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SMA Based Camera Gimbal for Point/Trajectory Tracking

Karan Vaish and Rakesh Vasireddy

Abstract—As evident, the camera has largely varied
applications. The advancements in technology beckon the need
for development of optimized control systems. Such a control
system is presented, based on transformation of grids/planes
and shape memory alloys that prove to be much lighter and
faster, thus enabling the use of cameras in areas that are
presently found hard. Two linear actuators based on 2-way,
step wise actuated, SMAs are coupled together to accurately
position one end of a lever, on a plane, that moves the camera
mounted at the other end of the lever, with the longer arm, ina
spherical plane. The larger spherical plane of the camera is
transformed into a much smaller, control plane (planar) of the
SMAs using appropriate transformation techniques leading to,
apart from a single point, tracing of complex curves with
extremely high angular velocities. The large force to weight
ratio of an SMA makes the control system extremely light and
low power consuming than servo motors, even for relatively
heavy cameras. For example, in robotic eyes, motion analysis of
objects with known trajectories, so on and so forth.

Index Terms—SMAS, cameras, actuators.

. INTRODUCTION

The basic concept of operation aims at reduction in the size
of the control plane, and production of magnified results.
Using the desired difference in lengths on the either side of
the fulcrum, in a simple three dimensional lever system, very
little movement of the control arm leads to proportionately
large angular deflections of the camera mount. The
movement of the control arm is actuated by linear, stepped
actuators based on shape memory alloys. The step wise
actuations are obtained by the use of electrical taps at
different lengths of the actuator thus energizing only small
parts leading to a stepped linear extension. First we will
discuss what are shape memory alloys and their properties,
how they work. Moving on we shall present the assembly of
our components and how exactly are they meshed with each
other. Then we shall proceed to the discussion of the link
between the physical space and the control space, followed
by appropriate transformation techniques and software
integration. This is where the complete concept of operations
have been explained.

Il. SHAPE MEMORY ALLOYS

A shape-memory  alloy (SMA, smart  metal, memory
metal, muscle wire, smart alloy) is an alloy that "remembers"
its original, cold-forged shape: returning to the pre-deformed
shape when heated. This material is a lightweight, solid-state
alternative to conventional actuators. Shape-memory alloys
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have different shape-memory effects. Two common effects
are one-way and two-way shape memory.

One-way memory effect is when a shape-memory alloy is
in its cold state (below A;), the metal can be bent or stretched
and will hold those shapes until heated above the transition
temperature. Upon heating, the shape changes to its original.
When the metal cools again it will remain in the hot shape,
until deformed again. The two-way shape-memory effect is
the effect that the material remembers two different shapes:
one at low temperatures, and one at the high-temperature
shape. A material that shows a shape-memory effect during
both heating and cooling is called two-way shape memory.
This can also be obtained without the application of an
external force (intrinsic two-way effect). The two main types
of shape-memory alloys are copper-aluminium-nickel, and
nickel-titanium (NiTi) alloys but SMAs can also be created
by alloying zinc, copper, gold and iron. NiTi alloys are
generally  more  expensive and change  from
austenite to martensite upon cooling [1]. The three main
SMA phases are shown in Fig. 1.
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Fig. 1. SMA phases

I1l. ASSEMBLY
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Fig. 2. Structural design

1) As shown in Fig. 2 the two shape memory alloys are
mounted perpendicularly to each other with a rotational
degree of freedom in the same plane. They both are
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connected to the control arm (shorter arm) of the lever
using sliding pairs. The lever is mounted on the control
volume using a simple ball socket joint configuration
with the effect arm (longer arm with the camera mount),
protruding out of the control volume. The camera is
fixed on the mount.

2) Smaller is the length of control arm, greater is the

angular deflection (B).

Let length of control arm at neutral position

(perpendicular to the top surface) = 6ad mm

Maximum amount of extension possible by the

SMA  =0216 mm.

Using simple trigonometry,

U =tan 1d/0. (1)

3) Smaller is the ratio of control arm length to effect arm

length, greater is the linear force required.
Let the length of the effect arm = 6b mm
Let the weight of the camera = éwd kg

F = wx(b/a) Newtons.

@

IV. TRANSFORMATIONS

Each Coordinate on the effect plane, where the camera
needs to be pointed at (taken as an input from the user) has a
complimentary coordinate on the control plane as shown in
Fig. 3. This coordinate relationship can be determined by
simple geometric equations given below,
where (X, Y, Z) are notations for the effect plane and (x, y, z)
are the notations for the control plane. The origin is placed at
the points where the line, perpendicular to the control plane
and passing through the centre of the ball socket joint
intersect the two (effect and control) planes.

. s o
O= wx[1 —m] 3)
D=0x0O+ 02+@2 (4)
O =0xa+ N2 +§? (5)

Similarly every single curve drawn on the effect plane will
have a complementary curve on the control plane. The
trajectory/curve can be found out by simply substituting the
complementary points in terms of x, y, z in place of X, Y, Z in
the equation.

Fig. 3. Effect plane and control plane

For greater accuracy in tracing trajectories a different
approach is required. Since the input is being taken in
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reference to the position of the camera, for simplicity, it is
important that the effect plane stays a simple two dimensional
Cartesian plane (Fig. 4) while transformation techniques are
employed to generate a completely different non linear two
dimensional grid for the control plane (Fig. 5) . This
non-uniform scaling originates from the fact that the camera
follows a curved path while the physical space is assumed to
be planar. Hence for accurate positioning transformation
between following grids is employed.

Numerous techniques can be employed for these types of
transformations. A simple method for grid transformation is
shown as follows

X' =Xy + agX+ @Y+ agXY + agX+ agY+ agX?Y+ a;XY2+ agk®+ (6)

Y' =yt byX+ byY+ baXY + byX2+ bsY2+ bgX2Y+ by XY2+ beX3+..(7)

Equation (6) and (7) show a type of simple projective
transformation which is non-linear and relates two 2D
Cartesian coordinate systems
through a translation, a rotation and avariable  scale
change. The transformation function can have an infinite
number of terms [2]. Other methods include various
discretization techniques [3] that are beyond the scope of this

paper.

Fig. 4. Effect plane (cartesian plane)

Fig. 5. Control plane

V. CONTROLLER DESIGN

The primary challenge in precisely controlling SMAs is
their highly nonlinear hysteretic transformation, material
degradation, and thermo-mechanic fatigue. While all these
complexities come from SMA materialsd components
characteristic and SMA actuatords geometry. This brings
fundamental concerns that for different materials, shapes and
geometries of the devised SMA actuator, the deformation
mechanisms, temperature-induced phase transformation
properties, hysteresis loops, and thermo-mechanics fatigue
characters will be un-doubtfully different. A simple SMA
controller design has been shown in Fig. 3 based on a closed
loop approach and adaptive tuning [4].



International Journal of Modeling and Optimization, Vol. 3, No. 1, February 2013

Feedforward
system outputs: Controller

g actual
+ displacement

P 0 system
£ outputs
IO | Feedback + MShaPe i
] emor
+ 3 i Co;moller current] Alloyy
Vs

voltage

adaptive tuning

Fig. 6. SMA control system

A. Actuation

SMA actuators are typically actuated electrically, where an
electric current results inJoule heating. Deactivation
typically occurs by free convective heat transfer to the
ambient environment. Consequently, SMA actuation is
typically asymmetric, with a relatively fast actuation time and
a slow de-actuation time. A number of methods have been
proposed to reduce SMA deactivation time, including forced
convection, and lagging the SMA with a conductive material
in order to manipulate the heat transfer rate.

Novel methods to enhance the feasibility of SMA actuators
include the use of a conductive "lagging"” [5]. This method
uses a thermal paste to rapidly transfer heat from the SMA by
conduction. This heat is then more readily transferred to the
environment by convection as the outer radii (and heat
transfer area) is significantly greater than for the bare wire.
This method results in a significant reduction in deactivation
time and a symmetric activation profile. As a consequence of
the increased heat transfer rate, the required current to
achieve a given actuation force is increased.

TABLE I: CURRENT CHARACTERISTICS OF SAMPLE SMA

Approximaie* Current
at Room Temperature
(mA)

Rasistance (Ohms/

Maximum Pull Force
Diameer e (nches) |, o=

(grams)

Off Time LT=70"C
Wire*# (seconds)

Off Time HT=00° C
Wire* (seconds)

Contraction® Time
{(seconds)

00010 450 d 0 1 0.10 0.06

00015 210 17 0 025 0.09

0002 120 35 50 03 0.1

0003 5.0 100 05 02

0.004 30 130 08 04

0,005 18 230 50 09
0.006 13 330

0,008 610

omo 1000

0012 1250 1750

0ms 02

1

1

1

1

1

400 1 20

1

1

1

2000 1
1

0020 4000

B. Stepwise Actuation and Positional Feedback

The actuation of the SMA can be carried out in a stepwise
fashion rather than the usual ON-OFF approach. The
advantage of this method lies in the precision and controlled
actuation lengths that can be achieved. This also increases the
resolution of the mapped Cartesian plane as smaller stroke
lengths can be achieved by this method. The positional
control system for the shape memory alloy (SMA) wire
actuator uses an electrical resistance feedback. A control
scheme is implemented to eliminate the need for a position
sensor to achieve stable and accurate positioning by utilizing
the actuator's electrical resistance feedback [6]. The main
bottle neck for this approach is the non-linear behavior of the
SMA material which results in small variations in resistance
for a given length. This can be solved by employing artificial
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intelligent systems like neural networks or fuzzy logic based
systems. The control system can further be improved by
using a proportional-derivative (PD) based approach to attain
optimum response [7].

VI.

The inputs to the system are given by the user whose
primary objective is to trace the trajectory of a body. This can
be done in two ways. The user can either input the
co-ordinates where the camera has to be focused or moved to.
Alternatively the user can also input equations of trajectories
the camera can automatically trace without further inputs
from the user end. The software design consists of a GUI
(graphical user interface) where the inputs from the user are
taken. These inputs are processed accordingly based on the
type of trajectory. The most commonly used trajectories like
circular, oval, parabolic, elliptical, hyperbolic etc... are
pre-transformed into their planar equations by using
appropriate transformation equations which have been
explained in the Transformations section above. These
transformed planar equations are used to extract the
co-ordinates of the trace points on the control plane.
Depending on these planar co-ordinates the stroke length of
individual SMAs can be calculated. Once this is done the
electrical actuation system explained in the above sections is
used to obtain the required output by precise Joule heating.
This process is repeated again and again to trace all the
co-ordinates on the control plane there by making the camera
move in the required trajectory .

SOFTWARE - USER INTERFACE AND THE PROCESS

VII. CONCLUSION

The above discussed mechanism can be used to obtain a
lighter, low power consuming, and a much faster control
system for cameras. These cameras can then also be used for
motion analysis of various objects with known trajectories
done in controlled environments. This is possible only
because of extremely higher angular accelerations achievable
by the presented mechanism. This mechanism may be the
ideal choice to replace traditional gimbal setups as camera
mounts on UAVSs as they offer more optimized performance
in terms of weight and power that play a vital role in deciding
the characteristics of a plane.
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