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ARTICLE INFO ABSTRACT

Keywords: Keratinous materials found in the feather shafts of flying birds possess impressive mechanical attributes,
Shape memory ) combining excellent strength-to-weight balance, toughness, and more. In this study, we investigate the shape
Hydration-driven mechanisms memory effect in bird feather shafts, examining its underlying design principles as templates for bioinspired

Avian feathers

Biomimeti shape memory composites. Through analytical and computational analysis, we aim to uncover the underlying
lomimetics

rules and design guidelines based on stimulus-induced softening (pertaining to strength and/or stiffness) and
swelling (pertaining to expansion in volume). More specifically, we study a one-dimensional case to examine the
synergistic relationship between the matrix and fibers inside the feather structure. We propose three distinct
micro-mechanical modeling approaches to evaluate the contribution of each hydration-induced effect—soften-
ing, swelling, and the combined action of both. In all models, the matrix is considered to be an elastic-perfectly
plastic material that is sensitive to hydration, while the fibers are treated as purely elastic and unaffected by
hydration. The findings of the study provide informative insights into the nuanced nature of swelling within the
material, highlighting that its desirability is dependent on specific conditions and circumstances. Furthermore,
we find that the softening component plays a large pivotal role in driving the process of shape recovery. Using the
proposed analytical framework and design principles, we develop a conceptual feather shaft-like composite,
followed by demonstrating its tunability in degree of shape recovery and its versatility in selecting constituent
base material components. This research offers valuable core framework for exploring and designing advanced
bioinspired shape memory materials while eliminating the need for traditionally active shape memory compo-
nents, holding promising potential for actuation, deployment, and morphing purposes.

Statement of significance: This study investigates the shape-memory effect in bird feather shafts, offering bio-
inspired strategies for designing advanced shape-memory composites. Unlike conventional materials, which
often rely on external stimuli or active components, our research focuses on hydration-driven mecha-
nisms-specifically, matrix softening and swelling. Through micro-mechanical modeling, we demonstrate that
softening is the key driver of shape recovery, while swelling plays a secondary role under specific conditions.
These insights provide new, passive design principles for creating tunable shape-memory composites without the
need for traditional active components. The findings have broad implications for applications in actuation,
morphing, and reconfigurable systems, where material adaptability is crucial.

1. Introduction intelligent devices [5,6]. Among the various types of materials that have
received considerable attention across different fields,

The escalating complexity of engineering applications [1-4] has stimuli-responsive materials are notable for their capability to exhibit
prompted the exploration of advanced materials capable of providing swift reactions to external stimuli and their versatility in applications
superior performance and the incorporation of these materials into [7-14]. In particular, a subgroup called shape memory materials
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(SMMs) exhibits shape memory effect (SME), a special property that
enables them to recover their original “memorized” shape [15] after
being severely deformed or quasi-plastically distorted [16] when trig-
gered by external stimuli like heat [17], light [18], electricity [19],
magnetic fields [20] or simply water [21].

The two most common types of SMMs are shape memory alloys
(SMAs) and shape memory polymers (SMPs). SMAs achieve the shape
memory effect (SME) by undergoing thermoelastic martensitic-to-
austenitic phase transformations [22]. Alternately, SMPs attain SME
through a combination of polymer morphology [23] and a dual-segment
(elastic-to-transition) system [24]. SMAs and SMPs have demonstrated
superior properties in their ability to undergo reversible deformation
and shape recovery, hence finding their advantageous characteristics in
various applications, including MEMS [25,26], actuators [27,28],
aerospace [29,30], and medical devices [31,32]. Nevertheless, these
materials still face certain challenges and limitations despite their
promising characteristics. For instance, SMAs are associated with high
costs [33], often require complex and energy-intensive manufacturing
processes [34], and have limited customization options [1]. Meanwhile,
SMPs are associated with developmental challenges requiring high
levels of experience and expertise in the field of polymers along with
significant trial periods [1] and may yet suffer from limited mechanical
strength and durability. Huang et al. (2010) [16] introduced shape
memory hybrids that resemble SMPs in their elastic-to-transition
segment system while aiming to provide a broader range of custom-
izable functions and features for engineering applications; however,
research in this field is still ongoing and remains relatively understudied.
Recently, studies have been conducted on developing SMMs utilizing
architected materials [35] and 4D printing techniques [36]. Despite the
advancements in SMM research and the exploration of modern materials
and manufacturing techniques, there is still much to be uncovered and
understood in this dynamic field.

Nature offers a valuable perspective on shape memory and emulating
these mechanisms has the potential to overcome challenges faced by
traditional SMMs. Specifically, the mechanism found in keratinous
materials within the feather shafts of birds has emerged as a
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scientifically compelling area of study. By investigating the distinctive
structural and functional properties of these natural materials, we aim to
uncover new insights and develop engineering design guidelines to
address the existing gaps in research. Feathers exhibit exceptional
structural resilience with a diaphanous structure, enabling them to
withstand the stresses and strains of flight, which include aerodynamic
loading, impacts near structures during takeoff and landing, and
bending due to maneuverability [37]. Regular grooming is, therefore,
vital for birds to maintain the structural integrity of their feathers. It
helps prevent damage caused by flight and deterioration from ectopar-
asites, such as feather mites and feather-degrading bacteria [38-40],
which can increase friction between feathers and contribute to wear, as
well as damage from surface contact. Previous research has indicated
that birds use grooming methods such as preening, scratching, sunning,
dusting, anointing, and frequent bathing to protect themselves against
these ectoparasites [41,42]. However, recent research has unveiled that
the hydration stages from frequent bathing bouts also aid in recovering
the shape and strength of feather shafts by repairing fractured sections
and reversing the plastic deformation incurred by predatory attacks,
excessive use, or other unforeseen calamities [43-45]. Given that
feathers usually undergo replacement only once a year, such recupera-
tion of the feather shaft is critical for the survival of birds [46].

To better understand the mechanism underlying the SME exhibited
by feather shafts, it is important to conduct a thorough investigation into
the intricate internal architecture of these structures at the micro- and
nanoscales. Feather shafts comprise two distinct sections, the rachis and
the calamus, where the former is a rectangular, foam-filled structure
formed by medullary cells, and the latter is an elliptical, hollow implant
that anchors the feather into the skin of the bird [47] (see Fig. 1). The
key player in both sections is p-keratin, a biopolymer composite made of
a hierarchical arrangement of fibers produced by keratinous cells and is
essentially "dead tissue" [48]. In Fig. 1, the hierarchical structure of
feather shafts is determined based on the size and organization of the
components. At the sub-nanoscale, the crystalline filaments of -keratin,
with a diameter of approximately 3 nm (see Fig. 1), are intertwined
among amorphous matrix proteins. This intricate filament-matrix

B-keratin
filaments

B-keratin
fibrils

Calamus

Fig. 1. Hierarchical Structure of Feather Shafts. (a) Illustration of the multilevel architecture in a bald eagle with (b) a schematic diagram detailing the internal
micro- and nano-structures across the cross-section of the calamus region within the feather shaft. This cross-section reveals the intricate arrangement of the fibers,
macro-fibrils, -keratin fibrils, and f-keratin filaments, elucidating the complex architectures that are responsible for the impressive SME properties observed in bird
feathers. (The raw images for (a) were taken from https://www.freepik.com/ and edited further by the authors).
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composite forms macro-fibrils with a diameter of around 200 nm, sur-
rounded by amorphous inter-macro-fibrillar material. These
macro-fibrils merge to form fibers measuring 3-5 pym in diameter,
resulting in the development of well-organized lamellae within the thick
exterior of the feather shaft [48-53].

The existing literature reports that feathers [43-45], along with
other keratinous materials such as pangolin scales [54], sheep horns
[55], and animal hair [56], can manifest shape memory behavior upon
being hydrated, analogous to other natural substances like chitosan [57]
and spider silk [58]. Xiao et al. (2017) [56] demonstrated that camel
hair could exhibit shape memory not only through hydration, but also
through exposure to heat, redox agents, and UV light. Huang et al.
(2019) [55] attributed the shape recovery process in the Bighorn sheep
horn to water infiltration of the amorphous keratin matrix, leading to
swelling and subsequent breaking and reforming of hydrogen bonds,
allowing the deformed crystalline regions of the intermediate keratin
filaments to regain their original shape. Liu et al. (2016) [54] observed
significant hydration-assisted shape recovery (up to 98 %) in com-
pressed peacock tail feathers, which they attributed to viscoelasticity
relaxation, swelling effect, and water-induced structural changes. Sul-
livan et al. (2018) [45] extended the study by subjecting feathers to
cyclic loading in real-world conditions to investigate the flexural and
failure behavior of the shaft, finding that the recovery of shape and
strength is associated with the swelling of the matrix and subsequent
straightening of fibers within the g-keratinous nanocomposite structure.
A steel wool-reinforced cellulose sponge was used to show the impact of
swelling, with the cellulose sponge swelling significantly with hydra-
tion, while the steel wool fibers did not. Despite the widely accepted
notion that the shape memory effect of keratinous materials results from
hydrogen bond breakage and water-induced swelling [59], the exact
mechanism responsible for this phenomenon has yet to be well ascer-
tained [60].

Based on recent literature [45,61], the prevailing mechanism pro-
posed for recovering shape and strength in feathers can be summarized
as follows. See Fig. 2 for an illustration depicting the feather shape
memory process on a simplified representative element (SRE). In addi-
tion to the theoretical framework illustrated in Fig. 2a, the Scanning
Electron Microscopy (SEM) images presented in Fig. 2b provide neces-
sary experimental validation of the proposed shape memory mechanism
across multiple length scales [45]. These images capture the intricate
microstructural changes occurring within the middle rachis section of a
Cape Vulture (G. coprotheres) feather, visualizing key stages of the shape
recovery process. The recovery cycle starts with the initial configuration
characterized by a layered nanocomposite structure of partially crys-
talline intermediate p-keratin filaments embedded in an amorphous
matrix within the feather cortex strip, initially stress-free (see Fig. 2a at
t;). The fibers are depicted as darker strips, separated by the matrix, with
the spacing between fibers represented as dy. This initial configuration is
also captured in Fig. 2b at t;, where SEM images reveal the pristine
arrangement of the keratin filaments and matrix at three magnification
levels, confirming the unstrained architecture of the feather structure.
These unstrained SEM images offer a detailed look at the hierarchical
organization, serving as a visual reference for the subsequent stages of
mechanical deformation and hydration recovery. When the feather un-
dergoes flexural bending, Euler buckling (in compression) of these in-
termediate filaments below the neutral axis is triggered, which is
effectively accommodated by the inelastic response of the amorphous
matrix, ultimately resulting in the deformation of the feather (see Fig. 2a
at tp). The SEM images at t; in Fig. 2b reveal clear signs of filament
buckling and matrix plastic deformation. At higher magnification,
localized deformation zones are visible, supporting the theoretical
model where the matrix absorbs inelastic strain and the keratin fibers
store elastic energy. During hydration, water molecules selectively
infiltrate the amorphous matrix, leading to significant softening and
inelastic deformation. This is accompanied by swelling, as indicated by
an increase in spacing from dy to d; (see Fig. 2a at t3). The rigid filaments
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remain unaltered but store elastic energy due to buckling. This combi-
nation of matrix softening, swelling, and elastic energy accumulation
promotes the stretching and initial straightening of the feather shaft.
Subsequent matrix swelling allows for increased spacing (up to dz) be-
tween the matrix and fibers, facilitating complete reorientation of the
fibers (see Fig. 2a at t4). SEM images of the hydrated configuration (see
Fig. 2b at t4) showcase the effects of water infiltration, with the matrix
visibly swollen and the spacing between the fibers increased. This
reorientation is accompanied by reverse plastic flow within the matrix
and an associated increase in the radius of curvature of the feather shaft
from R; to Rz. The magnified SEM images at t4 further reveal the
smoother texture of the hydrated matrix compared to the rougher,
compressed appearance observed in the deformed state, visually con-
firming the plastic flow and recovery of the matrix. The final phase of the
shape recovery cycle is dehydration, whereby the surplus water mole-
cules are extracted from the amorphous matrix, causing it to contract to
the initial spacing (dp) without inducing further inelastic deformation,
thus restoring the feather to its initial configuration (see Fig. 2a at ts).

While the SEM images above are provided for the Cape Vulture (Gyps
coprotheres), this is not the only bird species to exhibit such shape
memory properties. Many birds, including common species encountered
in daily life, demonstrate shape memory behavior in their feathers. As a
quick example, we tested the same shape memory behavior on a crow
(Corvus brachyrhynchos) and observed similar results. In our experi-
ments, we initially deformed the feather and subsequently allowed it to
recover its structural shape by hydrating it in water under conditions
analogous to those used in the previous experiments described in [45].
The crow feather showed almost complete recovery, as anticipated.
Additional information on the crow feather experiments, including
experimental images with optical microscopy close-ups (Fig. S2) and a
video demonstrating the recovery process, can be found in the supple-
mentary materials.

In this study, we examine this prevailing mechanism by meticulously
investigating the individual impacts of softening and swelling and then
subsequently analyzing the combined effect of these phenomena
occurring concurrently within the amorphous matrix. To achieve this
task, we constructed three micro-mechanical (MM) models and utilized
these to study the impact of hydration-induced changes through
analytical equations and finite element analysis (FEA). Rather than
attempting to experimentally validate the models, our approach is
rooted in extensive mathematical analysis informed by experimental
studies from the literature that have documented the shape memory
behavior of feathers. Building on this mathematical framework and
design principles, we developed and studied what we will call a con-
ceptual feather shaft-like composite (CFSC) that aims to emulate the
natural functioning of the inelastic amorphous matrix flow and resilient
keratin fibrils observed in the calamus section of bird feather shafts. Our
goal is to leverage this knowledge seen in nature to use as blueprints to
design shape memory materials with enhanced mechanical performance
with a provision for high versatility in manufacturability by eliminating
the need for active shape memory components.

The rest of the paper reads as follows—we begin by examining the
shape memory effect in feather shafts, focusing on the necessary mate-
rial properties and the interactions between the amorphous matrix and
the resilient fibers. Following that, we conduct an analytical analysis of
three MM models, allowing us to investigate the individual impacts of
softening and swelling, as well as their combined effects on shape
memory behavior. We then move on to the development of computa-
tional benchmarking models, which play a crucial role in testing and
validating our findings. In the subsequent section, we illustrate the po-
tential of the CFSC in terms of tunability and versatility, emphasizing its
adaptability for use in various applications across different fields.
Finally, we conclude with discussions, summarizing our findings, and
provide insights into potential future research directions.
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Fig. 2. Shape Recovery Process in Feather Shafts: (a) Current Postulation of shape recovery; (t;) The process begins with the simplified representative element
(SRE) of the feather shaft in its initial configuration, showing the g-keratin filaments embedded in an amorphous matrix with an internal spacing of dy. (t2) The SRE is
subjected to flexural bending, causing the amorphous matrix to deform inelastically and the g-keratin filaments to buckle under compression. (t3) To initiate the
shape recovery, the SRE is subjected to hydration, wherein the water molecules selectively permeate into the amorphous matrix, causing it to soften, while fibers
remain unaffected except for an increase in their internal spacing to d; due to swelling of the matrix. (t4) The matrix fully swells to a spacing of d,, allowing the
p-keratin filaments to straighten out completely. (ts) SRE is allowed to dry to remove excess water molecules, and it retains the recovered shape, which is
geometrically equivalent to its initial configuration. (b) SEM images are shown for various length scales of feathers at (t;) initial configuration, (t;) deformed
configuration, and (t4) hydrated configuration of the middle rachis section of a Cape Vulture (G. coprotheres) feather. At each configuration, SEM images are provided
at three magnification levels, with scale bars provided. (Images for (a) are designed based on the concept from [45] and (b) is adapted with permission from [45]).
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2. Decoding shape memory effect in feather shafts: modeling of
matrix-fiber synergistic interaction

The ability of the analytical feather shaft model to manifest SME
stems from harnessing the synergistic behavior of the matrix-fiber con-
stituents, operating under assumptions regarding the individual mate-
rial properties. The primary framework utilized in constructing this
model is based on a simple one-dimensional (1D) MM slab model where
the matrix and fibers are assumed to have a perfect bond. The proportion
of each constituent in the MM model can be quantified by the respective
volumes occupied by the matrix (V) and fibers (Vg). The central
objective is to investigate the fundamental factors responsible for SME
by focusing on the minimum essential characteristics of the matrix and
fibers that contribute to shape memory. In line with the 1D assumption,
we focus on uniaxial stress, intentionally excluding consideration of
transversal strains. This simplified 1D approach serves as our starting
point, as it allows us to investigate the fundamental aspects of shape
memory effects. By narrowing our focus to uniaxial stress, we aim to
achieve a more precise and focused understanding of the underlying
SME phenomena. Following recent literature [45], the matrix is
modeled as an elastic-perfectly plastic material with two distinct re-
gimes: a purely elastic regime characterized by Young’s modulus EY; in
its dry state, followed by an instantaneous transition to a strictly plastic
regime once the yield stress a}l,) is reached. Upon hydration, the matrix
experiences a reduction in its Young’s modulus to Eif (lower than EJ)
and a reduction in yield stress to a}’f (lower than a)l? ), as shown in Fig. 3.
This behavior parallels the compliant amorphous matrix observed in
keratinous materials [45,62-64], where in the dry state, densely packed
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polymer chains provide rigidity through strong interchain interactions,
and upon hydration, water molecules selectively interact with the
amorphous matrix, acting as cross-links between chains, thereby
reducing these interchain interaction [62] and resulting in softening.
The significant reduction in stiffness and flow stress of the hydrated
matrix enhances the effectiveness of the restorative forces exerted by the
fibers. Additionally, the matrix may experience volumetric expansion
(swelling) as water occupies voids within the disordered regions. Here,
we use an analytical approach to examine the role of swelling in the
matrix during the hydration stage.

On the other hand, the fibers are assumed to be unaffected by hy-
dration [65] and do not undergo plastic deformation, thus maintaining a
constant Young’s modulus Er as shown in Fig. 3. This characteristic al-
lows them to retain their elasticity throughout, resembling the tough
crystalline intermediate filaments observed in keratinous materials [45,
62-64]. Consequently, these elastic fibers play a significant role in the
restorative shape recovery mechanism by operating as restitutive
springs. This is akin to the highly ordered dense structure of crystalline
filament regions in a feather cortex that provides greater stiffness
compared to the amorphous matrix in a feather cortex. To further
elucidate the unaffected swelling behavior of the fibers feather shafts,
additional visual evidence is presented in Fig. S1. These images,
comparing the dry and hydrated states, demonstrate that even with up to
80 % water uptake due to hydration, the dimensional changes are
minimal, with the longitudinal (length) dimension showing little to no
change, while the lateral dimensions increasing by less than 10 % (see
Fig. S1a). This anisotropic swelling behavior is driven by the arrange-
ment of longitudinal and circumferential fibers within the shaft. The
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Fig. 3. Stress-strain (¢ — ¢) response of matrix and fibers in both dry and hydrated states under tension and compression. The matrix in its dry state (solid

grey) behaves as an elastic-perfectly plastic material with Young’s modulus, EY and yield stress, 63, repsectively. When hydrated (solid blue), the Young’s modulus

and yield stress are reduced to Ey (< Ejj) and a‘y" ( < a?), respectively, while still behaving as an elastic-perfectly plastic matrix. The fibers are always linearly

elastic, unaffected by hydration (hyphenated brown and blue), and are stiffer than the matrix with Young’s modulus of Er ( > EY;). Both the matrix and fibers have

symmetric mechanical behavior under tension and compression.
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circumferential fibers limit diametral expansion, while the observed
areal increase is attributed to swelling perpendicular to the fibers (see
Fig. S1b).

In the schematic shown in Fig. 3, it is important to note that the yield
strain values for the dry and hydrated states need not be the same. The
schematic is intended to illustrate general trends rather than specific
values, as the yield strain depends on the relative changes in Young’s
modulus and yield stress upon hydration. However, this variation does
not affect the conclusions of this study.

Building on these underlying assumptions and principles, we have
formulated three distinct MM models to analytically examine and
analyze the individual and combined influences of softening and
swelling in the hydration-dependent elastic-perfectly plastic matrix. The
fibers are considered resilient and impervious to hydration in all models,
exhibiting purely elastic behavior. However, the effects of hydration on
the matrix within these MM models are defined as follows:

e MM model-1 (Softening only): Upon hydration, the matrix experi-
ences a significant decrease in both Young’s modulus and yield
stress, leading to substantial softening. This model focuses exclu-
sively on the mechanical changes of the matrix, disregarding any
swelling.

MM model-2 (Swelling only): Upon hydration, the matrix experi-
ences swelling which pertains to volumetric expansion, while the
mechanical properties, such as stiffness and strength, remain
unaltered.

MM model-3 (Softening and Swelling): Upon hydration, the matrix
experiences both softening and swelling simultaneously.

In the following sections, we will explore each of these MM models
individually. Note that in the case of a MM model where neither swelling
nor softening occurs, the matrix, once plastically deformed, will remain
in this deformed configuration, exhibiting no shape memory behavior.

Acta Biomaterialia 195 (2025) 144-156
2.1. MM model-1 (Softening only)

The 1D MM model, illustrated in Fig. 4a, is fixed on its left edge, and
a uniaxial tensile testing scenario is investigated under displacement-
controlled loading. Initially, at time t;, the stress-free model is charac-
terized by zero strain (¢7) with the positions of the fibers and matrix
marked at the origin in the schematic graphs shown in Fig. 4(b and c).
Subsequently, the composite is subjected to tensile loading (under uni-
axial stress conditions), resulting in an elongation Ay until it reaches a
strain value of e; (= Ay / Lo) at to. The fiber component exhibits a purely
linear elastic response, represented by the path marked as Ir from
configurations at time t; to tz, as shown in Fig. 4c (the dashed red curved
line with an arrow indicates the initial and end state. The stress-strain
curve of the fiber remains elastic following the blue dashed straight
line). In contrast, the matrix component initially exhibits elastic

behavior until reaching the yield stress <0§>, beyond which it deforms

plastically represented by path Iy from configurations at time t; to t,, as
shown in Fig. 4b (all paths are schematic directional indications and are
depicted by dashed red lines). The strain in the model at time t; can be
determined analytically using the equation e; = (Apy /Lo), where Ay
denotes the change in length resulting from the stretching elongation,
and Ly denotes the initial length of the model (see Fig. 4a).

In the subsequent step of unloading, represented by paths IIy and IIg
in Fig. 4(b and c) from configurations at time ¢ to t3, the applied tensile
load is removed. This causes a reduction in the strain of the model
because of spring-back (see Fig. 4a), leading to reach a strain value of ¢s.
At time t3, while the elastic fibers experience tension as they attempt to
return to their undeformed, zero-strain configuration, the matrix un-
dergoes plastic deformation and enters a compressed state in equilib-
rium. In the absence of external forces and applying equilibrium, the
zero-stress strain in the model at time t3 can be determined using the
following equation:

Ay

Stress-Free
(Initial state)

Uniaxial
Loading

Hydration

(Shape Memory)

] (@ Composite | Schematic Coordinates

. State Matrix Fiber

4 Spring-forward P 0,0) 0,0)
’ L (e207) | (e,0f)
i [ l : tj (£3v 0’3"”) (83' 0{)
I . | Cuod) | GuoD
& & | & ts (e5,08") | (es,0¢)

84 83 [0 (EC, 0) -

Fig. 4. Analysis of the MM Model-1 under Uniaxial Tensile Loading and Hydration. (a) Outline of the steps involved in the uniaxial tensile loading of the model
followed by hydration and finally dehydration. Here, t; represents the time steps at each significant configuration of the model during the test analysis. Roman
numerals (I — IV) indicate the representative paths taken by the matrix and fibers during different stages: I - loading, II - unloading, III - hydration, and IV -
dehydration, with these paths shown as hyphenated red lines. (b) Schematic stress-strain behavior in the dry (brown) and hydrated (blue) states of the matrix and (c)
fiber. Representative paths are shown as hyphenated red lines. (d) Stress-strain coordinates of the matrix and fiber at significant time steps during the test.
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Here, ¢ indicates the persistent plastic deformation only within the
matrix (i.e., if the matrix was considered to be isolated from the fibers).
It measures the strain corresponding to the zero-residual stress at per-
manent deformation in the matrix, shown in Fig. 4(b and d) at point (®)
and is given by the equation:
_Aw 9y

= ()]
L, E

€

At this point in the study, the model has achieved a condition of
equilibrium known as the deformed stage, indicated by a strain value of
3. The persistent deformation, at ¢, is caused purely inside the matrix
and is not reliant on the elastic behavior of the fibers. This value is
needed for understanding shape memory materials since it establishes
the minimum deformation that must be overcome to return the material
to its pre-programmed or original shape. Evidently, the applied defor-
mation Ay impacts the values of ¢, and €3, and the amount may change
depending on the application.

To initiate the stage of shape recovery, the model is subjected to a
hydration process. During this process, water is selectively permeated
into the matrix, resulting in a substantial reduction in Young’s modulus
and yield stress of the matrix (path IIIy in Fig. 4b), to EE and of,
respectively. Conversely, the fibers remain impervious to hydration and
serve as restitutive springs, aiding in the shape recovery (path IIIf in
Fig. 4c) of the MM model-1. This hydration-induced transition prompts a
configuration shift in the composite from time t3 to t4, leading to the
attainment of a strain value of ¢4, as depicted in Fig. 4a. The strain at t4 is
given by:

VMO'H

et 1 3
€4 AR 3

It is important to note that the hydration process, which acts as a
temporary external stimulus, ends at some point, and the MM model-1
returns to its dry condition. As the model begins to lose moisture, it
undergoes a series of adjustments. The fibers, acting as resilient springs,
retain their original properties and remain unaffected by dehydration.
Meanwhile, the matrix, which experienced reduced Young’s modulus
and yield stress during hydration, returns to its dry state characteristics.
During this process, the MM model-1 exhibits a spring-forward behavior
via paths IVy; and IV shown in Fig. 4(b and c) from time t4 to t5 until the
strain reaches a value of ¢s (Fig. 4a), which is given by:

D /
EMVMEC

= MM 4
ESVu + EpVp “

&s
Notably, the matrix is elastic with plastic strain at ¢, in its final state,
as given by:

’

H | pH
oy + Eyés

4 Eﬁ

()

By closely observing the routes (I — IV) that the MM model-1 follows
during its transitions between various configurations from times t; to ts,
we gain a comprehensive understanding of its mechanical behavior
encompassing loading, unloading, deformation, hydration, and dehy-
dration stages. This detailed analysis provides crucial insights into the
response of the model to external stimuli and its ability to exhibit shape
memory behavior while emphasizing the significance of persistent
plastic deformation in the matrix to achieve a deformed equilibrium state
in the model. To validate the effectiveness of the model, we introduce
the recovery strain parameter (e, (63 — €s5)/€3) as a quantitative
measure of the degree of shape recovery and is defined as:

,
£

&eE=1--=<
Ec

(6)
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L (oy/Eg) + (a;’VM/EFVF)
(Aw/Lo) — (o2 /E%)

This definition of shape recovery essentially serves as a crucial metric
to assess the shape memory capabilities inherent in the composite ma-
terial under study. While the model application and example presented
in Fig. 4 are under uniaxial tensile stress conditions, it is essential to
highlight that the same set of equations and principles can be readily
applied to compression scenarios. Whether under tension or compres-
sion, the results derived from Eqs. (1)-(7) consistently yield the exact
amount of recovery. This observation highlights a fundamental aspect of
the shape memory and recovery process—its independence from the
directionality of the applied load. This holds true within the context of
our 1D model designed for a uniaxial composite under stress conditions.

>e, @

2.2. MM model-2 (Swelling only)

While our evaluation here is limited to isolating the effect of swelling
(by removing the softening of mechanical properties) on the shape
memory properties within a uniaxial loading scenario, it is important to
recognize that the natural occurrence of swelling in biological systems is
considerably more intricate. The inherent complexities in multi-axial
loading, such as bending and twisting, prevalent in natural scenarios
with feathers, may introduce three-dimensional deformation and dam-
age mechanisms where swelling could potentially play a significant and
beneficial role. Our focused examination aims to elucidate the isolated
impact of swelling on shape memory properties under uniaxial loading.
While our model simplifies the scenario, it sets the stage for a deeper
understanding of the interplay between swelling and mechanical
behavior in bioinspired materials, offering a valuable foundation for
future explorations into more complex loading scenarios.

Continuing our investigation, the matrix is now thought to solely
experience swelling when subjected to hydration, and the identical
tensile testing case as the model presented above is investigated. The
stress and strain values of the MM model-2 and MM model-1 are iden-
tical during the initial stages (t; to t3) because the hydration-dependent
mechanisms of softening and swelling are not yet active. Additionally, it
holds that Ep ~ Ejf ~ Ey and o} ~ o
regarding any softening effects in the dry versus hydrated states of the
matrix. The main change would be in t4 (hydrated state) and hence t5
(post-hydrated state) as well. The following analytical equation defines
the value of strain at t4:

~ 0y, since we are now dis-

o EMVM(SC + 85)

&4 = 8
* T EyVi + ErVr ®

Here, ¢; is the additional strain that reflects the amount of swelling
occurring in the hydrated matrix, and hence accounts for the expansion
of the matrix due to hydration, contributing to the overall deformation
response. In this way, ¢4 accommodates for the combined effect of
imposed plastic strain (¢.) and swelling within the matrix at t4, and it
enables a comprehensive analysis of the interplay between mechanical
deformation and hydration-induced swelling.

To determine the analytical location of stress in the matrix at t4 (6{4” ),
we can use the following equation:

oy =Ey(es— €. — &) )
On substituting Eq. (8) in Eq. (9), we get:
(TT _ EMEFVF(EC + 5‘:) (10)

EmVy + EpVp

It is important to note here that the impact of swelling becomes
evident only if the matrix has undergone plastic deformation. This is due
to the fact that for small deformations, as per Hooke’s law, swelling
results in a purely elastic effect, causing the "swollen" matrix to revert to
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its initial configuration at time ts (or &5 = &3). The critical value of

swelling-induced strain (¢; = ¢;) when the matrix deforms plastically

under tension can be determined by equating olf from Eq. (10) with the

yield stress value of matrix during compression (— ¢,), and then rear-

ranging the equation accordingly to get:
¢ Uy(EMVM +EFVF)

& =2 — ——~"—¢

5t EMErVE 1)

To examine how swelling affects the final configuration, we must
understand its influence on the final plastic strain value (¢, = ¢, ),
which is governed by the following constitutive equation:

€y = e (e, 12)
On substituting Eq. (11) in Eq. (12), and simplifying, we get:
, E, E,
£, = oy(EmVum + EpVi) e a3)

EMEFVF

Eq. (13) shows that an increase in & causes the value of €, to
decrease, which results in a higher degree of recovery, hence making
swelling a favorable influence under tensile loading.

The similar analysis can be conducted under uniaxial compression
loading, where the key alteration involves equating ¢} from Eq. (10)
with the yield stress value of the matrix during tension (+ o), to
determine the critical value of swelling-induced strain (¢; = €5 ), leading
to the modified equation:

. oy(EuVu+EVe)

c 1
€ WA & 14)

sc

Notice that this Eq. (14) is the same as Eq. (11), except for the change
in sign of the first term on the right-hand side. On re-formulating the
constitutive equation defined in Eq. (12) to see the effect of swelling
after compression loading, we find that the new final plastic strain value
(¢, =€, ) is given by:

, 7(7),(EMVM +EFVF) _

_ 1
€ EnEr Vi & as

c_sc

According to Eq. (15), swelling has an undesirable effect under
compression loading since an increase in the magnitude of & results in
an increase in the value of ¢, , thereby lowering the degree of recovery.
Hence, from the analysis of MM model-2, we can conclude that swelling
benefits shape recovery only when the plastic deformation in the matrix
is caused from uniaxial tensile loading and may lead to a detrimental

outcome in cases of compression loading.

2.3. MM model-3 (Softening and swelling)

Now that we better understand the hydration influences individually
in terms of softening (drop in Young’s modulus and yield stress of the
matrix) and swelling (strain-induced expansion of the matrix), let us
look at their combined effect during hydration. Under uniaxial tensile
testing, the MM model-3 will follow the same path as earlier models for
positions at times t;—ts. However, when MM model-3 is subjected to
hydration at time t4, we start to see the combined impact of swelling and
softening of the matrix. In the analysis of MM model-1, we calculated a
value for strain (¢4) at t4 (Fig. 5a shows the previous location of t4 cor-
responding to MM model-1 as t4) as shown in Eq. (3), which we now
need to modify to account for swelling (¢;). The updated value of strain,
€, = (€4 —¢;) at ty, will also affect the value of ¢, (new value is repre-
sented with &) as shown in Eq. (18):
o) +Ey(es — &)

c Eﬁ

”

(18)

The combined influence of softening and swelling can be studied
analytically by comparing Eq. (18) to Eq. (5). The analysis of MM model-
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2 revealed that the impact of swelling strain (&) can have either a
desirable effect (increased recovery rate) or an undesirable effect
(reduced recovery rate), depending on whether the model is initially
subjected to tension or compression, respectively. A similar impact is
also observed in the analysis of MM model-3, as demonstrated by the
schematic graphs shown in Fig. 5(a and b). When ¢, = & , the updated
value of ¢, shifts t4 closer to the initial zero strain value at t;, as the
composite undergoes hydration, as illustrated in Fig. 5a. This is because,
at t3, the matrix undergoes compression while the fibers are under
tension. As a result, swelling of the matrix causes it to expand and enter
tension, hence assisting in the compression of the fibers and thereby
enabling the MM model-3 to contract back to its initial state. Conse-
quently, after drying, this shift has a desirable impact on the strain value
(€5), which can be calculated using Eq. (19).

D "
' EMVMEC

_ 19
ST BV + EVe (19)

Conversely, when & = & , the updated value of ¢, shifts t; farther
away from the initial zero strain value at t;, as the composite undergoes
hydration, as illustrated in Fig. 5b. This occurs because, during initial
compression loading, at t3, the matrix is already under tension while the
fibers are compressed. In this scenario, swelling of the matrix exacer-
bates the compression of the fibers, hence hindering the return of MM
model-3 to its initial state. As a result, after drying, this shift has an
adverse effect on the strain value (&), resulting in a lower degree of
shape recovery.

The recovery strain parameter (¢, = (e3 —¢5)/e3) ) can be used to
quantify the degree of shape recovery for the MM model-3 and is defined
as:

() - ()~
(Am/Lo) — (‘75/]5%)

The recovery strain parameter (e;), defined in Eq. (20), quantifies the
degree of shape recovery by comparing the strain at the deformed
equilibrium state (e3) with the strain after recovery (6'5). This metric
validates the model by demonstrating the efficiency of the hydration-
driven recovery process. For instance, when swelling aids recovery, as

g =1- (20)

in tensile loading conditions (& = e ), the parameter e'r increases,
highlighting favorable recovery. Conversely, when swelling hinders re-
covery, as in compression loading (e5 = &), e, decreases, reflecting
reduced recovery efficiency.

From the juxtaposition and analysis of these MM models, we can
conclude that softening in the matrix is an essential contributor to shape
recovery. Further, swelling in the matrix is only selectively beneficial
and may even be undesirable in some cases. As explained above, the
swelling phenomenon is more advantageous during initial tensile
loading due to the inherent mechanics of the MM model.

It is important to note that our analysis of MM models-1, 2, and 3
provides valuable insights under idealized 1D conditions with uniaxial
stress scenarios. This limited perspective does not encompass the addi-
tional complexities of more realistic, multi-axial, inelastic deformation
and damage. In practical scenarios involving bending, twisting, and
substantial deformation, the movement, rotation, or buckling of fibers
may occur, deviating from the ideal straight geometry, as considered in
the current models. In such instances, swelling might play a role in
straightening out the fibers, potentially contributing to the recovery and
healing of local deformations. While our model underscores the signif-
icance of matrix softening as a primary driver for shape recovery, it does
not fully capture the potential benefits of swelling in more complex, real-
world scenarios. This limitation prompts consideration for future in-
vestigations into the nuanced interplay of swelling and mechanical
behavior, offering a foundation for developing design guidelines for
shape memory materials. The following sections illustrate benchmark
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Fig. 5. Response of the Matrix in MM Model-3 under Uniaxial Loading and Hydration. Schematic stress-strain behavior in the dry (black) and hydrated (blue)
states of the matrix when it initially undergoes plastic deformation due to (a) tensile loading (swelling here is favorable to shape recovery) (b) compressive loading
(swelling here is unfavorable to shape recovery). The time steps (t) and Roman numerals (I — IV) used in this figure are the same as those defined in Fig. 4.

models that show the boon and bane of swelling within the matrix under
different loading scenarios.

3. Computational models for benchmark testing
3.1. Cross-validation of analytical and FEA models

Before advancing to the benchmark models, the validation of the
above analytical findings was done through a two-step process. First, we
verified our analytical equations by constructing a MM model of a 2D
rectangular matrix-fiber laminate and conducting analyses with com-
mercial FEA software ABAQUS CAE (version 2021), using four-node
plane strain (CPE4R) elements to discretize the model. Mesh conver-
gence was performed by refining the element size incrementally until
the stress-strain and recovery results showed negligible variation,
ensuring independence from the mesh density. The Egs. (1)-(20)
delineated in Section 2, along with the constitutive behaviors of the fiber
and matrix as illustrated in Fig. 3, were meticulously tested through this
FEA model, with the resulting curves, such as those in Figs. 4(b, ¢) and 5,
showing quantitative agreement with the analytical results, with stress-
strain curves and recovery parameters deviating by less than 2 %.

Next, we conducted a comparative analysis utilizing a pure bending
test setup to determine the optimal number of matrix and fiber layers to
design a reduced order 2D shell lay-up FEA composite model to mimic
the composition of the feather shaft and is what we refer to as a CFSC
model as briefly described in the introduction section. In this setup, the
ends of the laminate were kinematically constrained to reference points
at each end, and uniform bending moments were induced through
quasistatic displacement-controlled loading without introducing shear
or axial forces. The laminate model was subjected to flexural bending
under these conditions, followed by the release of the load to induce
permanent plastic deformation post spring-back. Subsequently, the
laminate was exposed to a hydration process for shape recovery, fol-
lowed by dehydration to remove excess water molecules (see Fig. 6a).
Here, hydration was simulated by reducing the matrix properties to
hydrated values (EL, aﬁ,{) and applying swelling strain as an initial
condition, while dehydration reversed these parameters to their dry
state values (Eﬁ,, ayD) and removed the swelling strain. The ratio of the
absolute maximum in-plane principal stress (1) to the yield stress of the
matrix with zero moisture content (o)l,’ ) was employed as a dimensionless
parameter to indicate the level of plastic deformation within the model
during this process. The same test setup was replicated with the CFSC
model that was discretized using four-node doubly curved thin shell
(S4R) elements.
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The number of total layers was varied according to the 2n+1 rule,
starting with n = 1, while maintaining a fixed volume fraction of fibers
at 40 %. To assess convergence, we used a dimensionless measure called
the percentage of recovery ratio (£), calculated as the percentage ratio of
the final central angle to the initial central angle (180" for a straight line)
subtended by the neutral axis of the laminate. The material properties
used for both the matrix and fiber were obtained from literature [45]
and were chosen to replicate the properties of the amorphous matrix and
the crystalline fibers found in keratinous materials inside the cortex of
feather shafts. Additionally, we examined the effect of swelling under
pure bending by subjecting all simulations to testing with and without
considering any swelling associated with the matrix. Validation of the
composite shell model was done by comparing the percentage of re-
covery ratio with the equivalent micromechanical model. The value of &
showed a perfect match and exhibited convergence trends at 97.6 % for
models without swelling and 99.7 % for models with swelling (see
Fig. 6b), both observed at the configuration of 31 layers (consisting of 16
matrix layers and 15 fiber layers), hence confirming its validity at this
configuration. Notably, here, swelling was found to play a beneficial role
in marginally enhancing the SME when subjected to flexural bending.
Subsequently, the validated CFSC model was utilized in devising
benchmark testing scenarios involving hollow thin shell cylindrical
pipes subjected to individual bending and twisting simulations. These
scenarios were designed to demonstrate SME and explore regions where
large, localized instabilities and buckling are expected to occur.

3.2. Benchmark models

In these benchmark simulations, hollow thin cylindrical pipes (with
thickness-to-diameter ratio of 0.1 and a diameter-to-length ratio of 0.05)
made from CFSC underwent the following well-defined stages. Initially,
the pipes were in their undeformed configuration, with a straight central
angle of 180°. Subsequently, the pipes were subjected to quasistatic
displacement-controlled loading to induce deformation, primarily
resulting from buckling instabilities due to bending (Fig. 7a) and
twisting (Fig. 7b). The FEA analysis captured the progressive accumu-
lation of plastic strain within the pipes, with results visually depicted
through contour plots at each test stage, as illustrated in Fig. 7. During
the unloading phase, the pipes underwent spring-back owing to elastic
rebound until they reached a state of permanent deformation at equi-
librium. Following this, a hydration process was introduced, triggering
SME, which enabled the pipes to gradually recover their original shape.
Finally, the pipes were dehydrated, leading to a slight spring-forward
and effectively locking in the recovered shape. These benchmark tests
were again conducted and analyzed with and without considering
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Fig. 6. Finite Element Simulations of the Shape Recovery Process of the
MM and CFSC Models under Flexural Bending. (a) The MM laminate model
is loaded under pure flexural bending causing it to deform plastically with a
certain amount of spring-back, followed by hydration to trigger and facilitate
shape recovery and finally dehydrated to lock in the recovered shape after a
slight spring-forward. (b) Comparison of the MM model and a reduced order
CFSC model to study convergence analysis with an increase in the number of
layers. Both the MM model and the CFSC models are also simulated with and
without any swelling associated with the matrix, and we see that under flexural
bending, swelling is favorable.

swelling associated with the matrix, enabling a comprehensive under-
standing of the influence of swelling under different loading scenarios.

The value of € (here, the ratio is calculated using the angles sub-
tended by the neutral axis of the hollow pipes in the initial and final
configurations) was once again used as a quantitative measure of com-
parison to assess the influence of swelling during bending versus
twisting. The results revealed that during bending, the pipes with
swelling within the matrix displayed a higher rate of shape memory
effect (€ = 97.8 %) compared to those without swelling (¢ = 96.3 %).
However, in the case of twisting, a contrasting behavior emerged,
wherein the presence of swelling proved to be disadvantageous. Spe-
cifically, the model without any swelling exhibited a higher rate of shape
memory effect (€ = 99.4 %) compared to the model with swelling (€ =
98.1 %). These findings underscore the nuanced interplay between
swelling and the shape memory effect, which varies under distinct
loading conditions, providing valuable insights into the material
response. Hence, further strengthening our claim that swelling within
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the matrix is only conditionally favorable to the overall SME of the CFSC
model. Furthermore, it is worth emphasizing that while swelling does
offer a slight advantage in SME, the primary driver of SME is the soft-
ening component of the matrix. Consequently, for future design and
bioinspired modeling endeavors, the complex characteristics of swelling
may not require detailed modeling and could potentially be overlooked.

3.3. Exploring the potential of these design principles and future works

To expand on its potential future applications, it is important to
highlight that the CFSC model exhibits high flexibility, allowing for
precise programming of shape recovery by systematically controlling
the volume fraction of its fibers. This tunability renders the composite
highly suitable for a diverse array of engineering applications. To
illustrate the extent of its tunability, we present a flower design that
emulates the controlled "blooming" and "wilting" of petals. We model
and analyze the flower design, where the base and each petal are rep-
resented as rigid bodies, while the CFSC serves as a flexible hinge that
connects the petals to the base (see Fig. 8a).

The simulation process involves four distinct stages, as depicted in
Fig. 8a. In the initial stage, deformation is induced in the CFSC, simu-
lating the controlled "blooming" of petals under displacement-controlled
loading. Subsequently, in the second stage, the loading is released, and
the flower undergoes spring-back until it reaches a state of permanent
plastic deformation at equilibrium. It is important to emphasize that the
applied load in the first stage is carefully tweaked to achieve a consistent
configuration of permanent plastic deformation after spring-back, as
shown in Fig. 8b. Moving on to the third stage, the flower undergoes
hydration, initiating the process of shape recovery. Finally, in the fourth
stage, the flower is dried, resulting in the observation of a slight spring-
forward and locking in the recovered shape. Throughout these simula-
tions, various volume fractions of fibers are employed, ranging from 1 %
to 25 %. The degree of shape recovery at the hydration and drying stages
is then individually determined using the percentage of recovery ratio §;
parameter (similar to £ used earlier). Here, §; = &y is the recovery ratio of
the CFSC under 100 % hydration, and §; = &, is the recovery ratio of the
CFSC at the final stage after dehydration.

Once again, these simulations are examined under two conditions:
one with swelling incorporated within the matrix and the other without
such alterations. As anticipated based on prior observations, the models
with swelling performed slightly better under bending, as shown in
Fig. 8b. However, it is important to acknowledge that this advantage is
contingent upon the specific loading scenarios. In situations where we
modify the loading conditions, we must exercise caution, as the favor-
ability of swelling becomes conditional and may not consistently yield
better outcomes. Moreover, while swelling might offer advantages
under specific circumstances, its impact on overall SME remains rela-
tively minor.

We can extend our exploration beyond the specified range of fiber
volume fractions considered in this study to attain theoretical values of
100 % degree of shape recovery. However, achieving a constant state of
permanent plastic deformation requires careful consideration of the
spring-back effect exhibited by the CFSC after load release. To account
for the spring-back, as we increase the fiber volume fraction, we must
also exponentially increase the applied deformation, as shown in Fig. 8b.
Furthermore, it is worth noting that while we have duplicated the ma-
terial properties observed in feather shafts for this study, the proposed
analytical framework can be adapted to encompass various other simple
materials. This extended applicability opens up additional levels of
tunability and versatility that are guided by the design principles
adapted from the working of feather shafts in avian birds.

4. Conclusions

Insights into the keratinous structure within the feather cortex of
birds of prey, offer a promising foundation for designing new classes of
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ions Illustrating the Blooming and Wilting of a Flower. (a) The CFSC is modeled

as a composite that acts as a hinged link that connects the flower petals to the flower base which are both modeled as rigid bodies. Here, the blooming of the flower is
considered as deformation, while wilting is representative of the shape recovery process. (b) The flower model is simulated to demonstrate the capacity of the CFSC to
custom-tune its degree of shape recovery during wilting by varying the volume fraction of the fibers. To achieve a consistent configuration of permanent plastic
deformation after spring-back, all models are subjected to tailored applied deformation as shown by the solid grey line. Percentage of recovery ratio is plotted at both

the hydration (hyphenated) stage and the final stage post dehydration (solid) to
and without any swelling associated with the matrix.

materials that can exhibit shape memory behavior, without the need for
inherently active shape memory components. This paper shows that the
hydration-induced softening of the matrix emerges as a primary mech-
anism that enables the shape memory effect. The hydration-induced
softening mechanism we identified in keratinous structures provides a
bioinspired framework for the development of new classes of shape

show the level of spring-forward after drying. Again, all models are simulated with

memory materials. These materials do not rely on inherently active
shape memory components but instead exploit hydration as a tunable
parameter to achieve shape recovery. This approach introduces a ver-
satile and simplified design paradigm, which expands the applicability
of shape memory systems and bridges the gap between natural and
synthetic materials.
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Although swelling shows some favorable results, its contribution is
marginal compared to the effect of matrix softening when considering
only uniaxial deformation. Moreover, swelling only demonstrated con-
ditional favorability. For instance, hydration-induced swealing pro-
motes shape recovery under bending conditions but may yield
undesirable results during twist-loading scenarios. However, it is
important to note that the scope of this analysis is confined to a simple
uniaxial case, specifically considering a composite material under uni-
axial stress conditions where the load is applied only parallel to the fiber
orientation. In contrast, real feathers exhibit a highly hierarchical
structure with anisotropic mechanical properties and are subjected to
complex, multi-axial loading scenarios, including bending, twisting, and
shear. Future studies could expand on the current work by incorporating
multi-axial loading scenarios, such as bending, twisting, and shear,
which require transitioning to two-dimensional or three-dimensional
modeling frameworks. This would involve the implementation of 3D
stress tensors and constitutive equations specifically designed to capture
anisotropic and heterogeneous mechanical properties of keratinous
materials. Further analysis is also required to explore the role of swelling
under these more intricate loading conditions. While this lies beyond the
scope of the current work, these directions offer exciting opportunities
for future exploration.

The design principles outlined here can be extended to exhibit flex-
ibility and tunability in achieving different degrees of shape recovery by
systematically controlling the volume fraction of the fibers. Further, the
inherent versatility in material selection allows for incorporating con-
stituent materials without innate shape memory properties, hence
broadening the range of possibilities to include passive and simpler el-
ements. Such tunability in these systems can be enhanced through the
application of machine learning models, as demonstrated in previous
works [66-69]. Machine learning techniques can optimize material se-
lection, geometrical configurations, and recovery behaviors, advancing
the design principles toward achieving mechanical intelligence, where
materials adapt passively to environmental changes [70]. An important
point to highlight in this paper is that we have examined the softening of
the matrix as a combined effect resulting from a simultaneous reduction
in both strength and stiffness. This approach was chosen to emulate the
natural functioning observed in the calamus section of feather shafts.
Future work can focus on physically modeling and experimentally
testing some of these feather shaft-inspired design principles, while also
exploring machine learning as a tool for guiding and accelerating the
design process.
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