers are attached and embedded to/in the plastic sheet and a SMA
wire actuators are fixed to the other surface of the sheet. A metallic plate is also attached to the center of
the structure to provoke a vertical force to the structure allowing the SMA wire to recover its original
length. In basic, the structure is designed to obtain a stable vertical position on the metallic plate placed
on the top. This position is measured with FBG by quantifying the deformation of the outer surface of the
plastic sheet. The actuator wire is designed to reduce its length provoking a vertical displacement of the
metallic plate.
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Figure 1. Designed smart structure with an FBG transducer and a SMA actuator wire. Dimensions are
in millimeters

2.1 Shape Memory Alloys

A Shape Memory Alloy (SMA) is a mixture of different metals that remembers its forged shape (original
shape) [7]. The original shape is returned by heating the alloy above a threshold temperature. Basically a
SMA changes from one crystallographic state (the martensite state) to other state (the austenite state) as
its temperature rises. The movement caused during the transition from the “cool” state (martensite) to the
“hot” state is caused by the restructuration of the material. By increasing the temperature above a
transition threshold, the original structure is recovered. Once the SMA is cooled again, the original shape
is maintained until an external mechanical deformation is applied over it.

For this application, the employed SMA is a nickel-titanium alloy forged in wire shape with a diameter of
0.25 mm [8]. A typical deformation for this kind of SMA actuators is between 2% and 5%. For the
chosen actuator, the transition temperature is 70°C, so by heating a deformed actuator above this
temperature it will recover its original shape. As shown on the Figure 2, the response during the cooling
stage is different of the heating response
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Figure 2. Deformation evolution of the employed SMA wire against the temperature.
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The thermal response of the SMA actuators usually is very abrupt causing a very strong deformation in
very short time. On the other hand, the cooling process depends on the actuator configuration and its
thermal conditions but, usually, is slower than the heating process. Since the actuation movement is
caused by the thermal evolution of the SMA, lots of external parameters such as air movement or
surrounding materials reflect on the whole system accuracy, making more difficult to get high precision
actuators. Once determined data acquisition means (FBG transducer) and the actuator device (SMA wire),
to getting a smart material a feedback control to mix up both components are required. For this
application a Proportional Integral Derivative (PID) control loop is applied to the SMA actuator using the
feedback signal of the FBG transducer.
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3. EXPERIMENTAL SETUP

The left end of the proposed structure (shown on the Figure 1) is fixed and the movement of the other one
is limited in the height axis and free to the longitudinal axis. When the SMA actuator shorts its length the
metallic plate of the top of the structure raises. Due to the pull down force caused by the metallic place,
the structure tends to recover its initial position as the actuator is relaxed. The FBG transducer is
connected to a Micron Si425-500 interrogation unit and the unit is connected to a PC over Ethernet. The
actuator is also connected to the same PC using a custom Pulse Width Modulation (PWM) driver which
induces a controllable current to increase the SMA actuator temperature. FBG feedback signal and the
actuator driver are linked to a PID control loop implemented over Matlab.
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Figure 3. Experimental setup scheme. The FBG transducer of the structure is connected to the
interrogation unit and the SMA actuator is connected to the driver. Both elements are linked to a
PID control loop.

The sampling frequency of the FBG signals is 2Hz and the PWM update period is 2 seconds. In order to
get a smother SMA response the current offered to the PWM driver is limited to 1A. The PID control
loop gain factors are set empirically. The proposed structure is driven to different target positions
measured by the FBG transducer. Once the position of the structure is stable, different extra loads applied
to the metallic plate are caused to study the response of the structure to changing conditions.

4. RESULTS AND DISCUSSION

In order to analyze the material response, different target positions are fed into de PID control loop
maintaining the same structure load. After that, when the material is stable, different loads are applied to
analyze the material response. During these test, the room temperature and air flow are not controlled
having its influence in the heating and cooling process of the SMA actuator wire. The tuning process of
the PID controller is made empirically favoring different aspects as needed such as more stability, faster
response or less overshooting.

The response of the smart material to a static situation is shown on the Figure 4 (left). Three different
target positions are fed to the PID control (thin line). Control loop is adjusted to generate a slow varying
PWM duty cycle (dashed line) to reach the target position from the error evolution (dotted line). The
feedback signal from de FBG (wide line) displays the smooth adjust of the structure to the new target.

The smart material response to varying load conditions is also analyzed with a PID faster response
configuration, shown on the Figure 4 (right). By removing a 100grams load (dotted circle) the structure
reduces the duty cycle of the PWM output signal (dashed line) to maintain the target position. After that,
an extra load of 200 grams is added to the structure (solid circle) increasing the value of the output signal.
The reaction speed of the structure depends on the PID control parameters offering the possibility of
favoring static or dynamic responses.
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Figure 4. Smart material under 3 stable positions (left) and one target position with variable loads
(right).

5. CONCLUSION

In this work a new smart structure based on a glass fiber reinforced plastic material instrumented with
FBG optical transducers and SMA actuators under a PID control is proposed and tested. The feedback
signal coming from the FBGs is fed to the PID loop in order to get a high precision actuator based on the
sudden SMA actuator wires. The achieved results prove its self stabilization capabilities even under
varying working conditions during long time working situations. The final structure response has to be
tuned to favor high precision or high speed by changing the PID control parameters. Both tested situations
make up for the sudden response of the SMA actuators.
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