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Abstract
This paper describes a new control experiment developed

for Mechanical Engineering undergraduate students. The exper-
iment with a Shape Memory Alloy (SMA) actuated robotic arm
is designed for the senior undergraduate laboratory (ME4006)
in the Department of Mechanical Engineering at Virginia Tech.
ME4006 is designed to provide the students with experience in
experimental investigation of mechanical engineering systems.
In designing this control experiment it was intended for the stu-
dents to have a hands-on experiment with smart materials. Fur-
thermore, students learn about control problems and limitations
of theses materials along with sensing and actuation advantages
of the SMAs. The experiment uses a problem solving approach;
students are not given a procedure to follow for conducting the
experiment. The problem is described in a memorandum to the
students from a supervisor, who defines the purpose of the prob-
lem and defines the audience for the report.

1 Background
As smart materials are changing the practice of Engineer-

ing, providing undergraduate engineering students with experi-
ences with these materials has become necessary. To address the
educational needs, several engineering departments have devel-
oped elective courses or laboratory experiments on smart materi-
als. California State University at Fullerton, for example, has re-
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cently established an Intelligent Systems Laboratory to provide
Mechanical Engineering students with hands-on experience on
integrated design and manufacturing of intelligent systems [1].
As another example, a case study has been done in the Depart-
ment of Aerospace Engineering at Texas A&M University. In
their study, they have integrated shape memory alloy into a first-
year engineering course and a first-year engineering project. The
results, that have been reported both qualitatively and quantita-
tively, showed the successful impact of the experience [2]. Mea-
surement and control have also been focus of several Engineer-
ing departments for developing new laboratory experiments as
additions to their curriculum or to enhance the existing laborato-
ries [3, 4]. As an example, a new control experiments has been
designed in the Department of Mechanical Engineering at Pur-
due University using a gantry crane [5]. More recently, a new
mobile-robot-experiment has been developed in the Information
Technology Department at the Brigham Young University. This
experiment was used to teach mechatronics to students with dif-
ferent backgrounds [6].

ME4006 (Experimental Laboratory II) is a successful, large-
enrollment laboratory course in mechanical engineering at Vir-
ginia Tech. This course interweaves instruction on engineering
principles with instruction on engineering communication [7].
The student presentations are effectively incorporated into the
laboratory course. Each presentation follows by students ad-
dressing the critiques from the faculty, graduate teaching as-
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sistants, and another group of students. Incorporation of the pre-
sentations has enhanced the understanding by the students of the
technical issues of the laboratory. The course consists of four
laboratory problems that students work on in teams, but commu-
nicate in individual reports (and for two problems, in team pre-
sentations). Each of these problems is described in a memoran-
dum from a supervisor, who defines the purpose of the problem
and defines the audience for the communication. For each labo-
ratory problem, students attend two lectures that discuss the en-
gineering principles of those problems and attend two laboratory
sessions in which they make measurements to understand and
address the problem [8]. In the lab, the students design the ex-
periment procedure based on their engineering judgments. After
performing the experiment the students, working in teams of five,
present their results to an audience of faculty, graduate teaching
assistants, and two other student teams.

To this end, we found the methodology developed in
ME4006 a suitable platform for conducting a control experiment
that also includes studying different aspects of Shape Memory
Alloys. After this course the students’ practical knowledge of
the subject of control was considerably enhanced. The enhance-
ment can be attributed to the facts that the students have to de-
sign the procedure for running the test and collecting data, they
need to look at the problem from multiple perspectives, and as
engineers they deal with solving practical issues related to the
problem. The other factor that plays an important role in im-
proving the learning is that the students have to present their re-
sults; these presentations are critiqued by faculty, graduate teach-
ing assistants, and peer students. The purpose of this paper is to
show the effectiveness of a problem solving approach in design-
ing a control experiment for undergraduate engineering student.
Lectures, laboratory experiments, and presentations are three es-
sential parts of this approach; together they greatly enhance the
learning process.

2 The Robot Control Experiment
In the case of the SMA-actuated robot, the lecture covers

some background on classical control, background on SMAs as
well as introducing different applications of these materials. In
the memorandum, presented in Section 4, the system is intro-
duced as a prototype robot that will be installed on a mobile plat-
form. The purpose of the mobile robot is to deploy sensors in a
hostile environment. Students, as employees of the company, are
asked to test the SMA-actuated robot for two main goals. The
first goal is to choose appropriate PID controller gains such that
the robot meets certain criteria in deploying the sensors. The
choice of controller gains is also limited by the energy available
to the system. The second goal is to investigate the possibility of
using the SMA wire as a sensor. Currently, the robot uses an en-
coder for position feedback. The intent of this second objective is
to determine if a relationship between the resistance of the wire
2
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Figure 1. Laboratory set-up for the Shape Memory Alloy experiment. For

this problem, students must measure the voltage and current of the SMA

wire to find the proper gains for a position controller

and the position of the robot can be used to replace the encoder.
For this experiment as for the other experiments of the

course [8], rather than giving the students a recipe of steps to
follow, we give the students the problem, two technical lectures
on different aspects of the problem, and two two-hour laboratory
sessions to solve the problem. On hand during those laboratory
sessions is a graduate teaching assistant who provides advice and
makes sure that neither the students nor the equipment is dam-
aged. The experiment setup consists of a Shape Memory Alloy
actuated robot instrumented with an encoder for measuring the
angular position of the robot. The signal conditioning and power
regulation hardware, and the data collection and control design
software (MATLAB/dSPACE) are also part of the experiment’s
setup. The robot, shown in Figure 1, is actuated by a Shape Mem-
ory Alloy wire that upon heating undergoes phase transformation
and therefore contracts and rotates the moving arm upward. The
temperature of the wire changes as the result of the energy bal-
ance between the input energy in the form of Joule heating and
dissipative energy in the form of natural convection. The SMA
wire’s contraction is a function of temperature and stress of the
material. The position control of the robotic arm is a complicated
problem partly due to the fact that the phase transformation takes
place between two stress-dependent temperatures.

Students attend the first lecture before the first lab ses-
sion. This lecture is on the background of SMAs, their appli-
cations and a review on Proportional-Integral-Derivative (PID)
controllers. In the lab the students are to investigate the robot to
find a set of gains that enables the PID controller to accurately
position the robot while satisfying the energy requirements. Fur-
thermore, the students are to investigate the possibility of using
the SMA wire as a displacement sensor. Details of the require-
ments for the experiment are shown in the problem memorandum
presented in Section 4. Students, acting as the employees of the
Copyright c© 2004 by ASME
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robotics company, spend the second lecture asking any questions
they might have from the company’s consultant (the instructor).
They return to the lab for the second time to finish collecting data
or to repeat some parts of the experiment.

The experiment is designed to cover several engineering dis-
ciplines including controls, heat transfer, circuit analysis, sig-
nal processing, and the thermomechanical behavior of the Shape
Memory Alloys in order to prepare the students for dealing
with multi-disciplinary engineering problems with their solution
mostly being the compromise between several design-restrains.
Also, the memorandum is prepared in a way that the problem
does not have unique, straight-forward answers. For example,
the restriction on the amount of electrical energy that the robot
can use, over the period of one hour, to perform its task makes
the search for control gains an iterative process. Instead of go-
ing through this rather time consuming process some students
learned to design a rapid test procedure in order to check whether
or not all the design requirements can be satisfied. They mea-
sured the amount of electrical power that the SMA-actuated ro-
bot consumes to steadily hold the pay-load and compared it with
the energy consumption limit. Performing this test showed the
need to compromise between the task and energy requirements.

The control of SMA actuators, due to their nonlinear be-
havior, is a complex problem and the subject of ongoing re-
search [9–11]. Designing a PID control system for an SMA-
actuated system is primarily a hands-on control experience for
the students. The lab’s setup allows the students to investigate the
effect of each set of control gains on the closed-loop response of
the robot. Performing the experiment also gives the students the
opportunity to see the shortcomings of linear controllers in con-
trolling nonlinear systems. Due to the nonlinearity of the system
(the robot) and the actuator (SMA wire), the PID controller can-
not provide uniform performance. In other words the same set of
gains cannot position the robot in all desired angular positions.
Nonetheless, it is possible to have a nonlinear controller made of
multiple sets of PID gains and a scheme for switching between
these gains. This type of controller, which was suggested by a
group of students who were unable to obtain acceptable perfor-
mance with PID controller, is an effective control design.

Several properties of the SMAs change as they undergo
phase transformation. To make this fact more accessible to the
students we added a part to the experiment in which the change
in the resistance SMA wire, as the result of phase transforma-
tion, is used as a replacement for the angular position sensor. To
this end, the students characterize the hysteresis of the SMA wire
while it actuates the robot. In the process of making decisions to
replace the encoder with a relationship between the resistance
of the SMA wire and the angular position of the robot, the stu-
dents need to correlate the characteristic of the hysteresis with the
closed-loop response restrictions. Figures 2 and 3 show the col-
lected data for this part of the experiment. Due to the hysteretic
behavior of the SMA wire, the relationships between the angular
3
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Figure 2. The hysteretic behavior of the SMA wire; angular position of

the robot versus applied voltage to the wire
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Figure 3. The hysteretic behavior of the SMA wire; angular position of

the robot versus applied current to the wire

position of the robot and the applied voltage and current to the
SMA wire is direction-dependent. In other words, the direction
of motion of the robot defines the nonlinear relationship between
the rotation of the applied voltage and current and the position
of the robot. Nevertheless, as shown in Fig. 4, the resistance of
the SMA wire can be used as an indication for the position of
the angular position. The relationship between the angle θ and
the resistance is close to linear and therefore it is possible to use
SMA both for actuation as well as sensing.

3 Summary of the Results
The ME undergraduate students do not have a course on

smart materials. This experiment provides an opportunity for
them to become familiar with smart materials, in general, and
Copyright c© 2004 by ASME
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Figure 4. The hysteretic behavior of the SMA wire lend itself to a close-

to-linear relationship between the angular position of the robot and the

resistance of the SMA wire

Shape Memory Alloys, in particular, without having a one-
semester-long course that would cover details. Using a problem
solving approach, in the form of a laboratory experiment, for
teaching smart materials to the undergraduate student has sev-
eral advantages including:

1. The experiment presents the students with a real-life engi-
neering problem. In solving the problem they need to utilize
multiple disciplines including controls, heat transfer, circuit
design, and Shape Memory Alloy thermomechanical behav-
ior.

2. As is the case of almost all engineering problems this exper-
iment does not have a unique answer. The restrictions for
the system are chosen in a way for the problem not to have a
straight-forward answer. The students have to compromise
between the design requirements.

3. The experiment also serves as a practical control problem
for which the previously learned control background can be
used to design the control gains. The shortcoming of the
linear controllers is a practical introduction for the student
to think about nonlinear control solutions.

4. The SMA robotic experiment also provides the means for
investigating more advanced properties of Shape Memory
Alloy like the interdependency of the transformation tem-
peratures and material stress. This property makes the use
of the SMA wire as a position sensor more challenging.

5. The lectures, lab sessions, reports, and presentations educate
students on solving real-life engineering problems and help
them to be prepared for their job as engineers.

6. The experiment has a level of challenge for the students who
are interested to in more details to this problem. Taking this
course has inspired several students to use smart materials
in their senior design projects.
4
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7. Analyzing the course evaluation data shows that the major-
ity of the students have found this experiment interesting and
they think that they had a better learning experience. This is
in part because most of the students have had no experience
with shape memory alloys before. Another contributing fac-
tor is the way that the experiment was conducted; the stu-
dents had to design their own lab procedures. Also the com-
munication of the results in the form of reports and presen-
tations played a major role in making the lab more attractive
and a better learning experience.

4 Memorandum

MicroRobotics, Inc.
Blacksburg, VA 24060-0238

August 27, 2003

To: Pat Philips, Engineer

From: Kelly Smith, Project Manager

Subject: Request for Testing of a Shape Memory Alloy Manip-
ulator

As discussed in our previous meeting, our company has
been asked to develop a manipulator for a miniature mobile
robot (10 cm by 10 cm by 10 cm). Needing to operate in
the desert, the robot should be capable of sensor deployment,
adjustment, and replacement. For that reason, the manipulator
must be lightweight and relatively powerful to pick up and work
with objects. Our manufacturing group has designed and built
a one-degree-of-freedom manipulator that is actuated by the
Shape Memory Alloy (SMA) wire. SMA was chosen because
of its light weight, sensing capabilities, and compatibility with
the environment. This memo requests you to find an appropriate
control system for the manipulator. Because the mobile platform
is still under development, we have installed the manipulator
on a stationary base. You can use this model for testing (for a
cutaway drawing of the prototype, see Figure 5). The manip-
ulator is initially positioned at approximately , and the SMA
wire is pre-stressed by the linear spring. The wire is heated by
the Joule heating. When the temperature exceeds the activation
start temperature, the wire starts the phase transformation. As
a result of this transformation, the wire contracts, thus applying
torque to the moving arm. Therefore, the arm can be positioned
anywhere between and . The hanging mass simulates the gripper
and the payload. Your job is to test the model and choose the
most appropriate set of controller gains. The manipulator’s task
Copyright c© 2004 by ASME
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Figure 5. Laboratory set-up for the Shape Memory Alloy experiment. For

this problem, students must measure the voltage and current of the SMA

wire to find the proper gains for a position controller

is to pick up sensors from the platform (lower position) and to
put them on an object (horizontal position 1 degree) in less than
1 second. The manipulator is then to remain horizontal before it
picks up the next sensor. On a typical mission, the robot needs
to deploy 60 sensors per hour. The mobile robot is autonomous;
therefore, the manipulator’s is internally powered by an alkaline
9-volt battery. Each battery has a capacity of 350 milliamp-hours
(mAh). Required is that the manipulator can work for 1 hour
using this 9-volt battery. Your choice of the control gains should
satisfy both the task requirement and the power restriction. After
designing the controller, please test it for three other desired
angular positions (set-points). Comment on the controller’s
ability to reach those set-points. Also, evaluate your controller’s
ability to follow a joystick. Document your design procedure
and justify your final choice for control gains. Will the proposed
controller work? If you are suggesting a different control design,
please document and justify your design. Our manufacturing
group has initially installed an encoder for sensing the angular
position of the manipulator. Because the robot has to perform
in hostile environments, you are required to reduce the number
of sensitive items such as the encoder. It has been suggested
that the electrical resistance, a physical property of SMA that
characteristically changes with phase transformation, can be
used to determine the state or phase of the SMA actuators and,
therefore, can be used for closed loop control. Please determine
if it is, in fact, possible to use the measured resistance of the
wire to determine the angular position of the manipulator. Please
report your results.
5
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