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1. INTRODUCTION 

Shape memory alloys (SMAs) are starting to be 
considered as a material that can allow morphing 
airframes, deployable mechanisms, and propulsion 
sub-systems due to their capabilities of providing very 
high recoverable strain and to very high recovery 
stress in small packages, features that are hard to 
achieve with hydraulics or other conventional 
electromechanical actuators. Recent, aerospace-
oriented reviews and case studies indicate continued 
advances in SMA-based morphing structures, actuator 

designs, and manufacturing/control, yet also indicate 
continuing limitations: constrained bandwidth due to 
heating/cooling, thermal/electrical co-design issues, 
and flight-representative fatigue reliability. All these 
still choke certification and fleet adoption. High 
temperature SMAs (HT -SMAs) (e.g., NiTiHf) extend 
austenite- finish to 150 to 300 o C, allowing engine -
proximal applications (e.g., tip-clearance control). 
Nevertheless, HT-SMAs cause trade-offs on oxidation 
resistance, ductility and creep-fatigue interaction, as 
well as necessitating process-controlled joining and 
coating to warrant life. Recent metallurgies and NASA 
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integration of morphing and deployable aerospace structures, but more widespread 

integration in U.S. flight systems area has not occurred due to bandwidth, thermal 

electronic co-design, and fatigue reliability. This paper will build and test a 

computational experimental model of the SMA actuator design and life assessment to 

suit U.S operating conditions and qualification procedures. It is to (i) calibrate a 

constitutive model of NiTi and high temperature NiTiHf (ii) co-optimize actuation force, 
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sinking of a morphing UAV trailing-edge case-study comprises a recovery of 68 high, a 
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prestrain, strain amplitude and heat sink UA against authority and life and give advice 

consistent with the U.S. qualification routes (e.g. thermal/vibration screening and 

health monitoring hook at subsystem level). We are able to arrive at a conclusion that 

co-designed thermal management and refined constitutive control allow certification 

eligible SMA actuators in aerospace in the U. S., whether in UAV morphing surfaces or 

mechanisms adjacent to engines, with HT-SMAs. 
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record temperatures of transformation and actuation 
capability of NiTiHf and require life-model verification 
at temperature. The importance of an active 
clearance control payoff on a system level is also 
emphasized by both classic and modern turbine work, 
but an active clearance control system requires 
accurate transient prediction and reliable actuators in 
thermal cycling. In spite of this development, there 
are three gaps. One, few standardized, reproducible 
workflows that today unify constitutive calibration, 
electro-thermal bandwidth modelling, and fatigue-life 
prediction of actuators of aerospace interest exist; 
much of the literature addresses these aspects 
individually, so that extrapolation to certification 
scenarios is not possible. Second, cooling and thermal 
cycles the main bandwidth determinant is typically 
solved in an ad-hoc manner; more recent effort has 
suggested improved methods of heat-sink design, but 
little co-optimization with electrical capabilities and 
mission requirements is shown. Third, HT-SMAs can be 
operated at elevated temperatures; nevertheless, life 
models that assume the existence and propagation of 
oxidation and creep-fatigue damages are still in 
development.  

Contributions and overview of the paper. To close 
these gaps, this paper constructs a set of 
computational experiments involving a constitutive 
model of NiTi and NiTiHf based on thermomechanical 
experiments, (i) a priori-calibration of a constitutive 
model based on thermomechanical tests, (ii) co-
optimization of actuation power and thermal 
bandwidth with electrical and heat-rejection 
constraints, and (iii) quantifying fatigue (functional 
and structural) with thermomechanical experiments 
based on relevant duty cycles as practiced in the U. S. 
missions. We check the workflow on a morphing UAV 
trailing-edge sub-component and show design maps 
between prestrain, strain amplitude, and heat-sink 
UA, and actuation authority and life. The rest of the 
paper provides related work (Section 2), materials, 
and methods (Section 2/3), findings (Section 3/4), and 
implications and future directions to the field of 
aerospace qualification (Section 5). 
 

2. RELATED WORK 

Smart-material actuation in aerospace has been 
progressively becoming more focussed on shape 
memory alloys (SMAs) as the versatile path to high 
levels of compactness, high levels of specific-work, as 
well as the structural integration of devices. The first 
demonstrations showed that NiTi wires/rods can 
provide recoveries in the form of 4-8% recoverable 
strain and 200-600 MPa recoveries of stress in 
lightweight morphing, deployable, vibration-control 
and turbomachinery tip-clearance structures, at 
considerably reduced envelopes than hydraulic or 
geared. Side-by-side surveys found SMAs in comparison 
with piezoelectric and magnetostrictive actuators 

(high bandwidth, small stroke/authority) and 
electroactive polymers (large strain, small force), 
enticed SMAs to high-force and moderate-bandwidth 
applications with simple packaging and passive holding 
capacity [4], [5]. Models The authors developed 1D 
phenomenological equations (phase fraction evolution 
including hysteresis) to 3D thermodynamically 
consistent constitutive relationships in finite elements 
to include tensioncompression asymmetry, non-
proportional loading, and non-uniform fields in 
geometries at flight scales. Among these widely used 
are the Brinson-type 1D concept sizing models, Boyd-
lagoudas and Auricchio frameworks of 3D analysis, and 
the Preisach/Prandtlihskii operators (or model 
predictive controllers) of hysteresis compensation and 
trajectory tracking [6]-[11]. These constitutive models 
are co-designed with electro-thermal actuation limits 
(Joule heating, heat-rejection UA, 
radiation/convection) to estimate bandwidth and 
avoid thermal overshoot in the case of duty-cycle 
mission operation [12], [13]. 

Architectures further developed through to single wire 
actuators, bundles, torsional rods/tubes, antagonistic 
pairs, compliant stroke amplifier and hybrid SMA-
motor/piezoutilising cooling-limited bandwidth, 
localisations of stress on anchors, and accuracy across 
hysteresis [2], [14]. Regarding fatigue/reliability, the 
literature differentiates between functional and 
structural fatigue (loss of transformation 
strain/recovery stress, drift in Af and crack 
initiation/propagation, respectively). Prestrain, strain 
amplitude, mean stress/R-ratio, thermal gradients, 
surface finish, and notch effects were found to be 
highly dependent on life. Strain-life (with corrections 
by mean-stress) /energy-based damage / fracture-
mechanics checks of notched part Practice is used in 
combination with isothermal HCF/LCF and 
thermomechanical fatigue (TMF) with dwell 
representative of flight[15]-[19]. To reduce oxidation 
sensitivity, poorer ductility, and creep-fatigue 
interactions, high-temperature SMAs (HT-SMAs) 
including NiTiHf/NiTiNb/NiTiPd lift Af up to 150-300oc 
poor ductility and creep–fatigue coupling make high 
between 150 and 300 C are preferable to propulsion-
adjacent applications as NiTiHf/NiTiNb/NiTiPd is used 
(with oxidation sensitivity Review Experiments on 
actuation in applications report 2 nd -scale actuation 
with forced convection and with more than 105 cycles 
as effective strain amplitudes are kept no greater than 
2%, and prestrain no greater than 4-percent, with 
polished anchors and controlled gradients [2], [3], 
[14]. 

Gaps and challenges. (i) Insufficient standard, 
reproducible workflows incorporating constitutive 
calibration, electro-thermal bandwidth prediction, and 
fatigue life modeling of aerospace-qualified actuators 
most of the research is conducted on each component 
individually, making certification transfer difficult [5], 
[12]. (ii) Thermal-management co-design is usually 



Advances in Mechanical Engineering and Applications | Sep - Dec 2025 25 

Rajan.C et al : Smart Materials and Shape Memory Alloys for Aerospace Structures: Design, Actuation, and Fatigue Behavior 

 

 
 
 

pronounced-ad hoc; there is little literature in co-
optimizing heat-sink UA, electrical design limits, and 
mission specifications and mission profiles without 
temperature and life constraints [13], [16]. (iii) In the 
case of HT-SMAs, scalable, validated oxidation-assisted 
creepfatigue models, and scalable, low-resistance 
joining processes have not been established to date in 
the case of fleet deployments [20]–[22]. These gaps 
are considered in the current paper, which integrates 
the calibrated constitutive modeling, electro-thermal 
bandwidth prediction, and fatigue-life analysis in a 
single workflow and converts its output into design 
maps and integration guidelines of the aerospace 
structures. 
 

3. MATERIALS AND METHODS 

3.1 Materials and heat treatment 

SMAs, NiTi and NiTiHf, have been studied: NiTi was to 
be an airframe component with austenite-finish 
temperature Af of 40-80o C, whereas NiTiHf was to be 
an engine-proximal component with Af of 120-200o C. 
Fine wire solution-treated and age-hardened wire 
samples of diameter 0.310 mm and 13 mm-rods were 
adjusted to Af to the desired envelope. Mechanical 
polishing of surfaces to a finish of Ra<0.4 μm was used 
to suppress cracking of surfaces at grips and anchors at 
the surface. All samples were subjected to 50-200 
training cycles in the target strain range before it was 
tested to stabilize transformation paths and decrease 
drift in transformation temperatures. 
 

 
Fig. 1. SMA Materials Selection and Heat Treatment Process 

 
Flow chart of NiTi and NiTiHf specimen preparation, 
heat treatment, surface finishing and cyclic training of 
shape memory alloys. 
 

3.2 Constitutive model and calibration 

A thermodynamically consistent phenomenological 
model was used for concept sizing in 1D and for 
verification in 3D finite elements. In 1D tension, the 
total strain is written as ε=εe+ξ εL, where εeis elastic 

strain, ξ∈[0,1] is martensite fraction, and εL is the 
maximum transformation strain. Stress–temperature 
coupling follows a Clausius–Clapeyron form, 
σ=E(ε−ξ εL)+Ω(T−T0), with E the phase-appropriate 

modulus and Ω the stress–temperature slope (MPa·K-1). 
Forward and reverse transformation surfaces and the 
evolution law for ξ include distinct hardening 
parameters to capture hysteresis and tension–
compression asymmetry. Calibration employed 

isothermal tensile tests at T={20,40,60,80}∘C for NiTi 

and T={100,140,180}∘C for NiTiHf, using strain-
controlled loops across the actuation window. 
Parameters {Ea,Em,εL,Ω} and kinetic/hardening 
constants were identified by minimizing RMS error 
between model predictions and measured stress–
strain–temperature loops; acceptance criteria were 
≤6% RMS in stress and ≤3 °C error in hysteresis width. 
The calibrated 1D model informed sizing, and a 3D 
user-material routine was used in FEA to evaluate non-
uniform fields and stress concentrations in anchors and 
compliant amplifiers. 
 

 
Fig. 2. SMA Constitutive Modeling and Calibration Process 

 
Diagram representing the formation of SMA 
constitutive model, tensile test calibration and non-
uniform stress fields validation by the use of FEA. 
 

3.3 Electro-thermal and bandwidth model 

Actuation was driven by Joule heating, P=I2R(T), while 
cooling occurred by conduction to the structure, 
convection to the flow, and thermal radiation. The 
lumped thermal balance for the actuator control 
volume is 

𝐶𝑡ℎ

𝑑𝑇

𝑑𝑡
= 𝐼2𝑅 𝑇 − ℎ𝐴 𝑇 − 𝑇∞ −

 𝑇 − 𝑇𝑠 

𝑅𝑐𝑜𝑛𝑑

− 𝜀𝜎𝐴(𝑇4

− 𝑇𝑠𝑘𝑦
4 )_____________(1) 

whereCth is effective thermal capacitance, hA the 
convective conductance (estimated from Nusselt 
correlations versus airspeed), Rcondthe conduction 
resistance to the heat sink/structure, ε surface 
emissivity, and σ the Stefan–Boltzmann constant. For 
system-level design the heat-rejection capacity is 
expressed as an overall UA=hA+1/Rcond.The current or 
temperature controlled (but subject to limits on high 
operating temperature, spatial gradients and power- 
electronics limits) model of heat-up and cool-down 
provides heat-up and cool-down times defining the 
attainable bandwidth. 
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Fig. 3. Electro-Thermal and Bandwidth Model for SMA 

Actuator 

 
Diagram illustrating Joule heating input, cooling 
mechanisms (conduction, convection, radiation), 
thermal capacitance, and actuator response dynamics 
with bandwidth limitations. 
 

3.4 Actuator design workflow 

Force, stroke actuator, response time and duty cycle 
missions and temperature envelope requirements were 
converted into actuator level limits on geometry and 
electrical / thermal loading. Mechanical sizing was 
used to select wire dimensions and pretensile in the 2-
4 range and prestrain in the 24 range in order to 
achieve targets of force-stroke with safety factors 
with compliant mechanisms giving stroke amplification 
and stiffness control. Thermal co-design determined a 
target UA of an architecture of wanted bandwidth and 
macro-optimized current, duty cycle and sink 
geometry / airflow such that actuation time 
requirements could be achieved without overshooting 
peak temperature or generating unexploreable 
gradients. Architecture Control architecture based on 
temperature or electrical-resistance feedback The 
phase-state estimates were estimated based on 
hysteresis-compensated high-rate limit 
preisach/PI+mpc and optional hybrid trim using a 
motor or piezo. The 3D FEA checked final designs to 
make sure that 3D FEA was not exceeding fatigue 
allowances on grips, anchors, and flexures. 
 

3.5 Fatigue protocols and life assessment 

Three levels of fatigue were exercised in order to 
simulate aerospace service. High-cycle fatigue strain 
amplitudes were 2per cent at 5-10 Hz (no load) at 25-
60 C and failure was determined by a 20 per cent 
decrease in recovery force or crack identification. The 
upper limits of actuation authority and anchor 
durability were investigated by using low-cycle fatigue 
over 1 -4% strain at 0.1-1 Hz. Thermomechanical 
fatigue repeated between Af±15 C with 30-60s dwell at 
peak temperature to simulate hold conditions; NiTi 
experiments were done at ambient (up to 80mm) to 80 
-15C, and NiTiHf at 160 -200 oC. Strain-life (Manson–

Coffin/Basquin with mean strain) was used on smooth 
specimens, energy-based (cycle inelastic energy to 
monitor functional degradation) measurements and 
fracture-mechanics validation checks (da/dN -Delta K) 
on notched sub components. SEM/Optical/SEM 
microscopy Post-mortem fractography sites were 
declared and design mitigations of polishing, filleting, 
and refined crimp/braze were informed. 
 

3.6 Validation, uncertainty, and reproducibility 

All estimates of recovery stress, stroke and actuation 
time have been verified with cyclic thermomechanical 
tests of each alloy and geometry. Uncertainty was also 
characterized by sweeping one factor at a time: UA 
(±20%), prestrain (±0.5%), εL (±0.5 pp), and Ω (±10%) 
and presenting the results in terms of a median and a 
90 percent interval of the force, stroke, and 
bandwidth. All the measured parameters, data as well 
as analysis scripts are structured in such a manner that 
create a complete reproduction of sizing maps, 
predictions in bandwidth and assessments of life. 
 

4. RESULTS 

4.1 Model calibration 

The calibrated moduli for NiTi wire (Ø 0.5 mm) are 

Em=28GPa and Ea=62GPa, with εL=6.2%, Af=62∘C, and 
Ω=6.5 MPa·K−1. Predicted stress–strain–temperature 
loops match experiments within ±6 % RMS; hysteresis 
widths are captured within ±3 °C. These errors are 
still within the normal range of phenomenological SMA 
calibration and they show that the 1D model is good 
enough to size the actuator and the 3D UMAT/UEL can 
be relied upon to stress analyze the actuators anchor 
and amplifier (Fig. 4; Table 1). 
 

Table 1. Model calibration 

Parameter Value 

Em (GPa) 28 

Ea (GPa) 62 

εL (%) 6.2 

Af (°C) 62 

Ω (MPa·K-1) 6.5 

RMS stress error (%) 6 

Hysteresis width error (°C) 3 

 

 
Fig. 4. Calibrated elastic moduli (NiTi Ø 0.5 mm) 
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4.2 Actuation performance maps 

In the case of the morphing-edge actuator (eight NiTi 
wires, 0.6 mm diameter, 200 mm length, prestrain 3 
per cent), the authority can be measured and 
simulated with a range of 180-220N force and 7-10mm 
deflection (Fig. 5; Table 2). At electrical input of 10-
12 W, heating time of Af+10 o C is 1.5-2.0 s, and 
cooldown time of As-10 C is 2.0-3.0 s at 10 m s -1 ram 
air (Fig. 6). The stabilization radius of recovery stress 
is at 320-380 Mpa at around 500 training cycles which 
is consistent with the literature of trained NiTi wires 
under the same prestrain. Combining these findings, 
one can conclude that bandwidth is constrained by 
cooling first of all; a increase in UA or the use of 
microchannel/heat-pipe sinks are by far superior 
choices than making current high, which only leads to 
the possibility of forming thermal gradients and local-
overheating. 
 

Table 2. Actuation performance maps 

Metric Min Max 

Force (N) 180 220 

Stroke (mm) 7 10 

Heating time (s) 1.5 2 

Cooldown time (s) 2 3 

Electrical input (W) 10 12 

UA (W·K-1) 7.5 7.5 

 

 
Fig. 5. Actuation authority (mean ± range for force & stroke) 

 

 
Fig. 6. Thermal bandwidth (mean ± range for heating & 

cooling) 

 
 
 

4.3 Fatigue behavior 

Fig. 7 (Table 3) demonstrates that the dependence on 
strain amplitude is quite strong: 1.5% to 1.21 * 106 
cycles, 2.0 percent to 2.0 -2.1* 105 cycles, 3.5 percent 
to about 2.51 * 104 cycles. Such values are in 
accordance with high-cycle NiTi reports with prestrain 
= or less than 4 and in case anchors are polished. 
Thermomechanical fatigue when dwelling 30 s atAf+15 
o C life decreases by 30-40% when compared to 
isothermal cycling which indicates oxidation and 
creep-assisted fatigue. Fractography validates surface-
initiated crack bordering grips; life increased twice 
with smooth, radiused anchors, which suggests the 
choice of emphasis in design upon surface finish and 
transitional shape. 
 

Table 3. Fatigue behavior 

Strain amplitude (%) Cycles to failure, Nf 

1.5 1200000 

2 210000 

3.5 25000 

 

 
Fig. 7. Fatigue life vs strain amplitude (semilog) 

 

4.4 High-temperature SMA results 

NiTiHf rods (Ø 2 mm, Af=160 o C) provide 450-600 MPa 
recovery stress at 3 strain with actuation 3-5s using 
heat-pipe sinks (Figs. 8-9; Table 4). Oxidation control 
is important at high temperatures; at temperatures 
over 180 o C, coatings become important, and thermal 
management and joining processes are important. 
 

Table 4. High-temperature SMA results 

Metric Min Max 

Recovery stress (MPa) 450 600 

Actuation time (s) 3 5 
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Fig. 8.NiTiHf recovery stress (mean ± range): 

 

 
Fig. 9.NiTiHf actuation time (mean ± range) 

 

5. DISCUSSION 

The prestrain increases recovery stress, and rapid 
functional fatigue; above 4 per cent. is only suitable 
on short life missions. Cooldown is the limiting factor 
of bandwidth; electrical input and UA needs to be co-
optimized with temperature/gradient limitations so 
that local overheating does not occur. The case of life 
prediction: strain-life fits are sufficient in smooth 
wires whereas in notched/gripped subparts, fracture-
mechanics checks must be performed. energy-based 
measurements are effective in linking functional 
degradation in TMF, and could be used to guide 
health-monitoring thresholds based on 
resistance/temperature measurements. In aerospace 
integration, to address the authority bandwidth gaps 
in morphing of UAVs, hybrid SMA motors can be used, 
with trim, and engine-proximal designs with HT-SMAs 
would require oxidation resistant surface finishes and 
proven creep-fatigue models. All in all, the results 
map feasibly space actuator design to quantified 
authority, bandwidth, and life, and they concur with 
previous second-scale aerospace results that report 
Wholesomely, the results map space afeasances to 
quantifiable actuator designs ranging in authority, 
bandwidth, and life, and they have been found 
agreement with previous second-scale SMA aerospace 
investigations that report second-scale actuation, 
recoverable strain of 4-8 percent, and higher than 105 
cycles in effective strain amplitudes when careful 
thermal and surface 
 

6. CONCLUSIONS 

This paper demonstrated a single workflow of 
aerospace-grade SMA actuators the incorporation of 
modeled calibrated thermomechanics, coupled 
electro-thermal bandwidth modeling, and fatigue life 
estimation into one and reproducible activity. Based 
on NiTi and NiTiHf as reference materials we have 
shown how constitutive calibration (1D to size, 3D to 
hot-spot stress checks) feeds directly into electro-
thermal co-design to establish achievable bandwidth 
and as well as how strain-/energy-based life models 
convert duty cycles into quantitative prestrain and 
strain amplitude constraints. The corresponding design 
maps dependent on prestrain, strain amplitude and 
actuation UA versus actuation authority, thermal 
response, and life indicated that NiTi can exceed 105 
cycles of strain amplitudes of 0.25 or less with 
response times of 1.5 - 3s can be co-optimized with 
electrical input and geometry. High temperature SMAs 
also push the operating envelope further to engine 
friendly operating conditions, but will need oxidation 
control, tough joining, and creep fatigue 
characterization in order to achieve reliability. 
Generally the framework facilitates certification-
focused development in the sense that it makes the 
validated models related to testable performance 
goals and they are health-monitoring hooks to in-
service diagnostics. The key findings include: a 
constitutive pipeline that is calibrated to maintain 
accuracy (0.6 per cent RMS stress error; 3 C hysteresis 
error) at the same time being amenable to design 
reuse; an electro-thermal model that translates 
mission-level bandwidth needs into tangible UA and 
power budgets under temperature and gradient 
constraints; and a fatigue capability that brings 
together strain-life, energy-based degradation, and 
fracture-mechanisms checks of notched parts; bridging 
the gap between analysis and anchor design The key 
contributions are: a The future work must apply the 
methods to scaling up to transient aero-thermo-elastic 
coupling of morphing surfaces; formal co-optimization 
of UA, actuator packaging, and control policies to 
ensure maximum bandwidth with no life lost; 
oxidation-resistant coating and low-resistance, fatigue 
tolerant joining to HT-SMAs and implementations of 
digital-twin models, which integrate onboard methods 
of resistance/temperature sensing with prognostic 
models of remaining-useful-life with maximal W. 
Functional and structural fatigue Standardized 
qualification protocols which extend across functional 
and structural fatigue under flight-representative 
thermo-mechanical spectra will further hasten the 
transition between demonstrators of protocols and 
certified flight hardware. 
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