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ABSTRACT

Shape memory alloy actuators are attractive for many industries because of their high energy
density and moderate strokes and forces, which can enable low cost, light weight, high performance
devices. SMA wire actuators are particularly advantageous because of their simple form,
well-developed manufacturing and quality control, actuation with simple electrical circuits, and
faster heating and cooling rates. Unfortunately, packaging the long lengths of SMA wire needed to
produce required deflections in many applications is an ongoing technical challenge. This paper
investigates spooling as a packaging approach to provide more compact actuator footprints and
explores the accompanying design tradeoff between packaging and performance. A predictive
analytical model is derived that relates the linear output motion to key design parameters (geometric
and frictional properties, SMA material properties, and externally applied loads) within model limits
originating from binding due to accumulation of friction across the spool. An experimental study is
presented which exercises the model with respect to applied load, wrap angle and spool position
within the actuator system, and the results correlate well with the model prediction in both form and
magnitude. The study provides insight into the impact of key design parameters and exposes the
design tradeoff between the packaging approach and performance losses. Based on the resulting
spooling model, actuators can be designed with minimized losses and improved packaging footprints,
positioning SMA wire actuators as a viable alternative to conventional industrial actuators.
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1. INTRODUCTION

Shape memory alloy wire actuation is a competitive alternative to conventional actuation
based on its high energy density, reduced size and weight, robust performance, and simplistic
architectures, becoming economically viable for practical, high yield, low cost industrial
applications. While many of the technical challenges relating to SMA (e.g., speed, mechanical
connections, cyclic performance degradation) are actively being researched and resolved [1-6],
packaging SMA wires compactly while maintaining their high performance continues to be an issue.
With typical operating strains between 2-8%, SMA actuators can require wires 12 — 50 times longer
than the desired stroke if direct actuation is desired.

To package long lengths of wire more compactly, this paper explores a spooling technique that
wraps portions of the wire around mandrels to reduce the packaged length. This technique has been
successfully utilized in applications such as active latches [2], pedestrian protection [1], vibration
suppression in hand-held arms [6], and biomedical applications [7,8], but it does sacrifice some



performance due to accumulating friction between the SMA wire and mandrel. To fully understand
the output motion and limitations of this technique, an analytical model for linear spooled SMA
actuators is derived relating the actuator stroke to its geometric and frictional parameters, SMA
material properties, and the externally applied load. The model captures complexities introduced by
the use of an active material that cannot be accounted for with the typical closed-form equations
resulting from belt braking models for passive materials and identifies binding due to accumulated
friction around the spool, limiting the predicted performance accordingly. An experimental
validation study was conducted to study the effects on spooled actuator performance (with motions
up to 20 mm) due to key parameters including load (up to 13 N), wrap angle (up to three complete
wraps), spool position within the system (10-300 mm from the fixed end of the wire), and limitations
of the model due to binding. The results in this paper demonstrate the ability to model the
performance of spooled SMA actuators, assess the model’s limitations due to frictional binding, and
provide a foundation for analytical actuator design for high performance actuation with compact,
customizable packaging.

2. SPOOLED PACKAGING ANALYTICAL MODEL

Analytical design of spooled actuators requires models based on an understanding of the
friction losses between the mandrel and SMA wire. Typical modeling approaches have estimated
efficiency losses empirically [7], assumed that spooled portions of wire do not contribute to overall
motion [9], or adapted belt braking equations [10]; but, these models are often too specific with
respect to architecture and material properties, fail to account for portions of the wire that gain and
lose contact with the mandrel, and do not explore the model or operating limitations. This paper
expands upon earlier work by the authors on rotary spooled actuators [11], which have similar basic
mechanics but different boundary conditions, relative motions, and variable portions of the wire’s
length. The analytical model developed in this paper applies to linear spooled actuators, accounts for
modeling complexities that arise from the use of an active material, and can support analytical
actuator design with minimized losses and customized packaging.
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with respect to three main operation states (Figure 1). All motions, geometries, and strains of the
actuator are referenced to State 0 (the zero strain reference state, orange) which is attained by heating
the SMA wire to austenite under no load, and remaining in State 0 upon cooling assuming no
two-way effect. The State 1 (martensite SMA actuator under an applied load, blue) is achieved by
stretching the SMA wire along its length to ¢, either by applying a load to a martensite State 0
actuator or by cooling an austenite State 2 actuator under load . Likewise, the State 2 (austenite SMA
actuator under an applied load, red) is achieved by heating the SMA wire under load which contracts
to (', . The model assumes unilateral wire motion throughout its operation such that in State I the
entire wire lengthens from the previous state, and in State 2 the entire wire contracts from the
previous state such that all friction loads act in the same direction in a particular state. The actuator
moves through its range of motion J¢ via cyclic heating and cooling where 0¢ is the difference
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2-2. Derivation of actuator motion

The motion of the actuator results in deformation due to the changing strain between the
operational states. Each state is modeled to consider losses due to friction and the stress and strain
variations along the wire with respect to the modeling parameters and applied load. The model
assumes Coulomb friction and unilateral extension or contraction of the wire, and the resulting
tensile, normal, and friction loads on a differential element of wire in contact with the spool are
diagrammed in Figure 2. The motion and loads of the State 2 austenite actuator are similar to those of
the State 1 actuator, except that wire contracts rather than extends such that the friction forces are in
the opposite direction.

From the free body diagram, the sum of forces in the radial direction XF, and the sum of
moments about the spool’s center M, are

sag, -\ £N) (1,2)
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where N is the normal reaction force, Fgy4 is the wire tension, and u is the coefficient of friction
between the spool and wire. Combining the force and moment equations (Eq. 1,2) and assuming that
the second order term dFsy4d6 is negligible, the normal force N cancels yielding
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To determine the stress and strain at intermediate
points along the spool, the expression relating the
changing tension due to friction (Eq. 3) is integrated J
from a general point € on the spool (0 <& < 6,,) to the
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Figure 2. Free body diagram of a differential
element of SMA in sliding contact with the spool.
In State I (martensite), the wire extends producing
counterclockwise friction. In State 2 (austenite), the
wire contracts, producing clockwise friction.



simplicity and accuracy. Two simplified functions represent the strain based on constitutive laws for
the fully martensite State 1 ( i, ) and fully austenite State 2 ( fii)):

g0y = ril{o{ot, and &1{0}= i) {o{6}}. (6,7)

Based on the stress functions (Eq. 4,5) and the generalized strain functions (Eq. 6,7), the
martensite and austenite strains as functions of position are

g(M) {9} = f;ﬂj\/[{‘l) {O-exte#(giew)} ’ and g(A) {H} = f;};}l {Gexteilu(eien} . (8a9)

As the wire deforms between states, portions of the wire gain or lose contact with the spool.
To account for all portions of the wire in determining its deformed length, compatibility equations
relate the State 0 reference length (/%) to the deformed State / and State 2 lengths (¢’ and ¢'}))
based on the strain functions (Eq. 8,9). For a differential element of State 1 wire, the definition of
strain (6™ = (ds™ — ds™)/ds™) is solved for ds™ and integrated along the wire’s length to give

0 ) .
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Expanding the right hand side of the equation into three integrals for the input tail, wrapped
portion, and output tail, the State 0 wire length (Eq. 10) becomes
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With constant strains in both tails, the expression is simplified and solved for the unknown
deformed State 1 length (/%)!’), and a similar derivation yields the State 2 length ( £{ ), such that
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The actuator motion is the difference between the State I and State 2 lengths: 50 = (53 — ¢, .

2-3. Limitations on model

For larger wrap angles, accumulated friction can cause the SMA wire to bind to the mandrel,
which occurs when the unilateral motion assumption is violated. At the input tail (§=0), increasing
the wrap angle causes the strain in the State I martensite wire to decrease (Eq. 8) and the strain in
State 2 austenite wire to increase (Eq. 9), causing the input tail strains in each state to approach one
another until the critical binding angle 5 is reached where the strains are equal for the condition

0,=0" <" {o=0=¢"1{0=0}. (14)

Since no relative motion occurs between the wire and mandrel at the binding point, wrapping
beyond the binding angle will produce no further actuator motion. Thus, motions for actuators that
bind (6,, > 05) are predicted to be the same as actuators with wrap angles equal to 5.



3. EXPERIMENTAL STUDY
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In a typical test, the SMA wire and mandrel were installed in the experimental test apparatus
(Figure 4) varying the applied load, wrap angle, and spool position configuration in each test.
Electrical current was applied to the wire (regulated and monitored by LabView software and a laptop
computer equipped with data acquisition hardware) to resistively heat it until a steady state position
for austenite (1.8 A for about 30 seconds) was reached. The current was removed and the wire was
allowed to cool to ambient temperature reaching its steady state position for martensite (OA for about
3 minutes). Each trial was repeated 3 — 5 times to ensure consistency andz repeatability. For each test
the actuator linear range of motion was measured by a laser displacement probe, loads were applied
with known weights, and wire tension was measured by a load cell at the fixed end of the input tail.
The average coefficient of friction was estimated to be between 0.1 and 0.125 based on load cell
measurements, known applied loads, and the Capstan equation [13]. Laboratory temperature was
regulated between 19 - 21°C. The experimental study tested three aspects of the spooling model —
applied load, wrap angle, and spool position— testing its accuracy and its range and providing insights
into the behavior of spooled actuators and the related design issues.

3-1. Effect of applied load

For the applied load experiments, a single length of wire (450 mm) was tested with a 10 mm
input tail and varying wrap angles for different binding cases: 0 wraps provided the baseline case for
no spooling, 1 wrap with no binding predicted, 2 wraps on the borderline of the binding prediction,
and 3 wraps with binding predicted to occur. At each wrap angle, the applied load was varied
between 0 and 13 N. The data matches the model well in shape and magnitude with the characteristic
shape of the martensite plateau evident in the data (Figure 5). For the expected range of friction
coefficients («=.1-.125) errors were small with 3.4%-16.5% average error for the spooled actuators
and increasing errors for larger amounts of wrapping. The characteristic inflection in the applied load
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Micro-Epsilonlaser
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Figure 4. Experimental apparatus for linear spooled actuator experiments. The configuration shown uses a spooled
SMA wire with 0.38 mm diameter, and 3 wraps shown around a 38 mm diameter mandrel. The sliding motion output
constrains the motion to a linear single degree of freedom, and is also the attachment point for the applied load F,,.
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Figure 5. Effect of applied load experimental results. Data represents the actuator’s range of motion as it is thermally
cycled between austenite and martensite states for a SMA wire across a range of applied loads and number of wraps.

curves results from the martensite plateau. Wrapping the wire distributes the stress and strain of the
wire along the martensite and austenite curves, which is reflected by the stroke vs. load becoming
more distorted and the motion losses becoming more pronounced as more wire is wrapped around the
mandrel.

3-2. Effect of wrap angle

For the wrap angle experiments, a single length of wire (450 mm) with a constant input tail
length (10 mm) was used. The amount of wire wrapped around the mandrel was varied between 0-3
wraps, and experiments were performed at three applied loads to evaluate the effect of the wrapped
length for different stress and strain distributions on the wire. The actuator stroke as a function of
length is shown in Figure 6a. Subtracting the theoretical contribution to motion due to the tail
portions of the SMA wire, the spooled portion’s contribution to overall motion is plotted in Figure 6b.

The data correlates well with theory with a 3.4 — 5.4% average error for the overall stroke.
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Figure 6. Effect of wrap angle on overall motion experimental results. Varying the wrap angle on a constant length
SMA wire, the measured stroke is shown, along with the contribution due to the spooled portion of the wire.



Since the effect of spooling builds up as more wire is wrapped around the mandrel, the decline in the
motion with wrapped length is initially low and becomes steep in slope until the binding condition is
met, at which point the slope becomes constant and the stroke drops of linearly as wrap angle
increases. The spooled portion’s contribution to stroke agrees with 3.8-17.5% average error for the
non-binding cases and increases to 9.4-23% average error for configurations with binding. The initial
increase and leveling off of the spooled portion’s contribution to stroke is due to binding, which
supports the hypothesis that the binding portions of the wire do not contribute to the overall stroke.
The results also demonstrate a distinct tradeoff between performance and packaging with the largest
strokes resulting from the largest package lengths. Additionally, the spooled portion’s contribution to
stroke levels off once binding occurs, which indicates that binding configurations should be avoided
in design since there is no benefit to performance for the additional cost of wrapping more SMA wire.

3-3. Effect of spool position

To test the effect of moving the spool along its length, a constant length (450 mm) of wire was
tested and the spool’s position (dy,=€;;») With respect to the input end was varied, and expressed
quantitatively in terms of the input tail length. The predicted motion was experimentally validated
for 1, 2, and 3 wraps of SMA wire around the mandrel, testing the non-binding, borderline binding,
and binding cases (Figure 7). The model predicts that the actuator stroke decreases linearly by
increasing the input tail length since it decreases the length of the output tail, which is not subject to
motion losses due to spooling and can make a greater contribution to the actuator’s overall motion per
unit length. Thus, the most advantageous placement of the spool is nearest to the fixed input where
the output tail is largest. The linear trend was validated in the experiments with 3.9 — 6.9% average
error on the stroke prediction for the non-binding case (1 wrap) and 3.7-35% error for the binding
cases. Additionally, the slope of the data is within the expected range for the non-binding case, but
the binding cases demonstrated error between 15-21% for the binding cases with the model
consistently under-predicting the motion. The additional motion comes from stick-slip motion, a less
predictable and less consistent behavior that results from friction building up and then suddenly
relaxing as the wire slips along the mandrel. The study of spool position also demonstrates that the
actuator motion becomes increasingly sensitive to the position of the spool for larger amounts of
wrapping with the stroke maximized by having the largest output tail possible. When packaging is an
issue and the spool cannot be positioned at the input end, it is advantageous to position as closely to
the input as possible with the spool position becoming more critical for larger wrap angles.
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accumulation of friction across the spool. The model builds on similar mechanics as those in
belt-braking models, but takes additional steps to account for the non-linear, phase and stress
dependent properties of the active material by predicting the strain gradient and wire deformation that
result from spooling. The experimental study demonstrated the model’s accuracy with respect to
three main variables — applied load, wrap angle, and spool position — and correlated very well with
theory in both form and magnitude, especially for the non-binding range of actuator designs (3.4 -
17% error) where the assumption of unilateral motion is satisfied. When the unilateral motion
assumption was violated, binding behavior occurred, preventing portions of the SMA wire from
slipping on the mandrel. The study demonstrated that increasing the applied load increases the
actuator stroke non-linearly, that increasing wrap angle can reduce overall package size with a
tradeoff of reduced performance and an upper limit on the amount of packaging due to binding, and
that the spool’s position from the fixed end and the actuator motion are linearly related with the most
advantageous placement of the spool nearest to the fixed input end of the SMA wire. Based on the
results of this study, spooled packaging techniques and the accompanying predictive model can
provide a useful foundation for analytical actuator design for synthesizing high performance
actuators with compact packaging and minimized losses. With spooling techniques to overcome
packaging challenges, SMA can create expanded opportunities for improving actuator cost, weight,
and energy density to bring the numerous practical advantages of SMA to a broader application
space.
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