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Abstract

A multifunctional panel concept is presented in which a lightweight, structurally efficient sandwich panel is able to

undergo a reversible change in shape upon application of a localized thermal stimulus while supporting significant load.

The shape change is effected by shape memory alloy face sheet elements, which exploit a ‘‘one-way’’ shape memory

effect only. Unlike other related designs, no external or bias forces are required to complete the full cycle of shape

change. The reversible shape change is accomplished by a core design which forces an inactive face sheet to mar-

tensitically deform in tension when the opposing face sheet undergoes a length change. By alternately heating one face

sheet and then the other, the sandwich panel is able to perform fully reversible cyclic shape changes. The performance of

the sandwich panel, in terms of required thermal power, actuation frequency, peak load bearing capacity, stiffness, and

weight, can be optimized by proper selection of face sheet material and its thickness, the overall core thickness, core

member thickness and length, and the design of the joint connecting core members and face sheet.
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1. Introduction

New multifunctional materials concepts for lightweight, load bearing structures capable of controlled,

reversible shape changes are needed for a wide range of aerospace, robotics and other applications (Garcia,

2002). Such shape-morphing structural elements are potential replacements for existing systems relying on

separate structural and actuation components. Examples include hydraulically actuated wing flaps and

undersea vehicle rudders for ships and submersed vehicles. This paper discusses the development, testing

and analysis of a reversible, shape-morphing structural element which relies on a shape memory alloy for

actuation. Shape memory alloys (SMA) have been extensively applied in micro-electro-mechanical systems
(MEMS) (Srinivasan and McFarland, 2001), surgical devices (Flomenblit et al., 1994) and prostheses as
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well as smart materials concepts (Schetky, 1998) pertinent to the work described here. SMA, such as those

based on Ni–Ti and Cu–Zn–Al, rely on a martensitic phase transformation to absorb inelastic strains (as

high as 5–8%). Heating above the austenite start transformation temperature enables the material to re-

cover its original shape (Otsuka and Wayman, 1998). The spontaneous return of a deformed SMA sample
to its original shape (or dimensions) upon heating is referred to as the one-way shape memory effect. A two-

way effect is also possible, in which the SMA cycles between two fixed shapes during cycling between an

upper and lower transformation temperature (Otsuka and Wayman, 1998). Interested readers may find

more on the structure, composition and constitutive behavior of SMA from the literature (Otsuka and

Wayman, 1998; Fu et al., 2001; Saburi, 2000).

Most SMA-based actuators operate cyclically between two states and so, if based on the one-way effect,

require a biasing force (such as a spring) to return the SMA to its low-temperature (martensitic) shape.

Such designs are inefficient because the work provided by the shape recovery is partitioned between the bias
element, that is stored (elastically) in the structure, and that available to do work against applied loads (the

useful part). Lu et al. (2001) have recently proposed and analyzed a lightweight, shape-morphing sandwich

panel incorporating a single SMA face sheet bonded to a truss core. Their design is based on a two-way

shape memory effect, in which one shape is acquired at the upper transformation (austenite finish, Af )

temperature and another shape at the lower transformation (martensite finish, Mf ) temperature. Using a

statically determinate core design, they are also able to minimize storage of elastic strain energy in the core

and therefore achieve greater efficiency. This concept is difficult to implement for many applications

however, due to extremely low transformation forces upon cooling and the relatively small (<2%) length
change available via the two-way effect (Otsuka and Wayman, 1998). In a‘ second approach, Lu et al. have

proposed the use of a single face sheet, one-way SMA actuator that uses a bias force to restore the structure

to its original configuration (Lu et al., 2002). While a more practical strategy, it is less efficient because of

the need to store energy in the mechanical structure used to cause the shape reversal.

Here, we describe the design of a lightweight, shape-reversing structural panel (or beam element)

which requires no bias force and relies on a one-way shape memory effect only. The concept is based on a

face sheet-stiffened sandwich panel, in which both face sheets are made of a one-way SMA. These are

bonded or attached to a truss core that has a very low resistance to bending, combined with a high
resistance to in-plane shear. The design is such that, when one of the two face sheets is heated to the Af

temperature, the other (low-temperature) face is subjected to deformation by the formation of stress-

induced martensite. A prototype has been constructed using Ni–Ti SMA face sheets bonded to a stainless

steel truss core. While the face sheets deform inelastically via the formation of stress-induced martensite,

the core experiences only elastic deformations. The shape is reversed by heating the opposite face sheet to

Af , and cycled at a frequency determined by the rate at which the face sheets cool after heating. We

expect this approach to result in reversible shape actuator panels with performance comparable to de-

signs using an external bias mechanism, but at lower system weight, resulting in improved structural
efficiency. A further advantage of the design considered here is its ability to maintain its actuated shape

with no power input.
2. Design concept

Fig. 1(a) shows a schematic illustration of the actuator panel concept, consisting of SMA face sheets

bonded to a stainless steel truss core. Heating of the SMA face sheets can be achieved by Joule (direct

electrical resistance) heating, by radiative mechanisms, or by flow of a heated gas or liquid over one or the

other sheets. The central core sheet separates these flows from the opposite face sheet. A 2D model core is

constructed by forming corrugated sheets which are then transient liquid phase bonded to both sides of the
flat (stainless steel) core sheet. Geometric design variables include the face sheet thickness, tf , truss member



Fig. 1. (a) Design concept for a two-way, shape-reversing, structural element based on a one-way shape memory material (integral),

(b) bias design using elastic springs to provide shape-reversing capability.
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thickness, tt, core sheet thickness, tc, truss angle, h, total core thickness, H , and beam length, L. The core,

which consists of a series of reinforced diamond truss elements, has the desired attributes of low density,

low bending stiffness (until faces are attached), and high in-plane shear strength.
The as-received SMA face sheets, prior to attachment to the core, are first heated above their Af tem-

perature to ensure the material is in its austenitic form. This is followed by uniaxial elongation to roughly

half the alloy’s expected shape memory strain (3–4% for Ni–Ti SMA). The direction of elongation will be

referred to as the longitudinal direction of the face sheet. The face sheets are then oriented so the longi-

tudinal direction is perpendicular to the core’s corrugations, and attached to the core, which is held in its

flat, neutral configuration (i.e. the panel has no overall curvature).

If the upper face sheet is then heated to its austenite start temperature (As), it begins to contract,

recovering the previously imposed tensile elongation as the temperature approaches Af . The heated face
sheet is referred to as the active face sheet, the unheated face as the inactive face sheet. The core is designed

such that, as the active face sheet contracts in the longitudinal direction, an equal, but opposite (tensile)

deformation is imposed upon the inactive face sheet. Since the yield strength of the austenitic phase is much

greater (roughly a factor of three in the case of Ni–Ti) than the stress required to induce the martensitic

transformation in the inactive face sheet (Mellor, 1987), the inactive face further elongates to nearly its full

expected shape memory strain. Since the core is designed to resist in-plane shear (i.e. to withstand the force

required to deform the inactive face sheet), contraction of the active face causes the panel to become curved,

with the active face sheet towards the center of curvature. Once the active face sheet has cooled to below the
austenite start temperature, the opposite face sheet is heated to Af , causing the panel to reverse its cur-

vature. Alternate heating and cooling of the face sheets thus allows the panel to be cycled between the two

shapes as shown in Fig. 2. The frequency of cycling is limited by the rate of cooling of the active face sheet

in the case of natural cooling, but could be accelerated by forced cooling, and as pointed out by Bart-Smith

(2001), by arranging for the face sheet’s quiescent temperature to be close to As. Whereas bias designs

require a constant input of power to maintain their actuated shape, the integral reversing actuator described

here maintains either limiting shape indefinitely with no power input. This holds true even under an

externally imposed loading so long as stresses in the SMA component remain below the yield strength of
the low-temperature phase.



SMA
facesheets

(one-way
effect)

Initial configuration

Active face
(heated T > Aƒ)

Inactive face sheet
yields in tension

Heat top face

Heat bottom face

δ

Fig. 2. Alternate heating (and cooling) of the SMA face sheets enables the structural actuator to cyclically reverse shape between two

limiting configurations.
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Optimal performance is obtained by maximizing the shape change or actuation force, and/or cycling

frequency of the panel, while minimizing total weight. Gibson and Ashby (1997) cite the constraints on the

design of such sandwich structures, namely that they must not fail due to buckling or plastic yielding (of

face sheet, core sheet or truss member). An analysis of these performance attributes is developed in the
following section and applied to identify useful design guidelines. These results are then compared with

experimental results in Section 4.
3. Analysis

The shape-morphing structural panel described above must be able to perform useful work against

specified loads, displacements (or curvature) and displacement rates. The optimal design will satisfy these

performance requirements at the lowest weight and power consumption. It may also be required that the

structure be able to cycle its shape at a specified minimum frequency. An analysis of the structure illustrated
in Fig. 1(a) is developed to address such design issues. The analysis considers a cantilever beam of length, L,
overall height, H , and width, B.

3.1. Actuator displacement

When the top face of the cantilever beam shown in Fig. 1(a) is heated to Af , the face will contract by an

amount given by DL ¼ eabL=2, where eab=2 is one-half the achievable shape memory strain for the specified

SMA. As the top face contracts, the bottom face sheet is deformed in tension by the same amount (pro-

vided the core material is stiff and core failure does not occur). The stress needed to deform the bottom

(inactive) face sheet is given by rab––this is the austenite (b) to martensite (a) transformation stress sche-
matically illustrated in Fig. 3. The core, including the central core sheet, remains undeformed (except for

elastic strains, which are much smaller than eab), and so, with no externally applied forces, the beam’s

curvature, j ¼ 2eab=H . From the geometry, the tip displacement in the absence of an applied load is
d0 ¼
H
2eab

1

�
� cos

2eabL
H

�
ð1Þ
Eq. (1) approximates reasonably well to d0 � eabL2=H , for H=L > 0:1, from which it is seen that the

actuator displacement is increased by designing thinner, longer beams from SMA face sheets having a high

transformation strain.

If a transverse external load, F , is applied to the end of the beam (as shown in Fig. 4), the tip dis-
placement is d � d0 � dF , where dF is the forced displacement, consisting of shear and bending terms.



Fig. 3. Stress–strain–temperature plot illustrating the one-way shape memory effect in the Ni–Ti SMA. At room temperature, stressing

to rab results in perfectly plastic behavior while the austenite phase (b) transforms to martensite (a). A plastic ‘‘shape memory’’ strain

(eab) remains after unloading. Heating to the austenite start temperature (As) and to Af , the austenite finish temperature results in

reversion of martensite to austenite and a consequent recovery of the shape memory strain. See Otsuka and Wayman (1998) for details.
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Fig. 4. The tip displacement of the actuator in cantilever beam configuration is given as the actuated displacement minus the deflection

due to an externally applied force, F .
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Normalizing by the length, L, and substituting appropriate expressions for dF (e.g. see Gibson and Ashby,

1997; Allen, 1969) leads to the normalized tip displacement for an arbitrary load, F :
d
L
¼ eab

H
L

� ��1

� 2F
3BtfEfH 2

H
L

� ��2
 

þ F

2BttEc sin
2 h cos h

!
ð2Þ
This analysis is valid assuming tf=H � 1 and that the bending stiffness of the core alone is negligible, so that

the flexural rigidity is dominated by the bending moment of the faces about the centroid of the sandwich

beam.

Eq. (2) can be used to find the aspect ratio (H=L) providing the maximum displacement possible for a

given applied load. (The core sheet and truss are taken to be the same material, so Ec is also the stiffness of
the core sheet.) Fig. 5 illustrates the dimensionless tip displacement predicted by (2) as a function of the

beam’s aspect ratio (H=L) and the applied load (F ). Failure (by face sheet yielding) occurs at higher beam

aspect ratio with increasing applied load.

3.2. Input power requirement and peak cycling frequency

The reverse phase transformation (to the austenite parent phase) is quite rapid (at roughly the speed of
sound in the material) once the recovery temperature has been reached. The frequency with which the
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Fig. 5. Predicted displacement capacity as a function of beam geometry (aspect ratio, H=L) and applied force (units of N ). Although

not shown, increasing applied force at decreasing aspect ratio leads to failure of the element either by plastic yielding or elastic

buckling.
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structural SMA panel can alternate between its two limiting shapes is really dependent on the rate of heat

transfer into and out of the SMA faces. We consider the case in which the SMA face sheets are heated

resistively by directing current (I) through the sheets. The power (P ) supplied is then P ¼ I2R, where R is the

resistance in ohms. Also, it is assumed that the core is isolated from the face sheets, so that the core is not

resistively heated and to minimize heat loss by conduction to the core. Following Lu et al. (2001), the
governing heat transfer equation is
qfc
f
p

oT
ot

¼ kf
o2T
ox2

� 2~h
tf
ðT � T0Þ þ rq

I
Btf

� �2

þ qfBLtfH
Dt

ð3Þ
where qf is the face sheet density, cp is the specific heat capacity, kf is thermal conductivity, ~h is the surface

heat transfer coefficient, rq is the resistivity, and H is the latent heat associated with the martensitic phase
transformation. The terms on the RHS of Eq. (3) represent, from left to right, the energy absorbed in

raising the face sheet temperature, losses to due convective heat transfer (radiative losses are neglected),

energy supplied by Joule heating, and the latent heat of phase change. Eq. (3) can be simplified by observing

that the latent heat term is negligible compared to the Joule heating term (Lu et al., 2001) and also by

neglecting any heat loss through the face sheet’s edges.

The solution to Eq. (3) leads to the frequency with which the temperature can be cycled between a lower

limit, T1, and an upper limit, T2, is then
m ¼ 1

2
ln
ðT2 � T0Þ
ðT1 � T0Þ

� � T1 � T0 � rf
I
Btf

� �2
tf
2~h

T2 � T0 � rf
I
Btf

� �2
tf
2~h

8><
>:

9>=
>;

�1

ð4Þ
where T0 is the initial temperature of the face at the start of the first cycle, T1 is the initial temperature for

subsequent cycles. The reader is referred to Lu et al. (2001) for intermediate solution steps. Using

parameters in Table 1, the effect of increasing input current on the cycling frequency can be seen from Fig.

6; at high current input, the cycling frequency saturates due to the dominance of the cooling rate. Thinner
face sheets allow the frequency of cycling to be increased.



Table 1

Model input parameters

Element Property (symbol) Value Units

SMA (Ni–Ti) face sheet Density (qf ) 6450 kg/m3

Austenite start temperature (As) 70± 5

Austenite finish temperature (Af ) 90 ± 5

Elastic modulus––high T (Eb) 85 GPa

Elastic modulus––low T (Ea) 28 GPa

SMA yield strength––high T (ryb) 500 MPa

SMA yield strength––low T (rab) 100 MPa

Shape memory strain (eab) 5 %

Heat capacity (cp) 500 J/kgK

Heat transfer coefficient (~h) 50 W/mK

Resistivity (rf ) 0.7 lX cm

Core (304 stainless steel) Density (qt) 7900 kg/m3

Elastic modulus (Ec) 200 GPa

Bias spring (high C steel) Bias spring density (qs) 7900 kg/m3

Shear modulus (Es) 80 GPa
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Fig. 6. Predicted panel shape cycling frequency as a function of input current. Thinner face sheets lead to increased operation frequency

through increased heating and (natural) cooling rates.
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4. Experimental

Several prototypes of the reversing actuator panel concept were built and tested. All of these have

incorporated the 304 stainless steel core design illustrated in Fig. 1(a) . Strips of 0.5 in. (12.5 mm) width

were cut from 0.016 in. (0.4 mm) sheet, then corrugated using a small brake. The corrugated stainless steel

strips were then joined to both sides of a flat (304) strip using a transient liquid phase bonding process

(Sypeck and Wadley, 2001). Early prototypes relied on a high strength epoxy adhesive to join the SMA face

sheets to the truss core. While the polymer adhesive acted to insulate the core both electrically and ther-
mally from the face sheets during actuation, it was found that the shear strength of the adhesive joint was

insufficient, leading to premature failure.
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The prototype tested here relies on an adhesive reinforced by threaded fasteners. The core was held in

place by the adhesive while holes were marked and drilled (using a CNC milling machine) for the fasteners

(two per 12.5 mm wide core–face joint). The Ni–Ti face sheets were prepared by cutting 0.5 in. (12.5

mm)� 4 in. (10 cm) strips from 0.0045 in. (0.11 mm) thick SMA sheet, and heating these to slightly above
the Af temperature (90 �C). This ensured the elimination of residual, stress-induced martensite. The next

step attached the face sheets to the core. Two different approaches were tried; both were successful. The first

method involved holding the core in a curved position (with a curvature approximating that which would

be obtained during actuation of the completed panel), while the first face sheet was attached to the concave

side. The core plus one face sheet was then bent (using a 3-point bend fixture designed for the purpose) until

the fully reversed curvature was achieved. This elongated the attached face sheet and prepared it for

contraction upon heating. Once the curvature had been reversed, the remaining face sheet (austenitic) was

attached to the opposite side, which was then concave.
A second method (preferred) offers the advantage of allowing the face sheets to be attached to the core in

a flat position. The heat treated strips were first mounted in a tensile test machine and elongated at room

temperature to a 4% tensile strain (or approximately one-half the SMA’s shape memory strain, eab). Extra
material may be included for gripping, which can be afterwards trimmed prior to attachment with the core.

Both face sheets were then attached to the core, which was held in a flat position. The panel could be

actuated by heating either face sheet. Regardless of the attachment method, care must be taken not to heat

both face sheets at once. Even if failure of the panel was avoided, the panel’s actuation ability would be

permanently impaired.
Prototypes prepared using both of the assembly processes described above have successfully demon-

strated the two-way shape-reversing concept. Experimental data for tip displacement (in one direction) as a

function of applied load are presented in Fig. 7. The SMA faces were heated using an insulated resistance

heating element (wire) wound helically around the SMA. The load was applied by attaching a free weight to

the end of the cantilever, and lifted upwards by activating (heating) the upper face sheet, as shown in Fig. 8.

The length of the cantilever was 7.87 in. (200 mm), height 0.48 in. (12 mm) and width 0.48 in. (12 mm). The

predicted tip displacement given by Eq. (2) is also shown, with the shape memory strain (eab) adjusted to

optimize the intercept (i.e. the predicted zero-load displacement).
Fig. 7. Experimental (dots) versus predicted (Eq. (2)) cantilever beam actuator displacement (from a flat reference position) as a

function of applied transverse load at the tip.



Fig. 8. Prototype (200 mm length) beam, fixed in vise at left, lifting 1.2 lb (540 g) a distance of 92 mm. The thermocouple shows

temperature (�C) of the active (top) SMA face.
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5. Discussion

A significant advantage of the current (integral) actuator design is its ability to achieve fully reversing

shape change without the need for any bias (elastic restoring) force. Designs which incorporate a bias

element (e.g. a coil spring) to reverse the actuator’s shape have the disadvantages of not retaining their

actuated shape unless power is supplied continuously to heat the SMA and the storage of elastic strain

energy in the bias element and structure during actuation. While these comparisons are easily identified, it

remains unclear which actuator design offers the most actuator force capability per unit weight. To explore
this, we briefly develop dimensionless expressions for weight and load capacity for a cantilever beam of

both designs and compare their maximum load capacity versus actuator weight.

The load which can be applied to the tip of a shape-actuated cantilever beam of either integral or bias

design is determined by the limiting failure mechanism. The failure mechanisms for cellular metal beams,

such as those shown in Fig. 1, include plastic yielding and elastic buckling of the faces, center sheet or

trusses. Lu et al. (2001) have recently summarized the limiting loads for these failure mechanisms for a truss

core sandwich beam design; these failure criteria have been rewritten for the two designs of interest here (see

Fig. 1). The condition to avoid elastic buckling of the center sheet in the integral design is
rc ¼
FL
BtcH

6
p2

8
Ec

tc
k

� �2
ð5Þ
where F is the load applied transversely at the tip of the cantilever beam, Ec is the modulus for the core

sheet material and other symbols refer to dimensions given in Fig. 1. Substituting for kð¼ 2h= tan hÞ and
solving for tc then gives
tc 6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8FLH

p2EcB tan2 h
3

s
ð6Þ
Given the overall actuator dimensions (B, L and H ), Eq. (6) affords a means of specifying the core sheet

thickness just sufficient to prevent buckling without the need to specify the other sheet thicknesses. By
exploiting similar constraints on the thickness of the truss (tt) and faces (tf ), the actuator’s dimensions, and

thus weight, are fully specified. The expressions for truss and face sheet thickness are



Fig. 9.

makes

1952 D.M. Elzey et al. / International Journal of Solids and Structures 42 (2005) 1943–1955
tt 6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3FH 2

p2EcB sin h
3

s
ð7Þ
to prevent buckling of the truss core and
tf 6
2FL

BHryb
ð8Þ
to avoid plastic yielding of the SMA face sheet (in the high temperature [austenitic] state). With dimensions

specified, the actuator’s weight can now be determined using
Wi ¼ BLtcqc þ BL
tt

cos h
qt þ BLtfqf ð9Þ
where qc, qt and qf are the center sheet, truss and face densities, respectively. Adopting the same notation

used by Lu et al. (2001), we write the dimensionless weight index as
W ¼ Wi

BL2qf

¼ 1

L
tc
qc

qf

�
þ tt
cos h

qt

qf

þ tf

�
ð10Þ
The failure criteria (as given by Eqs. (6)–(8) for the integral actuator design) and the weight index (Eq. (10))

can now be used to plot the maximum load which can be supported by the actuator as a function of the
beam’s weight (Fig. 9). For comparison, we develop analogous expressions for the bias actuator design. The

failure criteria are again used to write expressions for minimum face and truss sheet thickness to avoid

buckling:
tf 6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
128FLH

p2EcB tan2 h
3

s
ð11Þ
tt 6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12FH 2

p2EcB sin h
3

s
ð12Þ
The face sheet thickness to avoid plastic yielding is again given by Eq. (8). As for the integral design, a

weight index is written as W ¼ Wb=ðBL2qfÞ with the weight, Wb, now given by
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Comparison of integral and bias design cantilever beam actuators––the weight penalty associated with the mechanical spring

the bias design less efficient at high loads.
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Wb ¼ BLtbqt þ
BLtt
cos h

qt þ BLtfqf þ 2cp2nd3qs ð13Þ
where qt is the density of the truss core material, and tb, tt and tf are thicknesses of the base, truss and SMA

face (see Fig. 1). The final term on the RHS of (13) represents the mass of the bias spring; c is the ratio of

the coil spring radius (r) to wire diameter (d), i.e. c ¼ r=d, and n is the number of coils in the spring. The

spring’s dimensions (as given by c and d), and the number of coils, n, determine the spring’s mass and

stiffness (N/mm). The basic design requirement for the bias spring is that it provide a force sufficient to

deform the SMA face in its low-temperature state (i.e. T < As). This force is given by fsma ¼ rabBtf , where
rab is the stress required to deform the SMA at low temperature. The force–deflection relationship for a
helical coil spring is (Baumeister et al., 1978)
Fs ¼
Gd4

64nr3
d ð14Þ
where G is the shear modulus of the material of which the spring is made and d is the deflection. We let the

deflection of the spring in the initial actuator configuration (i.e. flat, as pictured in Fig. 1) be d0, and the

deflection when fully actuated (beam deflects upward as SMA face contracts) be dc. Since the spring force

(Fs) must equal (or exceed) fsma (and must do so at deflection d ¼ d0), we have
Gd4

64nr3
d0 P rabBtf ð15Þ
While necessary, Eq. (15) is not sufficient to specify the spring’s design; another relation is obtained from

the condition that the spring’s shear strain limit not be exceeded during compression. The shear strain is

given by
cs ¼
dd

4pnr2
ð16Þ
The shear strain limit for spring steel is approximately 1.2%, but in the case of repeated loading (fatigue)

this must be reduced somewhat. We assume a limiting shear strain of 1% here. Substituting this into (16)

and using c ¼ r=d gives a limiting condition on the maximum deflection, dc:
dc 6 0:04pnc2d ð17Þ
The maximum deflection given by (17) can be related to d0 by noting that the spring’s total change in length,

d0 � dc, must be equal to the contraction of the SMA element of initial length, k, i.e. d0 � dc ¼ eabk, where
eab is the shape memory recovery strain. Combining this with (17) then leads to
d0 6 0:04pnc2d þ keab ð18Þ
Substituting into (15) and solving for the spring’s wire diameter, d, gives
d ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
15:61e2abk

2

c4n2
þ 510:4tfcrab

G

s
� 4eabk

c2n
ð19Þ
Therefore, given the truss design, material properties of the SMA and spring, selection of the number of

coils for the spring as well as its ratio of coil radius to wire diameter, (19) gives the minimum wire diameter

satisfying the restoring force and failure criteria. According to Eq. (19), the wire diameter decreases

monotonically with decreasing values of both c and n, so that the mass of the spring is reduced by selecting
smaller values for these two quantities. There is a limit however, to how small the spring can be made; one

consideration is that as the spring coil radius decreases relative to spring length (fixed), the spring requires a
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guide to prevent it from buckling outward and thus, additional mass. Therefore, to minimize spring mass

while hopefully avoiding the need for a spring guide, we choose values of c ¼ 3 and n ¼ 5.

The mechanical performance of the two actuator designs can now be compared on a unit weight basis.

The overall dimensions of the two cantilever beam actuators will be identical and taken to be H ¼ 8 mm,
B ¼ 10 mm and L ¼ 150 mm. The truss corrugation angle, h, is also fixed for both designs at h ¼ p=4. An

arbitrary value for the applied tip load is chosen and used with Eqs. (6)–(8) and (11), (12) to determine the

appropriate material thicknesses. These are then used to compute the weight index for each design cor-

responding to the applied load. Finally, the load index (defined as P ¼ N=ðEbBLÞ) is determined and

plotted versus weight index. The result, shown in Fig. 9, indicates that for very low applied loads, the bias

design provides the lightest weight solution. However, as the applied load increases, the integral design

offers an increasingly significant weight advantage. This is a result of the weight penalty imposed upon the

bias design by the spring; while the force capability of the spring scales linearly with wire diameter (for fixed
c), its volume (and hence mass) grows with the cube of the wire diameter. It can be seen that for high loads

(e.g. PP 0:5), the integral design offers weight savings exceeding 100% in comparison with the bias design.
6. Summary

An integral two-way, shape-reversing structural element (panel, beam) concept has been described,

which relies on SMA components exhibiting the one-way shape memory effect. It uses no external bias

mechanisms for shape reversal. The concept is based on the incorporation of a lightweight core design

exhibiting a combination of very low flexural rigidity and relatively high in-plane stiffness. A prototype
structural element (cantilever beam) has been constructed using Ni–Ti SMA face sheets joined to a stainless

steel truss core, and tested for shape-reversal and load actuation capacity. Tests of the prototype were able

to successfully demonstrate the shape-reversing capability of the design, and characterize its performance.

Up to 120 mm displacement over 200 mm span of the beam is achieved experimentally. An analysis of the

structural actuator’s displacement and load capacity, power consumption and cycling frequency are

developed to provide further design guidance. Comparison of the integral reversing actuator concept with a

bias-based design also indicates that lighter actuators with higher lift capacity are achievable via the integral

design.
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