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Abstract: Shape memory alloys (SMAs) are popular as actuators for use in soft robots due to their
high work density and compatibility with miniaturized on-board batteries and power electronics.
However, because SMA actuators are activated through electrical Joule heating, they exhibit poor
energy efficiency and low actuator frequencies that arise from long cool-down times. Moreover, in
the case of SMA wires that are subject to flexural loading, their load capacity and mechanical work
output decrease exponentially with decreasing cross-sectional area. In this study, we perform analytic
and numerical analyses to examine the thermal and structural design space around a particular class
of flexural SMA wire actuators with the intention of increasing actuator operating frequency and
actuation forces. Measurements obtained through experimental testing are consistent with theoretical
studies of actuator force output and provide additional insight into the efficiency of electrical-to-
mechanical energy conversion. Together, the theoretical and experimental studies provide insights
that have the potential to inform SMA wire design and usage in soft robotic applications.

Keywords: soft actuators; finite element analysis; shape memory alloy; soft robotics

1. Introduction

Within soft robotics and related fields, many actuators have been developed to create
mechanical compliant systems that can safely and stably interact with their environment
with limited dependence on external control. The ability to resist impact and deform
elastically allows soft robots to exhibit robust and versatile mobility that is typically asso-
ciated with biological organisms [1–5]. However, challenges remain in designing [6] and
modeling [7] soft actuators that can allow soft robots to be fully untethered and reliant only
on on-board power supplies [8]. Pneumatic actuators such as McKibben and pneumatic
artificial muscle actuators are especially popular in soft robotics but require the supply
of pressurized air from a compressor, which makes untethered designs challenging to
implement [8,9]. Another popular approach is to use dielectric elastomer actuators (DEAs),
which show promise due to their high theoretical strains and speeds but need a high acti-
vation voltage that requires customized and typically bulky high voltage electronics [10].
A third approach that has been popularly adopted in both rigid [11–14] and soft [14–16]
applications involves the use of shape memory alloys [17,18]. These alloys undergo a
phase change at low temperature, through which they are able to generate sufficiently
large forces in a short time interval and can be controlled and powered with relatively
lightweight and portable electronics [19,20]. This approach allows for a reversible transi-
tion between compliance with its surroundings when unactuated to stiff and load-bearing
when actuated [19,20]. Although SMA actuators have only been utilized in a limited
number of untethered soft robots, their applicability is promising as shown by examples
of bio-inspired robots that mimic aquatic [15,21–23] and land-based [15,24–27] biological
organisms. However, they have two large drawbacks that serve as key bottlenecks for their
use. First, they are typically slow because of the nature of their thermal operation. Second,
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they require relatively large amounts of electrical power to accumulate enough heat for a
phase change.

This study explores the design space surrounding a special class of flexural SMA
actuators that was previously presented in Reference [28]. That work made key strides
in addressing the previous limitations of SMA actuators, such as speed, the need for
tethered hardware [29], and dependence on external sources for active cooling [30]. Such
improvements were accomplished with a naturally curved actuator design composed of an
elastic silicone bilayer assembly with SMA wires roughly on the neutral axis between the
layers. One layer of the actuator is prestretched 50% during application to the SMA wires
and another layer sandwiches the wire such that the actuator naturally curves. This internal
residual strain in the elastic layers causes the SMA wire to be subject to internal bending
stresses. When relaxed in static equilibrium, the actuator takes on a naturally curved
shape. Applying electrical current to the wire induces Joule heating, which causes the SMA
to create an internal moment within the actuator, countering the neutral curvature and
seeking to straighten out the wire. As a result, the actuator’s bending curvature decreases
(i.e., radius of curvature increases).

The actuator’s dynamic response to electrical input is governed by crystalline phase
change of the nickel-titanium alloy. In its unloaded state, the SMA wire is in a predomi-
nately twinned Martensite phase. When sandwiched between the relaxed and prestrained
elastomer sheets, the wire bends into a circular arc and the Martensite phase undergoes
detwinning in order to accommodate the bending strain. When electrical current is ap-
plied, the SMA transitions to a Austenite phase that drives the wire back to its straight
configuration and increases the mechanical resistance to bending.

Here, we examine the thermal and structural design space around a particular class
of flexural SMA wire actuators through a combination of analytic, computational, and
experimental studies. The purpose of this analysis is to determine how design factors like
the diameter and number of SMA wires influence actuator properties like operating fre-
quency and blocking force. This comprehensive approach to modeling accounts for the four
important factors that influence actuator performance: (i) temperature and heat transfer,
(ii) elasto-plastic deformation, (iii) actuator force output, and (iv) electrical-to-mechanical
energy conversion efficiency. In particular, transient thermal analyses quantify the effects
of wire diameter and count on cooling rate, as motivated by the relationship between SMA
temperature and microstructural change, hence actuation rate. Mechanical simulation
proposes and explores a plasticity-like mechanism characterizing bending actuation, the
ties that response specifically to wire diameter. Subsequent mechanical blocking force
testing validates the proposed mechanism. Finally, an experimental measurement of effi-
ciency compliments the mechanical simulation and blocking force testing and quantifies an
additional design implication of wire diameter. Together, these analyses and tests describe
how design factors affect actuator performance for this class of flexural actuators.

2. Actuator Design and Fabrication

Analysis is performed on actuators similar to those illustrated in Figure 1, in which
parallel SMA wires are bonded between an unstretched and pre-stretched elastomer film.
We note here that a single wire looped into a U-shape is treated as two parallel wires.
The elastomer plays a critical since it provides the elastic restoring force needed to cause
bending and produce mechanical work. Moreover, the choice of elastomer also influences
thermal conductivity and the flow of heat through the SMA wires during repeated electrical
stimulation. Using a variety of analysis methods, we examine the design space around the
mechanical strength, speed, and efficiency of this class of flexural SMA actuators.
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Figure 1. Construction process for each actuator. (a) Apply a 0.2 mm thick layer of silicone (Ecoflex 
30) on top of the 55 × 22 × 0.5 mm thermally conductive elastic tape using a thin film applicator; (b) 
Place the SMA wire in a U-shape on the half-cured silicone and apply a 0.4 mm thick layer of silicone 
(Ecoflex 30) on top; (c) Prestretch the 70 × 37 × 0.5 mm thermally conductive elastic tape and bond it 
on top of the rest of the layers; (d) When the silicone (Ecoflex 30) is fully cured, cut out the actuator. 

Referring to Figure 1, each actuator is constructed using two laser cut (30W VLS 3.50, 
Universal Laser Systems) sheets of a thermally conductive elastomer (H48-2), where one 
sheet has dimensions of 55 × 22 × 0.5 mm and the other sheet is 70 × 40 × 0.5mm. Next, a 
0.2 mm thickness of a silicone elastomer (Ecoflex 00-30, Smooth-On) is bonded to the 55 × 
22 × 0.5 mm elastomer sheet using a thin-film applicator (Figure 1a). This elastomer is 
prepared by mixing the silicone prepolymer at a 1:1 mass ratio in a planetary centrifugal 
mixer (AR-100, THINKY), and is used to bond the SMA wires to the elastomer sheets. 
Next, SMA wires (Dynalloy Flexinol, [31]) of varying diameters are bent into a U-shape 
with dimensions of 55 × 13 mm using flat nose pliers and placed onto the elastomer sheet. 
The diameters of the wires used in the empirical analysis are 125 μm, 250 μm, 300 μm, and 
375 μm. For multiple wire configurations, the wire is bent in a serpentine pattern such that 
it maintains the same overall dimensions of 55 × 13 mm (Figure A1). The wire and elasto-
mer configuration is placed in an oven at 50 °C for 10 min to become half-cured, then an 
additional 0.4 mm layer of the silicone elastomer is applied (Figure 1b) to fully embed the 
SMA wires. The 70 × 40 × 0.5 mm elastomer sheet is cyclically stretched to 50% strain five 
times to reduce inelasticity associated with the Mullin’s effect. The sheet is then held at 
50% strain and the other half-cured elastomer with embedded SMA wire is removed from 
the oven and placed on the prestretched sheet (Figure 1c). This assembly is then placed in 
the oven at 50 °C for 10 min to complete the curing process and ensure the assembly is 
bonded. Finally, the outline of the actuator is cut out using scissors (Figure 1d). 

3. Finite Element Analysis  
3.1. Thermal Analysis 

Actuators with a U-shaped loop of 300 μm diameter SMA wire are limited to an ef-
fective maximum actuation frequency on the order of 1 Hz. Mechanical actuation requires 
that the SMA wire be heated to about 80 °C where martensitic transformation relieves 
internal stresses within the wire and incites the wire to straighten out. A full cycle is 

Figure 1. Construction process for each actuator. (a) Apply a 0.2 mm thick layer of silicone (Ecoflex
30) on top of the 55 × 22 × 0.5 mm thermally conductive elastic tape using a thin film applicator;
(b) Place the SMA wire in a U-shape on the half-cured silicone and apply a 0.4 mm thick layer of
silicone (Ecoflex 30) on top; (c) Prestretch the 70 × 37 × 0.5 mm thermally conductive elastic tape
and bond it on top of the rest of the layers; (d) When the silicone (Ecoflex 30) is fully cured, cut out
the actuator.

Referring to Figure 1, each actuator is constructed using two laser cut (30W VLS 3.50,
Universal Laser Systems) sheets of a thermally conductive elastomer (H48-2), where one
sheet has dimensions of 55 × 22 × 0.5 mm and the other sheet is 70 × 40 × 0.5 mm. Next,
a 0.2 mm thickness of a silicone elastomer (Ecoflex 00-30, Smooth-On) is bonded to the
55 × 22 × 0.5 mm elastomer sheet using a thin-film applicator (Figure 1a). This elastomer
is prepared by mixing the silicone prepolymer at a 1:1 mass ratio in a planetary centrifugal
mixer (AR-100, THINKY), and is used to bond the SMA wires to the elastomer sheets. Next,
SMA wires (Dynalloy Flexinol, [31]) of varying diameters are bent into a U-shape with
dimensions of 55 × 13 mm using flat nose pliers and placed onto the elastomer sheet. The
diameters of the wires used in the empirical analysis are 125 µm, 250 µm, 300 µm, and
375 µm. For multiple wire configurations, the wire is bent in a serpentine pattern such
that it maintains the same overall dimensions of 55 × 13 mm (Figure A1). The wire and
elastomer configuration is placed in an oven at 50 ◦C for 10 min to become half-cured, then
an additional 0.4 mm layer of the silicone elastomer is applied (Figure 1b) to fully embed
the SMA wires. The 70 × 40 × 0.5 mm elastomer sheet is cyclically stretched to 50% strain
five times to reduce inelasticity associated with the Mullin’s effect. The sheet is then held at
50% strain and the other half-cured elastomer with embedded SMA wire is removed from
the oven and placed on the prestretched sheet (Figure 1c). This assembly is then placed
in the oven at 50 ◦C for 10 min to complete the curing process and ensure the assembly is
bonded. Finally, the outline of the actuator is cut out using scissors (Figure 1d).

3. Finite Element Analysis
3.1. Thermal Analysis

Actuators with a U-shaped loop of 300 µm diameter SMA wire are limited to an
effective maximum actuation frequency on the order of 1 Hz. Mechanical actuation requires
that the SMA wire be heated to about 80 ◦C where martensitic transformation relieves
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internal stresses within the wire and incites the wire to straighten out. A full cycle is
achieved when the heat is removed by natural convection, where the elastic layers return
the actuator to the normal circular cross section and internal stresses are imparted once
again to the SMA wire. The cycle time is composed of the time to heat the SMA wire by
Joule heating and the time for the actuator to cool. Joule heating will be dictated by the
power supply, often a restriction for any soft robot, but which will not be covered in depth
here. The time to cool is estimated to be the time for the actuator to reach martensitic
temperature and can be described as a function of the actuator construction.

Cooling time will depend on the width and thickness of the silicone elastomer layers,
the number and diameter of the SMA wires, the material properties of these components,
convection to the ambient air and the ambient temperature. Due to the assumption of room
temperature operation, the focus of this study is on the contribution made by the choice of
wire diameter and the number of wires. Previous implementations [28] showed a cooling
time on the order of 1 s.

Figure 2 presents a cross section of the studied geometry. Dimensions shown are those
for the current embodiment of this actuator. As shown notionally in the figure, wires reside
at the midplane established by the elastomer and the analysis allows for the insertion of
many evenly placed wire counts. The total length of the actuator is approximately 55 mm.
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Figure 2. Cross section of the geometry studied in the transient thermal analysis.

Transient thermal analysis was performed on the 2D structure depicted in Figure 2.
The analysis begins at the end of the SMA recovery and examines cooling of the actuator
structure, particularly the SMA wire cooling. Based on previous implementations [28], this
analysis assumes the material properties and initial conditions at SMA recovery shown in
Table 1 with the assumption that ambient temperature is 20◦C and coefficient of convection
is 10 W/m2-K.

Table 1. Material properties and initial temperature conditions for studied geometry.

Component w (kg/m3) cp (J/kg-K) k (W/m-K) T (t = 0) (◦C)

H48-2 2430 1000 2.2 50
Ecoflex 30 1070 1050 0.2 50
SMA Wire 6450 837.4 18 80

For the analyses and based on [28], when the center of the hottest wire reaches 55 ◦C,
it is assumed that the wire has undergone the full Austenite to Martensite phase change,
and the cycle is complete. Figure 3 presents representative results after 1 s of cooling for 2
and 25 SMA wire configurations, respectively. While not elaborated here, full 3D analyses
were initially used to validate the 2D approach. ANSYS v2019 was used for both thermal
and mechanical simulations.
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cooling rates. In this study, the wire diameter is fixed at 300 μm, but the number of wires 
evenly placed along the actuator midplane was varied between 2 and 25. Total cooling 
time in the transient analysis was 2 s. Figure 5a presents results with actuators containing 
various numbers of SMA wires. As shown in the figure, up to 5 wires cool at a rate similar 
to that of a single wire, while those with wire counts beyond 5 cool more slowly. Figure 
5b shows the peak temperature as a function of time for actuators with a various number 
of wires. The deleterious effect on cooling by wire counts greater than 5 is seen as the 
combined effects of increased thermal capacitance and the thermal crosstalk seen in Figure 
3. Together, the thermal analyses determined that smaller wire diameters and wire counts 
less than 5 allow for greater actuator cyclic frequencies due to decreased thermal capaci-
tance and negligible thermal crosstalk between wires. 

Figure 3. Transient thermal finite element analysis results after 1 s. (a) Colormaps for 25-wire configuration (top) and 2-wire
configuration (bottom); (b) Midplane temperature distribution along width of actuator for 2-wire and 25-wire configurations.

The effects of wire diameter were studied by modeling 2 SMA wires uniformly dis-
tributed along the actuator midplane. Wire diameters ranged from 100 µm to 500 µm.
Figure 4a presents the time–temperature history of the hottest wire node in each simulation.
From the figure it is apparent that smaller diameter wires cool at a faster rate than do larger
diameter wires. Figure 4b highlights this result and plots the time for each wire diameter to
attain 55 ◦C, the temperature at which the actuator is reset. Considering that original actua-
tors employ 300 µm wires and the full cycle time did not reach 1 Hz, the calculated results
are consistent with the measured response of original actuators [28]. The cooling benefit of
the smaller diameter wires is directly attributed to the smaller thermal capacitance, which
is proportional to the cross-sectional area, associated with smaller diameters.

Actuators 2021, 10, x FOR PEER REVIEW 5 of 15 
 

 

 

 
 

 
 

(a) (b) 

Figure 3. Transient thermal finite element analysis results after 1 s. (a) Colormaps for 25-wire 
configuration (top) and 2-wire configuration (bottom); (b) Midplane temperature distribution 
along width of actuator for 2-wire and 25-wire configurations. 

The effects of wire diameter were studied by modeling 2 SMA wires uniformly distrib-
uted along the actuator midplane. Wire diameters ranged from 100 μm to 500 μm. Figure 4a 
presents the time–temperature history of the hottest wire node in each simulation. From the 
figure it is apparent that smaller diameter wires cool at a faster rate than do larger diameter 
wires. Figure 4b highlights this result and plots the time for each wire diameter to attain 55 °C, 
the temperature at which the actuator is reset. Considering that original actuators employ 300 
μm wires and the full cycle time did not reach 1 Hz, the calculated results are consistent with 
the measured response of original actuators [28]. The cooling benefit of the smaller diameter 
wires is directly attributed to the smaller thermal capacitance, which is proportional to the 
cross-sectional area, associated with smaller diameters. 

  
(a) (b) 

Figure 4. Transient thermal analysis results for varying wire diameters. (a) Selected transient maxi-
mum temperature distributions for varying wire diameters; (b) Time for each wire diameter size to 
reach 55 °C. 

The thermal analysis also examined the effect that the number of wires has on overall 
cooling rates. In this study, the wire diameter is fixed at 300 μm, but the number of wires 
evenly placed along the actuator midplane was varied between 2 and 25. Total cooling 
time in the transient analysis was 2 s. Figure 5a presents results with actuators containing 
various numbers of SMA wires. As shown in the figure, up to 5 wires cool at a rate similar 
to that of a single wire, while those with wire counts beyond 5 cool more slowly. Figure 
5b shows the peak temperature as a function of time for actuators with a various number 
of wires. The deleterious effect on cooling by wire counts greater than 5 is seen as the 
combined effects of increased thermal capacitance and the thermal crosstalk seen in Figure 
3. Together, the thermal analyses determined that smaller wire diameters and wire counts 
less than 5 allow for greater actuator cyclic frequencies due to decreased thermal capaci-
tance and negligible thermal crosstalk between wires. 
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distributions for varying wire diameters; (b) Time for each wire diameter size to reach 55 ◦C.

The thermal analysis also examined the effect that the number of wires has on overall
cooling rates. In this study, the wire diameter is fixed at 300 µm, but the number of wires
evenly placed along the actuator midplane was varied between 2 and 25. Total cooling
time in the transient analysis was 2 s. Figure 5a presents results with actuators containing
various numbers of SMA wires. As shown in the figure, up to 5 wires cool at a rate
similar to that of a single wire, while those with wire counts beyond 5 cool more slowly.
Figure 5b shows the peak temperature as a function of time for actuators with a various
number of wires. The deleterious effect on cooling by wire counts greater than 5 is seen as
the combined effects of increased thermal capacitance and the thermal crosstalk seen in
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Figure 3. Together, the thermal analyses determined that smaller wire diameters and wire
counts less than 5 allow for greater actuator cyclic frequencies due to decreased thermal
capacitance and negligible thermal crosstalk between wires.

Actuators 2021, 10, x FOR PEER REVIEW 6 of 15 
 

 

  

(a) (b) 

Figure 5. Results of transient thermal analysis for varying number of wires. (a) Maximum tempera-
ture distribution for varying numbers of wires after 2 s; (b) Selected transient maximum tempera-
ture distributions for varying numbers of wires. 

3.2. Mechanical Analysis 
The mechanical analysis focused on the mechanical strength associated with varying 

wire diameters. For a bent wire with a given radius of curvature, the strain depends line-
arly on the wire diameter as a design parameter. Therefore, the stress condition will also 
depend on the diameter (not necessarily linearly). Smaller diameter wires remain fully 
twinned, while those of a greater diameter have a more complex state due to detwinning 
which results in a plastic-like response. Since SMA recovery is due to recrystallization of 
the yielded material, it is proposed that this plastic-like deformation is the predominant 
mechanism for actuation, hence an important design consideration. In the following sec-
tions, we will use classic mechanics of materials to approximate the SMA before detwin-
ning as elastic and, once detwinning starts (analogous to yield), as elastic–plastic. 

Following previous experiments [32], the SMA stress–strain response upon loading 
is initially elastic followed by plastic strain hardening. This constitutive characterization 
is strongly temperature dependent in the range of temperatures considered, room tem-
perature through 60 °C. Figure 6 show the stress–strain response approximation from [32]. 
Equation (1) represents a temperature-dependent constitutive characterization from of 
Figure 6, where E is Young’s modulus, B is the tangent modulus, εY is the yield strain, and 
the resulting stress σ depends on strain (ε) and temperature (T).  𝜎(𝜀, 𝑇) = 𝐸(𝑇) ∗ 𝜀 𝜀 𝜀 (𝑇)𝐸(𝑇) ∗ 𝜀 (𝑇) + 𝐵(𝑇) ∗ (𝜀 − 𝜀 (𝑇)) 𝜀 𝜀 (𝑇) (1)

 
Figure 6. Stress–strain model for SMA wires at different temperatures. 

Figure 5. Results of transient thermal analysis for varying number of wires. (a) Maximum temperature distribution for
varying numbers of wires after 2 s; (b) Selected transient maximum temperature distributions for varying numbers of wires.

3.2. Mechanical Analysis

The mechanical analysis focused on the mechanical strength associated with varying
wire diameters. For a bent wire with a given radius of curvature, the strain depends linearly
on the wire diameter as a design parameter. Therefore, the stress condition will also depend
on the diameter (not necessarily linearly). Smaller diameter wires remain fully twinned,
while those of a greater diameter have a more complex state due to detwinning which re-
sults in a plastic-like response. Since SMA recovery is due to recrystallization of the yielded
material, it is proposed that this plastic-like deformation is the predominant mechanism
for actuation, hence an important design consideration. In the following sections, we will
use classic mechanics of materials to approximate the SMA before detwinning as elastic
and, once detwinning starts (analogous to yield), as elastic–plastic.

Following previous experiments [32], the SMA stress–strain response upon loading is
initially elastic followed by plastic strain hardening. This constitutive characterization is
strongly temperature dependent in the range of temperatures considered, room temper-
ature through 60 ◦C. Figure 6 show the stress–strain response approximation from [32].
Equation (1) represents a temperature-dependent constitutive characterization from of
Figure 6, where E is Young’s modulus, B is the tangent modulus, εY is the yield strain, and
the resulting stress σ depends on strain (ε) and temperature (T).

σ(ε, T) =

{
E(T) ∗ ε ε < εY(T)
E(T) ∗ εY(T) + B(T) ∗ (ε− εY(T)) ε ≥ εY(T)

(1)
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Together, these values for stress are used for the subsequent finite element analy-
sis (FEA).

In the absence of external mechanical loading, we assume that the actuator has a
uniform curvature and estimate the axial strain within the wire to be ε = R/ρ. Here R is
the height above the neutral axis and ρ is the radius of curvature. While strain is directly
proportional to wire diameter, the elasto-plastic constitutive model dictates that internal
stresses depend on the wire diameter and temperature. The implications of this constitutive
relation on the function of the SMA actuator are investigated for the present instantiation;
that is where each actuator has a radius of curvature, ρ, approximated to be 1/60 m based
previous experiments [28]. Considering that recovery (i.e., actuator actuation) occurs at
55 ◦C, the mechanical moment created by an SMA wire is appropriately described by
examination of the 60 ◦C stress–strain curve in Figure 6.

The total moment within each wire will be composed of elastic and plastic contribu-
tions and will depend on the Young’s modulus E, tangent modulus B, and yield strength
σY along with the radius of curvature (ρ) and wire radius (R). The elastic and plastic
contributions to moment are predicted as follows, where it is assumed that yielding has
occurred in the interior of the wire (i.e., R > ρσY/E):

Melas =
E4R4arcsin

(
ρσY
E|R|

)
+
√

E2R2 − ρ2σ2
Y
(
2ρ3σ3

Y − E2ρR2σY
)

2E3ρ
(2)
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4
3
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1− B

E

)(
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Y
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)3/2

+
BR4

2ρ

π
2
− arcsin

(
ρσY
E|R|

)
− ρσY

ER4

(
2

ρ2σ2
Y

E2 − R2

)√
R2 −

ρ2σ2
Y

E2

 (3)

For the limiting case of perfectly plastic deformation where εy approaches 0, the above
equations converge to the solution for a plastic hinge, Mplas = 4/3σYR3.

Figure 7a presents the internal moment within the actuator at 60 ◦C based on the
constitutive model in Figure 6 and for various values of κ, which is the inverse of radius
of curvature. For small κ, corresponding to large radii of curvature, wires in the range of
100 µm to 500 µm diameter remain elastic, while decreasing the radius of curvature (or
increasing κ) elicits plastic yielding at large enough wire diameters. This yield criteria is
illustrated as a dashed line in the figure. For the particular embodiment studied in detail,
those with a radius of curvature of 1/60 m, smaller wire diameters, those below ~230 µm,
remain fully elastic under the conditions studied while those of greater diameter exhibit
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elasto-plastic deformation in their cross-section. The solid curves in the figure are from the
analytic solution of Equations (2) and (3) and the markers represent finite element results
for a radius of curvature of 1/60 m. The figure illustrates that the total moment has a
superlinear dependence on wire diameter for a given radius of curvature. Therefore, for a
constant radius of curvature, to obtain the greatest actuation force through the release of
this internal moment, larger diameter wires should be selected. It should be noted that this
contradicts the rapid cooling benefits previously seen for smaller wire diameters.
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Although not discussed in detail, Figure 7b,c presents representative finite element
results for a 400 µm diameter SMA wire with extensive yielding (after bent to a radius of
curvature of 1/60 m). As can be seen in Figure 7b,c, which is a cross section of a full SMA
wire at 60 ◦C, bending (axial) stress shows yielding while the attending strains are linearly
dependent on height above the neutral axis. This illustrates further validation of Figure 7a
and demonstrates plastic yielding in a wire.
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4. Experimental Testing
4.1. Blocking Force

Mechanical testing is used to examine the structural response of the actuators to elec-
trical stimulation. Referring to Figure 8, the tests follow the same procedure detailed in [28]
and are performed using a motorized materials testing system (Instron 5969; Universal
Testing Systems). The purpose of experimental testing is to further examine the relationship
between wire diameter and mechanical output find additional evidence for the hypothesis
that the choice of wire diameter is constrained by the need for plastic-like deformation.
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Figure 8. Blocking force test schematic.

The blocking force test used 2-wire actuators with wire diameters of 125 µm, 250 µm,
300 µm, and 375 µm. For all samples, the width and lengths were 22 mm and 55 mm.
The actuators followed the cross sections in Figure 2. Samples were tested under voltage
control with an actuation voltage of 7.5 V provided by a power supply (Hanmatek HM305,
Hanmatek, Shenzhen, China). Figure 9 presents the results, where two samples were tested
for each wire diameter and least 15 actuations were made prior to each data collection.
Data in the figure represents the average blocking force with one standard deviation range
included. The figure also notes regions where wires would remain completely elastic and
where plastic yielding occurs. As previously postulated, the 125 µm diameter wire did
not actuate, supporting the notion that plastic SMA deformation is required for thermal
actuation. The larger diameter wires all responded with measurable blocking forces and
these forces increased with increasing wire diameters.

It is worth noting that each test was run at 7.5 V across all wire diameters, so the
current, hence Joule heating, is not constant across the test articles. As an example, the
maximum current is about 2.25 times greater in the 375 µm diameter wire when compared
to the 250 µm diameter wire. Due to this difference and the previously discussed thermal
differences attributed to differing wire diameters, the maximum test temperatures and
thermal history among the test samples precludes direct comparison with the predicted
structural response. Nevertheless, the experimental measurements provide evidence
that below a certain wire diameter, no plastic deformation occurs and the wire does not
induce actuation.
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4.2. Efficiency Testing

The SMA actuator is envisioned as a functional component of a limbed soft robot that
is capable of walking or crawling gaits. Real-world applications of SMA-powered soft
robots typically require that they be untethered and powered with an on-board lithium-
polymer battery. Hence, mechanical efficiency is an important design parameter. As a result
of these considerations, mechanical efficiency experiments were performed to complement
the previously discussed blocking force tests.

For the actuators, the efficiency, η, is defined as the ratio of mechanical work, MW, to
electrical input energy, UE, and is calculated over a single actuation cycle:

η =
MW
UE

(4)

Noting that voltage, V, and current, I, are both functions of time during the actuation,
electrical energy input is taken as the discrete time summation

UE = ∑
test time

V(t)I(t) (5)

The power supply is set to constant current mode for the experiments discussed here.
For all tests, the test time is shorter than that required for full actuator extension. This
ensures that the denominator in the efficiency equation is associated with actuator motion
and mechanical work output.

Electrical power to the actuator is regulated by an Arduino UNO microcontroller and
a mechanical relay. The Arduino is programed to provide precisely timed coil voltage
to the relay, and relay open and close shunt power between the power supply and the
SMA actuator. Negligible relay contact resistance and minimal cabling distance minimizes
resistive losses in powering the actuator and permit the presumption that the thermal work
in the actuator may be represented by the electrical work.

Mechanical work is calculated with the fixture shown in Figure 10a by measuring the
displacement of the cantilevered beam due to the actuation of the SMA actuator. Euler-
Bernoulli beam theory is used to derive the force P from the measured deflection of a
beam length L and of flexural rigidity EI when the force is applied a length a from the
fixed support. This theory is valid under the test parameters as the measured deflection is
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relatively small and shear in the beam is negligible. In addition, calculations are validated
by placing the actuator at different locations along the length a of the beam.

δ =
Pa2

6EI
(3L− a) (6)Actuators 2021, 10, x FOR PEER REVIEW 11 of 15 
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Since the force–displacement relationship is linear and the experiment remained in
the linear regime as validated by slow motion analysis, the mechanical work may be easily
estimated as MW = 1/2*P*δ, where P and δ are the force and displacement at maximum
deflection. The calculation simplifies to

MW =
3EIδ2

a2(3L− a)
(7)

Mechanical work is calculated from the measured deflection, measurable geometric
properties and the modulus, E, of the cantilever. The cantilever is a music wire with
a diameter of 0.991 mm (K&S Precision Metals, Chicago, IL, USA). The manufacturer
specifies the Young’s modulus to be 210 GPa, which is the value used in the calculations. It
is worth noting that this value corresponds to that generally accepted for plain low carbon
steels. In addition, the beam remains in the elastic regime for measured deflections. The
Euler–Bernoulli beam model was validated under the condition of self weight and with
known weights places at various stations along the beam.

The process to measure mechanical deflections involves placing the actuator at a
location along the beam and raising or lowering the cantilever to make contact with the
actuator, as shown in Figure 10b. Figure 10c shows a typical position where the top (i.e.,
extrados) of the actuator just contacts the cantilever and the desired length along the beam,
which is marked in white paint. A video recording captures the starting and maximum
deflection heights shown on a ruler (Brown and Sharp, Providence, RI, USA) behind the
tip of the beam. Electrical actuation follows the procedure previously discussed. Post
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processing the video produces the measured deflection of the tip of the music wire, δ, and
consequently the mechanical work.

Measurements of energy efficiency were performed on with 250 µm, 300 µm, and
375 µm diameter wires actuators with 2 wires and with 300 µm wire diameter for actuators
with 2, 4, or 6 wires. In all cases, the power supply was set to current control at 3.5 A. Each
actuator was tested at multiple locations along the cantilevered beam. Sample results are
shown in Table 2, where consistent mechanical work results are computed for differing
placements, a, along the beam for an actuator with 2 wires and 300 µm diameter.

Table 2. Sample mechanical work calculations for a test sample.

Position a from Fixed
Support (mm) δ (mm) MW (N*mm)

109.2 22 1.559
157.5 30 1.470
88.9 18 1.536

Efficiencies for the 2-wire design as a function of wire diameter and the multiple
wire design with 300 µm SMA wires are shown in Figure 11a,b, respectively. These plots
present the average results over 20 tests per design and with a range of one standard
deviation. The overarching result shown in the figures is that the SMA actuators are highly
inefficient, at least within the confines of the testing procedure. The low efficiency arises
because the SMA wires are operated in a flexural rather than contractile mode. Previous
experiments [33] support the magnitude of efficiencies and also suggest that other modes
of actuation would produce higher efficiencies.
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As implemented by [28], the SMA wires are heated by a constant current with the
intent of achieving the austenitic transition as quickly as possible, hence maximizing
“walking” speed. Higher mechanical efficiencies may be achieved by a scheme were
Joule heating power is regulated to affect the temperature needed for the microstructural
transformation, but no more. It is worth noting that a limiting efficiency may be calculated
from the measured mechanical work and the thermal/electrical energy needed to rise the
wire temperature from Martensite to Austenite.

As postulated in the mechanical analysis, greater mechanical forces are developed
in larger diameter wires, due to the nonlinear relationship between imparted bending
strain and plastic strain energy. Figure 11a tends to support this hypothesis, with efficiency
increasing with increasing wire diameter, mirroring the blocking force data seen in Figure 9.
Plastic strain energy is functionally proportional to d3 while the thermal/electrical energy
will be dependent on wire cross sectional area, hence d2, where d is the diameter of the
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wire. It is noted that the increase in efficiency plateaus at higher wire diameters, which
represents a maximum efficiency for this actuator under the prescribed conditions. The
magnitudes of the efficiencies are notably low due to the relatively significant amount of
thermal energy required to actuate the wires. This is consistent in magnitude with similar
mechanical work-to-thermal energy results with other soft limb actuators SMA wires [34].

Figure 11b shows that for multiple wires, the efficiency increases monotonically with
an increase in the number of wires. Since the wires heat up at the same rate for a given
energy input, the greater mechanical work output causes the work-to-energy efficiency
ratio to increase in direct proportionality to the number of wires. Similar to the finding that
efficiency plateaus to a maximum for increasing wire diameters, a corresponding effect
is seen for multiple wires. This, paired with the analysis for wire diameters, shows that
increasing wire diameter and number of wires will increase the efficiency to a certain extent.

5. Conclusions

Analytical and numerical analysis along with empirical testing were conducted to
explore the design space around sizing and number of SMA wires in a highly dynamic soft
actuator for soft robots. The finite element and analytical analyses illustrate the influence
of wire sizes and wire count on the thermal and mechanical properties of the actuator.
Experimental measurements examine force generation and electrical-to-mechanical energy
conversion efficiencies for different designs. These tests showed that blocking forces can
reach ~0.25 N for a 2-wire design and that electrical-to-mechanical energy conversion
efficiencies can be improved by increasing wire diameter and wire count.

The primary findings from this study include the observation that faster cooling, hence
faster actuation times, occur with smaller diameter wires that are suitably distanced from
one another. These benefits are due to lower thermal mass and minimization of mutual wire
heating. Conversely, the study identified the benefit of larger wire diameters to mechanical
actuation force. Mechanistically, actuation is dependent on plastic deformation and, for
a given radius of curvature, the presence and magnitude of plastic deformation will be
enhanced by larger wire diameter. While this study focused on a specific implementation
of SMA wires in a soft actuator, the findings presented can be used to guide other designs
of SMA-based soft actuators.
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