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ABSTRACT

Avian flight feathers have developed, through evolution, intricate architecture with multi-functional struc-
tures that are essential for flight. These lightweight and resilient appendages motivate the invention of bioin-
spired designs. Here we fabricate various g inspired by significant concepts identified in the feather
vane and shaft. Bioinspired prototypes baged ather vane's unique adhesive mechanism and directional
igns motivated by the highly ordered hierarchical fiber-
quisite architecture of the rachis, consisting of a hollow
design that demonstrates the synergy of the two components
s provide an enhanced understanding of the mechanisms op-
ciengfsolutions which can contribute to creating innovative materials

matrix structure in the feather are f:
tube filled with foam, is simulated i
in enhancing the flexural strength
erating in feathers and suggest
inspired by the feather.

1. Introduction

Materials and methods

Evolved for lightweight strength, the avian flight feather" 1. Bioinspired feather vane fabrication

tures are considered essential to bird flight, comprising th
the wing and allowing for lift [1]. The flight feather consi

Bioinspired feather vanes were drawn in the Computer Aided De-
sign program SolidWorks (SolidWorks Corp., MA, USA) and fabricated

shaft (rachis and calamus) and a vane composed of b, via 3D-printing. All the models were designed on an enlarged scale in

gether forming a tight-knit vane for the effect
highly hierarchical design of the modern feathg

Jurassic period with the progression of avia
Prior to the C-T extinction, pterosaurs had de
but their unique wings were composed
with a specialized skin and muscle tissu

species: over 10,000 [5].
Recent developments reveali

These designs distill a few

highly complex structure, and ca d to novel synthetic architectures

and a deeper understandj

recent advances in bioinspi eather designs based on progression in

the understanding of so:
the feather.
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3]. order to be able to observe the mechanics of the structures. The initial
hold bart i interlocking barbule bioinspired structure was printed with ABS plas-
¢ tics, with an elastic modulus ~2GPa, using an ABS-M30 printer (Strata-

< sys, MN, USA). Flexible barbule hooks and grooves were printed using
I' locomotion [4]. thermoplastic polyurethane NinjaFlex filament, with an elastic modulus
e ability to fly, ~12MPa, (NinjaTek, PA, USA) with a Makerbot 3D printer (MakerBot
fra e.work covered Industries, NY, USA). The remaining barbule inspired designs were 3D-
olutionary success printed using a Stratasys Objet260 Connex3 printer (Stratasys, MN,
ge number of bird USA). TangoBlack and VeroClear (Stratasys, MN, USA) filament as well
as combinations of the two were used to print the structures, with the

ural and material proper-  ejagtic modulus ranging from 0.2MPa to 2GPa. It is important to note
ties of the feather are leading to_the creation of bioinspired designs.

that the elastic modulus of keratin, the constituent material of feathers,
is ~2.5GPa. While there is a mismatch in materials properties of the
printed material and keratin, the crux of this work is to extract the
defining design motifs, not to replicate direct copies.
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Fig. 1. The hierarchical structure of the flight feather. This efficient structure c
and barbules stem from barbs. Barbules are hooked on one side and grooved

2.2. Bioinspired feather shaft fabrication

Bioinspired composite feather shafts were fabrig
polyethylene foam cylinders (Foam Factory, MI, U
unidirectional S-glass fiberglass (ACP Composites,

MN, USA). After printing, support mater;
jet followed by soaking in 4% NaOH s

were dried overnight before mechani

a razor blade, mounted to a

Sections of the feather were
i n microscopy (SEM). The di-

stub and imaged using s
mensions of sections wer
tional Institutes of Hea
2.4. Three-point bei of the biginspired rachis

Three-point bending tests were performed using a mechanical test-

ing machine, Instron 3367 load frame (Instron, High Wycombe, United
Kingdom), with a 30 kN load cell. Three samples of each prototype
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were tested (with foam and without foam) with a support span (L) of
128 mm. A load was applied with a constant speed of 4.26 mm/min.
The force-displacement curves and failure mechanisms were highly re-
peatable and consistent for all samples.

3. Results and discussion
3.1. Hook-and-groove barbule inspired designs

Interlocking hook-and-groove structures within the feather vane in-
spired the creation of several bioinspired designs, which progressively
exhibit improved performance. By examining SEM images, microscopic
barbules are observed to have multiple hooks branching from a single
distal barbule to fit securely into grooved proximal barbules (Fig. 2a).
Both sets of barbules branch from barbs at an angle and slide along one
another prior to detachment. It is important to note that the following
designs are simplifications of the feather architecture and are not in-
tended to be duplications. We extract what we believe to be the defin-
ing design motifs and scale it up in size to better understand mecha-
nisms involved. While the feather relies on bunches of hooklets to ad-
here we focus on a discrete hooklet and groove pattern for ease in man-
ufacturing. From these initial observations, the first bioinspired model
of the barbule structure was fabricated through 3D printing and is
20x20x3.5cm when interlocked (Fig. 2b) [6]. While this bioinspired
structure illustrates the general mechanism by which the feather vane
maintains cohesiveness, it does not incorporate the elastic response of
unzipping the feather into its design because it is composed of rigid
ABS plastics.



Fig. 2. Interlocking barbules and bioinspired designs. (a) Micrograph:
(top, right and bottom) show barbule hooks and grooves within the feather

ity in the model. Panel b is taken from [6].

In an attempt to mimic the stiffness (or co
nections, hook and grooved barbules were pri

2¢). In this model, however, the thick
flex when barbules were unzipped, and
elastic response witnessed in the feath
and grooves were altered to have a

ing a vane with an elastic resp
model is 9x17x3.5cm whendi

parated (Fig. 2d). This

printed and mechanically tested 1
creased curvature allow f;

3.2. Barbule-inspired desi

Research on the
vealed the importance o membrane flaps that extend from each
barbule [7]. These flaps act as one-way valves, allowing air to flow
dorsally through the vane but not ventrally (Fig. 3a,b). Thus, air is effi-
ciently captured when the bird is executing a down stroke, but is al-
lowed to pass through in the upstroke. A bioinspired model of barbules
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Cali eagull (Larus californicus) (top, left) and the American white pelican (Pelecanus erythrorhynchos)
b) This interlocking mechanism was simplified and then reconstructed using additive manufacturing to
ed with flexible material. (d) A design with thinner hooks and grooves allowed for increased flexibil-

with these flaps was 3D printed using flexible material (Stratasys
FLX9095) and measures at 23x17x2cm (Fig. 3c,d). This model
demonstrates directional permeability, as shown in Fig. 3d. Dorsal air-
flow forces flaps to bend backward and allow air through, yet with ven-
tral airflow the flaps remain closed, capturing air. Finally, a complete
feather structure was 3D printed (measuring 12x23x1.5cm at its
largest dimensions) (Fig. 3e) with barbules composed of stiff material
to permit hooks and grooves to slide along one another; barbs made of
flexible material allow for bending so that barbules can detach, and
membrane flaps printed with a flexible material allow for opening with
dorsal airflow. This structure offers a simplified yet effective visual de-
scription of the complex nature of the feather vane.

3.3. Barbule-inspired designs to allow for tailored air permeability

Analysis of 3D printed models reveals that the feather vane may
have two levels of control over air permeability. First, as previously dis-
cussed, membrane flaps of barbules allow for air to flow through the
space between barbules dorsally but not ventrally. Second, as hooks
slide along grooves, expansion within the feather vane offers another
level of tailored permeability; when hooks are slid close to the base of
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Fig. 3. Membrane flaps in the feather vane
way valves covering the space
(Passer domesticus) (a,b respecti
where blue circles represent a
legend, the reader is referred to tl

version of this article.)

the groove, the vane ghter than when they are at the tip of
the groove, nearly ready to detach. This behavior was used to create a
bioinspired design. Fig. 4a shows an assembly of barbules attached on
either end with a flexible material. As this is stretched, they slide along
one another leading to controlled openings between each barb's set of
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Dorsal Airflow

Ventral Airflow

reased efficiency. The directional permeability in the feather vane is due to membrane flaps that extend from barbules to act as one-
Scanning electron micrographs show these flaps in the vane of the Creseted guineafowl (Guttera pucherani) and the House sparrow
A simplified 3D printed model of the feather vane, and (d) the reaction of membrane flaps as air is blown dorsally (top) and ventrally (bottom)
entire feather was 3D printed using a variety of materials. Image d is from [7]. (For interpretation of the references to colour in this figure

barbules. Fig. 4b shows the opening within the vane by stretching, in-
dicated by the four hands pulling it apart. This model is 25x20x 3 cm.
Hooks are identified as a weak point of this design, because their
slender dimensions lead them to break easily. To overcome this, an-
other, exclusively groove-based, structure was created where each
groove slides into a groove on the neighboring barb (Fig. 4c,d) (this
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Fig. 4. Membrane flaps are incorporated into the 3D prin
ends are pulled apart, feather become more permeable as sp:
sign that has tailored permeability based on the distane g

to cr

model is 9.5x5x2cm when pulled apar fctures are not able
to completely detach due to stoppers place
enable to real-world ap-
plications where tailored permea d, but complete material
detachment is detrimental.
play the same behavior, a
hen fully stretched apart) was
ability when pulled apart (Fig.
bes until they are stopped at the end
to'a piston. This model is scaled down

5b), to create a design that expands

of the tubing, behaving si
further (16.5x8.5
to ~20% of its origin nd is able to have a maximum curva-
ture that is double (Fig. 5c¢) when completely outstretched (with open
channels) than when compressed. The design's flexibility in the direc-
tion of sliding is demonstrated in Fig. 5d. One of the shortcomings of
this design is that it maintains a rigid structure in the direction perpen-
dicular to sliding. To allow for flexibility in both directions, the design

Open chann els when stretched

e directional permeability. (a) Barbules are bounded on both ends with a flexible material, (b) when these
een each barb's barbules opens. (c,d) Grooved structures that slide along one another were created to allow for a de-
ed apart from one another.

was altered to have sliding square tubes in two dimensions (Fig. 6).
This two-dimensional sliding structure elongates ~27% from its origi-
nal length in each dimension, behaving as a textile when stretched
open (Fig. 6d) due to the increase in spacing between rigid sections.
This model is 11.5x11.5%x0.4cm when fully stretched.

A tridimensional structure was printed by using elements similar to
the chainmail-like design, but incorporating sliding in a third dimen-
sion so that it can be manipulated in all three dimensions. This cube is
displayed in Fig. 7 with its bottom right corner compressed and top
left corner stretched in Fig. 7b. When compressed, this model is a
7.5%7.5x7.5cm cube. While this design may not be readily recogniz-
able as the hook and groove derivative from the feather, it is associated
with a similar underlying function. This is essential to bioinspired de-
sign which prospers from creativity and distancing from direct replica-
tion. It is important to remind ourselves of the interconnectedness of
nature and that similar design motifs can be found across a diverse
range of biological materials. For example, this structure is reminiscent
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Closed channels

Fig. 5. The square tubing bioinspired model. (a) Squares slide through tubes an, arWe end, which allows the material to have tailored permeability depending on the de-

gree to which the material is stretched. As the structure is scaled down furthe;
flexibility of the design is demonstrated (d).

) it is al

ground for insight into new designs for a wide
The feather shaft also serves as a source of insp

run longitudinally and circum
rachis they alternate at a

ong the shaft, and in the
long the lateral walls (Fig. 8)

act on the dorsal-ventral stiffness [15]
ffness. It has been demonstrated that
the organization of t ical composite varies slightly between
bird species and is possibly related to the flight style of the bird
[16,17]. Perhaps as a result of this variation, the Elastic modulus of f-
keratin has been shown to differ between species of birds [18].

The organization of these fibers motivated the fabrication of foam-
filled fiberglass-epoxy composites with shaft-inspired laminar designs.

elop a curvature with open channels twice than that of with closed channels (c). The

As shown in Fig. 9, four feather-shaft inspired beams have fibers ori-
ented in varying directions. The first beam contains only longitudinal
fibers, the second has fibers running circumferentially around the shaft;

in the third fibers run at 45° along the shaft, and the fourth beam is

composed of longitudinal fibers surrounded by circumferential fibers.

Each of these beams reflects the orientation of fibers in a section of the
feather shaft or serves as a means of comparison. Composite structures

with fiber directions analogous to those witnessed in the feather shaft

are used commonly in the design of synthetic composites.

The architecture of the rachis is another source of inspiration. Disre-
garding the internal structure of organized filaments, bioinspired proto-
types were fabricated with the intention of isolating the integral design
motif which includes a reinforcing foam-filled center (Fig. 10). Two
rachis-inspired designs were explored: (1) thin-walled-square-cross-sec-
tion shells without foam-filled core and (2) with a foam-filled core
(Fig. 10b). These architectures were mechanically tested using three-
point bending to demonstrate that the presence of foam has an advan-
taged by increasing the maximum force (Fmax) and the maximum bend-
ing stress (of) despite an increase in weight.

The stiffness (k) was calculated from the force-displacement curve
in the elastic regime (Fig. 10a).

_oF
- Sx (@]

The stiffness of the foam-filled structures was not significantly dif-
ferent than the hollow shell with p > 0.05 (unpaired t-test, p = 0.265)



Fig. 6. Two-dimensional stretching for increased flexibility. (a,b) The squ: bi
composed of rigid pieces. (d) The maximum radius of curvature of the structu

maximum force and the maximum bending stre
acts as an elastic foundation that resists the &

ing the following:
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and Erand E. are the Young's moduli of the face and the core, respec-
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as altered to stretch in two directions, allowing for (c) a chainmail-like formable material
and open channels.

tively, b is the width, c is the thickness of the foam, d is the thickness of
the sandwich composite, and t is the thickness of the shell (Fig. 10b).

The maximum force and maximum bending stress are significantly
greater for the foam-filled shell than the hollow shell (Fig. 10d and e).
Even when normalized for the additional weight of the foam, the maxi-
mum bending stress for the foam-filled composite is far superior to the
hollow shell (Fig. 10f). This demonstrates that the addition of a foam
core increases both the force and the maximum bending stress while
maintaining a lightweight structure.

4. Conclusions: a path toward applications

Through evolution of over fifty million years, nature has developed
unique structures and materials optimized for bird flight, resulting in
great potential for the creation of novel, bioinspired designs based on
the feather. Here, the feather vane is simplified to create barbule-in-
spired adhesive designs and structures with tailored permeability.
These have possible applications in deployable structures, next-genera-
tion chainmail, and smart foams.

The structure created with two-dimensional sliding is reminiscent of
chain-mail. This chainmail-like structure could serve as breathable ar-
mor, allowing for flexibility of conjoined rigid parts. Because the struc-
ture is able to change its size significantly by changing its shape, an-
other possible application for the design is as a deployable structure for
space-based applications. The three-dimensional structure could serve
as a new “smart” foam design for shock absorbers that allows for com-
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Fig. 7. Tridimensional bioinspired structure. (a) This cube is composed of elements that allow for,
strated, providing curvature to the shape.

walls. Image (a) from T.N. Sulliva
sion of this article.)

1, (b—d) from B. Wang et al. [14]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web ver-

pression to occur only sufficient force is applied to push each Bioinspired designs based on the feather have the potential to allow
square through the hollow tube. Friction-inducing structures could be for the fabrication of new, lightweight materials for applications in in-
added to the ends of each square to tailor the force at which the struc-  dustries ranging from aeronautical engineering to biomedical science.
ture will compress. The feather is still rich in potential for novel bioinspired designs, and

we anticipate that with advancements made in understanding the
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Fig. 9. Four cylindrical feather shaft-inspired designs. The design shown in (a) has fibers running longitudinally along shaft, and (b) contains fibers running circumferentially around
the shaft. In the structure shown in (c), fibers run at a 45° angle along the shaft, while (d) consists of i ers linning along the axis of the shaft and a two outer layers running
circumferentially around the foam.

N

d ¢ Stiffness d Maximum Force
15 35— 154
— Foam Gonk
— A F oRm e
10- s 10
z £ 1.5- =
i o i
3 g a L g
0.5
0.0 o
c L] L] L] L) I L] L] T T T L] L3 L T

) : AR I«ﬁﬁ ¢

Extension {(mm) ‘#9

b 2  Maximum Bending Stress f Normalized Maximum

) L . Sas R 3_B'm'l\r.iing; Stress
( 1 2 s
L Hollow shell without foam EEW' EE' o
ez | _ gﬁ
,—Eg 54 — P
g :.E— E

t ' ' ]
i Foam-filled core ' & &
f & @
& & &
4
Fig. 10. Three-point be ed bioinspired rachis design. (a) Force-displacement curve from three-point bending of designs with foam (blue) and without foam (black) for
three samples each. (b) is bioinspired design with foam and without foam. (c) Stiffness values (mean +SD) for with foam and without foam. (d) Maximum force (mean +SD) for
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feather, more innovative solutions will follow.
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