


maximum lift [7], decrease drag[8], and augment control of
the vehicle[9]. However, scalable manufacturing and inte-
gration with traditional� ight systems remain an open chal-
lenge [10]. This work seeks to address these issues with a
programmable material system that can be mass produced and
implemented as a high performance, conformable aeroelastic
system.

Adaptive or shape-morphing aerostructures face a natural
con� ict between being lightweight and compliant enough to
act as a mechanism, while also being able to bear operational
loads[11]. Some proposed adaptive aerostructures leverage
planar con� gurations that have much higher stiffness across
an orthogonal out-of-plane axis that is oriented to maintain
stiffness in one or more dimensions while allowing ortho-
gonal dimensions to retain low stiffness for passive elastic
behavior or ease of actuation. Example technologies include
specialized honeycombs[8], corrugated designs[12], and
custom compliant mechanism designs such as those devel-
oped by Kotaet al [13]. Planar designs generally choose a
single loading plane to achieve airfoil camber morphing,
span-wise bending, or span extension.

A truly generalized shape morphing structural strategy
might provide for independent parameter control over the
entire stiffness matrix. In this direction, higher dimensional
tuning of structures and materials, including twist dimensions,
have been achieved with elastomeric materials with high
strain, energy absorption, and controllable compliance cap-
abilities[14–16]. These materials accommodate considerable
variation in designs and geometric complexity but display
lower speci� c modulus(higher mass density per stiffness)
compared to the materials commonly used in large-scale,
high-performance aerostructures, such as aluminum or carbon
� ber reinforced polymers(CFRP). This presents a signi� cant
performance barrier with typical mass critical applications.
Recent literature has shown how a Young’s modulus typically
associated with elastomers(104�� �109 Pa) can be attained at a
fraction of the density through architected cellular materials
[17, 18]. In addition to novel bulk properties, the ability to
decouple and tune mechanical properties within a single
material system is a longstanding goal within the mechanical
metamaterial community[19]. The approach is to spatially
vary microscopic properties, such as cell geometry, density,
or material, to achieve programmable macroscopic properties,
such as Young’s Modulus, Poisson ratio, or shear/ bulk
modulus, across a single material system. Architected cellular
materials have indeed demonstrated such properties[20], yet
scalability remains an open challenge due to inherent limita-
tions of the manufacturing processes.

Many manufacturing scalability limitations of architected
materials may be addressed through discrete assembly. High-
performance architected materials can be made through the
assembly of building block units[17], resulting in a high-per-
formance cellular material that can be mass manufactured at
scale and programmed by assembly[21]. The building block
approach was successfully applied to a small-scale adaptive
aerostructure[22], with components that were highly speci� c to
single aircraft design, and part length scales equal to� nal system
length scales. This limits the ease of manufacturing and

extensibility to different designs; a shortcoming shared with the
aforementioned adaptive structure designs. Moreover, early
examples did not leverage the natural application of program-
mable matter concepts[23–25] to building block based cellular
solids. Programmable materialsprovide the structure with a set
of instruction on how to react to external loading autonomously
through the selective placement of asymmetries, aperiodic
structures, or heterogeneous components. This allows the
metamaterial to have its mechanical behavior programmed
during its construction. This workpresents a strategy that seeks
to incorporate manufacturingat scale and extensibility across
designs and applications.

We combine concepts from assembled architected mate-
rials and programmable matter to demonstrate programmable
deformation of an air vehicle in response to aerodynamic
loading. Using a building block methodology based on the
cuboctahedral lattice, we design and build two 4.27 m span
lattice wing structures, one of which is shown in� gure1(D).
The � rst baseline homogeneous structure, comprised of just
one building block type, served as an experimental control for
a second heterogeneous structure, which used two types of
building blocks to program aeroelastic structural response for
increased aerodynamic ef� ciency. In addition to passive shape
change, we show that the addition of an actuation system can
create an active structural mechanism for roll control during
� ight. The design process built structures, and results from
wind tunnel testing are described here.

2. Methodology

For the development of a programmable elastic shape
morphing aerostructure, we leveraged the modular nature of
the system to facilitate rapid development. In the following
sections, we will highlight the tools, methods, and compo-
nents of the work� ow, including the building-block based
design, interface and skin blocks, computational design
assessment, and� nally the experimental set-up.

2.1. Building-block based design and ultra-light structure

The building block toolkit consists of three-part categories:
substructure, interface parts, and skin. In total, there are nine
unique structural part types, with quantities summarized in
table B1. In the following sections, we describe the design
and integration of each of these categories.

2.1.1. Substructure building blocks. The main substructure
building blocks used here are octahedral unit cells
(� gure 1(A)), which, when connected at their nodes,
produce a cuboctahedral lattice structure(� gure 1(B)).
While the methodology presented in this paper is not
geometry speci� c, the cuboctahedral geometry was chosen
here for several reasons. First, it has shown better than
quadratic stiffness scaling[17] and therefore provides high
speci� c stiffness performance. Second, it has a lower
connectivity than many other high performing geometries,
which can simplify unit cell mass manufacturing[21]. In
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particular, the cuboctahedral geometry was conducive to
injection molding, which had a high enough throughput to
enable the scale of the structure presented.

Octahedra of two different materials were used: poly-
etherimide (PEI) with 20% short chopped glass� ber
reinforcement and un-reinforced PEI(Ultem 2200 and Ultem
1000, respectively). It is accepted in the cellular solids
literature[26] that the resulting structure can be considered as
a continuum metamaterial, modeled with standard bulk
material mechanics methods. Accordingly, the Ultem 2200

lattice material, which formed the majority of the test
samples, displayed absolute stiffness behavior of(8.4 MPa)
[21], which is comparable to a bulk elastomer material such
as silicone, but at roughly 0.5% of the density(5.8
versus1200 kg

m3( )).

2.1.2. Interface building blocks and skin. The interface
building block set connects the vertices of the substructure
building blocks to the skin components and the root and tip

Figure 1. A large-scale, ultralight adaptive structural system.(A) Modular building block unit,(B) 4�× �4�× �4 unit cube during mechanical
testing,(C) Single half-span wing structure composed of 2088 building block units,(D) Blended wing body aerostructure with skin, mounted
to central load balance in the 14�× �22 subsonic wind tunnel at NASA Langley Research Center.

Figure 2. Interface building blocks and plates.(A) Top view with color code indicating location and types of interface parts,(B)–(F) Interface
parts and descriptions,(G) Root and tip plate,(H) Top view with color coded skin panel types,(I) Sample parts unrolled as� at surfaces ready
for cutting.
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model shows a consistent increase over the baseline
homogeneous model for the full range of angle of attack
with insigni� cant effects from the change in angle of attack.
This steady increase means that the programmed structure is
enhancing the control authority of the torque rod mechanism.

We explain the programmed structure’s enhancement of
the control authority as a result of the combination of the
torsional and inboard camber stiffness alterations. These
alterations allow the application of the torque rod point load
to translate into active shape morphing, which results in an
increase in lift and roll for the actuated wing. Figures11(A)
and (B) show the comparison of the displacement of the
homogeneous and heterogeneous designs when actuated by
the torque rod. The heterogeneous structure shows a
consistent displacement across the span. The span-wise
displacement can be controlled by the torque rod, as is
shown by the application of the torque in� gure 11(B).
Figure 11(C) further supports the observation showing that
the amount of twist prescribed at the tip by the torque rod is
maintained through the outboard span, supporting our theory

that the heterogeneous structure helped to translate the point
load into shape morphing. The combined results of passive
and active shape change show that the building block material
system can effectively be used as an adaptive programmable
elastic structure.

4. Discussion

In this study of an elastic shape morphing air vehicle, we
advance the state of the art in cellular material construction by
building a large-scale, ultralight adaptive structure. For
brevity, we limit the discussion to comparisons of our aero-
structure material system to the density of similar aero-
structures, the overall manufacturability, and essential design
considerations. In this section, we explore some bene� ts and
design considerations of programmed elastic shape morphing
material, the scalability of the manufacturing process, and
potential future applications. The discrete cellular material
approach has several advantages, including mass ef� ciency,
structural programmability, and system modularity.

4.1. Aerostructure density

The signi� cant potential bene� t of cellular lattice structures
is high stiffness at ultralight densities. Reduction in weight
for transportation and locomotion applications can reduce

Figure 10. Actuation System and Results.(A) A 31.75 mm OD,
25.4 mm ID carbon� ber tube(i) transfers torque to the wing tip
from the actuation source at the root. A 25.4 mm OD keyed
aluminum shaft(ii ) is epoxied to the end of the tube, with 25.4 mm
extending and clamped by a keyed shaft collar(iii ). At the tip, this
shaft collar bolts to a milled aluminum� xture(iv) which bolts to the
carbon� ber tip plate(not shown). At the root, the shaft collar bolts
to a 6 mm thick aluminum plate armature(v). This armature
connects to a ball-bearing linkage(vi), which connects to a 6 mm
thick aluminum servo horn armature(vii ). This bolts to a high torque
servo(viii ), which is � xtured to a 6 mm aluminum mounting plate
(ix). This plate is bolted to a mounted bearing with� anges(x) which
bolts to a milled aluminum� xture(iv), which bolts to the root plate
on either side.(B) shows the tip twist of the aerostructure with the
torque rod engaged. The structural tunning allowed for a large
amount of tip twist over the range of angles of attack even with the
addition of the torque rod. The effect of the increase in� exibility can
be seen in(C) where the roll authority per tip twist degree was
increased for the baseline homogeneous model.

Figure 11. Shape effects of torque rod and heterogeneous
con� gurations.(A) and(B) show the displacement of the
homogeneous and heterogeneous con� gurations with the impact of
the torque rod.(C) compares the span-wise twist of each of the
con� gurations and demonstrates that the heterogeneous design
results in the nearly� at distribution of twist through the out-
board span.
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power requirements, increase fuel ef� ciency, and decrease
costs [33]. Table 1 shows the cumulative weight of the
design components and their resulting density. This table
also contains various other reference densities, including
other aeroelastic wind tunnel test models, such as X-HALE
[34], VCCTEF CRM[35], and Vulture CMT[36], as well as
a typical commercial aircraft wing for reference. The CRM
and the Vulture were designed to match scaled performance
parameters rather than to reduce weight and are provided for
aeroelastic application reference. The resulting system den-
sity, including the substructure, interface, and skin building
blocks, is well below 10 mg cm� 3 (the threshold for classi-
� cation as ultra-light material). The complete actuated sys-
tem still displays an overall mass density of 12.7 mg cm� 3,
below the other provided reference densities.

4.2. Manufacturability

To assess the potential of discrete lattice assembly as a
manufacturing approach, we consider it in comparison to
existing technologies for additive manufacture of lattice
materials[18], explicitly looking at throughput.

A single half span wing from this work, containing
2088 substructure building blocks, took approximately
175 person-hours to construct or about 5 minutes per
building block. The manual addition of a single octahedral
building block to a structure is associated with 3 bolted
connections, or 1–2 minutes per connection(time to
pick up, place, and tighten the fastening hardware). Com-
mon additive manufacturing methods such as selective laser
melting (SLM) and polyjet printing display build rate gov-
erned by the bounding box of the object, with volumetric
throughput ranging from 10–200(cm3/ hr). By comparison,
our method assembled a bounding volume of roughly
1 m3 at a bounding volumetric throughput of about
5000(cm3/ hr).

Comparison to 3D printing, automated carbon� ber
layup [40], � lament winding[41], or anisogrid fabrication
[42], shows that automation is extremely important. Devel-
opment of automated robotic assembly ofdiscrete lattice
material systems is in its infancy, on relatively small(< 1m)
scale structures, but has already demonstrated a rate of
40 seconds per building block[43], or nearly 40,000
(cm3/ hr), as shown in table2. We see that even mass

throughput is on par with current low-cost 3D printers.
Volumetric throughput is an order of magnitude greater than
current methods, which is a result of the scalability of this
manufacturing process—using centimeter scale parts to
create meter scale structures.

4.3. Design considerations

While the modulus of the presented lattice structure is elas-
tomeric with a much lower density than elastomers, with near
ideal speci� c strength performance[21], this is expected to
display failure strains that are more typical of conventional
aerospace materials with similar speci� c stiffness. Some
applications employ elastomers for their hyper-elastic char-
acteristics with an elastic strain of 100%–500%[44] whereas
the presented� ber reinforced polymer lattice structure elon-
gation at failure is at an elastic strain of 1.2%[21]. The
presented design takes an approach where we were selectively
embedding a softer material in a harder material to meet
experimental safety factors. Using the same methodology
with higher performance secondary materials might even-
tually be used to enhance the elastic strain further, while still
displaying ultralight properties.

The mechanical behavior of each lattice unit cell is
governed by the parameters that govern all cellular solid
materials: the relative density, constituent material, and
geometry[32]. This means that during the design process
the constituent material selection is still a necessary and
familiar process. Lastly, thesize of the building blocks(and
associated resolution when applied) must re� ect the geo-
metric characteristics of the expected boundary conditions.
For our application, the unit cell is sized to allow manual
assembly while also maintaining the desired design� ex-
ibility, and ability to support a relatively lightweight skin
system, given the spatial variability of expected aero-
dynamic loading.

5. Conclusions and future applications

The ability to rapidly design and fabricate ultralight actuated
systems can enable novel applications in the converging� elds
of transportation and robotics, where the traditionally ortho-
gonal objectives of design� exibility and manufacturability

Table 1. Weights and densities for our ultralight aerostructure and other relevant aerostructures.

Component Mass(g) Density mg
cm3( ) Span Length(m)

Building block substructure(this work) 5734 5.566 4.27
Substructure, skin, and actuation(this work) 13110 12.7 4.27
X-HALE wing [34] — �16.5 6
VCCTEF CRM Core[35] — 27 4.32
Vulture CMT model[36] 21609 �58.7 5.48
Bird humerous[37] — 19�� �22 6.5�× �10� 3

Harvard bee[38] 0.06 �50 3�× �10� 3

Commercial aircraft wing[39] 9.15�× �106 �746 14.75
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