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Abstract: In a previous paper, the authors dealt with the current showstoppers for morphing sys-

tems and with the reasons that have inhibited their commercial applicability. In this work, the au-

thors express a critical vision of the current status of the proposed architectures and the needs that 

should be accomplished to make them viable for installation onboard of commercial aircraft. The 

distinction is essential because military and civil issues and necessities are very different, and both 

the solutions and difficulties to be overcome are widely diverse. Yet, still remaining in the civil seg-

ment, there can be other differences, depending on the size of the aircraft, from large jets to com-

muters or general aviation, in turn classifiable in tourism, acrobatic, ultralight and so on, each with 

their own peculiarities. Therefore, the paper wants to try to trace a common technology denomina-

tor, if possible, and envisage a future perspective of actual applications. 
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1. Introduction 

Morphing wings are an excellent mean to increase aircraft performance, as demon-

strated by many researches in the field. Indeed, the bibliography is rich in studies, attain-

ments, and tests of devices implemented on significant mock-ups. Furthermore, the his-

tory of aviation itself counts many trials for installing variable-shape wings on the aircraft 

at different extents. However, as a critical classification of the accessible instruments and 

tools is tried, it is necessary to differentiate technology by size. In fact, one of the most 

relevant concepts in the field regards the proper scalability of the proposed architectures. 

Yet, this basic idea is not entirely assessed, in spite of some recent specialized publications 

on the matter. Because aerodynamics, mechanics, structural dynamics, aeroelasticity, and 

so on depend on different physical laws in turn involving a large number of diverse pa-

rameters, any result attained on a given configuration is not easily exportable to others. A 

direct consequence of this statement is that what is tested on models, or specific aircraft, 

is not generally transferrable to full-size systems, or different classes of planes. This fact 

implies huge complications of the design process. Therefore, as commercial aircraft is tar-

geted, a filter shall be applied to cut or better evaluate many examples appearing in liter-

ature, even though relevant and fascinating. One of the most important factors that limits 

the actual development of the morphing technology is related to the necessity of perform-

ing a careful assessment of its impact on the aircraft in terms of benefits and drawbacks. 

This step is not trivial, and in turn, implies a precise definition of the vehicle mission or 

missions, where the targeted device is supposed to be employed, and a perspective of the 

consequence of the modified configuration on the whole operational envelop. Weight 

penalties, effects on safety inspections, and so on could determine the viability or not of a 

specific innovative system, and should always be evaluated versus the expected ad-

vantages. For instance, if an additional component could favor and simplify the take-off 
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phase, it shall be demonstrated it does not negatively affect the other phases of the flight, 

neither the planned maintenance nor other aspects of the regulation requirements. 

For instance, within the MAS project, funded by DARPA in the USA, NextGen Aer-

onautics developed an adaptive wing capable of largely modifying its aspect ratio [1]. The 

target was achieved by a truss system and a deformable skin that stretched and shrunk 

the wing to assume loitering or diving configurations, for instance. Another major exam-

ple is given by the aircraft model recently developed and flown by NASA, where an adap-

tive winglet was used to change wingspan or assume positive or negative cant angles, 

depending on the flight necessities, [2]. Finally, NASA also exposed some years ago a fu-

turistic architecture where elementary devices were combined together in order to pro-

vide almost continuous form variation to the hosting vehicle. Such a digital wing, as it 

was called, then evolved in a complete aircraft, all made of such simple subunits that were 

named voxel, perhaps recalling pixels in a usual digital image, [3]-[4]. A similar concept 

was also developed as a part of a multi-morph robotic system, [5]. 

There are many examples even concerning manned aircraft-size; indeed, such pro-

posals run all over the flight history, starting from the 1910s and 1920s, [6]-[7]. In the first 

case ([6]), a patent was issued concerning kinematic systems made for modifying the ex-

ternal shape of the front and aft parts of the wing, while the second example ([7]) proposed 

a configuration able to self-adapt the profile of bi- and triplanes. A significant step was 

accomplished as the F111 was equipped with a wing capable of continuously varying its 

trailing and leading-edge cambers. The aircraft made a huge test campaign, which results 

are still a milestone in the sector of the adaptive aeronautic structures, [8]-[9]. The im-

proved capability in loitering, diving, maneuvering was clearly assessed, finally demon-

strating the potential of such an envisaged technology. It was only ten years later that a 

study was presented to illustrate the applicability of that concept to large-size commercial 

aircraft, along the wake of the development of the Airbus planes, [10]. Finally, large-size 

prototypes were assessed between 2015 and 2017, with two large projects in Europe and 

the USA. The EU SARISTU project designed, manufactured, and tested a full-size wing 

section in wind tunnel, demonstrating the feasibility of realizing an adaptive wing for 

commercial aircraft applications, [11]. It integrated three different morphing systems on a 

5.5 m span demonstrator, positioned at the leading and trailing edges, and at the winglet, 

respectively. A NASA/AFRL joint project (Adaptive Compliant Trailing Edge, ACTE) in-

volving Gulfstream and Flexsys, designed and tested in flight a compliant adaptive flap 

prototype aimed at replacing all the conventional control surfaces on the wing, [12]. Ex-

periments were carried out in 2014 and gave full demonstration of the capability and po-

tentiality of the envisaged technology. Many other studies have been carried out since 

then, like [13]; currently, AG2, a large European project within the Clean Sky 2 Green 

Regional Aircraft program, aims at the full-scale, functional flight testing of an adaptive 

winglet, in 2022, [14]. This list is not exhaustive at all, being necessary a devoted paper to 

deal and discuss the recent developments of morphing wing technology, but the cited 

examples are believed enough to understand how far the research has gone. 

Coming to full manned aircraft, both civil and military, it may be of a certain interest 

to recall actual flying systems, flown onboard of very famous planes like the Concorde 

(droop fuselage nose) or the F-14 (variable sweep angle), [15]-[16]. Other existing static 

systems are the aircraft current stored on a typical air-carrier, that needs to fold their 

wings, or tilt rotor vehicles that use to orientate differently their rotors (and the hosting 

lift-generating supports) as a function of the flight phases. For the sake of completeness, 

it should be also considered that morphing devices, even if very far away from a smart 

structure architecture, have always been employed on airplanes: flaps, slats, ailerons, rud-

der are necessary to fly. No aircraft could face even the most elementary flight phases 

demand without adaptive capabilities. Standing then the remarkable knowledge devel-

oped over the years on deformable wing shapes, and the consolidated technology that 

allows even complicated systems to fly while respecting the demanding regulations, it is 

almost natural to wonder why such idea has not yet being implemented on real aircraft. 
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It is about 20 years that a revolutionary morphing wing concept was introduced by 

Northrop-Grumman within the DARPA-sponsored Adaptive Wing project, (1997-2002), 

where a completely embedded and continuous system was developed and tested, even if 

in the limited environment of a wind tunnel and mounted on a UCAV, [17]. What show-

stoppers have slowed down the technology development, and how far is the engineering 

from the actual implementation of that vision? As it often happens, there is not a unique 

answer. Instead, there is a concurrency of reasons that span from the purely technical 

point of view to the need to properly accomplish the existing regulations while keeping 

low operational costs and high safety levels. It may be that an important item like aeroe-

lasticity enters in one or more of the listed reasons; however, it is preferred to deal with it 

separately since it may represent an issue usually neglected, while it should be instead 

duly taken in account. New, breakthrough technologies lead to new aircraft configura-

tions and new design approaches. As a consequence, it shall be expected that new meth-

odologies and design processes are needed to better tackle the new outline of the vehicle 

system, and its mutated complexity. However, assessed procedures required time, and it 

is almost physiological that a time shift occurs between the rising of a new technology and 

the set-up of adequate design means. This fact inevitably leads to a limited estimation of 

the complete effects of the innovation on the comprehensive performance, affecting the 

vehicle's assessment along its whole lifecycle. On the other hand, it should be recognized 

that the future perspective of a more and more electric aircraft could be a facilitator of 

morphing on the aircraft of the next generation. The wide presence of cabling and connec-

tions will make it easier to design an extensively broad network of actuators and sensors, 

which are supposed to be the core part of the system. Cabling design, the choice of a dis-

tributed or centralized power supply architecture, and the influence of the induced mag-

netic fields will be one of the key aspects of the electric craft. The further presence of 

morphing systems could be one of the key aspects to consider before coming to a final 

choice. 

In this paper, the authors try to list the weak points of the chain and how they can be 

overcome to guarantee the installation of morphing systems onboard of commercial air-

craft. The identification of the class of vehicles is essential for the abovementioned scala-

bility issues, but even for the very different requirements and expectations that the various 

airplane classes could arise. The variety itself of the difficulties makes it necessary to ar-

ticulate such a survey properly. Technical aspects will be faced first; design issues will 

follow; finally, operational and implementation aspects will conclude the analysis. This 

paper is not meant to be an exhaustive vision on morphing technology, which instead 

would certainly require volumes and volumes. It simply aims at moving some questions 

on the latest developments and, hopefully, stimulate a different focus on topics sometimes 

neglected. 

2. Preliminary Considerations 

Before going into details, some fundamental reflections shall be carried out to 

properly introduce the following concepts. 

There is no special concern of the existing regulations about the use of morphing 

systems. Even the most revolutionary of those ones is based on accessible and well-as-

sessed technology, or clear ideas. It is instead the exasperation of the proposed concepts 

and the novelty according to which they are arranged together that raises the challenge. 

For instance, the most popular architectures that de facto divide the scientific and technol-

ogy community in two parts, are based on kinematic systems and compliant structures. 

Both of them are largely present on commercial aircraft, even if at a smaller extent, than it 

would be needed for a fully morphing system. 

As by now, there are two major architectures including any kind of morphing solu-

tions: kinematics, like the one proposed in SARISTU, or compliant, as the one proposed 

in ACTE. In spite an accurate analysis would show the large similarity of the two concepts, 

with some and confined strong exceptions (like the design of the load-bearing frame and 
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the realization of the lability elements, allowing the movement), the discussion concerning 

their limitations and perspectives would be very different. Therefore, the authors decided 

to focus on kinematic systems herein, shifting a larger dissertation to a next work, which 

presumably will take advantage of the conclusions that will be drawn here. 

3. Technical Aspects 

The core of any morphing system is composed of a structural skeleton, sensor and 

actuator networks, a control system, and an enveloping skin. Following, the single ele-

ments will be recalled, and their major weakness points will be highlighted. Such topics 

will be finally summarized in a table for an immediate understanding and transferring of 

the result of this analysis. 

 

Figure 1. Schematics of the morphing wing device subsystems. 

3.1. Structural Skeleton 

The structural skeleton is the part of the system enabling the change of shape and 

withstanding the loads related to all the configurations it can be morphed into. Therefore, 

its design needs to combine adequate compliance to efficiently accommodate large shape 

changes and enough stiffness to counteract external loads with proper margins of safety.   

Three different structural solutions may be adopted to comply with this requirement:  

- Articulated mechanism: the skeleton is composed of structural elements intercon-

nected by hinges and leverages and arranged into a mechanism with one or more 

degrees of freedom. As a mechanism, the skeleton cannot withstand external 

loads if its degrees of freedom are active.  

In this case, the actuation chain plays a crucial role as it works along the active 

degrees of freedom to change the shape of the skeleton and adsorbs part of the 

external loads while constraining its movements. 

- Compliant structure: the structure is a rational assembly of subcomponents with 

no active degrees of freedom. The actuation chain induces elastic deformations 

of one or more subcomponents to morph the skeleton according to the desired 

shape. In this case, the actuators have a less significant role in withstanding the 

external loads as the skeleton has an intrinsic (and tailored) stiffness.  However, 

this does not mean reduced demand for actuation power since the actuators must 

counteract the stiffness of the structure to morph its shape, 

- Hybrid structure: combination of the two structural solutions listed above.   

 

Irrespectively of the adopted structural solution, the skeleton cannot be seen as a crit-

ical path, as long as it is concerned with standard parts and the usual way of assembly. 

This is even more true if the articulated mechanisms are addressed. Of course, it should 

be noted that the number of elements may increase significantly with the number of 

shapes the skeleton can assume Such a number is associated to the number of degrees of 
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freedom that the system needs to be given as a function of the targeted performance of 

the adaptive architecture. Connected to that, the number of interfaces grows as well, and 

that fact further increases complexity. This aspect also involves the number of connections 

and, therefore, the joints in turn associated with a non-neglectable boost of weight. 

3.2. Sensors 

As for the structure, sensor networks cannot be seen as a major criticality, in princi-

ple. There are many certified devices in commerce, suitable for aircraft applications (civil 

or military); therefore, the access to that technology is not a matter of concern. However, 

again linked to the number of degrees of freedom that the structure wants to be given, the 

number of necessary sensors also grows. This fact has at least two major impacts: the num-

ber of cables may explode, involving room and weight necessity: devices number may 

significantly expand, luckily with no direct impact on room and weight penalties. Both 

those issues give however rise to an increase of architectural complexity. 

3.3. Actuators 

Again, a distributed degree-of-freedoms system, does necessarily require a certain 

number of actuators to work properly. The alternative is to reduce the number of motors 

but increasing the mechanical system ramifications to distribute unequally and in a con-

trolled way, the actuator action. In that case, the number of active devices would anyway 

increase, shifting the needs of adequately commanding a certain line to mechanical switch, 

in turn consisting of micro-actuators and a further increased complexity of the system 

architecture, with increased cabling, either. 

Since a distributed system cannot be based on hydraulic or pneumatic actuators for 

reasons of accessible room and weight, the use of electromechanical actuators (EMA) is 

almost mandatory. Even though this kind of device is studied in many research projects 

worldwide, many aspects regarding reliability and certification are still open. In fact, in 

order a proper morphing system is realized, actuator shall be small enough to fit the struc-

tural body while guaranteeing the necessary level of forces. A certain number of devices 

is accessible on the market, but many of them suffer export limitations so that technology 

cannot be marked as “mature”. Furthermore, because many of them have been developed 

for the military UAV market, some civil certification requirements could not be satisfied, 

A significant issue concerning the actuators is the need to take them as a part of the 

structural system. In fact, because the skeleton shall allow lability in order to be moved, it 

follows that the actuator shall bear part of the load (if it is removed, the system is a mech-

anism with unconstrained degrees of freedom). Therefore, the actuator shall usually con-

cur to sustain external and internal loads. Since the aircraft is an isolated system, the force 

absorbed by the actuator is transferred to the structure through the connection interfaces. 

The connection of the motors to the structure (usually the main spar, with the attachment 

deployed on its web), shall be re-designed to consider that unusual load. 

3.4. Control System 

Conformally to the structural skeleton and the sensor network, control systems have 

been widely used on all types of aircraft, civil and military, manned and unmanned, mod-

els or real-size. Therefore, technology accessibility is not an issue. However, what it does 

change with morphing systems is the number of variables to be controlled, in turn linked 

again to the targeted DOF. The number of variables may affect the control algorithm com-

plexity, the control system stability and, as a consequence, certification. The process may 

terminate in a reduction of the operational envelop and the resulting architecture could 

be heavily resized as a function of the imposed constraints. 

In the case of control systems, the requested functions also have an impact on it. 

Many operations could require a complex analysis of the internal and external variables, 

while ensuring the whole machine is stable and works properly. It may be argued that 

robotics has dealt with and partially solved this kind of problems for a long time; the easy 
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answer is that the environmental conditions are very different from a quasi-static, ground 

analysis. 

3.5. Skin 

This is perhaps the most critical element in the set-up of an adaptive wing. It is also 

the sole element, among the cited ones, whose criticality is not driven from the degrees of 

freedom. It has to behave in a certain way independently of how many movements shall 

be realized. Instead, it depends on the extension of the envisaged deployment. 

The key of a morphing skin functionality is its capability of being extended for de-

formations that can attain 10% with a minimum amount of forces while guaranteeing high 

transversal stiffness. The first property follows the necessity of limiting the effort required 

to the actuators, while the second one derives from the need to preserve geometrical con-

tinuity under the action of aerodynamics that could otherwise generate irregularity in the 

wing outline. Since the most obvious solution to the excess of deformability is the increase 

of thickness, weight and accessible volume is consequently affected, with severe impacts 

on the overall system economy. Unfortunately, if not well addressed, this augmented stiff-

ness also causes a degradation of the performance in the other directions, leading to added 

loads to the actuator system. 

All mentioned subsystems (structure, sensors, actuators, logic, skins) present an ad-

ditional problem: the problematic scalability, here intended as the transportability of the 

technology from a class of vehicle to another one. This aspect cannot be always addressed 

just by scaling the subsystems, since their performance does not follow the geometrical 

scaling factor. To cite some example, hydraulic actuators suited for large scale applications 

cannot be miniaturized over a certain level and must be substituted by more compact ac-

tuators. A structure conceived to change the chamber of a wing of a small UAV, cannot 

be resized to fit larger classes of vehicles since its flexibility would be dramatically altered, 

up to result too rigid, and a system originally compliant could be converted into a kine-

matic chain. For this reason, designers are often forced to dramatically change the struc-

ture layout, the type of sensors and actuators, and the physical principle at their basis. 

Table 1. Summary of weakness and criticalities of a Morphing System – Components. 

Components Origin Weakness Impact 

Structural Skeleton DOF given Number of parts 

Numb. of interfaces 

Number of joints 

Complexity 

Weight 

Sensor Network DOF given Cabling 

Number of devices 

Complexity 

Weight 

Volume 

Actuator Network DOF given 

Room available 

Specifications 

Number of devices 

Cabling 

Reliability 

Availability 

Complexity 

Weight 

Volume 

Technology access 

Control System DOF given 

Requested functions 

Stability Complexity 

Skin Displacement 

targeted 

Availability 

Fatigue resistance 

General deformability 

Type and numb. of 

joints 

Shape degradation 

Weight 

Volume 

4. Design Issues 

4.1. Approach 
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Even though the adaptive structures herein referred are an evolutionary concept of 

the existing systems, it is undoubtful that there are significant impacts on the design pro-

cess. In fact, the skeleton is made no more as a single block with a certain shape whose 

changes under the aerodynamic and internal load could be eventually taken into consid-

eration. Here we have a bundle of structures that should be separately verified under the 

presence of the prescribed excitations. For instance, if a droop nose is referred, whose ge-

ometry may change between 0 and 20 deg (inclination of the mean with respect to the 

nominal chord), the system should be verified tested for different configurations. This as-

pect arises a first issue: how many steps shall be considered? (1, 2, 5 deg? Or even less?). 

The answer severely impacts the operation to assess the established design. 

Even if this topic has been rarely considered till now, maybe the necessity of referring 

to a “zero” shape shall be considered. This issue has not been emphasized until now be-

cause the larger part of the studies refers to existing aircraft, whose capability has been 

augmented by the insertion of adaptive parts. Therefore, the basic geometry was intrinsi-

cally defined; what will be the impact of imagining a morphable aircraft with variable 

shape along with its life and its mission; what will be the choice of the designer? While it 

may be easy for commercial aircraft to indicate the cruise condition as the reference one, 

this item may be dramatic for military or UAV platforms. 

An immediate consequence of this consideration concerns the specification's issue. 

How the customer or the design staff (aiming, for instance, at placing a novel aircraft on 

the market, with new and interesting features) will measure the envisaged requirements? 

In this case, the lack of tradition and consolidated process plays an important role. This is 

perhaps the most critical aspect: without assessed indications, there is the risk of an indef-

inite time for producing the final schematic and several iterations with the specs generator 

before a shared vision is set- up. 

Another important aspect is represented by the highly integrated level of the differ-

ent components of a morphing system. This aspect, crucial for the correct functioning, has 

a dramatic impact on the design approach. With specific reference to the structure of a 

drop nose system, it is ideally possible to distinguish between main subparts as the inter-

nal structure that transmits deformation from the actuator to the skin, and the skin itself, 

that must assure a specific shape and distribute the external load to the interior parts. It is 

evident that, despite to this distinction, it is not possible to face the design of the compo-

nents separately. To further extend this reasoning, we can imagine that these components 

are made of different materials, for instance a multilayer hybrid skin (outer part of soft 

elastomeric material, inner part of honeycomb), connected to an interior supporting struc-

ture, made of a super-elastic alloy. The design approach must rely either upon a unique 

multiphysics tool or a shell open source software, that can handle different specific tools. 

Still, with reference to the high integration level, structures actuated through shape 

memory alloys (SMA) active parts present a further complication: the pre-load. Since the 

exploitability of a SMA actuator is strictly related to the martensite phase concentration, 

in turn produced by the pre-load level, the surrounding structure shall withstand the con-

ventional loads and also produce an adequate stress level within the SMA. This evidently 

leads the structure to work in an unconventional way, characterized by a generally higher 

stress level. 

4.2. Tools 

Something that runs in parallel with the design approach is related to the available 

tools. Usually, they refer to structural systems, while recently many proprietary tools have 

been developed to consider the aerodynamic loads to assess the target wing shape. In fact, 

since the aerodynamic characteristics of a body are a consequence of its shape, the de-

formed configuration is essential to guarantee the envisaged performances. This non-triv-

ial approach complicates a lot as new DOF are added, whose activation depends by a 

number of kinematic architectures and electromechanical actuation systems. The targeted 

simulator shall not only consider the presence of such complex systems, but it has to 
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correctly simulate the presence of the structural elements allowing displacements (hinges, 

gears, and so on). 

Some researchers have recently demonstrated the impact of rotational and transla-

tional constraints on the simulated structural response, which can drastically affect the 

final result. In this context it is no more sufficient to have at disposal FE codes, combined 

with aerodynamics and enriched with multi-body capabilities. Detailed simulation of par-

ticulars is requested. The easy criticism to this statement is that, after all, the prospected 

kinematics, is not that different by the current flaps and ailerons, for instance. The answer 

is yes, of course. What it does change however, is the number of these components spread 

all over the aircraft. Instead, since the presence of many discontinuities linked to the dis-

tributed kinematics arises, it is expected that the number of singularities will explode in 

the analysis, in turn requesting deeper investigations. Again, this impacts the time and 

costs of the design process. 

Complementarily, the use of tools for issuing appropriate load conditions is affected. 

Again, a bundle of geometries shall be considered, together with many local imperfec-

tions. Either, since the structure is interrupted by many discontinuities, the usual way to 

provide the internal solicitation characteristic may be affected by some forced assumption 

that should be necessarily removed to avoid excessive conservativisms. 

4.3. Aeroelasticity 

This part of the design is treated separately for its sound peculiarity. It refers to the 

analysis of the interactions between inertial, elastic, and aerodynamic forces arising on the 

structure when it moves in the airstream. If inertial forces are neglected, the static behavior 

of the system can be investigated by referring to the previously outlined concepts, con-

cerning tools and approaches. In the case of relevant inertial forces (high speed/accelera-

tions), the dynamic stability of the system becomes a crucial design aspect, and flutter 

analysis is required since the preliminary design stage of the adaptive structure. It is al-

ready expected that the system, having augmented DOFs, will have a more complex aero-

elastic response in terms of modes involved in potentially unstable coupling mechanisms. 

This is closely linked to the characteristics of the many systems composing the morphing 

aircraft as the combination of structural parts, kinematic architectures, and actuation de-

vices. Their integrated response deserves great attention from the modeling point of view. 

Since the system is generally characterized by largely distributed characteristics, its dy-

namic condensation cannot follow the standard approaches, and the resulting output shall 

necessarily be made of a considerable number of grids, elements, and properties. Consid-

ering that the aeroelastic evaluation shall be carried out on the complete aircraft, this sit-

uation leads naturally to complex models, whose analysis is not trivial and presumably 

deserves many iterations to be finally assessed. 

Once more, the main question is concerned with the discretization that shall be im-

plemented to ensure a correct outcome. In other words, given the geometrical domain that 

represents the possible configurations the morphing aircraft may assume, what is the step 

that can be considered sufficient to explore it? There is not a standard answer yet, neither 

a shared criterion for defining it. A practical approach would be to adopt specific solutions 

to overcome potential instabilities detected along with the study. The installation of bal-

ancing masses is among the most effective solution to fix aeroelastic issues with minimal 

impact on the consolidated design of the item. Nevertheless, because different configura-

tions shall be explored, there is no guarantee that a practical solution working for a given 

configuration is also effective for the others.  The problem is again associated to the in-

troduction of suitable tools that can consider any possible issue for any possible configu-

ration before and not after it has been detected. 

4.4. Coupling 

A rarely treated topic concerns the cross interactions of the different morphing sys-

tems that can be deployed over the wing or the whole aircraft in general. In fact, since the 
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aircraft is an isolated system, the stresses and strains generated by the action of a single 

adaptive device transmit along the whole structure and may give rise to unwanted or at 

least unpredicted deformations. It may be perhaps assumed, with a certain level of confi-

dence, that a morphing rudder cannot induce aileron deformations, to a certain extent, 

but this hypothesis cannot be held anymore if different wing components are referred to, 

as flaps and slats. This phenomenon has been reported in the literature and simply means 

that a morphing aircraft cannot be, at least in principle, designed by parts but should be 

approached as a whole, since the first time. Again, the associated difficulty is linked to the 

available tools and the lack of a significant background experience in dealing with this 

kind of problem extensively. It is worth mentioning that many hints may be taken from 

the movables currently being mounted on a generic aircraft, but the larger density of adap-

tive systems would require different attention on the specific thematic. 

4.5. Preexisting subsystems 

When developing a morphing system, generally two scenarios appear to the design-

ers: the aircraft is completely new and the general layout can be defined ex-novo, as the 

morphing system; the aircraft already exists, its architecture is well consolidated and the 

morphing devices must replace some conventional subsystem. 

Generally, this second option is the most common, and the designers must meet re-

quirements strictly related to the preexisting layout. Especially in this case, the impact of 

the novel morphing system plays a critical role. Needed energy, structural connections, 

working modality must be accurately weighted to minimize the impact of the novel sys-

tem onto the rest of the aircraft and avoid any undesired penalization due to the overlap-

ping of the pre-installed technologies. 

To cite an example, for the specific case of an adaptive chamber flap or a drop nose, 

the designers will face the problem of ideally removing the conventional subsystems and 

related actuation layouts and replace them with the novel architectures, whose connection 

to the wing box and whose allocation of the actuation subsystems are really different and, 

especially for compliant mechanisms, implies a specific load transmission path to the 

wing box. The total weight (here intended as the sum of the morphing systems themselves 

and the wing structure) from one side cannot be compared to the weight of the replaced 

conventional devices, since these do not include the kinematic chain and the actuation 

systems, but from the other side must be limited as much as possible to not undermine 

the benefit expected by the new technologies. 

Another example is represented by a morphing leading edge's impact on conven-

tional preinstalled ice protection systems. These systems (hydraulic, pneumatic, electro-

mechanics, thermal) are conceived to act onto rigid structures: part of them are supported 

by the interior structure and by the skin. If the surrounding structure morphs, the problem 

of the stability from one side and of the effectiveness from the other side, arises. In this 

case, the introduction of a morphing device cannot be faced separately from the integra-

tion of other subsystems or from the attempt of including some additional functionality 

(ice removal) in the morphing device itself. 

Table 2. Summary of weakness and criticalities of a Morphing System - Design. 

Step Origin Weakness Impact 

Approach DOF given Number of configura-

tions 

Time-to-assess 

Specifications issue 

Tools DOF given Number of joints 

Lack of comprehensive 

tools 

Use of outdated methods 

Deformability under 

loads 

Analysis of singularities 

Time-to-assess 

Simulation confidence 
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Excessive conserva-

tivisms 

Aeroelasticity DOF given 

Geometry domain  

given 

Number of configura-

tions 

Time-to-assess 

Balance complication 

Aeroelastic model size 

Coupling Number and location 

of morphing systems 

deployed 

Interaction phenomena Iterations 

Performance unpredicta-

bility 

Overall aircraft simula-

tion 

5. Manufacturing and Assembly 

5.1. Manufacturing  

The manufacturing represents one of the most challenging aspects of the develop-

ment path of a morphing system. The possible use of unconventional materials like hybrid 

metallic-ceramic components and smart materials may further complicate the scenario. 

Such peculiar components may require specific processes, as the sintering of piezoelectric 

powders, [18], or suited melting and milling processes for shape memory alloys, [19]. To-

pology and chemistry of variable stiffness parts may be very complex, hardly compatible 

with conventional manufacturing processes (milling, melting, bonding). Coexistence of 

more materials, each with its own characteristics, implies engineering concurrency and a 

multidisciplinary approach. 

The most relevant concern is associated to the number of parts, which can be very 

relevant. In fact, the architectures of the morphing device and the hosting structure re-

quire necessarily to suit each applicable section, resulting in different elements at the var-

ious positions, directly affecting the layout of the kinematic systems. A rationalization of 

the subsystems outline is usually necessary, including actuator and sensor networks, with 

potential impacts on the effectiveness of the guidance logic. 

Since the production process needs a maturation involving setting and optimization 

of the concurrent parameters and the demonstration of the reproducibility within certain 

levels, many questions arise, related to the need of a maturation period for the related 

industrial processes.  

5.2. Assembly 

The assembly process of an integrated morphing system is generally different and 

more complex than conventional ones, featuring the embedding of the whole components 

with the aim of producing clean surfaces. Even though -from a traditional point of view- 

it is still convenient to distinguish among logic, sensors, actuators, structure, and skin, it 

results that system efficiency is strongly related to their amalgamation level. This directly 

impacts the design process, of course, as anticipated in the previous section, and has even 

an impressive influence on the assembly process. 

To cite some examples, a morphing structure may require a certain level of pre-load, 

needed to assure the correct working condition of SMA actuators if present, [20]. This 

needs in turn dedicated processes and devoted rigs, jigs ad tools for imposing the envis-

aged stress, while putting together the multitude of system components. Another example 

regards the installation of sensor networks that become an intimate part of the structural 

components, with the associated cabling and electronics. Their interface may be critical 

for the correct functioning of the whole system, [21]. The same applies for actuation sys-

tems that in this case also have the important role of load-bearing elements, with relevant 

consequences on the structural integration. 

Increased DOFs imply the multiplication of interfaces; multi-component architec-

tures may be hard to handle and require specific tools; non-homogeneous material com-

position must be carefully treated during handling and fixing operations to avoid 
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inappropriate solicitations and fracture onset. Other topics that may arise relate to possi-

ble junctions of adaptive with classical materials like SMA in composite materials, [22], or 

piezo transducers within elastic components, [23].  

Strictly related to a morphing system efficiency, assembly processes shall mitigate 

undesired free-play and gaps within kinematics. In this wake, the most peculiar aspect of 

adaptive with respect to classical systems shall be cited, based on their intrinsic nature. 

The increased DOF and the necessary lability until the actuation system is integrated and 

blocked make the structure movable during the integration. There is no more a static con-

figuration that grows rigidly step by step, but is instead the creation of a chain with mul-

tiple capabilities of movement. Apart the clear general difficulty, the need of dedicated 

jigs and tools is evident, to limit the displacement at the most even during the most com-

mon processes for standard structures (drilling, riveting, bolting, and so on). This simple 

consideration may have tremendous consequences on the production time and costs. 

It should not be neglected the presence of uncommon materials even for apparently 

usual components, like the skin. The necessity of having large strains with minimal stress 

penalties, directly impacting the actuation system performance, naturally brings towards 

elastomeric solutions, with all the limitations that have been recalled. These materials 

however, have critical issues with respect to traditional assembly methods. Elastomers are 

hard to be drilled and riveting may be hard to be used to join related arts. 

A last consideration regards the current scenario. The current industrial trends aim 

at simplifying building procedures for minimizing times and costs. The introduction of a 

morphing system is certainly conflictual with those tendencies.  

Table 3. Summary of weakness and criticalities of a Morphing System – Manufacturing & Assem-

bly. 

Step Origin Weakness Impact 

Manufacture Increased DOF 

Unconventional materi-

als 

Conformal geometry 

Many different parts 

Reduced size of many 

parts 

Needs of suited processes 

Needs of precision pro-

cesses 

Time of manufacturing 

Creation of specific tools 

Production chain en-

largement 

Quality tests increase 

Tolerance reduction 

Assembly Increased DOF 

Pre-loaded components 

Load-bearing actuators 

Integrated sensors 

Labile sub-structures 

Hard handling procedures 

Unconventional integra-

tion process Interface in-

crease 

Dedicated jigs and tools 

Novel processes 

Evolution of standard 

processes 

Time of assembly 

5.2. Ground testing 

    The ground testing of the assembled morphing component is a fundamental task that 

is generally required before its final integration into the aircraft, especially when dealing 

with prototypal architectures.  

The primary purpose of the tests is to prove that the structure can safely withstand the 

most severe loads expected in service (static tests) and that the system is morphable in 

compliance with the required morphed shapes (functionality tests). Resonance tests can 

also be carried out for some specific components to validate the dynamic models devel-

oped during the design phase. 

Unlike conventional structures, morphing systems demand the tests of different configu-

rations along with several sets of loads.  

Therefore, pre-test simulations are highly recommended to rationally define a limited 

number of test conditions enveloping the most relevant combinations of configurations 

and loads. Once the enveloping conditions are determined, the following general proce-

dure can be followed for each condition: 
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a. Functionality test: the test article is morphed and unmorphed repeatedly by activating 

the actuators through the control system. During this process, the external shapes of 

the test article are acquired (by 3D scan or displacements' measurements at a set of 

control points) and compared with target ones. The outcomes of this comparison pro-

vide a means of evaluation for the reliability and the robustness of the system’s func-

tionality. 

b. Static test: The test is carried out to prove that the structural system is able to withstand 

loads without detrimental deformation or failure. A careful installation of the whiffle 

tree has to be carried out to apply operative loads without constraining the natural 

degrees of freedom of the morphing system; for instance, in the case of the segmented 

articulated ribs (as those shown in figure 1), segmented load saddles must be used to 

not prevent the relative rotation of rib blocks). The natural degrees of freedom of the 

structure must be constrained only by the actuators (in power-on mode) and related 

transmission lines; the entire actuation chain is therefore a relevant part of the test 

article and must be sensorized to get info on load-induced strain and elastic displace-

ments. In addition, the power adsorbed by the actuators to maintain the shape of the 

loaded structure must be measured to ensure that the actuators still possess enough 

authority to morph the system in operative conditions.  

c. Functionality check: after unloading the test article, the functionality tests are repeated 

to check that the stresses/strain fields arisen during the static test and the level of 

power adsorbed by the actuators to counteract the external loads, have not compro-

mised the morphing performances of the system.  

6. Operations 

6.1. Maintenance and Repair 

Maintenance and repair operations have a significant impact on running costs and 

thus on market attractiveness as well as flight safety [24]. A morphing system disregard-

ing this aspect risks to nullify the benefits produced in terms of performance and environ-

mental impact. 

The time needed by maintenance operation is the most critical aspect since it directly 

influences the usage time of the aircraft. Thus, attention is paid to the effectiveness of the 

procedures and on the reliability of the interventions, as well as to their compliance with 

the current regulations. 

A morphing system poses different issues, strictly related to the nonconventional ar-

chitectures often hardly to inspect, the presence of non-conventional materials with not 

enough studies supporting life cycle and reliability, sensorial architectures non-conven-

tional themselves and also subjected to new logic of monitoring, sophisticated logics of 

control suited for multi-distributed DOF systems. However, more than anything, the deep 

level of integration of a morphing system represents itself a criticality from the mainte-

nance point of view [25]. 

When introducing a new concept onboard the aircraft, the impact on maintenance 

procedures and operations is one of the most relevant information that should be pro-

vided in order to understand if and to what extent the benefits of the technology are real. 

A dedicated analysis is then necessary. A maximum allowable time period shall be estab-

lished before a maintenance action is required for announced failures. Latent failure will 

be managed by a scheduled maintenance task. If this approach is taken, component Mean 

Time Between Failures (MTBF) is the basis for establishing the check interval time, e.g. 

time intervals between maintenance and operational checks/ inspections. 

Standing the basic hypotheses of this work, kinematic systems and electromechanical 

motors are referred to. Sensor networks are not so different from the usual systems, cur-

rently used while control system software follows the same rule. Where available, service 

history of similar or same components in a similar or the same environment should be 

used. Impact of new materials shall be duly considered. 
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As a basic consideration, it can be said that a maintenance plan can be prepared on 

the basis of the existing experience on the different items. However, some differences 

arise. Generally speaking, the integration of the components makes it hard to deal with 

them separately; this aspect has an important fall-out on the repair process. 

Repair operations are in practice affected by the lack of knowledge on the new mate-

rials involved that determines uncertainty on the type and effectiveness of the repair ac-

tion. Damage on monolithic or quasi monolithic structures must be adequately handled, 

from one side, to avoid the substitution of the entire component, but must be also properly 

secured in compliance to the specific unconventional working modality of the part. Also, 

repairing a distributed sensorial system may require invasive operations, often non-local-

ized on specific parts, but involving the entire network. 

Starting from motors, even with the assumption of having excellent life expectations, 

the simple fact to have a large number of such devices imposes to reduce the inspection 

times by a figure inversely proportional to the implemented systems. The same applies to 

kinematic architectures and related components. Since these elements are commonly used 

and treated, no special attention shall be paid on them. 

Embedding sensors in the structural components generate some issues. Apart from 

the obvious difficulty of detecting the faulting device in a large and distributed array, the 

presence of malfunctioning in an integrated net lead to the necessity of dismissing the 

whole segment. In turn, this fact generates the need of a suitable design of the interfaces 

connecting the different channels, so that cabling shall not be revolutionized by such a 

substitution. Also, if the system has the goal of providing critical information on system 

faults, it should be designed to maximize its maintainability by allowing, for instance, 

quick, easy and safe access for repair or replacement or by preventing inappropriate con-

nections or interpretations.  

While structural parts and software dedicated to system guidance are definitely 

standard parts whose maintenance procedures are well coded and assessed, something 

different concerns the skin, if elastomeric-based solutions are addressed. This kind of ma-

terial is particularly sensible to the external conditions and suffer the action of the envi-

ronmental agents, and is not reparable. Definitely, this aspect could be overcome by novel 

attainments in the material sector, but that is the situation right now. So, damage on such 

surfaces, essential to preserve the geometry, cannot but lead to the substitution of the en-

tire segment. 

The presence of a large number of parts, all different the ones from the other, brings 

added complexity to the problem. A suitable repair process shall necessarily rely on a 

number of accessible spare parts, with significant impact on stock sizes and cost. These 

reflections translate into specs for the design that shall duly consider the interfaces, the 

access to the different elements, and the issues for repair and substitutions. It is almost 

obvious that a complete re-styling of the procedures is useful for the augmented complex-

ity of the system, in spite many elements are still traditional. 

The challenges of maintenance of morphing structures could be summarized in just 

a couple of questions: how can the lack of knowledge on new materials, systems, and 

configurations be handled to obtain a final product competitive also from the maintenance 

point of view? And how can regulation update fill the gap with industrial applications? 

6.1. Safety 

To comply with the EASA CS-25 requirements considering both operational implica-

tions and crew work load, a morphing wing device, as any other equipment and systems 

installed onboard aircraft, shall be designed and installed so that any catastrophic failure 

is extremely improbable and does not result from a single event. The entire system or the 

individual subsystems must be substantiated by analysis and tests in airplane or in a 

mock-up installation to determine proper performance and prevent failures. This is gen-

erally guaranteed by: adequate design avoiding stress concentration, instability, corro-

sion; a dedicated logic of control to prevent dangerous conditions and mitigate the load 
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distribution; a monitoring system able to sense the current status of the architecture. All 

these aspects are, however, very challenging: designing a structure flexible and rigid at 

the same time means to handle the stress and load distribution beyond conventional 

schemes; logics of control able to handle more DOFs than usual must exhibit higher per-

formance and a higher rate of affordability; health monitoring systems suited for the early 

detection, the quantification of the damage and supported by a logic to mitigate the effects 

due to the damaging.  

Novel aircraft functions associated with adaptive systems impose the introduction of 

new fault trees for catching the associated risks at level of the complete airplane. Before 

conducting a detailed safety assessment, a Functional Hazard Assessment (FHA) of the 

airplane shall be prepared by considering the potential failures of airplane level functions 

due to the system’s malfunctions. This phase is concerned with the operational vulnera-

bilities of the system rather than with a detailed analysis of the actual implementation. 

An inverse relationship is commonly accepted between the average probability of 

fault occurrence per flight hour and the severity of its effects. Catastrophic failures must 

be extremely improbable and must not result from a single failure; extremely improbable 

failure conditions are usually considered as those having an average probability per flight 

hour of the order of 1e-9, depending on the specific systems. Quantitative probability 

terms are also set to hazardous failure conditions that must be extremely remote (average 

probability of 1e-7 per flight hour), and major failure conditions that must be no more 

frequent than remote (average probability of 1e-5 per flight hour). 

Safety assessment consists of three phases, moving from the single devices or sub-

systems to the whole aircraft, as cross-effects and interactions are studied, including the 

influence of software and human interfaces. 

Safety aspects are once more correlated to the number of parts and components. The 

reliability of N components is 1/N of the reliability of a single component. Therefore, as 

the system is enlarging in size, the need to increase the reliability of the single element 

becomes stringent. This applies to all subsystems so that the use of morphing technology 

imposes the development of safer elements by several magnitudes. This can be a critical 

aspect of the realization process. A simple statement regards in fact the evolution of the 

aircraft market. It is something that was generated before the COVID emergency, but it is 

a shared opinion that, after a contraction of the demand, former trend will be restored. If 

we think to a factor 10x of growth along a certain historical period, to maintain the abso-

lute accident occurrence at the same level, the mean failure probability of the aircraft com-

ponent shall decrease by the same quantity, i.e. arriving to 1e-10, 1e-11, figures that pose 

an extreme challenge to technology. The introduction of morphing systems, their com-

plexity, together with their larger number of parts, would decrease those numbers even 

more. 

Additionally, specific maintenance procedures shall be developed to identify any 

hazards and ensure the continued airworthiness of the morphing system. In this respect, 

particular attention should be given to the design aspects to be emphasized in the design 

process to ensure easy and safe access to the components for fault isolation, replacement, 

inspection, lubrication. The implementation of an adequate maintenance control program 

may also contribute to ensuring the structural integrity of critical components.  

Safety aspects may be dealt with the classical instruments of tools and fault trees, 

therefore there is no need to change from the process point of view. On the other side, that 

process will be longer and more articulated. Introduction of new systems require novel 

fault analyses that, in turn, have to be combined with the other system functions. Since 

combinations exhibit a factorial dependence on that number, it follows that times, com-

plexity, and computational risks arise enormously. 

Table 4. Summary of weakness and criticalities of a Morphing System – Operations and Safety. 

Step Origin Weakness Impact 
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Maintenance 

and Repair 

Increased number of 

parts 

Integration of compo-

nents 

Unconventional materi-

als 

Stock size 

Repair difficulty 

Increased intervals of in-

spections 

Lack of suited processes 

Behavior uncertainty 

Time of intervention 

Increased costs 

Additional conserva-

tivisms 

Process restyling 

Safety 

Increased number of 

parts 

Increased number of 

subsystems 

Unconventional materi-

als 

Lack of suited processes 

Reliability factors approxi-

mation 

Increased interfaces 

Complexity of analysis 

Additional conserva-

tivisms 

Process restyling 

7. Perspectives 

7.1. Technology 

In a morphing kinematic structure, structural skeleton and actuation system, intend-

ing for that the combination of motors and transmission line to the structure, is something 

that is separated only in the ideas. Indeed, they form a sole subsystem with the intrinsic 

capability of moving to attain different shapes and bearing external loads. An evolution 

that is occurring right now is to integrate the design process of both those elements, this 

partially innovative approach can lead to a certain decrease of the system complexity and 

parts, maybe accompanied by a slight reduction of the parts number. 

EMA actuators have clear limitations for the use in safety-critical applications. Jam-

ming phenomena often require the redundancy of the system, that cannot be afforded in 

an already crowded application like morphing. Of course, this solution would involve 

also cabling and routing impact, with severe consequence for the weight. On the other 

side, the growing use of such a kind of devices, that can be preferred to hydraulic devices 

for weight, volume and maintenance aspects gives optimal perspectives for the future. 

The drawbacks associated with sensor systems may be overcome by using distrib-

uted (fiber optics) or wireless networks, which allows envisaging dramatic reductions of 

the interfaces, cabling and routing, [26]. A matter of discussion concerns the operation 

onboard of such systems; in that case, it should be noted that a number of onboard instru-

ments have been lately produced by several firms concerning Fiber Bragg Gratings (FBG) 

and is correct to think these developments would continue to more sophisticated devices. 

Wireless networks resolve completely the issue of cabling and routing, but arise the prob-

lem of pointing out suitable transmission paths and shall face the consistency of data 

transmission onboard. Among the different possibilities, graphene-based techniques are 

worth being cited, [27]. 

The impact of actuation systems, including the kinematic part (i.e. the link between 

generated forces and morphing structure) may find some relief in giving a major attention 

to smart materials-based devices. They would significantly affect the number of parts, al-

lowing reductions in terms of volumes and weight. Of course, this would generate major 

needs for their development till certification; but this aspect is mitigated if it is considered 

that more and more actuator systems of that kind have been developing and are currently 

mounted onboard of missiles and rockets, like pin-pullers, exploiting Shape Memory Al-

loys (SMA) technology. Such devices are finding more and more applications in several 

market sectors, including automotive, heavy industry and nuclear power plants. In the 

aeronautical field, some applications may be found on small UAV [28]-[29]. Recently, Boe-

ing has installed an SMA torque tube within aircraft flight test hardware [30], while NASA 

tested in flight SMA-actuated foldable wings, [31]. Moving from static to dynamic appli-

cations, piezoelectric materials may represent good alternatives to some common solu-

tions, as shown on different class of rotorcraft, [32]-[33]. 
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As many times recalled, skins are perhaps the most critical element in a morphing 

system architecture. There are no many materials on the market responding to the linked 

necessities, required large strain absorption, low normal and high bending stiffness, du-

rability, and possibly high damping. As large deformations are considered, fatigue issues 

may be relevant. Many solutions have been proposed, including hybrid metallic skins, 

auxetic materials, laminated composites, multi-stable composites, and so on [34]-[35]-[36]-

[37]. Hybrid solutions involving elastomeric materials and metallic parts could give inter-

esting answers in terms of protection from external agents and robustness from the struc-

tural point of view, while properly modulating rigidity properties. 

7.2. Design 

In spite a kinematic morphing structure refers to assessed design tools and regulation 

requirements almost entirely, since standard components are generally referred to, some 

points remain open. For instance, the number of configurations that should be tested to 

prove the reliability of the developed systems require specific attention by the stakehold-

ers community, and represents an issue not faced yet. It is believed that a smooth transi-

tion of morphing systems could be convenient even from this point of view. A possible 

perspective could be represented by the use of adaptive devices as retrofit to existing air-

craft; in this case, a lot of experience could be gained, exportable to many other items. Set-

up of specifications would be easier, and this can be an important factor if it is considered 

that so much is still undefined when dealing with adaptive structures. Geometrical exten-

sion, shaping capability, achievable benefits are still far from being consolidated features, 

above all for the lack of experience on the matter. 

The assessment of dedicated tools is a matter on which some effort is expected in 

order to overcome clear lack of numerical tools to deal with adaptive systems. Impressive 

steps forward were done as tools combining elastic behavior and rigid body motions did 

appear on the market. Now those tools should be further expanded with the capability of 

considering large deformations (something different from large displacements) either, in-

cluding the action of forces that are in turn a function of the achieved geometry, combined 

with detailed models of the singularity points (hinges, gears, and so on). In the same way, 

optimization tools that could take into consideration the different shapes seem to be nec-

essary in order to achieve necessary weight reductions. It should be clear that such nu-

merical tool evolution is not just required for morphing systems, but it is something that 

should be also necessary for ordinary engineering. In fact, as the performance of the vehi-

cle is targeted to increase, the necessity of a better simulation that can consider several 

aspects till now neglected, becomes mandatory. 

The usual way to deal with the presence of singularities, like centers of rotation, is to 

neglect information concerning stress and strain values provided by the numerical analy-

sis (local values) and proceed with a classical semi-analytical tool for the design of the 

parts. This argument is something that has in itself great limitations, naturally converting 

into large safety factors and a de facto obstacle to allow the insertion of novel devices 

based on innovative or, even worst, revolutionary architectures. 

These considerations hold even for aeroelastic simulations, where the behavior of the 

structure needs to be detailed at the most. The approach should include the many singu-

larities that are in the loop, and allow for realizing multi-configuration optimization that 

can consider the whole geometrical domain, the adaptive structure is called to operate 

within. Combined with the former topic, a major challenge of aeroelasticity could be the 

capability of addressing model reductions that could move well beyond the usual stand-

ards. Indeed, pure numerical solutions are possible right now, that however make to lose 

the physicality of the phenomenon. A suitable combination of enhanced methods, exploi-

tation of the basic mathematics, and tools able to reverse the attained information into 

physical perspective may be a promising development path. 

The most complex problem, which affects all the other themes introduced, concerns 

the coupling of the different systems. Such a complication is very hard to be considered 
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in the design phase. Increasing the stiffness of the so-called fixed part of the aircraft would 

not improve the situation, leading in itself unaffordable increase of weight. This kind of 

phenomenon may be dealt with through a complete re-thinking of the interface between 

adaptive and traditional parts, and the development of design tools able to consider the 

whole structural system from the beginning. Even in this case, the acquisition of a basic 

experience by the aircraft designers on the topics would certainly help the development 

process of these new tools. 

7.3. Manufacturing and Assembly 

The presence of a large number of parts is one of the most penalizing issues in the 

case of adaptive structural systems. Structural skeleton and actuation system may benefit 

of new technologies to reduce the number of parts, namely Additive Layer Manufacturing 

(ALM). In this way, it will be possible to reduce the number of parts, impressively, over-

coming a major drawback of kinematic morphing systems. This technique may be also 

conveniently applied to sensor systems with the ultimate perspective of printing the sen-

sible network either, and generally may help to mitigate the complexity of continuous 

transition of mechanical and physical features among materials of different origin and 

characteristics, [38]-[39], including the use of smart materials, [40]. Such a technology is 

already applied to UAV contributing to merge different materials, [41]-[42]. 

ALM has many showstoppers currently, moving from the cost of the implemented 

materials (many patented, and therefore their application is strongly restricted and ex-

pensive), and resistance characteristics of the products. On the other hand, it should be 

recognized that such a technology does allow to realize shapes otherwise impossible or 

extremely challenging to realize by traditional processes. In an analogous way to what 

evidenced for morphing, even in this case it is necessary to define the overall lifecycle cost 

after the implementation of ALM or traditional technology. In spite of that, however, ad-

ditive layer manufacturing may be the right choice of certain morphing systems or some 

specific components of theirs. These latter are in fact characterized by a huge quantity of 

unique pieces that could be unaffordable to produce in series with the classical methods. 

As an example, a wide actuator networks, deployed on a huge area of the wing could have 

different needs of room and point layout, different for each location, in turn leading to the 

needs of parts of different size and even shape. Either, gears, of different size and shape 

could be easily realized by ALM machines, as any other part needing high values of tol-

erance and high precision, even avoiding the necessity of a massive number of pieces to 

warehouse. The model will be directly generated from CAD to the real world, passing 

through a common 3D printer. Assembly of these parts could be envisaged by expanded 

versions of the current machines, without using too much fantasy, but remaining in the 

ordinary evolution path. A gearbox can be easily thought of as produced directly by an 

augmented ALM printer. This step is essential to come to a proper reduction of the system 

complexity, managing, and other. Of course, specific steps like feasibility and reliability 

should be assessed, but, again, this is part of the ordinary development track. 

Whatever it is, the use of specific jigs and tools for properly assembling the different 

parts of an adaptive system is a necessary step. The very specialized applications currently 

require the design and realization of specific elements, the main objective of which is to 

properly handle deformable architectures without introducing unrecorded stress and 

strain that could activate unwanted permanent deformations, moving the system far from 

the design outline. Along this behavior, it is of certain interest to underline how, being the 

investigated an adaptive system, possible deviation from the nominal shape (the shape 

“0”, above introduced), can be reset after assembly. As a drawback, such reset occurs at 

expenses of the nominal excursions that should be then oversized to properly consider 

that possibility. 

Off-line subsystems integration may give some further benefit. It is intended to sep-

arate the different parts for homogeneity and proceed separately with their integration. 

For instance, the sensor system may be integrated for each structural element that needs 
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it onboard, opportunely designing component interfaces. Integration of actuation and 

structural systems has already been discussed. This strategy would be paid by a larger 

assembly time (a new step is introduced), but the assembly process would enjoy more 

simplicity and robustness. 

A separate item deserves the skin manufacture. As by now, skin is seen as a separate 

part that is added to the structure after it has been realized. In that sense, it resembles a 

dress that should fit a certain body. As a dress it should be mounted and dismounted 

easily to host other similar elements. To close the similarity, as a dress it could be changed 

often, standing the criticality associated to its interaction with the external environment 

and the large strain it undergoes. It is clear that if that is the current configuration, a re-

duction of costs, time of maintenance (also meaning cost and aircraft usability), and even 

weight shall be targeted in novel configurations. Hybrid solutions considering metals and 

elastomers are envisaged to be exploited for more robust, cheap and light arrangements. 

7.4. Operations 

ALM techniques may play an important role also from the point of view of mainte-

nance and repair procedures. In fact, intervention and substitutions could be performed 

on-demand and on-site, significantly reducing the stock size. 

Augmented Reality, AR, could represent a valid answer to issues related to complex, 

unconventional systems, characterized by a high level of integration, [43]-[44]. Such tools 

could be driven by criteria suited for the specific case, elaborate alternative strategies and 

predict the achievable results and also the risks related. This approach, if supported by 

wide databases handled, for instance, by trained artificial neural networks, ANN, or any 

other kind of Artificial Intelligence; AI, could reduce operational times, dramatically, al-

lowing a selection of the most appropriate process without a direct implementation, [45]. 

To enhance maintenance and repair processes, the use of health monitoring tech-

niques combining structural and system features could be a winning solution. However, 

these systems, widely implemented in literature and in commercial applications, need 

some more evolutions for being implemented at a large extent on aircraft. In the case of 

adaptive structural systems, the presence of large sensor networks could be exploited also 

for monitoring the behavior of the different components, including structure, skins and 

actuation architectures. Indeed, a fascinating solution could regard the monitoring of the 

sensor networks themselves by cross-observations, solving one of the problems correlated 

to largely distributed monitoring systems. Additional interface with external systems 

could easily support and integrate the abovementioned AR tools, [46]. 

Other developments that could support maintenance are represented by self-repair 

and damage prevention techniques. Self-repair capability may be implemented through 

the use of the so-called self-healing materials, [47]-[48], able to recover some operational 

flaws to a certain extent. Highly integrated systems, even local, addressed to early detec-

tion of stress peaks may have a significant impact on maintenance, practically postponing 

any intervention. 

Mainly, structure and actuation systems follow the usual repair paths, while some-

thing can be gained for sensors and skins. Non-reparable items suggest that they should 

be simply removed and substituted once failed. This can be done only if interfaces are 

designed and implemented properly, with a sort of plug-and-play philosophy since sen-

sored components shall maintain the capability of being fed and transmit information. As 

already mentioned, wireless systems could be the final development stage of the ongoing 

researches. 

Safety issues are perhaps the most critical. The tremendous increase of components 

and parts can shift the cumulative safety level downwards. This fact, associated to a pre-

dicted increase of the air traffic in the next future (after the COVID emergency is over), 

could lead to unacceptable values. It is a matter of fact that the onboard systems specifi-

cally devoted to move the aircraft wing should increase of a magnitude at least. Predic-

tions move the expansion of air transportation by a similar factor in one-generation 
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period. In order to leave the number of incidents unchanged, that means to increase the 

safety levels of the adopted components of an equal measure. In turn, and finally, this 

would mean to shift the reliability factor of the single component (probability of severe 

fault) from 1e-9 / 1e-10 to 1e-11 / 1e12, probably impossible to reach within the current 

technology scenario development. Redundancy is a trivial way to solve that issue, how-

ever associated to a tremendous impact in terms of costs, weight, volume, and architecture 

complexity. Another possibility is to relegate structural adaptations to non-primary flight 

elements, however reducing a lot the impact of such a technology. 

A statement apart should be devoted to the use of non-conventional elements. While 

smart actuators can be a choice, to be discussed and approved time by time, morphing 

skin implementation is a necessity. In such cases, safety aspects shall be dealt with very 

carefully. On one side, the material may not be known very well, giving rise in turn to 

excessive reliability factors that shall necessarily consider the lack of info. On the other 

side, their installation shall always be associated to non-critical parts or, equivalently, to 

configuration whose disruption shall not bring to catastrophic events. In any case, reduc-

tion of interfaces may play a fundamental role in preserving the established safety levels 

without excessive penalty on the architecture of the reference system. 

Table 5. Summary of Morphing System technology perspectives. 

Segment Weakness Mitigation approaches Perspective 

Technology 

Number of parts 

Number of interfaces 

Number of joints 

Cabling 

Commercial availabil-

ity 

Systems reliability 

ALM implementation 

Bonding 

Wireless networks 

Multiplexed sensors 

Targeted technology de-

velopment 

Close 

Close 

Not so far 

Close 

Far away 

Design 

Configurations 

Number of joints 

Lack of representative 

tools 

Interaction phenomena 

Augmented numerical 

tools 

Application on existing 

aircraft 

Augmented modelling of 

details 

Not so far 

Current 

Close- 

Manufactur-

ing and  

Assembly 

Number of parts 

Size of parts 

Number of interfaces 

Processes inadequate 

Labile sub-structures 

Skins 

ALM implementation 

Process re-styling 

Design of specific jigs and 

tools 

Hybrid skin solutions 

Close 

Not so far 

Current 

Not so far 

Operations 

Stock size 

Repair difficulty 

Increased inspection in-

tervals 

Processes inadequate 

ALM implementation 

HM implementation 

AR implementation 

Process re-styling 

Close 

Close 

Current 

Not so far 

Safety 

Increased number of 

parts 

Increased number of 

subsystems 

Unconventional materi-

als 

Lack of suited processes 

Reliability factors approxi-

mation 

Increased interfaces 

Complexity of analysis 

Additional conserva-

tivisms 

Process restyling 

8. Conclusions 
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In spite of some negativity that could have been arisen from the analysis of the dif-

ferent components, a detailed survey of the posed problems and solutions shows that the 

perspectives are not far at all. In some cases, technology does already exist, while in other 

has already been studied for a long time. In other cases, studies are already present in 

literature, even though still at the first stage. Finally, even if not so diffused, some needs 

have already been implemented: for instance, manufacture and assembly of morphing 

structures has already occurred, even if to a minimal extent, for the tested prototypes… 

not that much at the date! 

In some sense, the aim of achieving the realization of adaptive operative aircraft may 

work as a pusher for attaining results otherwise expected in a longer period. The morphing 

idea can leverage technology, in a word. Conversely, morphing needs could also arise as-

pects otherwise neglected that could instead have a definitive role in the correct assess-

ment of a specific technology. If integrated vehicle health monitoring is considered, for 

instance, the availability of structural monitoring, shape control, and kinematic observa-

tion systems may lead to an extreme intelligence of the structural system as a whole, al-

lowing for outstanding data extraction, and prediction. 

There is also technology concurrence that could in turn foster adaptive structured 

development. Despite its ambition of reducing emissions, the full electric aircraft ap-

proach must face some important side effects. Among the others: energy storage of the 

batteries, [49], their intrinsic weight hardly compatible with lightweight requirements, 

[50]; safety and certification, including power system failure, battery thermal runaway 

and energy uncertainty, [51]. Morphing technology could contribute by enhancing the 

performance of the aircraft, for instance, by increasing its operational range, strongly pe-

nalized by the limited performance of the batteries. The joined adoption of a morphing 

approach with laminar wing technology could lead to a net efficiency increase of about 

20%, [52]. 

Morphing implies a drastic reinterpretation of conventional design. In general, DOF 

continuous distribution leads both to delocalization of its primary functions and to redun-

dancy of them, with benefits in terms of aerodynamic efficiency, load distribution, and 

maneuverability [53]. The smoother shape of the deflected parts makes them more effec-

tive, with obvious benefits in terms of actuation power consumption [54]. Moreover, the 

high level of integration of subsystems favors clean architectures with a further improve-

ment of performance. Finally, the just mentioned design reinterpretation foresees an op-

timization of the wing structure, with a net saving of weight with respect to conventional 

architectures, split into fixed and movable parts. 

Moving to military, the so-called stealth combat aircraft may benefit of morphing 

technology, [55]. The smoothness of the surfaces, the absence of geometric discontinuities 

and asperities, jointly to materials of new generation with a modest reflection profile in 

the electromagnetic spectrum, help low observability. This justifies the large amount of 

theoretical and experimental investigations in this sense. An optimization process has 

been reported, [56], supporting the design of morphing and stealthy aerodynamic struc-

tures. Similar studies have been carried out for UAV, [57]. Impact of morphing on stealth 

properties has been also addressed from an industrial point of view, [58]. Examples of 

UCAV implementing morphing technology to support and enhance stealth features are 

diffused as for instance: CASC CH-7 UCAV and GJ-11 military drones, China, [59]; B-2 

combat and monitoring drone, USA, [60]. 
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