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Morphing skins as structural component in shape adaptive wings are still in their early development
phase, as they need to combine contradicting requirements, such as extreme anisotropic mechanical 
behaviour, low structural thickness and air-tightness. Various morphing skin approaches have been 
designed for confined problems such as camber morphing and low load scenarios. However, to expand 
the applicability of morphing wings, a morphing skin with full in-plane deformability and an out-of-
plane stiffness suitable for manned aircraft is necessary. In this work, a novel, elastomer free layered 
morphing skin is designed, manufactured, applied to a camber morphing transition region for small 
aircraft and analysed. The layered morphing skin is based on stacked, stiff platelets contributing to the 
out-of-plane stiffness, while compliant ligaments connecting the platelets provide in-plane compliance. 
Therefore, the layered morphing skin shows extreme orthotropy and can independently deform in both 
in-plane directions with an initial modulus of 198 kPa. Deformation analysis of the layered morphing 
skin on the camber morphing transition region confirms the bi-axial deformability and shows strains 
in span and chord up to 10% and 16%, respectively. Conducted pressure tests indicate an out-of-plane 
stiffness high enough for small aircraft, despite the demonstrator being manufactured from a polymer. 
The layered morphing skin concept is a promising base for bi-directionally deformable morphing skins.

© 2021 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC 
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Used for the Wright Flyer in the early 20th century, morph-
ing faded into the background due to the advances made in fixed 
wing and control surface design and the increasing size of aircraft. 
Over the last two decades morphing wings have gained broad en-
gineering research interest again, as they promise higher efficiency 
across a wide range of flight conditions [1]. Although the benefits 
of morphing wings were shown for fuel burn [2], aerodynamics of 
control surfaces [3] and energy output for airborne wind energy 
systems [4], they have not been applied widely due the lack of 
suitable adaptive skins.

The morphing skin, as an indispensable part of the adaptive 
system [5,6], needs to combine mechanical, geometric and aero-
dynamic characteristics which directly contradict each other. The 
ideal morphing skin is thin, exhibits minimal in-plane stiffness in 
direction of actuation to achieve low actuation forces, but high 
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out-of-plane stiffness to withstand aerodynamic loads [7–9]. It 
possesses a tailorable shear stiffness [3,8,10] and is drapeable for 
adapting to the morphed wing shapes. Its mass should be compa-
rable to conventional skins with the surface being closed (free of 
holes) and smooth to avoid a drag penalty. From this set of proper-
ties, it is inevitable that a morphing skin must compromise and its 
applications are restricted: either to uni-axial strains in the case of 
camber morphing where anisotropic corrugated sheets with aero-
dynamic losses are used [11–15], to discrete morphing states [16], 
or to small geometric regions [17], where the skin’s mass is of mi-
nor importance. Structurally efficient lattice structures compromise 
less on mechanical properties [18–23], but do not possess an aero-
dynamic surface by design and can therefore only act as structural 
support for the aerodynamic cover. The additional cover is often 
made from elastomers, exhibiting local buckling when subjected 
to aerodynamic loads and susceptibility to creep [10], limiting the 
application to low load scenarios [24].

The development of an ideal morphing skin would eventually 
boost the realisation of general multi-shape morphing wings with 
optimal aerodynamic efficiency [25]. However, recalling the con-
tradicting morphing skin requirements and the difficulty to scale 
ess article under the CC BY-NC-ND license 
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Fig. 1. Overview of the LMS application for a camber morphing transition region (a) and the fundamental skin deformations (b). (For interpretation of the colours in the 
figure(s), the reader is referred to the web version of this article.)
morphing concepts [26], the realisation of such a skin on a global 
wing scale is an enormous challenge. By limiting the application 
of the morphing skin to small areas where mass is secondary and 
to turbulent flow where skin roughness is of less importance, it 
is possible to combine large bi-axial deformability and extreme 
anisotropy in a morphing skin with an inherently closed surface. 
The realisation of such a concept extends the application range of 
morphing skins.

This work presents the layered morphing skin (LMS) concept 
applied to a continuous camber morphing transition region which 
smoothly connects a wing’s camber morphing region to its fixed 
wing segment. The transition region subjects the skin to strains in 
shear, span and chord and links its deformed trailing edge to its 
straight edge upstream while being fully subjected to the wing’s 
aerodynamic loads [3]. Numerical studies show that smooth transi-
tion regions reduce vortices [27] and increase the lift-to-drag ratio 
by 7.25% [3] compared to conventional slotted control surfaces. To 
date, pre-strained elastomeric sheets have formed the transition 
regions’ aerodynamic surfaces [3,28].

The LMS is a highly anisotropic structural metamaterial based 
on stiff overlapping platelets interconnected through compliant lig-
aments. The structural elements contribute to high out-of-plane 
stiffness, two-dimensional in-plane compliance and large bi-axial 
deformability of the skin. The overlapping platelets provide a 
closed, albeit not perfectly smooth surface. This work focuses on 
the mechanical aspects of the LMS and a Cessna 172 Skyhawk 
is used to specify geometry and load requirements for the LMS, 
the camber morphing aileron, and the transition region connect-
ing fixed wing and morphing aileron. Subsequently, the skin’s de-
sign and manufacturing is presented. The LMS’ deformations are 
analysed on the manufactured wing portion and the mechanical 
response of the LMS is investigated in detail.
2

2. Morphing concept

2.1. Skin, transition region, and requirements overview

The LMS developed throughout this work is a load-carrying 
skin which can undergo two-dimensional planar strains. The LMS’ 
strain capabilities are demonstrated by covering a wing portion’s 
pressure and suction side with the LMS. The wing portion itself 
consists of a camber morphing control surface, a continuous cam-
ber morphing transition region and a fixed wing segment (Fig. 1a). 
From Fig. 1a it is evident, that the LMS undergoes large strains in 
chord direction where chamber morphing is present and strains 
in span direction due to the extended arc-length of the morphed 
edge. This results in a two-dimensional strain field. Findings of 
Woods et al. [3] indicate that the trailing edge should approximate 
a sinusoidal shape to minimise undesirable flow phenomena. Ad-
ditionally, the LMS undergoes large shape changes by linking the 
morphed trailing edge to the straight leading edge of the wing 
portion.

The LMS, consists of two geometric entities, namely slender, 
bending compliant ligaments and stiff platelets (Fig. 1b). The 
ligaments connect diagonally adjacent corners of neighbouring 
platelets, resulting in a grid-like layer (LMS layer). In-plane skin 
deformations are provided by the LMS layers’ slender ligaments 
(Fig. 1) undergoing bending, while the platelets move relative to 
each other with rigid body motions. As bending is an energetically 
efficient deformation mode for slender structures [29], the LMS ac-
tuation forces quantified in Section 5.2 are low.

Three of LMS layers are stacked and shifted in-plane to cover 
the ligament gaps, eliminating holes in the skin. As every LMS 
layer deforms identically, platelets with the corresponding position 
in every layer can be bonded. This creates a stiff, bonded platelet 
stack (framed in Fig. 1b) which overlaps with adjacent platelet 
stacks. This reciprocal support among the platelet stacks creates 
the high out-of-plane stiffness of the LMS. When the LMS is bent, 
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Fig. 2. Wing core, additively manufactured from PLA.

the bonded platelet stacks can only approximate a curvature which 
causes surface imperfections, which are investigated with respect 
to their aerodynamic impact in the course of this work.

From the Cessna 172 Skyhawk, a small manned aircraft, re-
quirements and flow conditions for the LMS and the transition 
region of a camber morphing aileron are deduced to evaluate its 
performance. As the Skyhawk’s detailed aileron dimensions are not 
publicly available, they are derived from a chord length of 1.13 m 
at the wing’s tip [30]. Assuming a standard aileron design, occupy-
ing 15% to 25% of the tip’s chord length [31], the aileron’s chord 
needs to be between 17 cm and 28 cm. The aileron deflection 
ranges from 20◦ upwards to 15◦ downwards [32]. The extended 
flaps airspeed limit of 43.7 m/s, which corresponds to 66% of the 
maximum cruising speed [32], and a Reynold’s number (Re) range 
from 2.6 · 106 to 3.5 · 106 along the aileron (not deflected) indi-
cate a turbulent flow regime [33]. The flow conditions are used to 
determine the aerodynamic impact of the LMS’ imperfections. For 
assessing the load carrying capabilities of the LMS, the air pressure 
on the morphing aileron and on the structural skin is assumed to 
be equivalent to the wing loading of 632 Pa [34]. This is a conser-
vative assumption, as the pressure distribution is inhomogeneous 
over the wing’s chord and decreases towards the trailing edge.

2.2. Camber morphing transition region design

The wing portion’s core structure (Fig. 2) in this work is respon-
sible for the desired morphing deformations and consists of three 
parts: the camber morphing section, the transition region and the 
fixed wing. The camber morphing section represents a narrow part 
of a morphing aileron. Upwards and downwards deflection is ap-
plied via three steel cable tendons on the top and bottom side of 
the section, respectively. The camber morphing section design is 
based on the FishBAC concept by Woods [35,36], where through-
profile-thickness FishBAC stringers (green in Fig. 2) are connected 
by a bending compliant plate in chord direction. For the fixed wing 
segment, which is not optimised, a honeycomb structure was cho-
sen to reduce material usage.

The manufactured wing’s core chord length of 240 mm ful-
fils the dimensional requirements for a Cessna 172 aileron. The 
morphing chord of the camber morphing section occupies the last 
33.3% of a NACA 0012 airfoil with 720 mm chord which exceeds 
the standard aileron design for small aircraft with a maximum of 
25%. However, standard control surface design has only limited ap-
plicability for morphing ailerons as these do not deflect with a 
3

hinged mechanism. FishBAC designs were presented with onset of 
morphing at 35% and 76.6% of the chord length, both showing im-
proved lift-to-drag ratios compared to a conventional flap [36–38].

The design goal of the transition region segment (Fig. 2) is to 
provide a close to sinusoidal trailing edge deflection, which is an 
ideal aerodynamic shape [3,27], and also out-of-plane support for 
the LMS. The transition region segment is inspired by the designs 
of Woods [3] and Pankonien [28]. It consists of L-shaped ribs (red 
in Fig. 2), whose spanwise branches are connected to the equidis-
tantly spaced FishBAC stringers (green in Fig. 2). When the camber 
morphing section is actuated, the L-ribs undergo a rotation θ ′

y
which corresponds to the deflection angle of the camber morph-
ing section’s bending plate at the chord positions of the FishBAC 
stringers. The chordwise branch of the L-ribs levers and translates 
the rotation into trailing edge displacement. The deflection of the 
transition region’s trailing edge, δ′ , is therefore composed of the 
displacement from rotation of the chordwise L-rib branch, and of 
the deflection from the bending plate, δ′

y , at the chord position of 
the L-rib’s spanwise branch.

To generalise the transition region design, span and chord coor-
dinates, x and y, within the transition region segment are nor-
malised with respect to their maximum (240 mm each), hence 
x′, y′ ∈ [0, 1]. The normalised span position of a chordwise L-rib 
branch, x′

rib , is set by design to

x′
rib =

√
y′

rib, (1)

where y′
rib is the chord position of the spanwise L-rib branch con-

nected to the FishBAC stringer. Using a linear cantilever beam 
model with distributed loads, small-angle approximation, and 
Equation (1), the deflection, δ′ , of the transition region’s trailing 
edge can be expressed by

δ′(x′) = δ′
y + θ ′

y · (L′ − y′)
δ′

max

= x′4(6 − 4x′2 + x′4) + 4x′2(3 − 3x′2 + x′4)(1 − x′2)

3
,

(2)

where L′ = 1 is the normalised chord length of the transition re-
gion. The variable δ′ ∈ [0, 1] is normalised with respect to the 
maximum trailing edge deflection δ′

max to eliminate the stiffness 
in the beam model, which is only relevant for actuation forces, but 
not for the deformed shape of the transition region. Plotting Equa-
tion (2) reveals a close representation of sinusoidal curve, which is 
also experimentally confirmed in Fig. 9 of Section 4.

2.3. Layered morphing skin design

2.3.1. LMS layer design
An individual LMS layer is constructed from compliant liga-

ments connecting diagonally opposite corners of adjacent platelets 
(Fig. 3a). These form meander-shaped platelet-ligament sequences 
in x and y direction. Stretching an LMS layer in x-direction causes 
bending of the ligaments oriented in y-direction and a small rel-
ative displacement of the middle platelet column in negative y-
direction. Stretching in y-direction leads to bending of the liga-
ments in x-direction and to a relative movement of the middle 
platelet row in positive x-direction. Despite the relative displace-
ments of individual platelet rows and columns, the LMS layer 
shows a global poisson’s ratio of ν = 0 in both in-plane directions 
and globally decouples the strains εx and εy . This behaviour also 
applies to the assembled LMS with nz = 3 stacked platelet layers.

The platelets are rectangular, of dimensions lx by l y , with thick-
ness, t , and separated by the gap size, g , in the undeformed state 
of the LMS. The global size of a LMS layer is characterised by nx



M. Kölbl and P. Ermanni Aerospace Science and Technology 120 (2022) 107292

Fig. 3. Schematic design and deformation of an LMS layer (a) formed by a meander pattern of ligaments and platelets in x- and y-direction (white dotted and dashed lines, 
respectively). For the LMS with three layers (b), overlapping platelets of one colour are bonded and form a platelet stack which can move relative to the other stacks. For 
better readability the ligaments connecting the platelet stacks are not shown in (b). Sketches not to scale.
and ny platelets in x- and y-direction, respectively. The param-
eters a and d describe the attachment length and width of the 
ligaments, while the ligaments’ free lengths are calculated as

lbx = lx − 2a,

lby = l y − 2a.
(3)

All geometric layer parameters are also visualised in Fig. 3a.
In general, any bending compliant structure between the 

platelets could provide in-plane compliance. However, straight lig-
aments are easiest to manufacture and minimise the gap size, g , 
in the strain-free state of the LMS.
4

2.3.2. Three-layered LMS
A single LMS layer possesses a low out-of-plane stiffness and 

does not provide a closed surface. It is therefore unsuitable as 
an aerodynamic surface. Only the stacking and shifting of at least 
nz = 3 layers (Fig. 3b) prevents the presence of holes in the skin. 
The relative shifts, wx and w y in x- and y-direction, of every LMS 
layer cause the platelets of different layers to overlap, closing the 
LMS surface. Platelets with corresponding positions in each layer 
are bonded together, creating rigid platelet stacks. Fig. 3b indicates 
those stacks with red, blue and green colour. In general, any num-
ber of more than three LMS layers can be stacked, but this work 
focuses on the simplest and thinnest geometry with nz = 3 layers.
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The variables sx,i j and sy,i j indicate the overlap lengths of ad-
jacent platelet stacks between layers i and j with i �= j in x- and 
y-direction, respectively. As these overlaps shrink when the skin is 
stretched, a superscript ‘0’ refers to the initial, undeformed state of 
the LMS, where the stack overlaps (s0

x,i j , s0
y,i j) are maximal. A su-

perscripted ‘1’ indicates the maximally morphed state of the LMS 
and the minimal stack overlaps (s1

x,i j , s1
y,i j) the LMS is designed 

for. Non superscripted overlap lengths refer to any morphing state. 
Moreover, the overlap lengths ŝx and ŝ y are introduced, which do 
not change when the LMS is stretched in y- and x-direction, re-
spectively. A hat on a variable indicates that it is constant over the 
morphing process of the skin. The aforementioned variables are all 
clarified in Fig. 3b.

The stack overlaps, s0
x,i j , are calculated as

s0
x,13 = 2wx − g,

s0
x,23 = wx − g,

(4)

and the constant stack overlap length ŝx as

ŝx = lx − 2wx. (5)

Equations (4) and (5) derive from the LMS geometry given in 
Fig. 3b. It follows directly from Equation (4) that

s0
x,13 ≥ s0

x,23. (6)

As the overlaps lengths sx,13 and sx,23 shrink by the same amount 
when the LMS is stretched, the inequality holds for any morph-
ing state (sx,13 ≥ sx,23). The critical stack overlap to prevent holes 
in the LMS for any morphing state is consequently sx,23, which is 
used to define the design strain of the LMS, ε̂x . With an engineer-
ing strain definition

ε̂x := s0
x,23 − s1

x,23

lx + g
, (7)

where the difference, s0
x,23 − s1

x,23, represents the total morphing 
displacement between adjacent platelets and lx + g the initial un-
deformed length.

It is evident from Fig. 3b that all stack overlaps must always 
be larger than zero to prevent holes in the LMS. The design choice 
made is that ŝx and s1

x,23 are set to be equally small with

ŝx

s1
x,23

= 1. (8)

In general this ratio is freely selectable, but extreme ratios lead to 
either ŝx or s1

x,23 being close to zero. A ratio of 1 or slightly above 
is recommended for balanced stack overlaps.

Combining Equations (4), (5), (7), and (8), the design strain, ε̂x , 
can be written as

ε̂x = 3wx − g − lx

lx + g
. (9)

The geometry, lx and g , as well as the design strain, ε̂x , can be 
selected to solve for the platelet shift wx . Note that to prevent 
holes in the skin, it is required that

g < wx < lx/2. (10)

Therefore the maximum allowable design strain is

ε̂x,max = lim
wx→lx/2

ε̂x =
1
2 lx − g

lx + g
. (11)

Equation (11) converges for very small gap sizes g to
5

lim
g→0

ε̂x,max = 0.5. (12)

For simplicity, Equations (4) to (12) are only presented in x-
direction, but they equally hold in y-direction. In theory, an LMS 
can therefore change its surface area up to 125% by morphing 50% 
in each in-plane direction which is a large bi-axial deformation for 
a morphing skin. Practically, the design strain ε̂x is limited such 
that the beam deformation is elastic. This is discussed further in 
Section 5.3.

2.3.3. Aerodynamic considerations
From Figs. 1 and 3 it is evident that the LMS does not ex-

hibit a perfectly smooth surface. Gaps appear between the platelets 
when the LMS is stretched and steps occur where the platelets 
protrude from bending the LMS. Research on the aerodynamics of 
a corrugated surface placed in the aft 30% of the chord length 
of a NACA 0012 airfoil indicates that the aerodynamic costs can 
be nearly reduced to a no penalty situation [39]. Additionally, 
extensive research by Jacobs on the aerodynamic impacts of im-
perfections on airfoils shows that protuberances up to 0.5% of the 
total chord length do not significantly decrease the lift-to-drag ra-
tio when placed at 65% chord behind the leading edge [40]. Jacobs’ 
analysis was carried out for Re = 3.1 · 106 which fits the Reynolds 
number range present for the Cessna aileron. In general, the loss of 
aerodynamic efficiency is the less pronounced the further down-
stream the protuberance is located and the more turbulent the 
flow is [40,41]. The surface of the LMS is expected to be aero-
dynamically sufficient, if the LMS is applied in a turbulent flow 
regime and does not exceed a protuberance size of 3.6 mm, which 
is confirmed in Sections 4 and 5.2.3.

Another consequence from the stacked and overlapping platelets 
is the absence of absolute air-tightness. The platelets form a 
stepped labyrinth seal with very limited cavities (gaps between 
platelets, Fig. 3b) where the airflow’s kinetic energy is dissi-
pated by turbulences [42]. Nevertheless, good sealing properties 
are expected, since the z-direction clearances between the stacked 
platelets due to manufacturing imperfections (Section 3.1.1) do not 
exceed 0.1 mm. The small ratio of clearance to stack overlap results 
in a low kinetic flow energy carry-over factor [43,44], indicating a 
low fluid leakage rate.

3. Methodology

3.1. Manufacturing

3.1.1. LMS manufacturing process
The LMS is manufactured in a two-step process. Each layer is 

separately cut with a C O 2 laser cutter (Trotec Speedy 400), stacked 
and consecutively bonded to its neighbouring layers. The process-
ing route requires a material appropriate for laser-cutting that also 
exhibits a high toughness and yield limit, since the local strains 
and stresses in the ligaments can be considerable.

Polyoxymethylene co-polymer (POM-C), is a highly crystalline, 
machinable, rigid, tough, strong and dimensionally stable poly-
mer [45,46] that exhibits excellent laser processability and fulfils 
the mechanical material requirements. An elastic modulus around 
3 GPa with material density of ρ = 1.4 g/cm3 [46] results in a 
low specific stiffness and is the major drawback of POM-C for 
weight critical aerospace applications. As the mechanical proper-
ties of POM-C, in particular the elastic modulus, E , can vary with 
the degree of crystallinity [47], material testing (Section 5.1) is nec-
essary for extracting the exact tensile response which is used as 
input for the numerical analysis of the presented structures (Sec-
tion 3.4). In order to create a thin platelet layer and LMS, the 
thinnest commonly available POM-C sheet material with a thick-
ness of t = 1 mm is chosen.
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Table 1
Geometric specification of manufactured LMS.

Parameters Value Unit Description

lx , l y 20 [mm] platelet size
lbx , lby 16.5 [mm] free ligament length
d 0.7 [mm] ligament width
a 1.75 [mm] attachment length
g 0.9 [mm] gap size in undeformed state
t 1.0 [mm] layer thickness
nz 3 [-] number of layers
ε̂x , ε̂y 0.3 [-] design strain
wx , w y 9.06 [mm] shift per layer

Fig. 4. Laser cut and assembly pattern of a nx = 2 by ny = 2 by nz = 3 LMS with 
the geometry from Table 1. The individual laser cut layers (red lines represent cuts) 
are welded together along the cut out edges (dashed orange line), starting with the 
outermost LMS layers (layer 2 and 3). Figure is 1:1 scale.

Manufacturing trials for the LMS have shown that the Trotec 
Speedy 400 laser cutter reliably achieves a cut width of 0.1 mm 
and feature sizes down to 0.7 mm with the POM-C sheet material 
used. The ligaments are cut to the lowest manufacturable width 
(d = 0.7 mm, g = 0.9 mm) and the chosen platelet dimensions of 
lx = l y = 20 mm allow a manual LMS assembly. The global design 
strain is set to ε̂x = 30%. The complete geometric specification is 
given in Table 1.

The low surface energy makes POM-C difficult to adhesively 
bond [48], therefore a layer-by-layer, thermoplastic welding con-
cept, displayed in Fig. 4 is employed to assemble the LMS. All 
internal LMS layers (layer 1 and 2 in Fig. 4) possess square cut outs 
which fully overlap with the platelets of the next layer. The out-
ermost layer (layer 3) is free of cut-outs. The assembly and weld-
ing along the cut outs’ edges (Fig. 4) is carried out from outside 
(layer 3) to inside (layer 1). It is important to note that exces-
sive molten POM-C from the weldseams can flow in between the 
platelets of one stack, separating them up to approximately 0.1 mm 
in z-direction. This vertical offset must be accounted for in the FE 
model (Section 3.4) for analysing the global mechanical response 
of the LMS system.

3.1.2. Wing section manufacturing
The manufactured wing portion consists of core structure (Sec-

tion 2.2) and the LMS (Section 2.3) as a cover. The core is ad-
ditively manufactured from Polylactic Acid (PLA) in three parts 
(camber morphing section, transition region and fixed wing) which 
are adhesively bonded after printing.

The skin cover, a 11 by 20 platelet LMS with geometry as 
specified in Table 1, is manufactured from POM-C. The LMS is 
pre-strained by 10% in chord direction to accommodate compres-
6

Fig. 5. Tensile coupon geometry according to ISO 527 [49].

sive strains resulting from camber morphing. The skin is manually 
bonded to the fixed wing section with double-sided adhesive tape 
(3M VHB Tape LSE for low surface energy surfaces). Successively 
following the span of the wing portion’s core (x-direction, Fig. 2), 
the LMS is attached to the L-ribs of the transition region and 
then to the FishBAC stringers. During fitting of the LMS in span 
direction, little pre-strain (≈ 3%) is applied to compensate manu-
facturing and positioning imperfections.

3.2. Wing section deformation measurements

The camber morphing section of the manufactured wing por-
tion with LMS is deflected upwards and downwards by loading 
the respective steel cable tendons with a total force of 70 N. The 
deformation of the whole wing portion is tracked on the LMS’ sur-
face with a digital image correlation system (DIC) by equipping 
the platelets of the outermost LMS layer with speckle pattern tar-
gets. The platelets undergo rigid body motions as the deformation 
is localised to the slender ligaments. Hence, the DIC allows mea-
surements of global deformations, but not of the localised ligament 
deflections.

While the displacements of the platelets can be directly ex-
tracted during image post-processing, the strains present in the 
LMS, εx and εy , are derived from the relative displacements of 
the individual platelet stacks. The strains, εx and εy , are evaluated 
analogous to Equation (7) by dividing the relative movement be-
tween two neighbouring platelets by the undeformed length lx + g .

3.3. Mechanical testing of the layered morphing skin

3.3.1. POM-C tensile test
For the material characterisation of POM-C, five dog-bone 

shaped tensile test coupons are laser-cut from the POM-C sheet 
material. Their dimensions, according to DIN ISO 527 [49], are 
given in Fig. 5. The deformation rate of the Zwick-Roell tensile test-
ing machine (5 kN loadcell, 0.05 N accuracy) is set to 0.8 mm/s and 
the specimens are tested until failure. A digital-image-correlation 
(DIC) system tracked the strains and displacements of a 50 mm 
gauge length within the parallel mid-section of the dog-bone spec-
imens.

3.3.2. Unidirectional LMS tensile test
When evaluating the mechanical response of a morphing skin 

system, the anisotropy of in-plane compliance and out-of-plane 
stiffness, as well as the shear stiffness are the main mechanical 
properties. A unidirectional tensile test on the LMS is carried out 
to evaluate the in-plane actuation forces. A LMS specimen with 5 
by 5 platelet stacks is manufactured with the dimensions from Ta-
ble 1 and clamped at opposite ends. The clamps of the strain free 
specimen are attached to the Zwick-Roell tensile testing machine 
(crosshead speed 0.5 mm/s). The DIC system tracks the deforma-
tion of the specimen via speckle patterns applied to the platelets 
with a sample rate of four frames per second, while the load 
cell measures the reaction force of the specimen. The specimen 
is loaded until failure.

3.3.3. LMS shear test
The LMS’ shear response is dependent on its in-plane pre-

strain (Section 5.2.2) and is therefore evaluated for three unidi-
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Fig. 6. Shear test set-up.

Table 2
Pre-strain, εx , of tested shear panels.

εx [%]
desired

εx [%]
panel 1

εx [%]
panel 2

εx [%]
average

10.0 10.3 10.5 10.4
20.0 20.0 20.6 20.3

rectional pre-strains, εx ∈ [0%, 10%, 20%]. A three-rail shear testing 
rig (Fig. 6) allows for manual, uni-directional pre-straining of the 
specimens, provides accurate shear forces [50,51] and keeps the 
load cell free of shear loading. The reported shear forces are the 
average of the shear force of the two panels.

Two mirror-symmetric, 5 by 5 platelet LMS panels are manufac-
tured for each pre-strain, equipped with printed speckle patterns 
along the outermost platelet columns, and clamped to the central 
and outer rails 1 and 2 of the shear testing rig (Fig. 6). The pre-
strain, εx , is applied by sliding and fastening the rails 1 and 2 along 
the guide bar until the desired εx is reached.

The DIC system tracks the vertical shear deformation, u y , and 
the horizontal displacement, ux , of the speckled platelets which 
allows to extract the exact pre-strains, εx , tabulated in Table 2. 
The cross-head speed of the tensile testing machine was set to 0.5 
mm/s and the capture rate of the DIC was four frames per second.

3.3.4. LMS out-of-plane pressure test
The resistance against out-of-plane forces is needed to quantify 

the LMS’ anisotropy and aerodynamic load carrying potential. Out-
of-plane load is applied to a biaxially pre-stretched LMS through a 
hydrostatic pressure test. For reducing boundary condition effects, 
one large 8 by 8 platelet LMS is manufactured. The platelet stacks 
at the edges of the LMS panel are extended for fixation to the 
testing rig. The LMS is tested with three different pre-strains to 
determine the strain dependency of the out-of-plane response.

The outermost extended platelet stacks are clamped with the 
L-profile clamps 1 and 3 in Fig. 7 and the LMS’ pre-strain, εx , is 
applied by sliding and fixing the L-profile clamps 1 and 3 in the 
slots of the guide plate. To apply the pre-strain εy , the L-profile 
clamps 2 and 4 are added to the free edges of the LMS and the 
clamp pair 1 and 3 can be removed, as the closed clamps 2 and 4 
prevent contraction of the LMS in x-direction. Moving the clamps 
2 and 4 along their slots in the guide plate and fixing them ap-
plies the pre-strain εy . Finally, the clamps 1 and 3 are reattached 
to the LMS and guide plate. The pre-straining process results in 
a uniform, two-dimensional strain state of the LMS (Table 3). The 
7

Fig. 7. Pressure test set-up made from transparent acrylic glass panels and alu-
minium clamps.

Table 3
Pre-strains, εx and εy , of tested LMS panel under 
pressure.

εx , εy [%]
desired

εx [%]
actual

εy [%]
actual

εx , εy [%]
average

10.0 11.0 10.4 10.7
20.0 19.5 19.4 19.5

pre-strained state of the skin, as well as its out-of-plane deforma-
tion during the pressure tests, is evaluated with the DIC system.

For the hydrostatic head which represents the aerodynamic 
forces, water is filled up to 20 cm high into a pressure box 
equipped with a loose plastic liner. The out-of-plane deformation 
of the morphing skin is captured at every 5 cm of increasing water 
level (corresponding to pressure levels of 490.5 Pa). The clamped 
boundary condition at the edges of the LMS panel is realised by 
positioning the LMS specimen between two frames (orange in 
Fig. 7), which keep the outermost platelet stacks in place.

3.4. FE model of the layered morphing skin

To capture the global mechanical behaviour and the deforma-
tion modes of the LMS in more detail, an FE model is created with 
ABAQUS standard v6.14. The three layered LMS is created by at-
taching individual LMS layers using tie constraints. The platelets 
of the LMS layer are represented with twenty-node, quadratic 
C3D20R solid elements with reduced integration and the liga-
ments are modelled with three-node, quadratic B32 beam ele-
ments. The attachment length of the compliant beam, a, is used 
as the platelets’ mesh size, the ligament beam’s mesh size corre-
sponds to min

[
(lx − 2a)/20, (l y − 2a)/20

]
. This results in a coarser 

mesh with one solid element through thickness for the platelets 
and a finer mesh of 20 beam elements for the ligaments. A mesh 
study revealed that for the given structure and load cases, conver-
gence is achieved with the specified quadratic meshes.

The ligaments’ ends are coupled to their platelets via multi-
point-constraints (ABAQUS’ MPC constraint). Additionally, hard and 
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Fig. 8. Boundary conditions (BCs) and loads for (a) shear and (b) pressure sim-
ulations. Solid arrows and solid double arrows indicate the blocked translational 
and rotational degrees-of-freedom, respectively. They act on the platelet stacks’ side 
faces. Dashed arrows indicate applied displacements and hatched areas pressure. 
Orange and yellow colours imply application of the BCs in the pre-straining step 1 
and retaining them in the load step 2, whereas blue colour indicates application of 
the loads in load step 2. (a) is displayed with a pre-strain εx = 0.203 and (b) with 
εx = εy = 0.195.

tangentially frictionless contact is defined among the LMS layer’s 
platelets for capturing potential in-plane contact.

As one LMS layer is copied to generate the LMS, all platelets in 
the simulation possess the cut-outs which are used in the manu-
facturing process to weld the LMS layers together (cf. Section 3.1.1). 
The simulation also supports stacking sequences other than pre-
sented in this work and for this reason the platelets exhibit two 
welding cut-outs which causes small holes in the LMS (Fig. 8). 
However, this is irrelevant, since only mechanical, but not aero-
dynamic behaviour is assessed with the FE simulation.

The generated LMS layers are stacked and shifted according 
to the design criteria presented in Section 2.3.2. A clearance of 
0.1 mm between the LMS layers is introduced to account for 
manufacturing imperfections stemming from the welding process. 
Tie constraints between the platelets’ cut-out edges represent the 
weldseams (cf. Fig. 4). Hard and tangentially frictionless contact 
is introduced between all neighbouring LMS layers to prevent the 
platelet stacks from penetrating each other in out-of-plane direc-
tion.
8

Fig. 9. Trailing edge deflection comparison between linear beam model and mid-
platelet measurement. Axes normalised to maximum deflection and span of the 
transition region. Orange lines indicate the position of the L-ribs’ chord oriented 
branch.

The simulation of shear and pressure response is analogous to 
their experimental evaluation (Section 3.3) and consists of two 
steps. In a first quasi-static load step with non-linear geometry, 
the clamped boundary conditions and pre-strains, both explained 
in more detail with Fig. 8, are applied. Consecutively, the skin is 
subjected to shear displacement (blue dashed arrow in Fig. 8a), or 
pressure (blue hatched areas with blue arrows in Fig. 8b) during a 
consecutive load step (quasi-static, non-linear geometry). In order 
to validate the simulations, reaction forces, F y , and out-of-plane 
deflection, uz , are analysed for shear and pressure simulation, re-
spectively. For simulating the tensile test, the first load step of the 
shear simulation with a pre-strain up to εy = 0.8 is used.

4. Deformation of transition region employing the LMS

This section analyses the wing portion with the LMS cover to 
characterise the transition region deformation in response to cam-
ber morphing. The analytical model for trailing edge deflection, 
presented in Section 2.2 and displayed with a blue dashed-dotted 
line in Fig. 9, approximately represents a sinusoidal shape (black 
dotted lines) and matches the experimentally measured trailing 
edge deflection (blue solid line). The model does not consider the 
rigid nature of the platelet stacks which can only approximate 
curvature as straight segments. Therefore, the measured curve ex-
hibits less curvature than the analytic model predicts, particularly 
between 70% and 90% of the transition region’s span.

The small steps which are visible in the experimental trail-
ing edge displacement curves result from the stiff platelet stacks 
not being able to fully undergo the desired curvature, which is 
then compensated by out-of-plane bending of the ligaments and 
protrusion of the topmost platelet of each platelet stack. Due to 
the stacking of the platelets in positive x- and y-direction this 
phenomenon is particularly noticeable for the downward deflec-
tion curve. The maximum imperfection step size of protruding 
platelets is 2 mm, which is below the 3.6 mm determined as 
aerodynamically critical protuberance (Section 2.3.3). Additionally, 
the steps between the platelet stacks are oriented parallel to the 
airflow direction (in chord direction), which causes less drag com-
pared to a protuberance facing the airflow. With the protrusion of 
platelets being maximal at the trailing edge, the surface smooth-
ness achieved with the LMS is considered to be sufficient for 
turbulent flow conditions at this stage. However, future detailed 
aerodynamic investigations are required to characterise the precise 
effect.

The transition region’s trailing edge deflection is evaluated 
along the mid-line of the platelets. Its maximal deflections of 
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Fig. 10. Morphing deformation of wing portion, actuated with 70 N (a) with result-
ing trailing edge strains, εx , (b) and camber morphing strains, εy , (c).

44.4 mm upwards and -46.4 mm downwards (Fig. 9) are there-
fore smaller than the 46.6 mm and -48.7 mm measured globally 
at the actual trailing edge of the camber morphing section (pink 
areas in Fig. 10a). The maximum deflections correspond to 19.9% 
and 20.3% of the chord length of the wing portion. In aerodynamic 
studies of the FishBAC [36], Woods et al. have shown that a tra-
9

ditional hinged flap with deflections of up to 30◦ produces a lift 
characteristic similar to a FishBAC camber morphing flap deflected 
by 12% of the chord length (corresponding to 28.8 mm for the 
camber morphing section in this work). Therefore it can be con-
cluded that the deflections achieved with the manufactured wing 
portion are sufficient for the Cessna 172.

For the strains in span direction, εx , which are evaluated where 
marked with a white square in Fig. 10a, it is evident that in 
the concave curvature of the trailing edge tensile stresses appear, 
whereas for the convex curvature compressive strains appear (lines 
drop below 3% pre-strain, Fig. 10b). This is counterintuitive from 
experience, as tensile stresses would be expected for a convex 
shape. However, the combination of rib support, stacking sequence, 
and shear deformation that the LMS undergoes in the transition 
region cause the maximum strain εx = 9.8% where the LMS is con-
cavely shaped. The shear deformation pattern is explained in more 
detail with the shear response of the LMS in Section 5.2. Note that 
in order to show the effect of the rib support, the measurement 
points in Fig. 10b are shifted by −2wx = −18.12 mm which cor-
responds to the ligament positions of the bottom LMS layer that is 
connected to the L-rib.

Shear deformation of the LMS within the transition region is 
also the reason for an actuation force which is relatively high given 
the planar compliance of the LMS. The shear response of the LMS 
(Section 5.2) reveals that the LMS’ shear stiffness is high but de-
creases drastically with application of pre-strain. Therefore, lower 
actuation forces can be achieved by larger bi-axial pre-strains.

It is evident, that the chordwise strains, εy , in Fig. 10c oscillate. 
The triangular markers in Fig. 10a indicate the measurement loca-
tions. Lower deviation from the pre-strain of 10% occurs when an 
unsupported platelet stack follows a platelet stack which is sup-
ported by a FishBAC stringer. Higher deviations show, where they 
are measured between an unsupported platelet followed by a sup-
ported one. The maximum strain εy = 16.1% (4th measurement 
point of yellow line in Fig. 10c) is present for the downwards cam-
ber morphing, where the change in strains adds to the pre-strain. 
This is also the strain which the ligaments must be able to pro-
vide, which is investigated in Section 5.3. The minimum strain is 
εy = 4.7% (6th measurement point of the blue line).

Overall, the wing structure and its analysis indicate that the 
developed morphing skin concept exhibits deformations suitable 
for a Cessna 172 transition region. The LMS is able to undergo 
two-dimensional strains and shows excellent out-of-plane stiffness, 
which is quantified in Section 5.2.3. The wing’s surface is fully 
closed and exhibits localised imperfections which are not expected 
to severely disturb the aerodynamic properties when used in a tur-
bulent flow regime.

The wing has not been weight optimised and has a total mass 
of 1.37 kg, where 0.40 kg are contributed by each LMS cover. When 
the LMS is applied locally and only where bi-axial strains are re-
quired, as present in the transition region, the weight contribution 
of the LMS is very small with respect to the aircraft’s mass.

5. Mechanical performance of the layered morphing skin

5.1. POM-C characterisation

The results acquired from the material tensile tests, which are 
used in the FE simulation are displayed in Fig. 11. They agree well 
with values reported in literature [46,52], with an initial Young’s 
modulus of 3.05 GPa being identified between 0.05% and 0.25% en-
gineering strain and pure plasticity above stress levels of 65 MPa. 
Application of the standard yield criterion with 0.2% residual strain 
to the measured data results in a proof stress of 37.5 MPa, whereas 
POM-C datasheets [53,54] state the proof stress to be exactly co-
inciding with the ultimate tensile strength (UTS). For this work, 
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Fig. 11. Tensile test results and their multi-linearisation.

Table 4
Multi-linearisation of the material’s tensile 
response in Fig. 11.

Engineering strain 
intervals [%]

Young’s / secant 
modulus [MPa]

[0, 1] 2800
]1, 1.5] 2200
]1.5, 2] 1400
]2, 2.5] 1200
]2.5, 3.5] 800
]3.5, 4.5] 250
]4.5, 7] 100
]7, 15] 1.25

the manufacturer’s data is used and the yield stress set to 65 MPa 
which corresponds to the UTS of the tested tensile coupons.

When the multi-linearisation (Table 4) used for the FE-model 
(Section 3.4) is compared to the tensile response of POM-C, it is 
evident that a Young’s modulus of 2800 MPa is chosen over a 
one percent strain interval. This results in a more accurate tensile 
response of the FE model for the LMS when compared to experi-
mental data (Section 5.2.1).

5.2. Mechanical response of the layered morphing skin

A detailed mechanical analysis in this section determines the 
anisotropy, load carrying capabilities and shear deformation pat-
tern of the LMS. The LMS air sealing properties are briefly in-
vestigated with the LMS’ deformed shape from the finite element 
analysis.

5.2.1. Tensile response
Fig. 12a depicts the tensile response of the nx = 5 by ny = 5

LMS with three layers. Below strains of εx ≤ 10%, the LMS simu-
lation and experiment coincide and exhibit a linear behaviour. An 
equivalent in-plane Young’s modulus, Eeq , is introduced for com-
parison purposes as

Eeq = F y

Acxεy

= F y

nzt [(nx − 1) (lx + g) + lx]εy
= 198.0 kPa,

(13)

where Acx stands for the cross-sectional area of the LMS with 
the surface normal pointing x-direction. A reference linear elastic, 
isotropic and monolithic material of equivalent in-plane Young’s 
modulus Eeq is also depicted in Fig. 12a (purple dashed line).
10
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Fig. 12. Experimental tensile, (a), shear, (b), and pressure, (c), response (solid lines) 
of the LMS compared to the corresponding simulations (dashed-dotted lines) and 
an equivalently in-plane stiff, monolithic and isotropic material (dashed lines).
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Fig. 13. Shear deformation comparison of experiment and simulation for an uni-
axial pre-strain of εx = 0.104.

At higher strains, 10% < εy ≤ 40%, the deformation and stresses 
in the ligaments increase, meaning geometric non-linearities and 
the decrease in material stiffness (cf. Fig. 11) lead to a degressive 
tensile response. At large strains, εy > 40%, the compliant beams 
connecting the platelets have undergone significant rotations. In 
this state the ligaments are loaded predominantly with normal 
tensile forces, which leads to a stiffening response.

The tensile response is relevant up to the design strain, ε̂. In 
this range, the LMS’ in-plane stiffness corresponds to a very soft 
elastomer [55] which shows potential for large deformations with 
low actuation energy.

5.2.2. Shear response
The LMS’ shear stiffness contributes to the actuation forces of 

the camber morphing transition region due to the shear deforma-
tions present (Section 4). When subjected to shear displacement, 
u y , the vertically oriented ligaments of the LMS in Fig. 13 are al-
ternately loaded in tension (between platelet columns 2 and 3, and 
columns 4 and 5) or compression (between platelet columns 1 and 
2, and columns 3 and 4). Ligaments under tension straighten and 
reduce the distance between neighbouring platelet columns, lead-
ing to their clustering (region A, Fig. 13). The distances of platelet 
columns that are connected by ligaments under compression in-
crease with shear displacement.

The application of shear deformation, u y , also causes the ro-
tation of columns 2, 3 and 4 around the z-axis, which eventually 
leads to contact of platelet stacks in areas B and C and increases 
shear stiffness. For an LMS without pre-strain, εx = 0, this con-
tact happens immediately and results in high shear stiffness (blue 
lines in Fig. 12b), whereas contacts are initiated at a force levels 
11
F y = 18 N and F y = 25 N for a pre-strain of εx = 10.4% which 
causes kinks in the shear response (orange lines in Fig. 12b). 
For large pre-strains, εx , no contact is initiated (yellow lines in 
Fig. 12b). In general, it holds that the shear response of the LMS 
follows a roughly linear trend and the shear stiffness reduces more 
than one order of magnitude when the pre-strain is increased to 
εy = 20.3%. The simulations represent the trend of the shear re-
sponse of the LMS, but behave slightly stiffer particularly for small 
pre-strains where manufacturing imperfections have a larger effect.

For the camber morphing transition region and applications 
where shear compliance is beneficial, it is recommended to apply 
significant pre-strain in span direction to reduce shear stiffness. 
However, with a pre-strain of εx = 20.3% the shear stiffness of the 
LMS remains one order of magnitude larger compared to the refer-
ence isotropic material (dashed purple line in Fig. 12b). The shear 
stiffness, Geq , of the reference isotropic material is derived with an 
assumed Poisson’s ratio of νeq = 0.3 and first order, linear shear 
theory as

Geq = Eeq

2(1 + νeq)
= 76.2 kPa. (14)

Due to the generally high shear stiffness, the LMS can contribute 
to the global shear stiffness of an adaptive structure, in particular 
the torsional rigidity of a morphing wing.

5.2.3. Pressure response
Similar to the shear load case, the out-of-plane stiffness 

anisotropy of the LMS is compared the reference isotropic mate-
rial. Depending on the pre-strains, εx and εy , the LMS out-of-plane 
stiffness (see Fig. 12c) is at least two orders of magnitude higher 
than the equivalent isotropic material and shows the LMS’ ex-
tremely anisotropic behaviour.

The maximum deflection at mid-point, uz,eq , of a square 
isotropic plate uniformly loaded with pressure p and built-in edges 
is calculated with plate theory [56] as

uz,eq = 0.00126
pb4

D
, (15)

where b represents here the side length of the square and D the 
bending stiffness

D = Eeqh3

12(1 − νeq
2)

, (16)

with h = nzt = 3 mm being the plate’s thickness. In order to make 
the comparison conservative, b is chosen not the same size as the 
8 by 8 platelet stacks LMS panel, but smaller and the same size as 
the 6 by 6 platelet stacks of the LMS that are not directly affected 
by the applied boundary conditions in the pressure test (cf. Fig. 8b 
and 14).

The maximum mid-platelet deflection of the LMS (Fig. 12c) un-
der pressure increases with its pre-strain. This primarily results 
from the fact that the surface area and therefore the total load 
on the LMS increases quadratically with bi-axial pre-strain. Hence, 
zero pre-strain εavg = 0 results in the stiffest behaviour (blue lines 
in Fig. 12c), and the highest pre-strain, εavg = 0.195 leads to the 
largest mid-platelet deflection.

There are two important aspects to note at this point. As ev-
ident from area A in Fig. 14, the maximum mid-platelet out-of-
plane deflection is not located in the centre, but at the outermost 
corner of each tilted platelet stack. However, the platelets’ corners 
cannot be tracked with the DIC and the difference in displace-
ment, uz , is small. Hence the maximum mid-platelet deflection 
is analysed in Fig. 12c. Secondly, the boundary conditions in the 
experiment cannot be applied as rigidly as in the simulations, re-
sulting in a more tilted state of the outer platelets (e.g. areas B in 
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Fig. 14. Out-of-plane displacement, uz , comparison of experiment (εx = 0.110, εy =
0.104) and simulation (εx = εy = 0.107) for an applied pressure of 1.98 kPa.

Fig. 14). This tilt angle leads, with increasing pre-strain and span, 
to larger deflections in the centre of LMS.

The validated FE model is used to examine the aerodynamic 
and labyrinth sealing properties of the out-of-plane deformed LMS. 
The largest unsupported LMS area in the transition region is be-
tween the fixed wing and the chordwise branch of the first L-rib 
(cf. Fig. 2) with 3 by 11 unsupported platelets stacks. A 5 by 11 
platelet stack LMS with clamped boundary conditions on three 
sides (Fig. 15) is used to represent the unsupported LMS area of 
the wing section. With pre-strains according to the manufacturing 
process of εx = 3% and εy = 10%, and the Cessna 172’s wing load 
of 632 Pa, the maximum deflection is uz = 1.19 mm at the trailing 
edge which corresponds to the A-A side view in Fig. 15. Keeping 
in mind that the aerodynamic protuberances should stay below 3.6 
mm (Section 2.3.3), the LMS fulfils this criterion. Therefore, it is de-
ducted that the LMS made from POM is a sufficiently out-of-plane 
stiff aerodynamic cover of the camber morphing transition region 
and applicable to a Cessna 172 Skyhawk.

From the side view in Fig. 15 it is also evident, that the out-
of-plane deformation of the LMS does not influence all clearances 
between the platelet stack overlaps. This means the labyrinth seal-
ing properties of the LMS are similar to its undeformed state with 
low kinetic flow energy carry over factor (Section 2.3.3) and leak-
age rate expected. It can be assumed at this point, that the LMS 
sealing properties are suitable for a camber morphing transition 
region, but a detailed leakage analysis is necessary in future work.
12
Fig. 15. Out-of-plane deformation at 632 Pa of the LMS representing the largest 
unsupported area of the manufactured wing section. The displacement uz is scaled 
with a factor of 3 in the A-A side view.

5.3. Ligament plastification

During the experiments with the manufactured wing section, 
small permanent deformations of the LMS ligaments were ob-
served, particularly where the chordwise strain is highest with 
εy = 16.1%. Although not influencing the functionality of the 
demonstrator, plastic deformations can be undesired for aerospace 
applications, since the skin must undergo many load cycles. There-
fore a plane-stress FE model with a fine mesh of quadratic CPS8R 
elements (minimum element size 0.01 mm) is employed to assess 
the notch effect of the laser cuts and the stresses within the liga-
ments.

Fig. 16a shows the von Mises equivalent stresses of the stan-
dard ligament with the geometric specifications from Table 1 un-
der a unidirectional strain of εy = 0.161. When using a plastifica-
tion stress level of σplast = 65.0 MPa as specified in Section 5.1, the 
ligament exhibits very localised plastic deformation at the point of 
stress concentration caused by the laser cut notch. Additionally, 
stresses close to 65.0 MPa, which are independent of the notch 
effect, occur at the root of the ligament and can cause plastic de-
formations too.

In order to find a ligament design without plastic deformation, 
the ligament’s width is reduced to d = 0.25 mm. This results in a 
reduced out-of-plane stiffness of the LMS, but increases anisotropy, 
since the LMS’ in-plane compliance is more dependent on the 
ligaments’ width than the LMS’ out-of-plane stiffness. Addition-
ally, a free-form fillet optimised for bending loads with a stress 
concentration factor of 1.008 under pure bending loads, designed 
by Waldmann et al. [57], is introduced at the ligament’s ends 
(Fig. 16b). When subjected to εy = 0.161, the slenderness of the 
ligament limits the von Mises stresses to 30.5 MPa at the root and 
the optimised fillet effectively prevents stress concentrations.

With a strain of εy = 0.4, which includes most of the the-
oretical design space (cf. Section 2.3.2), the extremely localised, 
maximum stress is 62.5 MPa and remains below the yield stress, 
σplast = 65.0 MPa. Beyond that, the stresses at the beam’s root 
are significantly lower than observed in Fig. 16a and uncritical in 
terms of plastification.

The ligament design depends on the application’s in-plane 
strains. It generally holds that the higher the expected strains, the 
more slender the ligament should be. Additionally, the integration 
of a stress optimised fillet is recommended for high strain appli-
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Fig. 16. Ligament stresses for the (a) standard LMS configuration (Table 1), and a 
more slender ligament with stress optimised fillet (b).

cations. It can be realised without additional manufacturing effort 
in a laser cutting process, given a laser machining system accurate 
enough.

6. Conclusion and outlook

This article presents the design, manufacturing and application 
of a three-layered morphing skin with a closed surface. The LMS 
can extend the application range of morphing skins beyond uni-
axial strain scenarios, such as camber and span morphing, due to 
its bi-axial deformability and high anisotropy. The LMS is applied 
to a camber morphing transition region dimensioned for the size 
and loads of a Cessna 172 aileron. Within the transition region, the 
LMS undergoes bi-axial strains of 16% in chord and up to 10% in 
span direction and enables a trailing edge deflection of 48.7 mm 
over 240 mm chord length. Simulations of the LMS’ out-of-plane 
deformation show that wing loads of 632 Pa cause less than 1.19 
mm of displacement and confirm the LMS’ applicability to small 
aircraft.

Detailed analysis quantifies the mechanical performance and 
anisotropy of the LMS. In practice the LMS can be designed for 
strains up to 40% if stress optimised, slender ligament geome-
tries are chosen. A global poisson’s ratio of 0 is provided over the 
whole deformation range, decoupling the morphing directions and 
allowing for independent bi-axial deformation of the LMS. Experi-
ments and a validated finite element model show that the out-of-
plane stiffness of the LMS is two orders of magnitude higher than 
an isotropic material with equivalent in-plane stiffness. The LMS’ 
shear stiffness, tailorable via the skin’s pre-strain, is at least one 
order of magnitude higher than the reference material.

Despite promising mechanical properties and the applicability 
to complex strain fields, the LMS cannot elude the highly con-
tradicting requirements set for morphing skins and compromises 
on surface quality and weight. When deformed, the LMS’ surface 
13
is not perfectly smooth, but the platelets cause small gaps and 
protrude. The surface imperfections are small, but could cause sig-
nificant aerodynamic drag in laminar flow conditions. Therefore, 
the application of the LMS is suggested for turbulent flow regimes 
in the last 35% of the wing’s chord where the drag penalty is 
less dependent on the skin’s surface quality. A transition region 
for camber morphing control surfaces provides such flow condi-
tions and due to its small surface area the skin’s contribution to 
the total mass of a small aircraft is negligible, making the LMS a 
functional morphing skin for camber morphing transition regions. 
However, the aerodynamic effect of the LMS’ imperfect surface and 
the overall aerodynamic gain of the wing system needs to be con-
firmed in a detailed aerodynamic study.

As the LMS design itself is material independent, changing from 
POM-C with its low specific stiffness to fibre reinforced polymers 
can be an option to further reduce skin thickness and therefore 
weight, while keeping the out-of-plane stiffness constant. As the 
LMS allows large two-dimensional strains, it is also worth to con-
sider a multifunctional control surface instead of designated flaps 
and ailerons for further weight savings.

Overall, the LMS extends the application range of structural 
morphing skins and can replace elastomeric covers, potentially 
improving system performance. However, this is limited to local 
application and turbulent flow and should be verified in further 
aerodynamic studies.
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