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Abstract—An engineering project of micro-SMA-wire drive
LEGO robot has been implemented by non-engineering
students through a one-year hands-on self-learning process. An
innovative rotary actuator is realized by utilizing linear SMA
integrated with friction drive and ratchet. Functional
independent principle is employed to facilitate system
development. An innovative robotic system which consists of
master-slave rotating subsystems: manipulator system and
feeding system has been developed for pick-and-place operation.

I. INTRODUCTION
Shape memory alloys (SMA) can produce phase
transformations in accordance with temperature changes,
which can be used in actuators of robot [1]. Most actuators in
traditional robot utilize electric motors and pneumatic devices,
in general, with the disadvantages of large size, high noise,
and low power to weight ratio [2]. SMA actuator can
overcome these disadvantages, especially in realizing small
actuator. In fact, SMA actuator is realized by intelligent
material with the biomimetic operational behavior. In addition,
SMA has a unique feature of high design freedom in
implementation [1, 3, 4].
In reviewing the literature of SMA actuators [5, 6], there
are examples of SMA used in driving mesoscale to microscale
robotic systems. Linear and rotary SMA actuators [1, 3-6] are
utilized to drive robotic arm and gripper, especially in soft
robotic systems [3, 4]. The design of linear one is more
standardized, while the design of rotary type is more difficult.
Among them, SMA wires usually fix to a wheel which makes
it oscillate in a limited angle during heating and cooling
operation. A design of SMA wire with ratchet can achieve a
small torque (0.08 N-mm) in the range of ±60 degree [5].
However, there are no simple design or component that allow
the actuator to achieve high torque in continuous rotation. In
the present project, a rotary SMA actuator is to be developed
and applied to robotic systems. It is ultimately expected to be
innovative in carrying out mechatronic education [4, 7].
In this project, the entry students are not required to be
familiar with any mechatronic system, not even any
engineering field [7]. In each group, two students are guided
by one advisor. Students need to build their own knowledge
with 3 hours/week Lab. Course in one year project. This
learning and research subject was initiated by students with
proposal submitted on May 13th, 2020. Students learned basic
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engineering knowledge under the detail guidance of advisor in
the first three months. Finally, the project was completed in
NCKU Optomechatronic Systems Control Lab.
II. PROJECT OF DEVELOPING EDUCATIONAL ROBOT
The objectives of the education and research project are:
1. Explore the characteristics of SMA wire.
2. Design and manufacture of micro-wire SMA actuators.
3. Apply SMA actuator to a robotic system.
4. Use Arduino and write programs to control SMA robot.
A. Conceptual design and constraints
In considering that students are non-engineering
background, the implementation of robotic system will reuse
existing and common components at hand to avoid complex
machining. A low degrees-of-freedom (DOF) robotic arm
such as SCARA (Selective Compliance Assembly Robotic
arm) [8] is preferred. An innovative SCARA-type robotic
system with the mechanical manipulator to grip object for the
pick-and-place operation is expected.
After reviewing the existing designs of SCARA, an
innovative design is decided to decompose two-DOF
rotational motion of SCARA so that pick-and-place operation
can be realized by coordinating two independent rotational
subsystems: manipulator system, which consists of robotic
arm and gripper, and feeding system as shown in Fig. 1. The
configuration mainly enjoys the merits of independent design,
manufacturing, and testing, which are most important to
ensure successful robotic operations.

Figure 1. An innovative robotic system with two independent subsystems.

B. Material constraints
1. FLEXINOL SMA wire [9]
Diameter
76μm
Linear Resistance
232ohms/m
Heating Pull Force @172MPa
80gw
Cooling Force @172MPa
32gw
Estimated Austenite starting temperature (As) 68℃
Estimated Austenite finishing temperature (Af ) 88℃
2. Structure material
LEGO Blocks with glass transition temperature: 105℃
3. Other materials
Enameled wire, adhesive glue, blu-tack

III. FUNDAMENTAL MEASUREMENT
A. Measurement systems
The measurement system is established by students for
various experiments. Only fundamental tools and devices
including screw, bolts, ruler, standard weight, breadboard,
thermometer, mobile phone, digital multimeter, and Tracker
software are available. Tracker software is a free image
analysis and modeling tool by the Open Source Physics in
Java framework.

thermistor is 7.14Ω. By using the B value, the temperature of
the SMA after heating is estimated by (2) to give 113°C.
𝑅T2=𝑅T1×𝑒xp(B(1/T2-1/T1))

B. Characterization of SMA
For understanding the behavior of SMA, students conduct
basic measurement experiments of SMA consisting of three
aspects of thermal, force, and electricity characteristics.
1. Movement stroke and response speed
Installing the SMA with bias spring in two different ways:
the linear type and the V-type, it is found that the movement of
the V-type will produce a larger stroke. The measured stroke is
consistent with the results calculated by using formula in [6].
In addition, the cooling time is about three times of heating
time in a cycle of stroke.
2. Young's modulus (E)
For the relationship between the stress, σ and strain, ε,
the calculated modulus by (1) [8] is 20.9GPa, which is the
result in the Martensite phase at room temperature 24.5℃.
E= σ/ε
(1)
σ= Load force/Cross section area (0.00453 𝑚𝑚2)
ε = Elongation length/Original length (110 mm)
3. Resistance vs. temperature under different loads
Install SMA testing setup, which consists of thermometer,
loading weight on SMA immersed in the water of a cup, then
put the cup into a controlled hot pot which is filled with water,
and then adjust the heating temperature by the control knob of
hot pot. The heating hot pot is used as a constant-temperature
reservoir, and the loaded SMA is connected to a multimeter to
measure the resistance change under different loads and
temperatures. The relationship between temperature and
resistance under different loads from 10 to 50gw is tested by
first heating up from 56.6℃ to 81℃ and then cooling down to
65℃. Experimental data reveal the hysteresis phenomenon.
The hysteresis behavior will cause the SMA to heat and cool
with different deformations.
4. Thermistor calibration and measurement
The 76μm SMA is a very thin wire and only small amount
of heat is generated to cause temperature rise in a sensor. It is
innovatively decided to use a thermistor which is wrapped by
the SMA wire for sensing the temperature of the SMA in a
circuit as shown in Fig. 2. At first, one measures the room
temperature T1 (25℃) and the correspondent resistance of
thermistor 𝑅T1 (100 Ω ). Next, one connects the thermistor
with a 100 Ω resistor in series, supplies VCCTH= 3V,
measures the thermistor temperature T2 and the voltage across
the thermistor. Then, one calculates the resistance value of the
thermistor 𝑅T2 and substitutes T1, 𝑅T1, T2, 𝑅T2 into (2) [8] for
deriving B. The value of B is calculated as 3488. Now, using
the B value, the temperature of the SMA after heating is
calculated. When VCCSMA= 5V, the resistance of the

(2)

SMA

Figure 2. Electrical circuit (Left) with an innovative SMA-wrapped
thermistor (Right) for measuring the temperature of 76μm-diameter SMA.

5. Convection coefficient (h)
After the heating temperature of SMA is measured, the
convection coefficient can be estimated [1]. One uses the
temperature 113°C and substitute it into (3), the h is
calculated as 214 𝑤/𝑚2 𝑘, which is consistent with [10]. It is
noted that the heat conduction and radiation of the metal sheet
connected to the SMA wire are assumed to be negligible.
(3)
𝑇−𝑇∞= (𝑅𝑖2)/(ℎA)
T= Temperature measured by thermistor (113℃)
A= Surface area of SMA wire (3.58×10−5 𝑚2)
T∞= Room temperature (25℃)
R= Resistance of thermistor (37Ω)
i= Input current (0.135Amp)
From experiment, it is found that 5V is required to reach
the Austenitic phase transformation. Therefore, we choose 6V
to ensure that the SMA actuator can fully reach the Austenitic
phase after it is heated by electrical power.
C. Other measurements
A spring to provide biased force is employed in the
actuators of gripper, robotic arm, and feeding system. For the
gripper spring under loaded-deformation test, it is observed
that the deformations correspondent to the weight from 10 to
100gw do not conform to a linear regression line. From
experimental data, a linear elastic coefficient of the gripper
spring is estimated as 243.9gw/cm. On regarding the same
spring utilized in the robotic arm and feeding system, the
spring coefficient is estimated as 96.2gw/cm. It is noted that if
accurate spring force is required, a nonlinear fitting curve will
be used.
IV. INNOVATIVE SYSTEM DESIGN AND DEVELOPMENT
A. Robotic Arm and Feeding System
In utilizing a linear SMA with bias spring to rotate robotic
arm, the rotational motion can be realized through friction
force between pulling string, connected with SMA, and
rotational wheel. However, the rotational motion is limited to
finite angle in a forward and reverse way during one-cycle
heating and cooling operation. For maintaining the forward
rotation, a ratchet is required to prevent reverse rotation. An
innovative approach is to utilize the ratchet mechanism,
obtained from correction tape, and install it to the rotational
shaft of friction wheel. In considering that the robotic arm
carries gripper to perform the continuous rotation, a slip ring is

installed to avoid wrapping the electric wire, which is
connected to drive gripper, in cyclic rotation.
For driving the robotic arm or feeding system, we first
construct the robot configuration and figure out both required
torque and driving torque. The innovative rotary actuator built
with LEGO blocks is shown in Fig. 3. According to the
FLEXINOL’s specifications [9], a 76μm SMA wire can
produce 80 gram force. By utilizing the experimental data of
the spring of robotic arm, the spring extension of 0.5cm
produces a restoring force of 58 grams. The maximum driving
torque, generated by the friction wheel of 11mm diameter, is
calculated as 24.2gw-c𝑚. Thus, the maximum required torque
can be determined and adjusted in realizing the robotic arm or
feeding system.
In friction drive, the friction between the string and the
LEGO wheel needs to be measured. The friction belongs to a
kind of flat belt friction [8]. From experiment and using (4),
one obtains the friction coefficient, 𝜇𝑆= 0.23. The relationship
between T2 and T1 gives the maximum load, T2 before
slipping as 2T1. Regarding the friction coefficient between
gripper jaw and object, it can be measured by performing a
simple sliding test if required.
T2=T1 exp(𝜇𝑆 𝜃)
(4)
T1= Fixed tension load by standard weight
T2= Tension force by increasing the load consecutively
𝜃= Wrapped angle by string (𝜋 or 180o)
The required stroke is determined by the required angular
displacement of manipulator and the diameter of driving
wheel. The length of the SMA actuator can be calculated in
considering the 4% stroke of SMA-wire length in linear
actuator. Then the required length of SMA wire with
allowance of fixing wire at two ends can be determined to give
14.5cm. The string which is connected to spring and SMA at
two ends is 19.5cm. The installation of the SMA and the bias
spring should be arranged on the same plane and tangent to the
friction wheel to prevent decomposing of the lateral force
component which reduces the driving force.

Figure 3. Innovative SMA-drive robotic arm with friction wheel and ratchet
(non-LEGO). Note: SMA and string are exaggerated.

B. Gripper System
The key points of gripper design are gripping force and
opening. A normally closed gripper is proposed. For opening
gripper jaws, the force provided by SMA must overcome the
spring force. From the requirement of gripper opening, 0.8cm,
we first determine the required deformation of SMA through
the gripper configuration and installation of SMA. Then the

length of the SMA actuator can be calculated in considering
the maximum 14% stroke of SMA-wire length in V-shape
actuator. With allowance of the wire length of SMA for fixing
wire at two ends, the SMA wire is calculated to give 10cm for
the gripper shown in Fig. 4. Regarding the gripping force, it is
determined by the gripper opening and spring force. With the
gripping force, gripper installation, and the friction coefficient
between gripper jaw and object, the holding force of object
can be determined. In practical realization, the holding force
can be adjusted by changing the friction coefficient between
gripper jaw and object and/or gripper spring.

Figure 4. Gripper system with V-type SMA actuator. (SMA is exaggerated.)

C. Overall System
Mechatronics is employed in the synergetic improvement
of hardware and software. Owing to SMA hysteresis, the
stroke produced by each heating cycle is slightly different.
When we first use open loop control, it cannot provide
accurate positioning of robotic manipulator and feeding
system. Then, we change it to a closed-loop control. A photo
interrupter is selected for the local closed-loop control. For
local positioning, we glued three thin aluminum strips as
photo-blocking pieces on the friction wheel. However, the
robotic manipulator still encountered many problems which
require subsequent improvements to ensure successful grip.
For example, when the SMA reached its maximum saturation
stroke but the next blocking piece has not been sensed; or the
gripper is approaching the object, but the jaws open after they
hit the object. In system control, we use two sets of Arduino
control board connected with relay board to switch 6V power
supply. Fig. 5 reveals the configuration with the manipulator
system as the master to achieve the coordinated motion
between two subsystems in gripping object.

Figure 5. Configuration of overall micro-SMA-wire drive robotic system.

SMA takes time to heat and dissipate heat in each heating
cycle. After testing, it is realized that heating and rest for two
seconds, respectively in one cycle can achieve best positioning
operation in open-loop control. As the control algorithm, the
environment is Arduino IDE using C++ language. The timing
diagram of system is shown in Fig. 6.

Figure 6. Timing diagram of overall system.

The robotic arm and the feeding system utilize local
closed-loop control. Considering the manipulator system,
when the photo interrupter senses the first blocking strip, the
gripper jaws will be open to release object and drop it into a
container. Then the jaws will be closed, and the manipulator
keeps on rotating. When the second blocking strip is sensed,
the jaws are open, and the manipulator continues to rotate
forward. When the third blocking strip is sensed, the
manipulator continuously rotates, and the jaws maintain
opening state. When the third blocking strip leaving the photo
interrupter is detected, the controller will immediately close
the jaws and send a signal to the feeding system for turning on
its rotation. The robotic system will rest for 8 sec, then it
begins the next cycle of gripping, transporting, and placing
object. As for the control of feeding system, it is to sense
equally angular positioned three blocking strips,
correspondent to the positions of storing objects, respectively,
for switching move and stop operations. Accurate positioning
of gripper tip for feeding and gripping object is most critical.
The installation of the third blocking strip on the friction
wheel plays a key role. Since the ratchet has 72 teeth, the
rotational error of robotic arm will be 5 degree. With the
manipulator of 8cm, the angular error of gripper tip is 0.7cm.
Considering the construction error of LEGO blocks in
structure, robotic arm, gripper, feeder, and photo interrupter,
the correct placement of the third blocking strip needs to be
tuned and adjusted before it is glued to the friction wheel.
The completed system is shown in Fig. 7 with circuit
diagram as Fig. 8. The final test is undertaken by preparing
three biscuits (4.5cm diameter × 0.23cm) on feeding plate,
then to perform gripping, transporting, and placing them
consecutively. The successful rate of ten times test is 100%.

Figure 7. An image frame of running micro-SMA-wire drive robotic system.

Figure 8. Circuit of 76μm-SMA-wire drive robotic system.

V. CONCLUSION
A one-year educational project of 76μm-SMA-wire drive
LEGO robot has been successfully implemented. Present
educational project has demonstrated that non-engineering
students, although they need detail guidance in the beginning,
can learn and build their own mechatronic knowledge through
performing experiments on the basic properties of SMA and
carrying out hands-on SMA-drive robotic project.
An innovative robotic system consists of rotating
manipulator system and feeding system has been implemented.
For driving manipulator or feeding system, an innovative
rotary actuator which utilizes frictional drive and ratchet is
developed. SMA has high design freedom which makes it
most suitable for innovative mechatronic education. For
non-engineering students, reuse and craft materials as well as
LEGO blocks are used effectively to reduce complex
manufacturing process. In the development of the
pick-and-place robot, functional independence in the robotic
configuration and master-slave control is of most importance
to ensure successful implementation of the SMA drive robot.
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