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ABSTRACT 

Design and development of modern air vehicles seeks to produce airborne structures that are able to fly in a wide 

range of operational conditions with increased fuel efficiency and reduced environmental impact. To be able to operate 

efficiently throughout the operational envelop these structures need to be able to adapt their aerodynamic characteris-

tics, a process achievable through the introduction of morphing regions. In this study, a numerical investigation of an 

autonomous camber morphing helicopter blade is presented considering Shape Memory Alloy materials able to un-

dergo the Two-Way Shape Memory Effect. A series of designs and respective finite element analyses is employed to 

identify the effect of various parameters on various configurations that include the number of intermediate spars, the 

extend of the morphing section along the blade and the boundary condition between the pristine and the morphing 

portion. Overall, eliminating the need for pre-stress of the SMA component before being embedded in the host struc-

ture leads in significant reduction of the maximum strain and stress developed on the upper skin (passive component). 

 

INTRODUCTION 1 

Over the last couple of decades, the introduction of morph-

ing in aerospace structures has been regarded as a highly 

effective means of achieving improved aerodynamic per-

formance across diverse operating conditions (Refs. 1-5). 

One commonly considered form of morphing on both 

fixed- and rotary-wing aircraft has been wing or rotor blade 

camber change. Prior studies have considered several dif-

ferent camber actuation methods such as the use of piezo-

electric actuators (Refs. 6-11), pneumatic actuators (Ref. 

12), conventional servomotors (Ref. 13), and Shape 

Memory Alloys (SMA) (Refs. 14-18). Regardless of the 

tradeoffs associated with specific actuation methods, all 

morphing approaches require achieving some finite defor-

mation in structures that are fundamentally rigid enough to 

withstand the aerodynamic loads, as well as centrifugal 

loads in the case of rotor blades. This, in turn, translates 

into significant actuation force or block stress and energy 

requirements. 
 

In contrast, another approach to aircraft morphing is to ex-

ploit changes in operating state to realize structural shape 

change, without any dedicated actuation energy input. In 

rotary-wing aircraft, in particular, changes in rotor RPM, 

and the resultant changes in centrifugal forces acting on the 

blade, have been used in several studies to realize rotor 

span extension morphing (Refs. 15,16), chord extension 

morphing (Ref. 21), and rotor blade twist change (Refs. 22-

26). Such an approach, where reconfiguration is achieved 
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without the use of dedicated actuation energy input, is re-

ferred to as autonomous or passive morphing.  A new au-

tonomous morphing concept was proposed in Ref. 27 

whereby an increase in helicopter rotor blade camber was 

realized with increase in ambient temperature. The camber 

change was achieved through the integration of tempera-

ture responsive SMA into the blade structure.  Results from 

Ref. 27 showed that when the rotor was operating in hot 

and heavy load conditions (close to stall), the presence of 

the embedded SMA in the blade increased blade camber, 

the airfoil section’s maximum lift coefficient, and the rotor 

lifting capability beyond that possible using a classical 

blade built with conventional material.  However, the study 

also identified a number of design challenges such as the 

requirement of high pre-stress in the SMA and very high 

induced strains in the blade structure during morphing. 
 

The current study seeks to advance and improve on the 

SMA-enabled autonomous camber morphing rotor blade 

concept developed in Ref. 27.  Specific advancements in-

clude the use of trained SMA that present the Two-Way 

Shape Memory Effect (TWSME) that may significantly re-

duce or even eliminate high SMA pre-stress requirements 

and high strains in the blade at the undeployed/initial con-

figuration.  The study will also focus on details including a 

practical core structure to be used in the blade, specifics of 

attachment of the SMA to the blade and the core, and its 

effect on morphing performance.  

The autonomous, camber morphing concept is based on a 
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SC1095 airfoil and uses a NiTi (Ni 55.8 wt.%) SMA sheet 

actuator that replaces portion of the lower skin while at the 

Martensitic state. When the rotor is exposed at high ambi-

ent temperature the reverse transformation from Martensite 

to Austenite is initiated and the accompanied macroscopic 

deformation is leveraged to alter the camber of the airfoil 

shape. In this concept the integration of the SMA actuator 

in the pristine airfoil structure can be realized by adopting 

a wide range of configurations that include: (i) attachment 

of the SMA skin only to the blade spar and the trailing edge 

cap, but no attachment to the supporting corrugated inner 

structure, (ii) attachment of the SMA skin at one solid cen-

tral corrugation, (iii) attachment of the SMA skin at two 

solid central corrugations and finally (iv) attachment of the 

SMA skin at every internal corrugation. Each configuration 

of the aforementioned setups is investigated in terms of the 

produced camber at certain ambient conditions, Marten-

sitic Volume Fraction (MVF) of the SMA actuator as well 

as chordwise and spanwise strains at the deformed state. 

SHAPE MEMORY ALLOYS 

Materials that fall in the class of SMAs exhibit two distinc-

tive characteristics, i.e., Shape Memory Effect (SME) and 

Pseudo-Elasticity (PE). Both phenomena are associated 

with their capability to produce and recover inelastic 

strains that are attributed to microscopic changes in their 

crystal structure. When a SMA is above a high temperature 

level denoted as Af, the microstructure obtains the high 

symmetry phase of Austenite (A). As the material is cooled 

below a critical temperature denoted as Mf its crystal struc-

ture changes and twinned or self-accommodated Marten-

site (Mt) is formed. This transition does not induce any 

macroscopically observed change. Should the twinned 

Martensite be loaded above a critical stress level a detwin-

ning process is initiated and an observable macroscopic 

strain is produced. This macroscopic strain reaches its 

maximum value when the detwinning process is completed 

and pure detwinned Martensite (Md) is formed. Yet, re-

moval of the mechanical load will not induce any macro-

scopic changes since the inelastic strain will remain. To re-

cover this strain the material has to be heated above tem-

perature levels that will initiate and complete the reverse 

transformation from Martensite to Austenite, denoted as As 

and Af, respectively. The behavior exhibited during the 

thermo-mechanical cycle described is the so-called SME. 

This is also the phenomenon that can be leveraged to use 

these materials as actuation elements. The thermomechan-

ical cycle described to induce the SME in SMA is pre-

sented in the Temperature-Stress-Strain space diagram pro-

vided in Fig. 1. In the schematic, the critical transformation 

thresholds for the initiation and completion of the reverse 

transformation (MA) are identified along with the criti-

cal stress thresholds for the initiation and completion of the 

detwinning process, i.e., σds and σdf, respectively. Finally, 

the inelastic, yet recoverable, deformation exhibited during 

the detwinning process is denoted in the schematic by εt. 

  

Fig. 1 SME in the temperature-stress-strain space. 

In the work of Di Palma and Gandhi [27] the passive alu-

minum structure of the morphing airfoil section had to be 

designed to obtain a pre-flexed shape in order to provide a 

pre-strain and an associated pre-stress field to the SMA ac-

tuator that could result in maintaining a detwinned Marten-

sitic state and render it possible to induce the reverse trans-

formation. This process becomes quite complicated in 

terms of designing effectively such a structure, since the 

stiffness of the selected core, the magnitude of the initially 

built-in reflex and the thickness of the SMA component as 

well as its pre-strain must be determined in order to reach 

a configuration near the one of the pristine/reference blade 

geometry. This whole process could be less cumbersome if 

the SMA component had the capability to present a 

TWSME and be able to recover and produce transfor-

mation strain under zero or small stress levels. Thus, in this 

work a trained NiTi (Ni 55.8 wt.%) SMA is considered. 

 

Fig. 2 SMA phase diagram. 

During a training process the material is subjected to cyclic 

thermal loading under a constant stress level, often higher 

than the maximum anticipated one when under operational 

conditions. Cycling between a fully Austenitic and a fully 

detwinned Martensitic state generates internal stresses in 

the microstructure that affect the exhibited transformation 

behavior. A trained SMA material is able to produce con-

siderable amount of transformation strain when transition-

ing from the parent phase of Austenite to the product phase 

of Martensite at small or even zero stress levels. In such a 

case, the internal stresses introduced at micro-structural 

level allow for the alignment of Martensitic variants at 

preferable directions as well as maintaining the detwninned 
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state. Although pre-straining and, consequently, pre-stress-

ing of the SMA material might prove beneficial, since it 

increases the maximum available transformation strain, it 

also affects the critical transformation temperature thresh-

olds. These temperature limits increase with higher stress 

levels, which in turn means that in order to initiate a trans-

formation process higher temperature levels have to be 

achieved, as shown in the SMA phase diagram presented 

in Fig. 2. Consequently, SMAs capable of recovering trans-

formation strains at zero load are more favorable for the 

design of morphing structures since they require less com-

plex design considerations. 

SMA Constitutive Model 

To predict the non-linear constitutive behavior of the NiTi 

(Ni 55.8 wt.%) SMA material considered in this study, the 

baseline constitutive model of Lagoudas et al. [28] as ex-

tended by Hartl et al. [29] and Karakalas et al. [30] is 

adopted and implemented in the Abaqus FE software 

through a specialty user material (UMAT) subroutine. The 

model is able to account for TWSME by considering a 

maximum transformation function, called Hcur that is pos-

tulated as follows: 

 𝐻𝑐𝑢𝑟(𝜎) = 𝐻𝑠𝑎𝑡 (1 − 𝑒−𝑘𝑡�̅�𝑒𝑓𝑓
) ( 1 ) 

where Hsat is the saturation transformation strain, kt is an 

experimentally calibrated parameter that controls the rate 

that maximum transformation strain evolves with the ap-

plied stress level, while 𝜎𝑒𝑓𝑓 is the effective Von Mises 

stress. This stress is calculated based on the well-known 

Von Mises criterion, yet the components of the stress ten-

sor considered are based on Eq. (2), where β is a second 

order tensor named as back-stress. The values for the back-

stress are calibrated based on experimental data. 

𝝈𝑒𝑓𝑓  =  𝝈 + 𝜷 ( 2 ) 

The back-stress tensor accounts for the internal stresses 

generated in the microstructure during training process. 

The developed stress fields lead to retainment of detwinned 

Martensitic variants, thus upon heating the material is able 

to transform directly between the detwinned Martensitic 

and Austenitic state, i.e., recover an amount of transfor-

mation strain available. Furthermore, as externally applied 

stress increases the value of the available transformation 

strain increases as well (as per Eq. (2)) till reaching the sat-

uration strain level (Hsat). To this end, it becomes apparent 

that high back-stress values would result in higher availa-

ble transformation strain and, consequently, higher camber 

adaptation upon thermal activation of the actuator. The sa-

lient material properties of the SMA selected this study are 

summarized in Table 1. 

CONCEPT DESCRIPTION AND ANALYSIS  

For the purposes of the work presented herein, a prismatic 

derivative of the UH-60A Black Hawk helicopter blade 

(with constant chord of 0.5 m and zero twist) with a 

SC1095 airfoil along the entire span has been selected. For 

initial analysis, a morphing airfoil section (strip) is consid-

ered and assumed to have a spanwise length of 10% of the 

chord. A rigid leading-edge spar extends from the leading 

edge of the blade to 25% of the chord, while the conform-

able region occupies the area between 25 and 80% of the 

chord. Finally, the trailing edge consists of a relatively stiff 

aluminum cap. The conformable region between the lead-

ing and the trailing edge consists of: (i) 0.5%c (chord) thick 

upper skin comprised of aluminum sheet with Young’s 

modulus of 72 GPa and Poisson’s ratio of 0.3, allowing the 

upper skin to remain stiff under nominal loads yet being 

able to elastically deform when the airfoil is morphed; (ii) 

a intermediate spar, comprised of the same material as the 

upper skin, is placed between the conformable upper and 

lower skin; and (iii) a smart lower skin manufactured from 

an SMA sheet 0.5%c thick. When ambient temperature ex-

ceeds a critical limit, the reverse transformation from Mar-

tensite to Austenite will initiate resulting in the recovery of 

the available transformation strain. The camber of the air-

foil increases as the lower skin contracts changing the aer-

odynamic characteristics of the airfoil. The autonomous 

morphing concept described in this paragraph is schemati-

cally presented in Fig.3. 

Table 1. SMA Material Properties and Parameters 

Symbol Value Units 

EA 66.2 GPa 

EM 25.6 GPa 

ν 0.33 - 

CA 9.02 MPa/K 

CM 8.34 MPa/K 

Mf 283.0 K 

Ms 311.0 K 

As 313.0 K 

Af 366.0 K 

Hsat 0.059 - 

kt 2.25 10-8 1/Pa 

β1D 200.0 MPa 

 

 
Fig.3 Schematic representation of the autonomous morphing 

concept 

The structural analysis of the morphing section is con-

ducted using ABAQUS 6.13 Finite Element Analysis soft-

ware. The D-spar region of the airfoil section is modelled 

using 800, 8 node brick elements with reduced integration 

and enhanced hourglass control (C3D8R). The conforma-

ble upper airfoil skin is modelled using, respectively, 40, 2, 

10 C3D8R elements along the chord, thickness, and span 
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direction (800 elements in total). The trailing edge region 

is modelled using 280 C3D8R elements. The SMA skin is 

modelled using, respectively, 72, 2, and 10 C3D8R ele-

ments along the chord, thickness, and span direction (1440 

elements in total). A sample of the Finite Element (FE) 

mesh is shown in Fig. 4. 

 
Fig. 4 Sample of finite element mesh. 

The D-Spar, upper skin, and the trailing edge are modelled 

as one part, with clamped boundary condition imposed on 

the D-Spar along the entire span. Furthermore, a ‘Tie-con-

straint’ (merging of all applicable degrees of freedom be-

tween the connected cells) is used to attach the intermedi-

ate spar (green elements in Fig. 4) to the conformable upper 

skin and the lower skin. Additionally, the lower (SMA) 

skin is attached to the D-Spar and the trailing edge using 

‘Tie-constraint’. The type of FE analysis selected was 

“static-general” since the present study focuses on a con-

ceptual analysis and time related phenomena, such as heat 

fluxes as well as dynamic response of the simulated struc-

ture are considered out of the scope. Finally, due to the non-

infinitesimal rotations presented upon activation of the 

SMA active component the effect of geometric non-linear-

ities is properly accounted for. Numerical investigations 

entailing SMA actuators have proved that omitting the ef-

fect of large rotations on the calculated constitutive re-

sponse might result in erroneous predictions both in terms 

of the internal state as well as the exhibited stress and strain 

levels [31]. 

The aerodynamic pressure loads are obtained from XFOIL 

analysis of SC1095 airfoil, both for the baseline and de-

formed shape. The details on how the aerodynamic pres-

sure loads are obtained can be found in the work of Di 

Palma and Gandhi [22]. XFOIL evaluation of the pressure 

distributions is carried out for Mach number 0.55 and at 5o 

of angle of attack, with Fig. 5 showing the pressure varia-

tion over the upper and lower surface of the airfoil, both for 

the baseline and cambered airfoil geometry. Finally, a fac-

tor of safety of 2 is applied to the aerodynamic pressure 

load during the structural analysis in ABAQUS.    

 
Fig.5 Chordwise CP comparison between baseline SC1095 

and 15o cambered derivative at 𝜶 = 𝟓° [22]. 

RESULTS  

Camber Morphing over Airfoil Section 

An initial set of analyses is carried out to determine the 

minimum number of intermediate spars (see Fig. 3) that re-

sult in maximum camber deformation of the airfoil section 

for a specified change in ambient temperature while 

providing enough support to the SMA skin to prevent local 

out-of-plane deformation of the lower skin under effect of 

aerodynamic pressure fields. The out-of-plane deformation 

refers to the localized deformation/warping of the SMA 

skin resulting in non-smooth lower surface of the airfoil. 

To this end several FE analyses are performed for an airfoil 

section with increasing number of vertical spars. Figures 6 

to 9 show the Martensite-to-Austenite transformation and 

the resulting camber deformation under applied change in 

ambient temperature (45oF to 170oF) without considering 

aerodynamic pressure load. 

 

Fig. 6 Unsupported lower (SMA) skin configuration; cam-

bered airfoil section and the associated MVF distribution of 

the SMA skin. 

In Fig. 6, when the SMA on the lower surface is attached 

only to the spar and the trailing-edge cap, temperature in-

crease produces Martensite to Austenite phase change over 

the majority of the SMA (except the regions where it is 

bonded to the blade) and a large change in camber (13.3o) 

is observed. 

 

Fig. 7 Lower (SMA) skin supported with one vertical spar; 

cambered airfoil section and the associated MVF distribution 

of the SMA skin. 

In Fig. 7, in addition to the spar and the trailing-edge cap, 

the SMA is attached to one intermediate spar.  As with the 

end attachments, the SMA is not allowed undergo phase 

transformation at the attachment to the intermediate spar 

upon heating.  However, there is sufficient region of SMA 

skin that is free to transform from Martensite to Austenite 

and recover the available transformation strain. Thus, no 

appreciable reduction in camber is observed (relative to 

Fig. 6). 
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Fig. 8 Lower (SMA) skin supported with two vertical spars; 

cambered airfoil section and the associated MVF distribution 

of the SMA skin. 

In Fig. 9, the SMA is now attached to two intermediate 

spars.  No phase change occurs along the attachments upon 

heating, yet the camber achieved due to Martensite to Aus-

tenite phase change in the unbonded SMA results in a lim-

ited reduction in achievable camber change that is only 1.1o 

compared to the maximum camber deformation shown in 

Fig. 6. This can partially be attributed to large portion of 

the SMA region that is not constrained by the spars thus 

capable of undergoing full Martensite-to-Austenite trans-

formation. 

 

Fig. 9 Lower (SMA) skin supported with semi-continuous ver-

tical spars; cambered airfoil section and the associated MVF 

distribution of the SMA skin. 

Finally, in Fig. 9, the SMA is attached to semi-continuous 

intermediate spars located between the D-Spar and the 

trailing edge. This significantly reduces the active SMA 

volume available and a much smaller camber deformation 

is observed, see Fig. 10 for the relation between the number 

of supporting spars and the resulting camber deformation.  

The small deformation also correlates to a smaller volume 

change from Martensite to Austenite. In Fig. 9, roughly 

50% Martensite-to-Austenite transformation is realized 

across most of the SMA sheet in contrast to fully achieved 

transformation across the majority of the SMA sheet in 

Figs. 6-8. Two intermediate spars for supporting the SMA 

sheet (see Fig 8) is the best compromise between achieving 

large camber deformation while providing sufficient sup-

port to the SMA skin in preventing local deformation of the 

lower skin under aerodynamic load.  

 
Fig. 11 Global deformation of the cambered airfoil section un-

der aerodynamic load. 

Additional analysis is carried out including aerodynamic 

pressure load (see the red curve in Fig. 5 for the pressure 

distribution over the airfoil) to verify that the configuration 

where the SMA skin is supported by two intermediate spars 

possesses sufficient bending stiffness to resist local defor-

mation under aerodynamic pressure load. Figure 11 shows 

the global deformation of the airfoil section after heating 

the SMA skin to 170oF and applying aerodynamic load. A 

relative upward reflex camber of 0.29o is observed when 

aerodynamic load is applied. 

 
Fig. 10 Camber versus number of supporting spars for 

morphing airfoil section. 

Furthermore, Fig. 12 shows the downward displacement of 

the SMA skin along the (non-dimensional) chordwise co-

ordinate of the SMA skin. The black curve represents the 

downward deflection of the SMA due to change in ambient 

temperature only, while the red curve shows the SMA de-

flection including aerodynamic load. Comparing the two 

deformation curves of the SMA skin in Fig. 12 shows that, 

in conjunction with the two intermediate spars, the SMA 

skin possesses sufficient bending stiffness to resist local 

out-of-plane deformation under applied aerodynamic load.     

 
Fig. 12 Deformation of the SMA skin due to change in ambi-

ent temperature and applied aerodynamic load. 

Figure 13 shows magnitude of the camber deformation as 

a function of the ambient temperature, both for the heating 

and cooling phase. The camber-temperature hysteresis 

shown in Fig. 13 is for the airfoil section with two interme-

diate spars (see Fig. 8). During the heating cycle, the Mar-

tensite-to-Austenite phase transformation does not start un-

til the ambient temperature reaches 95oF. Afterwards, the 

phase transformation starts and finishes when the tempera-

ture reaches 170oF, resulting in maximum camber defor-

mation of 12.2o. A significant gradient in high temperature 

would induce a less significant reduction in achievable 

camber deformation, i.e., if the ambient temperature is 

135oF instead of 170oF, the camber loss would be limited 

to 2.2o. 
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Figure 14 shows the corresponding chordwise strain in the 

SMA skin at the end of the heating (HOT) and cooling 

(COLD) cycle. A maximum chordwise strain of 6.3% (in 

tension) is observed at the end of the heating cycle. The 

maximum strain is over the unconstrained region of the 

skin, where the SMA material is free to fully transform 

from Martensite to Austenite. Parts of the SMA strip at-

tached to the airfoil section show reduced chordwise strain, 

which is the result of reduced phase transformation. There 

is a slight residual chordwise strain at the end of the cooling 

cycle, with a maximum strain of 0.6% (compression) in the 

unconstrained region of the SMA skin.  

 
Fig. 13 Camber versus temperature for an airfoil section with 

two intermediate spars. 

 
Fig. 14 Chordwise strain in the SMA for an airfoil section with 

two intermediate spars. Hot indicates at the end of heating 

cycle and Cold indicates at the end of cooling cycle. 

Figure 15 shows the corresponding maximum in-plane 

principal strain along the (conformable) upper skin and the 

two intermediate spars. Large strains are observed in the 

cambered state of the airfoil section. These large strains are 

located at the connection points between the intermediate 

spars and the SMA skin, with the absolute strain reaching 

up to 0.6%. The large strains at the connection region (be-

tween the intermediate spars and SMA skin) is partially 

due to large spanwise strain developed in the SMA material 

during the phase transformation. Furthermore, only the up-

per surface of the SMA skin is connected to the intermedi-

ate spars resulting in non-uniform strain across the thick-

ness of the SMA skin (solely in regions of SMA connected 

to the spars). Furthermore, a small strain in the upper skin 

is observed (around 0.1%), just aft of the intermediate spar 

closest to the trailing edge. 

Finally, Fig. 16 shows the corresponding von Mises stress 

along the upper skin and the two spars that support the 

SMA skin. Similar to the strain state shown in Fig. 15, large 

stress is observed during the cambered state of the airfoil 

section. Large stress is developed at the connection points 

between the spars and the SMA skin. This large stress gra-

dient at the connection points is partially due to the inabil-

ity of the SMA skin to expand in the spanwise direction 

(region of the SMA skin connected to the spars) causing 

stress concentration at the connection points. Furthermore, 

there is through the thickness variation of stress in regions 

of the SMA skin attached to the intermediate spars, causing 

stress concentration at the connection points (between 

SMA skin and intermediate spars). The highest Mises 

stress along the (conformable) upper skin is aft the inter-

mediate spar located near the trailing edge. 

 
Fig. 15 Maximum in-plane principal strain over the upper 

(conformable) skin and the two intermediate spars. Hot indi-

cates at the end of heating cycle and Cold indicates at the end 

of cooling cycle. 

 
Fig. 16 Von Mises stress (Pa) over the upper (conformable) 

skin and the two intermediate spars. Hot indicates at the end 

of heating cycle and Cold indicates at the end of cooling cycle. 

Camber Morphing Over Inboard 50% Span, Slit junc-

tion 

The first set of full span analysis is carried out for morph-

ing blade section that extends 50% inboard of the prismatic 

derivative of the UH-60A Black Hawk helicopter blade. A 

slit boundary is imposed between the morphing and non-

morphing section. Figure 17 shows the spanwise morphing 

blade section in baseline and cambered state. An SMA 

sheet (0.75c wide by 0.5Span long by 0.05%c thick) is at-

tached to the lower surface of the morphing blade section. 

The SMA skin is heated by raising the ambient temperature 

from 45oF to 170oF with the resulting deformation of the 

SMA sheet shown in Fig. 18.  Looking at Fig. 18, the SMA 

experiences compressive stress in spanwise direction dur-

ing the heating cycle resulting in the buckling-like behavior 
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of the SMA sheet. Since the material is considered initially 

at the detwinned Martensitic state, this means that there an 

amount of transformation strain developed along the chord 

wise direction. However, transformation strain is consid-

ered to be isochoric meaning that if a strain is produced 

along a direction half this amount of strain will be also pre-

sent in the perpendicular directions, so that the overall vol-

ume is retained. Thus, once thermal activation of the SMA 

material induces the recovery of the transformation strain 

along the chord-wise direction, there will be strain gener-

ated towards the span-wise and through-the-thickness di-

rections. In order to bypass the buckling-like behavior of 

the SMA sheet, a series of SMA strips are attached to the 

lower surface of the blade section then overlaid by a thin 

continuous sheet of elastomer skin. 

 
Fig. 17 Low-and high-temperature states with a slit between 

morphing and non-morphing sections.  

The elastomer skin serves to provide a smooth outer sur-

face to retain the aerodynamic profile of the blade section. 

However, the thin elastomeric skin does not provide struc-

tural support and thus is omitted from the present (struc-

tural) analysis. The SMA strips are attached along the span 

of the blade section with 2 mm gap between the SMA 

sheets (See Fig. 19). The gap ensures that the SMA strips 

do not overlap during heating cycle, since they expand in 

spanwise direction as the material transitions from Marten-

sitic to Austenitic phase. 

 
Fig. 18 Buckling of the SMA sheet.   

The width of the SMA strips is determined iteratively by 

performing phase transformation analysis for successively 

narrower strips until the blade section deforms without the 

SMA strips presenting buckling-like behavior. An SMA 

strip, 0.1c wide, is narrow enough to prevent the unwanted 

deformation of the material while providing the required 

force to deform the blade section to a sufficiently large 

camber angle. 

 
Fig. 19 Span-wise attachment of SMA strips to the blade sec-

tion.   

Once the desired width of the SMA strips is obtained, struc-

tural analysis of the morphing blade section is carried out 

including the presence of a centrifugal load. The centrifu-

gal load is calculated for an angular velocity of 27 rad/s, 

which represents the rotor speed of the UH-60A Black 

Hawk helicopter in hover. Figure 20 shows the magnitude 

of the camber deformation versus the ambient temperature 

for the blade section with slit boundary condition. The 

camber vs temperature trend is similar to the airfoil section 

(see Fig. 13). However, in the case of the blade section 

(Fig. 20), the maximum camber of 11.5o is slightly less than 

that of the airfoil section. The most probable reason for the 

slight reduction in camber is due to the gaps between the 

SMA strips on the blade section (see Fig. 19). While these 

gaps allow the strips to expand without overlapping, the 

total amount of SMA material is slightly reduced thus de-

creasing the amount of force the SMA skin generates, for 

the same increase in ambient temperature, to deform the 

blade section.  

 
Fig. 20 Camber versus temperature for the blade section with 

slit boundary condition between the morphing and non-

morphing parts of the blade. 

Figure 21 shows the Martensitic volume fraction of the 

SMA strips along the lower blade surface, both for Hot 

(cambered) and Cold (uncambered) state. At the highest 

temperature (Hot-state), full transformation is achieved in 
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the unconstrained region of the SMA skin, while the con-

strained region (parts of the SMA strips connected to the 

D-Spar, supporting spars, and the trailing edge) achieve 

47% transformation to the Austenite phase (mirroring the 

results for the airfoil section in Fig. 6). Furthermore, a full 

recovery to the Martensitic state is achieved at the end of 

the cooling cycle. 

Figure 22 shows chordwise strain in the SMA skin. At 

maximum deformed state of the blade section (Hot-state), 

a spanwise constant strain of 6% is observed over the un-

constraint region of the SMA strips. Furthermore, a small 

compressive strain of 0.2% is observed at the end of the 

cooling cycle (Cold-state).  

Figure 20 presents the corresponding maximum in-plane 

strain along the upper blade surface and the supporting two 

spars. Large strains are observed in the Hot-State where the 

blade section undergoes a maximum downward camber de-

formation of 11.5o. The highest strain in the upper surface 

is 0.17% (constant in spanwise direction), located between 

the trailing edge section and the closest supporting spar. 

Finally, Fig 24 shows the von Mises stress along the upper 

surface of the blade section and the supporting spars. A 

maximum stress of 124MPa is observed over the aft region 

of the conformable upper skin of the blade section, which 

is far less than the yield strength of Aluminum. Similar to 

Fig. 23, the maximum stress is constant along the blade 

span. The blade section is relatively stress free in the cold-

state, with the residual stress caused mostly by the centrif-

ugal load. 

 
Fig. 23 Maximum in-plane strain in the upper (conformable) 

skin and supporting spars; with slit boundary condition be-

tween the morphing and non-morphing parts of the blade. 

 
Fig. 24 Von Mises stress (Pa) in the upper (conformable) skin 

and supporting spars; with slit boundary condition between 

the morphing and non-morphing parts of the blade. 

 
Fig. 21 Martensite volume fraction in the SMA strips along the lower blade surface with slit boundary condition between the morph-

ing and non-morphing parts of the blade. 

 
Fig. 22 Chordwise strain in the SMA strips along the lower blade surface with slit boundary condition between the morphing and 

non-morphing parts of the blade. 
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Camber Morphing Over Inboard 50% Span, Continu-

ous junction 

The next analysis considers another configuration of the 

morphing blade section, where a continuous boundary con-

dition is imposed with the non-morphing section of the 

blade (seamless integration). Figure 25 shows a represen-

tation of baseline and cambered configuration of the blade 

section that accounts for seamless integration with the non-

morphing section. 

 
Fig. 25 Low-and high-temperature states for seamlessly inte-

grated morphing section. 

The remaining set of results are from an analysis case 

where the seamlessly integrated morphing section is run 

through the heating and cooling cycle by increasing the 

ambient temperature from 45oF (Cold) to 170oF (Hot) 

while considering centrifugal load. The centrifugal load is 

evaluated at the angular velocity of 27rad/s (same as in the 

previous analysis case). The (blade) root camber vs. the 

temperature trend is similar to that of the blade section with 

slit boundary condition (see Fig. 20). Camber variation 

along the (non-dimensional) spanwise coordinate is pre-

sented in Fig. 26. The red and blue curve show, respec-

tively, the spanwise camber deformation at the end of the 

heating and cooling cycle. Large gradient in camber defor-

mation is observed close to the junction with non-morphing 

section. The zero camber at the junction increases sharply 

and reaches the maximum camber of 11.5o at 38% span. A 

uniformly un-cambered state is achieved at the end of the 

heating cycle (see blue curve in Fig. 26). 

 
Fig. 26 Inboard camber distribution for seamlessly integrated 

morphing blade section. 

The corresponding Martensitic volume fraction in the 

SMA strips is shown in Fig. 27. It is evident from Fig. 27 

that, at the end of the heating cycle, a complete transfor-

mation (Martensite-to-Austenite) is achieved over most of 

the SMA region that is not attached to the supporting spars. 

This results in the maximum achievable camber (for a 

given set of SMA properties) over most of the morphing 

blade section (0-38% span in Fig. 26). However, almost no 

phase transformation occurs close to the junction with the 

non-morphing section of the blade since the boundary con-

dition imposed at the junction prevents the local SMA 

strips to undergo phase transformation. A full recovery of 

Martensite state is achieved at the end of the cooling cycle 

(see Cold-state in Fig. 27) resulting in the full recovery of 

the baseline blade configuration.  

Figure 28 presents the corresponding chordwise strain of 

the SMA strips, at the end of the heating (Hot-state) and 

cooling (Cold-state) cycle. Similar trend is observed be-

tween the chordwise strain and the Martensite volume frac-

tion where a uniform tensile strain of 6% is achieved over 

most of the SMA strips (between 0-38% span). The SMA 

strips close to the junction with the non-morphing blade 

section experience compressive strain (up to 1.6%) due to 

the imposed boundary condition at the continuous junction 

region. A small compressive strain (up to 0.3%) is ob-

served in the baseline configuration (Cold-state). 

 

 
Fig. 29 Maximum in-plane strain in the upper (conformable) 

skin and supporting spars for seamlessly integrated morphing 

section. 

 
Fig. 30 Von Mises stress (Pa) in the upper (conformable) skin 

and supporting spars for seamlessly integrated morphing sec-

tion. 

Figure 29 shows the maximum in-plane strain along the 

upper surface and supporting spars of the morphing blade 

section. Large strain values (-0.9% to +1.2%) are observed 

around the trailing edge of the morphing blade section, near 
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the junction with the non-morphing part of the blade. These 

high strains are induced by the large camber gradient close 

to the junction with the non-morphing section (see Fig. 26). 

Several options are available to alleviate the large strains, 

such as: (i) modify the properties of the SMA strips located 

near the junction through proper heat treatment or other 

post-processing techniques such that the strips deform less 

for the same variation in ambient temperature; (ii) increase 

the gap between the SMA strips near the junction which 

results in reduced force applied by the SMA strips to the 

morphing section; and (iii) tailor the cross-sectional stiff-

ness of the morphing section near the junction to achieve 

smaller camber gradient near the junction to the non-

morphing section. 

Figure 30 shows the corresponding von Mises stress along 

the upper skin of the morphing section and the supporting 

spars. Similar to Fig. 29, large stress concentration is ob-

served around trailing edge section that is close to the junc-

tion with the non-morphing part of the blade. Again, these 

stress concentrations are the result of the large camber gra-

dient observed near the junction, as shown in Fig. 26 and 

can be alleviated by proper re-design of the morphing sec-

tion components and the applied connections.  

Finally, it should be noted that unlike in the work of Di 

Palma and Gandhi [27], removing the need to provide a 

pre-strain to the baseline configuration has significantly re-

duced the maximum strain and stress in the upper (con-

formable) skin and the rest of the morphing blade section.   

 
Fig. 27 Martensite volume fraction in the SMA strips along the lower blade surface for seamlessly integrated morphing section. 

 
Fig. 28 Chord-wise strain in the SMA strips along the lower blade surface for seamlessly integrated morphing section. 

 

CONCLUSIONS 

The current study seeks to advance and improve on the 

SMA-enabled autonomous camber morphing rotor blade 

concept developed in Ref. 22.  Specific advancements in-

clude the use of trained SMA that present a TWSME that 

in turn results in significantly reducing or eliminating high 

SMA pre-stress requirements and high strains in the blade 

to achieve adequate deformation.   

First, the minimum number of intermediate spars to sup-

port the SMA skin is determined such that maximum cam-

ber deformation is achieved while ensuring enough support 

by the intermediate spars to the SMA skin to prevent local 

out-of-plane deformation under aerodynamic pressure 

load. Results suggest that a design with two intermediate 

spars achieves maximum camber deformation while 

providing enough support to the SMA skin to resist local 

deformation under aerodynamic load. 

Next, two sets of analysis are carried out for a morphing 
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blade section that extends 50% inboard of the prismatic de-

rivative of the UH-60A Black Hawk helicopter blade while 

considering two type of boundary condition between the 

morphing and non-morphing section (slit and continuous). 

In both cases, change in ambient temperature between 40-

170oF yields camber deformation, expressed as an equiva-

lent flap angle, of 11.5o.  

In the case of an applied continuous boundary condition 

between the morphed and immobile sections, large gradi-

ent in camber deformation is observed close to the junction 

with the non-morphing section. This induces large stress 

concentrations around the trailing edge section, close to the 

junction with the non-morphing part of the blade. Several 

design options are available to alleviate the large strains, 

such as: (i) modify the properties of the SMA strips near 

the junction resulting in reduced deformation of the strips 

for the same increase in ambient temperature; (ii) increase 

the gap between the SMA strips near the junction which 

results in reduced force applied by the SMA strips to the 

morphing section; and (iii) tailor the cross-sectional stiff-

ness of the morphing section near the junction to achieve 

smaller camber gradient near the junction to the non-

morphing section. 

Finally, eliminating the need to provide a pre-strain to the 

baseline configuration significantly reduces the maximum 

strain and stress in the upper (conformable/passive) skin 

and the rest of the morphing blade section. 
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