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Abstract:

This paper presents the design, model and closed-loop control of a single degree-of-freedom (DOF) lightweight
robotic arm actuated by a biased Shape Memory Alloy (SMA) wire. The highly non-linear dynamics of SMAs
represent a challenge for control tasks, due to phenomena as hysteresis or parameters uncertainty. With this in
mind, we propose a control capable to adapt itself to the hysteretic behavior and update its behavior to deal with
the changing parameters of the material over time. An adaptive control for position regulation is presented. This
control includes a set of techniques, providing a systematic way to adjust the control parameters in real time, so
maintaining the stability of the system and a desired performance, while dealing with parameter and model
uncertainties. The closed-loop approach is tested in experimentally showing its effectiveness to deal with the

highly non-linear dynamics of the SMA wire.
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Introduction

Shape Memory Alloys (SMA) are a type of the so
called “intelligent materials”. They are capable of
recovering their original shape after being deformed,
when submitted to controlled thermal or mechanical
stimuli. This recovery effect is known as Shape
Memory Effect (SME). This effect happens due to an
internal transformation on the microstructures of the
material. When the material is at lower temperature it
shifts to a phase called martensite, which is highly
malleable structure, thus the material can be
deformed. When the material is heated it shifts back
to an austenitic phase recovering its original shape [1].

These intelligent materials present multiple
advantages over traditional actuators, such as high
force to mass ratio, noiseless operation,
biocompatibility, corrosion resistance, among others.
These characteristics make them suitable for a wide
range of application substituting traditional actuators
as DC motors or hydraulic effectors [2]. Applications
such as orthopedic devices [3], dental applications [4],
aerodynamic applications as morphing wing
segments [5, 6]. Other implementation such as
actuator for human-like robotic arms [7] or finger
prosthetics [8].

However, most of the engineering application where
these material are implemented as actuators require
complicated and heavy mechanisms or micro-scale
working environments. To solve this inconvenient, a
lightweight SMA actuated robotic arm, based on 3D

printed pieces with simple mechanisms and light
constructions materials was presented in a previous
publication [9]. The present article propose
mechanical improvements to this design and a
complete new design for the end-effector, improving
the overall performance of the mechanism.

In spite of all the advantages SMA have, they also
present some challenges when used in applications
that require high precision control. These materials
have a highly nonlinear hysteretic behavior and
multiple other nonlinear phenomena in their
dynamics like dead zone, super-elasticity or shifting
parameters. To deal with these nonlinear dynamic,
multiple control approaches have been developed. In
[10] a comparative study among 4 different types of
controllers was performed, being the adaptive control
the approach with better results. Different adaptive
controllers have been developed for controlling SMA
wires. For example in [11, 12] a direct linear adaptive
control for a single SMA wire actuated robotic arm
was proposed. While in [13] an indirect adaptive
predictive control was used. Also intelligent adaptive
methods using neural networks [14] or adaptive fuzzy
control [15].

The present work contains two main contributions:
first an improved design of a lightweight robotic arm
is presented, were the use of any traditional actuator
is avoided by the implementation of a couple of SMA
wires to control the position of the end-effector and



actuation of the gripper. Second, a previously
proposed direct adaptive control is tested
experimentally and compared with a traditional
control approach.

The remaining of this article is organized as follow.
First the mechanical design of the SMA actuated
robotic arm is presented, followed by the
mathematical model of the full system. After, the
adaptive control approach is developed, followed by
the design of a PID control for comparative means.
Subsequently the experimental setup is presented and
the experimental results discussed. Finally, we
conclude with final comments and future work.

SMA actuated Robot arm design

The mechanical design of the lightweight SMA
actuated robotic arm is presented in this section. In
Fig. 1 a computer aided design (CAD) model of the
proposed robotic arm is presented. This design is
based on a previously published work [10], with
several improvements on the general mechanical
design and mainly on the end-effector’s design.

The robotic arm is a one Degree-of-freedom (DOF)
lightweight SMA actuated system. This consists of
two couplers joint by a torsion spring. Coupler-1 is
actuated by a SMA wire while the Coupler-2 is fixed
with a hard wire (Wire-2), giving a single SMA wire
actuator configuration with the torsion spring as the
bias force. The end-effector is attached to the
Coupler-1 and it is actuated by a second biased SMA
wire. The bias force for the end-effector’s actuation is
generated by a 3D-printed custom-designed spring.
This spring allows to convert the transversal
movement of the second SMA wire into longitudinal
movement along the end-effector’s shaft, generating
the open-close motion of the gripper.

The mechanism is mostly 3D printed with exception
of the shafts and groove bearings. The shafts of the
design are carbon fiber custom-made to increase the
stiffness and keep the low weight. On the other hand,
due to thermal problems with 3D printed parts, the
groove bearings are metallic pieces that allow to
accommodate the necessary length of the SMA wire
to achieve the desired displacement without increase
the overall size of the robotic arm.

The use of SMA wires as actuators, together with a
simple mechanical design and lightweight
construction materials, allow for the construction of a
robotic arm with an approximate weight of 50g and
rotational movement span of the end-effector of 70
degrees. The lightweight design, together with its
wide range of rotation capability, makes of this design
a suitable alternative for aerial manipulation with
small unmanned aerial vehicles (UAVS).
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Fig. 1: SMA actuated robot arm CAD model.

System model

In this section the mathematical model of the
proposed robotic arm will be presented. The overall
model consist of three subsystems as shown in Fig. 2
the three submodels conforming the robotic arm’s
mathematical model are 1) SMA wire model, 2)
Kinematic model and 3) Dynamic model.

SMA wire model. This model describes the dynamics
of the SMA wire under thermal and mechanical
stimuli. This model is further divided by three
submodels as shown in Fig. 3, which interaction
generates a recursive model. First the Heat Transfer
model outlines the thermal effect of the control
voltage over the SMA wire by Joule effect and natural
convection, where the latter is approximated by a
second order polynomial of the temperature.

Kinematics
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Fig. 2: SMA actuated robotic arm model block
diagram.
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The Phase Transformation Model computes the
martensite fraction rate of the SMA wire (£). This
model consist of a set of two dynamic equations
describing the cooling and heating behaviour of the
system respectively. These two equations are
necessary to represent the characteristic hysteresis of
the SMA wire’s dynamic. The martensite fraction
depends on the temperature and stress of the SMA
wire, being a highly nonlinear model.

The constitutive model characterizes the interaction
between the SMA wire’s dynamic states and the
mechanical effects of these states over the overall
actuator. This effect is describe by the stress rate (6)
as follows [16, 17]:

6 =Eé+NE+ 0T (1)

where the model describes the relation among the
strain rate (¢) , martensite fraction rate (§) and
temperature derivate (T).

Kinematic model. This model depicts the interaction
between the SMA model and dynamics of the arm.
The kinematic model depends directly on the
mechanical design, since it relates directly to the
geometry of the actuator.

Dynamic model. The general dynamic equation of the
proposed robotic arm is given by:

Iy(6) 6+ C, (6,6) + g(6)

. )

+V,;0 + 9(6,6,) =1,
where 6 and its time first and second derivate
represent the position, velocity and acceleration of
coupler-1, I,,(8) is the inertia matrix and Cp, (0,9)
the centripetal-coriolis matrix. The effect of the
gravity is considered in g(6) and V, represents the
viscous coefficient term. @(6,0,) represents the
nonlinear hysteretic term and t,, is the input torque
applied to the coupler-1 by the SMA wire. The latter
can be mathematically described as:

T, = F,r = Aor 3

For a more detail description of the full SMA wire
actuated robotic arm model, please refer to [10].

Position regulation adaptive control design

In this section the design of the adaptive control for
position regulation of the robotic arm’s end-effector
is presented.

The robotic arm is controlled via voltage signals
applied to each individual SMA wire. The gripper is
controlled by an On-Off control where the only states
possible are open and closed. On the other hand, the
robotic arm should be capable to position the end-
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effector in any angle within the allowed range of
movement.
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Fig. 3: Shape Memory Alloy model block diagram.
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Fig. 4: Adaptive Control block diagram.

For this end, an adaptive control law based on the
system’s mathematical model is developed.

In Fig. 4 a block diagram of the closed-loop system
is shown. Here a direct adaptive control method is
applied for position control together with a saturation
block to restrict negative voltages and avoid
overheating of the SMA wire, which could cause
damage to the memory effect.

Let us define the angular position error (e) as
e=6,—86 4

where 0, is the desired joint angle position. We
defined the first time derivative of the error as

; = 4
é=_e 5)

The filtered position error is written as [18]
r(t) = é(t) + ae(t) (6)

where « is a positive known constant. After algebraic
manipulation, the open loop dynamics of the systems
can be written in terms of the filtered error (r) as [18]

IO =—=Cr(0,8)r+c—1  (7)
and

¢ =1y(0)(6, + aé) + C(6,6)

(6, +ae)+g(0) +V,.0 + ®(6,6,) ®)

Choosing the control input based on (7)
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T=C¢+Kr 9)

where K is the control gain and ¢ is the estimate of ¢.
And the estimate is updated by

¢=T"'r (10)

being I' a positive definite adaptation gain.
Substituting (7)1 (8)F = —Cn(6,0)r +¢—7

(Min(9t =¢+ Kr 9 we can
written the closed loop system dynamics in terms of
T as:

Iy(0)F = —Cpr(8,0)r + Kr+¢ (11)

where ¢ = ¢ — ¢. For further details on the control
development and the stability analysis please refer to
[12, 11].

PID position control design

For the purpose of performance comparison, a PID
control is designed. This control approach is one of
the simplest for angular position regulation on robotic
systems.

Considering the angular position error defined in (4)
the PID control law is given by:

u(t) = Kye(t) + K; [e(t) dt + Kze(t)  (12)

where K, K; and Kq4 are the proportional, integral
and derivative gains respectively.

Experimental results

In the following section the experimental results of
the proposed adaptive control (AC) and PID control
are compared and discussed.

The experimental setup is shown in Fig. 6.
Matlab/Simulink on a computer controls the position
of the robotic arm using a voltage power supply
through a power interface based on MOSFET
PMV16XN. The voltage signal is delivered using
PWM control. The position of the end-effector is
measured by a potentiometer Bourne 3382G along
with a 12 bits ADC. The communication between
Matlab/Simulink and the actuator is via serial port
with a microcontroller ESP-12E as interface. The
sampling time was set to 10 ms. Although the
communication for this test is wired, the robotic arm
is equipped and designed for wireless communication
through Robot Operating System (ROS).

A 0.31 mm diameter and 40 cm length Flexinol®
SMA wire is used for SMA-1. The gripper is actuated
by a 0.15 mm diameter and 10 cm length Flexinol®
SMA wire. The arm’s couplers have a diameter of 7.5
mm and are joined by a spring with a stiffness
constant of 3.2 Nmm per degree.
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Fig. 6: Experimental setup.

Both controllers were tuned heuristically, due to the
highly nonlinear dynamics inherent to SMA wires.
The gains for the AC control were set as « = 2 and
K = —0.4. In addition, the gains for the PID control
were K, = —0.3, K; = —0.06 and K; = —0.01. The
control signal for both controller is limited by a
saturation block in order to avoid high voltages that
could cause overheating and damage to the SMA wire.
The upper limit for both controllers is set to 5 V. At
the same time the saturation block sets the lower
voltage limit to 0 V, since negative voltages are not
capable of generating a cooling effect on the system.

The performance of the proposed adaptive control is
tested for position regulation with a series of 3 steps
at 0, 20 and 40 seconds time respectively (see Fig. 7
dashed line). The results are then compared with the
PID control under similar conditions. A 5 seconds
lapse is given at the beginning of the data acquisition
before the control action is started. The initial position
of the robotic arm is the equilibrium point with SMA-
1 at maximum strain (= 62°). The angular position is
measured as the rotational position of the end-effector
with respect to the horizontal plane.

Fig. 7 shows the comparison of the closed-loop
performance of both AC and PID control. From this
figure it is clear that the system has a better response
during falling steps, where the SMA-1 is actuated.
This is due to the free dynamic during cooling, when
actuating with a biased configuration. The response
of the system present an average overshoot of 4.5%
with AC and 8.3% for PID control. The average
steady-state error (SSE) is 0.23% for the AC while for
PID control is 0.33%. In addition, the average settling
time for falling steps is 3.25s for AC and 6.25s for
PID control. As mentioned before, both controllers
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have a poor performance during raising steps, where
the settling time for both controller is on average 10s.

The AC controller have better overall results,
decreasing the all three parameters, average
overshoot, average steady-state error and settling time.
However, both controllers had a poor performance
when facing raising steps references, we can conclude
that the AC approach is more suitable for dealing with
the SMA wires nonlinear dynamics. This is better
shown in Fig. 8, where the position regulation error is
presented.
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Fig. 7: Comparison of PID and AC controllers for
position regulation.

The control input for both controllers is depict in Fig.
9. We can see that the adaptive control has a more
aggressive response when compared to the PID
control, however, it achieves faster responses and
smaller SSE, while the control input is still between
safe limits for the SMA wire.

Conclusions

We have presented a lightweight robotic arm actuated
by a couple of biased SMA wires, one for gripper
control and one for angular position control. This
design in based on 3D printed custom-design pieces
which along with light constructions materials allows
a robotic arm with an approximate weight of 50g and
a range of movement around 70 degrees.

A direct adaptive control (AC) for position regulation
was developed. This controller was tested
experimentally and its performance compared with a
classical PID control, where the adaptive control
proved to be a better approach to deal with the SMA
wire nonlinear dynamic.

As future work the experimental results will be
extended to two SMA wires configuration for joint
actuation, looking to achieve with this approach a
shorter settling time and smaller steady-state errors.
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Fig. 8: Regulation error for PID and AC controllers
during position regulation.
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Fig. 9: Control Voltage for position regulation with
PID and AC controllers.
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