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Shape Memory Alloy (SMA) based actuators have become ideal candidates for use in compact and light-
weight applications. These smart materials have often been referred to as artificial muscles due to their high
work volume density. In this paper, a flexure-based SMA powered mechanical oscillator is developed to
create an inchworm robot. Here, a novel magnetic latch system is used to create a mechanically-intelligent

system that allows the abstraction of any sensors such as temperature probes. This insect robot, weighing

Keywords:

Smart material
Artificial muscle
Bio-inspired
Self-biasing
Compliant mechanism
Thermal model
Analytical model

only 9.7 g, operates without any control logic or micro-controller and is able to perform a crawling gait
untethered. An analytical model of the thermal properties of the SMA coil, for the sizing of the robot speed,
and an analytical model of the step length of the insect robot is presented and validated. A working pro-
totype, with a speed of 1.55 mms™’, is showcased in this work.
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1. Introduction

Shape Memory Alloys (SMAs), often referred to as artificial
muscles, are a type of smart material that is considered to have the
highest volumetric work density [1,2]. These thermally activated
materials are often used in lightweight and compact applications
that still require high forces [3]. These alloys are able to recover any
strain experienced at lower temperatures when they are heating
above their transition temperature. Thus, they are often paired with
a biasing element such as a spring, to create a lightweight reversible
linear actuator.

A linear actuator, which can realize linear strokes without any
transducer or conversion mechanisms to transform a rotational
motion, can increase the efficiency and fatigue life. As mentioned
earlier, only by pairing the SMA with a biasing element such as a
passive spring, a basic linear actuator can be created [4]. By alter-
nating between heating and cooling the SMA, a mechanical oscillator
can be created [5]. However, due to the complex nature of the Shape
Memory Effect (SME), complex control strategies are required to
control the temperature and position of the SMA actuator [6-8].
These linear oscillators, which have flourished rapidly due to
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advances in materials and control technologies, can be used in ap-
plications such as compressors, pumps or, as showcased in this
work, as insect-inspired crawling robots [9].

Recently, SMA powered linear actuators have grown in popularity
creating these bio-inspired mobile robots that are able to mimic the
gait of various mesoscale insects [10]. In particular, the rhythmic
nature of SMA linear oscillators has made it the ideal candidate to
create a crawling robot that mimics the locomotion of the inchworm.
These inchworms are able to move forward by periodically activating
their abdominal muscles [11].

These SMA driven crawling robots are generally quite large and
wastes the high work density of the SMA due to the requirement of
large biasing-springs and control electronics [12]. Furthermore,
when designing these small scale robots, to reduce the weight, the
SMAs are driven in an open loop with a risk of overheating and
destroying the active material [13]. In this work, a mechanically
intelligent, electronics-free control strategy will be presented to
create the SMA actuated mechanical oscillator that powers this
lightweight crawling robot. This removes the need for any micro-
controller or sensors to be integrated into the robot design as op-
posed to most SMA inchworm solutions [14]. Here, NiTiNOL, a
commonly used and readily available type of thermally activated
SMA is used as the artificial muscle. Furthermore, the bias-spring,
presented in this work, will use the inherent stiffness of the flexure-
based mechanisms required for the implementation of the insect
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robot. This results in a more compact and lightweight solution
compared to the traditional bias-spring SMA actuator.

The paper is organized as follows: In Section 2, a gait analysis of
the inchworm and the working principle of an SMA actuator will be
presented. In Section 3, the working principle and a mechanically-
intelligent control system for the SMA oscillator will be demon-
strated, along with a thermal model for the SMA coil. In Section 4,
the inchworm robot will be showcased along with an analytical
model for its step length and locomotion. Lastly, in Section 5, the
results of the crawling robot are examined, along with the validation
of the analytical models. Finally, the future perspectives of such a
design strategy are discussed with the possible limitations of this
implementation.

2. Background
2.1. Biological analysis

The mobile robot presented in this work is inspired by the gait of
the inchworm. The inchworm is not a type of worm but a type of
caterpillar. These insects have a peculiar type of locomotion made
possible by a looping motion called the two-anchor crawling gait
[15]. Its gait consists of anchoring its forelegs and using the muscles
present in its mid-section to pull the rest of its body as shown
in Fig. 1.

The locomotion, as seen in Fig. 1, consists of alternating between
gripping the ground or slipping. First, the forelegs are made to slip
and the abdominal muscles are used to push against the hind legs to
extend the forelegs. Next, the forelegs grip the ground and the ab-
dominal muscles pull the hind legs which now slip against the
ground. This pattern repeats to allow the inchworm to crawl along
the surface. In this paper, artificial muscles, using smart materials,
are used to replicate the gait of the inchworm.

2.2. Shape memory effect

Shape Memory Alloys (SMA) are a common type of artificial
muscles that react mechanically to heat. This smart material exhibits
the Shape Memory Effect (SME) based on phase transformations
induced by temperature and stress. At room temperature, the ma-
terial when exerted to a certain stress deforms plastically. This de-
formation can then be reversed and forced to return to its original
shape by heating the material above its transition temperature. This
behaviour can be exploited by pairing the alloy with a biasing ele-
ment such as a dead weight or a spring to create a lightweight ar-
tificial muscle.

2.3. Bias-spring actuator
Often, the simplest solution for creating the actuator is to pair an

SMA coil with a bias-spring. As seen in Fig. 2, the spring can be
stretched by the SMA coil at high temperature while at low
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Fig. 1. The gait analysis of an inchworm showing the insect change the coefficient of
friction (us) with respect to the ground by either gripping or sliding its legs.
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Fig. 2. A basic force-displacement graph to show the working principle of a bias-
spring (in this case, a flexure-based spring) SMA linear actuator.

temperature, the SMA coil is stretched instead by the spring. The
positions, shown in the figure as ® and ®, represent the stroke of the
bias-spring actuator as the temperature of the SMA is alternated
between hot and cold, respectively.

Increasing the stroke of the actuator requires increasing the
length of the spring and the SMA. But this runs the risk of unwanted
buckling and thus, often requiring the need for a linear guide for the
actuator. In this work, the traditional bias-spring SMA actuator is
adapted to used flexure-based linear guides rather than the tradi-
tional linear ball bearing kind consisting of rails. Usually, flexure-
based mechanisms present with an unwanted inherent stiffness
which is a drawback in most applications. But in this case, this in-
herent stiffness can be exploited to replace the biasing element. The
linear stage flexure mechanism, as shown in Fig. 4, is composed of
two parallel leaf springs which allow movement along one axis and
inhibit the degrees of freedom is the other two axes. This strategy
results in an improved work weight density for the actuator and a
more compact solution that requires fewer parts as the biasing
system and linear guides are combined. In this work, the flexural
mechanism is 3D printed using PLA plastic and the stiffness of the
spring can be calculated using the work in [16].

3. Mechanically-intelligent oscillator

With the traditional bias-spring SMA actuator, a simple back and
forth oscillating motion can be created by heating and cooling the
active material [4]. This kind of oscillator would require an accurate
control of the temperature of the SMA. Since, the SME is a complex
and highly non-linear behaviour, such control would require a
sensor, such as a temperature sensor or position sensor, to establish
a closed-loop control for accurate frequency control [6-8].

In this section, a sensor-less, electronics-free proof of concept is
presented. The basic concept of this methodology is to tie the me-
chanical behaviour of the actuator into the control. The SMA retracts
when a current is passed through due to Joule’s losses. This retrac-
tion is used to mechanically cut the current flow across the SMA and
allow the thermal exchange with air to cool down the SMA once
again. The extension, upon cooling, is used to re-establish the elec-
trical contact across the SMA, restarting the oscillating motion. Thus,
this system allows an automatic oscillation of the bias-spring SMA
actuator without any external sensor or control electronics [5].

3.1. Implementation

As mentioned earlier, using a flexure based mechanism as a
linear guide, permits the omission of a dedicated spring in the de-
sign. As seen in Fig. 4, the linear stage is comprised of a cantilever
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Fig. 3. Diagram showing the working principle of the SMA oscillator using the
magnetic latch system.

beam. This cantilever act as a leaf spring that applies a tractional
return force on the SMA coil at a lower temperature while also
preventing any unwanted degrees of freedom in the other axis.

The implementation of the oscillator mechanism consists of
pairing the SMA actuator with a magnetic latch system. A diagram of
the working principle of the prototype can be seen in Fig. 3. The
magnetic latch consists of a magnet mounted on a leaf spring that is
attracted to the free end of the SMA actuator. The electrical current is
made to flow across the magnetic latch and into the SMA coil. Thus,
the coil is only heated when the magnet makes contact with the free
end of the actuator. Essentially, as the magnet connects to the ac-
tuator, the coil is heated and retracts. As the coil retracts, the magnet
mounted on the leaf spring is displaced with the coil. During this
phase, the magnet experiences a return force, Fs, and will continue
to follow the actuator. Once, the return force is higher than the at-
tractive magnetic force, Frag, between the magnet and the SMA coil,
the latch detaches immediately from the actuator and the magnet
returns to its original location. This causes the electrical contact to
be broken and begins the cooling of the SMA coil. The bias leaf spring
of the SMA actuator will, in this phase, extend the coil back towards
the magnetic latch to, once again, re-establish the electrical contact.
In this manner, an oscillating behaviour can be observed without any
control logic or sensors. Therefore, the required contraction of the
SMA coil, &, can be controlled by sizing the leaf spring associated
with the magnet.

Fmag
K; (1)

£ =

where K; is the rigidity of the leaf spring which depends on the di-
mensions of the cantilever beams and can be calculated
using [16,17].

This basic concept can be implemented using different methods.
The linear stages can be further optimised and sized to fit the desired
stroke of the actuator. Solutions involving bistable mechanical lat-
ches and pogo pins can be imagined to serve the same purpose.Fig. 4.

Magnet Electrical Contact

Leaf Spring

Fig. 4. The closeup of the magnetic latch system that acts as the oscillating electrical
contact for the SMA coil. Here, electrical contacts from relays are used to reduce the
resistance and an air gap is used to control the magnetic force.
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3.2. Sizing of the oscillator

The SME is a thermomechanical behaviour and thus, the sizing of
the oscillator is dependant on the temperature of the SMA coil as
heating is generated by Joule’s losses over the SMA. The rise time of
the oscillator is directly related to the amplitude of the current ap-
plied across the SMA while the fall time of the oscillator is dictated
by the cooling time of the SMA coil. In this case, the cooling occurs
passively through thermal exchange with the surrounding air. Thus,
the cooling time is related to the geometry of the SMA coil.

The amplitude of the oscillator is represented by the stroke of the
bias-spring SMA actuator and as seen in the Fig. 2 depends on the
stiffness of the bias-spring and the force-deformation curve of the
SMA element. This stroke can be calculated using the analytical
model of the SMA and the stiffness model of the spring as shown in
[18] based on the Brinson model [19].

The cooling time of the SMA can be calculated using a simple
thermal model based on the loss of thermal energy from the surface
of the SMA wire and the surrounding air. The time constant, ¢, of
such a system can be expressed as:

7 = pcd/ (kH) (2)

where p [kem™] is the density, c [Jkg"'K™")] is the specific heat ca-
pacity, d is the wire diameter, k=4 is the ratio between the surface
area of heat exchange, As, and the volume of the active element, V,
and H [Wm2K™!] is the heat transfer coefficient. The thermal model
of the wire can be expressed as:

T()=Tg + (% - Tple " (3)

where T is the ambient room temperature and ¢t is time. Thus, the
cooling time, t., based on the temperature gradient between the
SMA and the surrounding air, can be expressed as:
L-T

2

hL-T
L-Te-237 (4)

L-Tg +
t. = rlog

where the subscripts, 1 and 2, represents the operating points of the
actuator as shown in Fig. 2. The physical properties of the SMA were
obtained by consulting the data given by the supplier at Dynalloy.

Using equation 3, least-squares minimization is used to fit this
thermal model to the cooling time of an SMA coil of 250 ym wire
diameter. By doing so, the heat transfer coefficient, H, can be esti-
mated. Using the model and the estimated parameters, the time
constant and cooling times of other diameter SMA springs can be
extrapolated. In Fig. 5, the cooling based on wire diameter of dif-
ferent SMA springs can be seen. This model is validated using a
200 ym diameter SMA coil which is then used in the proposed in-
chworm. Using these values, the fall time of the oscillator can be
estimated for other wire diameters.

The rise time of the oscillator, t,, can be estimated by calculating
the time required to heat the SMA wire using Joule heating. Using
the known resistance of the SMA wire, R, and the current, I, supplied
to the system the heating time can be easily measured using the
basic laws of electro-thermodynamics. In the case of slower rise time
with small currents, the loss of heat with the surrounding air by
convection must be taken into account and can be estimated with
the equation:

T pVe
th = dT
" fn PR(T) — HAs(T — Tx) (5)

The repeatability of the system has been presented in the previous
work [20] and has shown that when the oscillator has been left to
oscillate, its frequency has remained consistent. However, when
considering the actuator, the life cycle of the SMA coil depends
greatly on the strain amplitude and the type of imposed stress. Based
on work in the field [21] and considering that the SMA coil is under a
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Fig. 5. Extrapolation of the cooling time based on wire diameter with H =43.8
wm™K™" [20].

torsional stress, the actuator can be estimated to last around 10°
-10° cycles before failure.

4. Inchworm implementation

The proof of concept SMA mechanical oscillator presented in
Section 3, is adapted to create a crawling robot that mimics the lo-
comotion of an inchworm. Due to the purely mechanical nature of
the oscillator design, the robot can be made to crawl across a surface
without the presence of a micro-controller or other control logic.

4.1. Working principle

The basic working principle of the inchworm robot consists of
transforming the linear movement of the SMA oscillator into a ro-
tation of a pair of legs such that the tips (or claws) of the robot leg
pulls the body of the robot across the ground.

As seen in Fig. 6, the inchworm robot is entirely 3D printed in a
single piece and is powered using an SMA coil. The oscillator system
is implemented using a magnetic latch system as presented in
Section 3. The insect legs are attached to the free end of the SMA coil
S0 as to harness the strain recovery when the coil is heated. Here, the
flexural linear stage is replaced with simple cantilever leaf springs so
as to transform the linear contraction of the SMA coil into a rotation
of the insect legs.

The robot functions in a similar manner to the inchworm pre-
sented in Section 2.1 where the legs alternate between high friction
and low friction with respect to the ground allowing the robot to
crawl. Here, the alternating friction of the legs is made possible by

Magnetic
latch

20 mm

Fig. 6. The implementation of the insect robot around the mechanical SMA oscillator.
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the design of the tips of the insect legs. The tips or claw of the insect
robot legs is designed such that the angle of contact with the ground
surface is asymmetrical with the direction of movement. It behaves
in a similar way to a ratchet system where one degree of freedom is
allowed in the forward direction but not in the backward direction.
This claw design allows the insect leg to rotate forward in the
clockwise direction but prevents any rotation in the anti-clockwise
direction due to changes in friction with respect to the ground. As
the SMA coil is stretched by the bias leaf spring during cooling, the
entire insect body is dragged forward by the insect legs due to its
rotation being blocked in the backward direction. Thus, to sum-
marize, during the heating of the SMA coil, the legs advance forward
and during the cooling of the SMA coil, the entire body of the insect
robot advances forward to return the structure to its original state.

4.2. Analytical model

An analytical model can help with sizing the body of the insect
robot so as to determine the expected displacement of the insect
robot based on the contraction of the SMA coil.

As mentioned, in Section 4.1, the crux of the design revolves
around the cantilever leaf spring. This flexural structure converts the
linear contract of the SMA coil into the rotation of the insect legs
while also serving as the bias spring for SMA actuator allowing the
coil to be stretched during the cooling phase.

The pseudo-rigid-body model [17] is used to model flexure-based
mechanisms such as the cantilever beam as traditional rigid-body
mechanisms. Thus, by simplifying the cantilever leaf spring as a
virtual pivot, an analytical model can be established to estimate the
effect of the SMA coil contraction. In the work [22], the location of
the virtual pivot can be estimated with relative accuracy to a point at
a distance of aL from the clamped end of the cantilever beam, where
L is the length of the beam, bL is the length of the rigid attachment
point with the SMA coil and a is:

a_1+3b
T 3+6b (6)

The pre-stretched SMA coil of length, L’sy4, is attached to the
biasing cantilever leaf spring at the free end as shown in Fig. 7. The
position of cantilever tip, P(xp, yp), as the SMA coil contracts in length
by ¢, can be deduced by finding the intersection between the two
circles with radii, r; and r,, and with centres at the virtual pivot V
(xv, yv) and fixed end of the SMA coil S(xs, ys), respectively.

P(x,y) = %("" * XS) + ’12”%("5 B XV)

W tYs 22 \Ys =W
1 ‘,“ r12+r% _ (r%—r%)z _ Vs — Wy
* 2\/2 R? R4 1 Xy — Xs (7)

Fig. 7. The working principle of the insect robot showing the simplification of the
cantilever beam to a virtual rigid body pivot. The claw design changes the coefficient
of friction (us) of the insect with respect to the ground allowing the robot to crawl.
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where R is the Euclidian distance, |VS|, between the two circle cen-
tres, n=(1—-a+ b)L and r, = L'sys — ¢ representing the current
length of the SMA coil.

As the insect legs are attached at the cantilever tip, the claw tips,
C(xc, yc), of the insect robot can be estimated by using a series of
simple translation and rotation transformations from the cantilever
tip based on the angles («) and lengths (L) of the insect leg segments.

-2-90 . i
C(x,y) =();£) + Y L cost 2 " 2

o |sin(-5 -6+, @) 8)

Thus, based on the contraction of the SMA coil (¢), the step length
of the insect, AC, can be estimated by taking the Euclidean distance
between the claw tip location before and after the SMA contraction.
The position of the insect robot claw and the step length based on
the SMA coil contraction can be seen in Fig. 9.

5. Results and discussion
5.1. Oscillator prototype

The proof of concept oscillator prototype, as described in Section
3, was 3D printed using PLA filament and was supplied with a
constant current and left to oscillate for 2 min. By measuring the
temperature fluctuations with a thermal camera, the frequency and
periodicity were measured, as shown in Fig. 8. The rise time and
cooling times were measured by detecting the peaks and troughs of
the signal. The mean and standard deviation of these values were
then calculated. The rise time of the oscillator when supplied with
340 mA was measured to be 3.8 + 0.18 s while the rise time when
supplied with 840 mA was measured to be 0.64 + 0.09 s. The cooling
time when supplied with 340 mA and 840 mA was found to be
5.71 £ 0.09s and 5.82 + 0.2 s, respectively. Thus, the period of the
oscillations for the two measurements was found to be 9.60 + 0.17 s
and 6.47 = 0.22 s which corresponds to a frequency of 0.10 Hz and
0.16 Hz, respectively. The cooling time predicted based on the SMA
geometry, as shown in Fig. 5, corresponds to the measured values.
Also, the cooling time remains relatively constant with respect to the
varying current across the SMA. These results show that this oscil-
lator design using the magnetic latch system can be used to create an
inchworm robot with a constant speed and that can be sized for a
certain speed.

The oscillator prototype showed that the electrical contact es-
tablished with the magnet was less than ideal. Large spikes in cur-
rent was observed as the SMA made contact with the magnet. In the
case of the inchworm robot, the electrical contact was adapted to

469
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Fig. 8. Effect of the current on the evolution of the SMA spring’s temperature on the
oscillator. The temperature of the SMA coil was measured using a thermal camera
with an optical zoom lens that allows for high spatial resolution.
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Fig. 9. Comparison of the leg tip displacement versus the contraction of the SMA coil
between the analytical model (AM) and Finite Element Model (FEM) simulation. Here,
the dotted and filled lines represent the FEM results and analytical model, respec-
tively.

use contacts salvaged from an electrical relay. This improved con-
siderably the current flow and allowed for a more constant oscil-
lating frequency.

5.2. Inchworm robot

The analytical model of the inchworm robot was used to predict
the step length based on the contraction of the SMA coil during
heating. The validation of this analytical model was performed by
simulating the entire robot using a commercial finite element
modelling (FEM) software and comparing it with the results of the
analytical model, as shown in Fig. 9. The model is further validated
by the experimental results of the inchworm prototype, as shown in
the same figure. The comparison shows that the analytical model is
quite accurate and can be an ideal candidate for the optimization of
the step length.Fig. 10.

The inchworm robot was fabricated using a single 3D printed
piece from PLA filament based on the parameters shown in Table 1,
as seen in Fig. 6 and Fig. 7. By connecting the robot to a 3.7V 20 mAh
battery (LP201515), the robot is able to crawl untethered, as shown
in Fig. 11, for an estimated 1.6 min. The total weight of the robot
including the battery weighs 9.7 g. When left to crawl on a flat
surface, an average speed of 1.55 mms~! was measured, as shown in
Fig. 10. The efficiency of the robot legs is highly dependant on the

Insect Robot
=== Trendline
----- Step (SMA Activation)

— Lo
= =

Displacement [mm]

ot

Fig. 10. The displacement of the insect robot. The average speed of the robot is 1.55
mms~". Here, the step line represents the state of the SMA. A high value denotes that
the SMA coil is being heated and a low state denotes that the SMA coil is
cooling down.
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Table 1
The design parameters of the inchworm robot.

Parameter Value

SMA dimensions
Biasing Leaf Spring 30%10x0.6 mm

Magnet Leaf Spring 30%2.5x0.6 mm

Magnet force 250¢g

Battery Life 1.6 min @ 20 mAh

Leg dimensions L; =[20 mm, 33.5 mm]q; = [0°, 26.6°]

Coil: 1.37 x 12 mm Wire: 0.2 mm

Fig. 11. The untethered gait of the insect robot with a step length of 8.4 mm.

surface; smoother surfaces cause the legs to slip and drastically
changes the efficiency of the design.

The insect robot is powered using a single 200xm diameter SMA
coil, provided by Dynalloy. The coil is heating using Joule’s heating by
passing a current through it with the help of a small battery. The
heating consists of passing a current of 770 mA for around 750 ms
with a power of 1.7 W. The robot was measured to have a step size of
8 mm. Often, in the case of inchworm robots, the cost of transport
(CoT) is calculated to compare the different implementations. This
indicator allows for the comparison of dissimilar animals and modes
of transportation. It can be calculated using the following equation,
CoT = E/mgd, where E is the energy required to heat the SMA, m is
the total mass of the robot including the battery, g is the acceleration
due to gravity and d is the step length of the robot. Using the
equation, the CoT was calculated to be around 1620 Jkg 'm™'. This is
comparable to other untethered inchworm robots like in the work by
[23] whose CoT is measured to be 1670 Jkg 'm™".

When compared to other inchworm robots, as shown in Fig. 12,
this work is able to achieve comparable speeds to similar tethered
alternatives and is extremely lightweight due to the absence of any
sensors or electronics. This work is however limited by its depen-
dence on passive cooling. The design, while being cheap and easily
fabricated using 3D printing, it is limited by the PLA material. By
optimizing the material to create thinner leaf springs, the size of the
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Fig. 12. The distribution of various different inchworm robots powered by smart
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robot can be greatly reduced. Future work will have to include the
optimization of the claw design and improve the overall efficiency of
the insect robot’s claw design to prevent slipping.

6. Conclusion

This work presents a 3D printed crawling inchworm robot
powered by an SMA powered mechanical oscillator actuated. This
novel oscillator is actuated using a single SMA coil without the need
for any control strategy or electronics. The system uses flexure-based
mechanisms to create a magnetic latch system that is the crux of the
system. A flexural cantilever beam is further used as a biasing ele-
ment for the SMA actuator while also acting as the motion conver-
sion system that transmits the linear contraction of the SMA coil to
the movement of the robot legs. This concept of using the inherent
stiffness of a flexure-based mechanism could be widely used in other
applications to create SMA actuators that are lightweight, compact
and easy to assemble. The SMA insect robot weighs only 9.7 g and
has an average speed of 1.55 mms ™.

A thermal model for the cooling of the SMA is presented and
validated. An extrapolation of this model for varying SMA wire
diameters is presented so as to easily size the required speed of the
robot. An analytical model of the step length of the inchworm robot
is presented and further validated using a FEM simulation.

In this work, an innovative approach to designing SMA-based
actuators combined with flexural systems is presented. A system in
which, such an actuator can be harness as a mechanical oscillator
without the need for any electronics is exploited to create a mobile
crawling robot. This system, being lightweight and easy to manu-
facture, can be integrated into larger robots with multiple
crawling legs.

For future work, the leg design needs to be optimized to increase
the step length of the robot. Furthermore, the current im-
plementation of the claw design is inefficient and will require fur-
ther investigation to improve the efficiency of the crawling gait.
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