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Abstract: In our current building design philosophy, structural design is based on static predictions
of the loads a building will need to withstand and the services it will need to provide. However,
one study found that 60% of all buildings are demolished due to obsolescence. To combat our
obsolescence-demolition culture, we turn to Nature for lessons about adaptable structural design.
In this paper, we investigate the structural adaptability of the T. terebra spiraled turret shell through
finite element modeling and parametric studies. The shell is able to change its structure over
time to meet changing performance demands—a feat of adaptability that could transform our
current infrastructure design. Modeling the shell’s growth process is an early and simple attempt
at characterizing adaptability. As the mollusk deposits material overtime, its shell wall thickness
changes, and its number of whorls increases. We designed parametric studies around these two modes
of growth and investigated their effect on structural integrity and living convenience for the mollusk.
By drawing parallels between the shell structure and human structures, we demonstrate connections
between engineering challenges and Nature’s solutions. We encourage readers to consider biomimicry
as a source of inspiration for their own quantitative studies for a more sustainable world.

Keywords: biomimicry; bioinspired design; natural systems; structures; adaptability; modeling;
parametric analysis

1. Introduction

With the rise of powerful information technology developed in the past few decades, obsolescence
is a problem that is well-known to most people, evident every time the software of a smartphone
outgrows its hardware. Obsolescence, the lack of suitability for desired use, describes the condition
of objects, services, or practices when they are no longer able to meet changing requirements.
These requirements range from new safety standards to users’ desires, but the cause of abandonment is
largely irrelevant to its effect. Contrastingly, adaptability is the ability of an object to change to improve
its functionality or suitability for a purpose. Viewed together, adaptable design can be leveraged as a
tool for sustainability by reducing the occurrences of obsolescence.

Adaptability has great potential for application in the built environment, where the “demolition
culture” found in the United States encourages a build-break philosophy. As noted by Lemer [1],
obsolescence poses a heavy burden on the owners and users of civil infrastructure. A study in
Minnesota found that about 60% of all building demolitions are due to some type of obsolescence rather
than reduced structural integrity [2]. While this study was contained in St. Paul, there is no reason
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to believe that results would be different across the U.S; similar trends have been observed in other
developed countries such as the U.K. [3] and Japan [4]. This high percentage of obsolescence-based
demolitions suggests that the current way that our structures are designed is inadequate for meeting
our long-term service needs. Structures are designed to last for hundreds of years but inhabitants cycle
through structures about every 30 years [5], causing more demolition and construction.

While accurately predicting (let alone planning) for the future is difficult, adaptability can be a
tool for maintaining relevance. We can circumvent our unpreparedness by designing structures that
are able to adapt to changing demands rather than continuing to build path-dependent structures
based on static predictions.

1.1. Adaptability in Structures

Adaptability in the built environment can be implemented on many levels to combat obsolescence.
In his book, How Buildings Learn, Stewart Brand describes six shearing layers of a building, based on
the expected lifetime of each layer [5]. These “six S’s” are shown in Figure 1 with their typical lifetimes.
Treating different layers as separate systems is significant for enabling adaptability in buildings,
since this allows us to address different components of a building on its appropriate time scale. Let us
consider one ludicrous example: if the skin layer were inseparable from the structural layer, a building
would need to be torn down every time its paint color was changed.

| Stuff: 1 day — 1 month
Space Plan: 3 — 30 years
- Services: 7 — 15 years
- Structure: 30 — 300 years
- Skin: 20 years
Site: Eternal

Figure 1. Six shearing layers of a structure and their lifetimes (adapted from Reference [5],
Penguin, 1995).

A well-planned example of adaptability in structures is illustrated by the 2012 London Olympics,
where the designers of the stadium arenas took possible future needs and uses of the site into
consideration [6]. The designers understood that the Games were a passing event and could result
in an enormous waste of infrastructure and investment. Their plan was to convert the 80,000-seat
stadium into a smaller-sized arena after the Games, and this was reflected in the use of temporary
steel structures which allowed for partial disassembly. To allow for deconstruction, the stadium had
a simple design with only two parts: a concrete bowl, and a lightweight steel truss structure that
comprised the upper tiers and supported the roof membrane. Even details as small as connections
were taking into consideration for component reuse and adaptability—bolts were used rather than
welded steel connections. The foresight of the London Olympics designers in creating structures
adaptable to changing demands ensured a prolonged life for both the site and the structures by taking
the longstanding population’s needs into account.
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While designing for adaptability may be more sustainable than succumbing to obsolescence,
learning how to build adaptable structures is still a largely uncharted path. There have only been a
handful of architectural designs and structural studies that use biomimicry [7-11], and even fewer have
examined adaptability in structures. Here is where we can turn to biomimicry for insight. Biomimicry,
a design method that mimics Nature’s time-tested patterns and strategies, has potential for lessons in
how to incorporate adaptability into structural design for a sustainable built environment.

1.2. Turning to Biomimicry and Engineering Systems for Adaptability Solutions

Biomimicry is a design method that draws inspiration from Nature for sustainable solutions
to human challenges. Nature has 3.8 billion years” worth of time-tested patterns and strategies,
which engineers can and have learned from and applied. Janine Benyus, the modern popularizer
of biomimicry, describes ten of “Nature’s principles”, referring to rules of thumb that natural
systems follow [12]. One principle, form follows function, stands out as particularly relevant for
adaptable infrastructure design. While this phrase is widely recognized as originating from modern,
industrial architecture (20th century), this concept draws from the theory of evolution (e.g., as described
by the overlap in Lamarck and Darwin’s theories in the 16th-17th centuries). Nature shapes its
structural forms to help meet functional requirements, rather than adding more material and energy
to produce similar outcomes [12]. Natural structures are honed and polished through natural
selection, resulting in systems that are effective, efficient, and multifunctional to meet each organism’s
performance demands [13].

This research considers Nature’s principle of form follows function through an engineering lens
by exploring biological systems through an engineering systems approach to better understand
the mathematical functions underpinning natural forms [14]. To describe the behavior of a system,
a mathematical model called a governing equation is often used [15]. Governing equations are frequently
taught as differential equations obtained by substituting a system'’s constitutive relationships into more
general laws of physics, such as Newton’s Second Law for mechanical systems and Kirchhoff’s Voltage
and Current Laws for electrical systems. In classical mechanics, the dynamic motion of a system is
characterized as a harmonic oscillator using three simple elements: a spring, a mass, and a damper.
In electrical systems, capacitors, inductors, and resistors are directly analogous to the parameters for
mechanical systems. Governing equations are also used in fluid flow and heat transfer, among other
topics. The goal in discretizing various system types into fundamental parameters is to create simple
models of complex systems, helping us to understand how systems’ inputs affect behavioral responses
(e.g., system functions transform the inputs into behavioral outputs—in this case, structural form).
This research asks biomimetic engineers, “If we’ve determined governing equations for mechanical
systems, and governing equations for electrical systems, can we determine a governing equation (or at
least the model elements) for adaptable systems?”

Users of biomimicry often function on the border of different disciplines, tools, and databases
for connecting ideas for inspiration and application. As such, biomimicry is often a two-way street
between biology and an engineering field. Biomimicry can be problem-driven, where engineers turn to
biology in a search for sustainable solutions, or solution-driven, where scientists search for applications
of their interesting discoveries [16,17]. In this paper, engineering mechanics is used to parameterize a
problem-driven example—the adaptable growth of a spiraled seashell—to explore how biomimicry
can be used for application to the design of adaptable structures.

2. Materials and Methods

This paper describes a biomimetic exploration of adaptability in a natural structure—the Turritella
terebra, a spiraled turret shell that adapts its structure (its shell) to meet changing performance demands
(mollusk growth). While “enlarging” is a simplistic form of growth, this project is an early attempt
at characterizing adaptability in natural systems. The T. terebra grows by adding a layer of calcium
carbonate to its newest edge, slowly incrementing its shell wall thickness and its overall helical length,
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which affects structural strength and behavior. The T. terebra was selected as the specimen for this
study due to its simplicity, as well as its economical availability in large quantities for an experimental
study. This structural engineering project investigates three parameters that may shed light on the
adaptable growth of the shell: (1) the ratio of volumetric capacity to mass—dependent on wall
thickness determined empirically; (2) the number of whortls (full revolutions of the shell)—investigated
theoretically; and (3) the load capacity of the shell under three-point bending through the development
of a finite element model of the T. terebra.

2.1. Shell Geometry and Model

The systematic study of seashells is dated as far back as 1838, when Moseley used a
logarithmic spiral to describe their geometric form [18]. Since Moseley, many others have
improved the mathematical characterization of shell geometry through mathematical biology [19],
digital construction [20], enhanced orthogonality of curves [21], computational shell generation [22],
and the definition of three additional angles for more reliable modeling [23]. The spiraled gastropod
shell can be characterized throughout its taxonomic class using a set of geometric variables.
These variables determine the form of the shell and include parameters such as vertical distance
from the apex, radius of the helico-spiral, shape function of the aperture, and various expansion rates,
among others. Basic shell terminology is illustrated in Figure 2.

+«——— apex

-e
!

ll'lllllllthlq,

? *—— suture (connection
'v K between whorls)

a whorl
(# increases towards base)

spire

A body whorl

aperture

:_ _: columella

base

Figure 2. Terminology of the Turritella terebra shell features.

The gastropod shell is a composite material of calcium carbonate (in the form of calcite and/or
aragonite) and organic macromolecules (e.g., proteins) [24,25]. As a reference point, Table 1 shows the
range of values for mechanical properties for the Otfala lactea (the Spanish snail, a related mollusk) as
summarized by Rajabi et al. [26]. Calcium carbonate has similar strengths to human-made building
materials [13] and can be considered in future studies of biomimicry to develop building materials
with improved strength-to-weight ratios.
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Table 1. Mechanical properties of O. lactea (summarized from Reference [26]).

Property Value References
Currey, 1976;
Young’s modulus 30-68 GPa Currey and Taylor, 1974;
Kearney, 2006
Shear modulus 19-39 GPa Kearney, 2006
Bulk modulus 47-69 GPa Kearney, 2006
Tensile strength 25-60 MPa Currey, 1976;

Currey and Taylor, 1974
Currey, 1976;

Compressive strength 198-336 MPa Liang et al. 2008
Shear strength 22-36 MPa Kearney, 2006
Fracture energy 157.7 N/m Ashby et al., 1995
Density 2800 kg/m?3 Ashby et al., 1995
Poisson’s ratio 0.3 Karmat et al., 2004

This section describes how a finite element (FE) model was created in order to run parametric
studies on the T. terebra. First, a 3D geometry of the shell was constructed in MATLAB to represent
a shell specimen with approximately 19.75 whorls, a height of 5.4 inches, and base width of
1.4 inches [27]. The 3D geometry of the shell is dependent on two angles (¢« and §, as shown in
Figure 3), an initial apex length Ry, and the “generating curve” of the shell aperture. The generating
curve of a particular specimen can be extracted from a cross-sectional image of the shell, and this
2D shape is then used as the template for creating whorls as they revolve around the columnella
axis [26,28,29]. To extract the outline, a simple code uses basic image processing techniques on
a manually isolated aperture to determine the curve-fit function (see Reference [27] for full code).
The extracted generating curve from the shell specimen and its accompanying curve-fit used in the FE
model are shown in Figure 4. The resulting MATLAB geometry (combining the generating curve with
« = 88.63°, B =3.3°,Ryp = 6.8 mm) is shown in Figure 5 as a progression from its cross-sectional scan
to its overlay with each geometrically modeled half.

Az (coiting z
axis) 3%

Generating Curve

£ =ab/((a sin s)+(b cos 5)3)**

Figure 3. Diagram of shell variables. Reproduced with permission from [29], Elsevier, 2012.
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Comparison of scanned outline to curvefit
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Figure 4. Manually extracted generating curve outline from cross-sectional scan of shell (left) and
curve-fit function generated from outline (right).
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Figure 5. Cross-sectional scan of shell halves (left); MATLAB generated the model using the specimen’s
parameters (center); and digital overlays of each half (right). The hand symbols represent the opening
of the shell into two halves.

The shell geometry, developed using Rajabi’s code [26,29], was then imported into ANSYS finite
element software through direct generation to create nodes and shell elements [30]. This model
uses SHELL181 elements, the simplest version of the four-node shell element, with six degrees of
freedom at each node. The structural FE model uses a Young’s modulus and Poisson’s ratio typical
of mollusk shells, E = 50 GPa, v = 0.31 [26,29,31,32]. The structural model was then subjected
to simple three-point bending as the base approach for investigating adaptability through stress
as a failure criterion. (Interested readers are directed to Reference [27] for details of the FE model,
such as constraints, boundary conditions, mesh convergence, comparison with experimental results,
and treatment of numerical error.) Figure 6 shows the typical deformation of the shell model in ANSYS
as it undergoes three-point bending.
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Figure 6. Typical deformation of the shell model as subjected to three-point bending. The pin (bottom
left), roller (bottom right), and loading (top left at highest point) boundary conditions are shown.

2.2. Parametric Studies

The structural model was developed as a means to explore parametric effects of growth on the
shell’s adaptability. As shell growth was the primary form of adaptability investigated, parametric
studies were designed around the method in which the shell added material to its structure. Here,
three outcomes due to the addition of material are discussed: number of whorls as a characterization of
shell maturity; optimization of living convenience for the mollusk; and impact on the tensile strength
of the shell.

2.2.1. Number of Whorls

As the mollusk grows, it secretes a substance which solidifies at the edge of the shell aperture [33].
This gradual deposition of primarily calcium carbonate sutures the current revolution to the previous
shell section, creating a build-up of material and lengthening the spire over time. As such, the number
of whorls increases with a shell’s maturity and was our proxy for characterizing shell age.

In experimental studies conducted on approximately 200 T. terebra specimens, a small collection
(n = 24) were cut into two longitudinal halves and their wall thicknesses were measured as a function
of position along the columnella [27]. This simple study corroborated that material is only deposited
at the shell aperture, as smaller shells did not have thinner walls than their larger counterparts (both
in terms of whorl count or absolute shell length).

As each shell specimen has unique geometric variables, a control study where all constants but the
number of whorls are identical is unfeasible. Instead, the number of whorls was parameterized in the
model by simulating three-point bending on a section of the shell spire, as shown in Figure 7. It should
be noted that the effects of the cantilever base were negligible, as decreasing the material thickness of
the cantilever to effectively zero (negating its stiffness and ensuring no force propagation) produced
the same result as leaving it intact [27], as per St. Venant’s principle regarding stresses distant from
points of interest.

..

h W&Mm-..,

Figure 7. Three-point bending model with pin-roller connections acting upon a simulation of one shell
at three different stages of growth.
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2.2.2. Living Convenience

The thickness measurements described above did, however, increase as the shell’s diameter
increased. Considering wall thickness from the mollusk’s perspective, we posit that the mollusk likely
tries to maximize internal volume (the snail’s functional living space, with the shell being a physical
constraint on its body), while minimizing shell weight. Wall thickness is inversely related to internal
capacity, and directly related to the mass of the shell. Thus, the ratio of capacity to mass, renamed here
as “living convenience”, is used as one variable in parametric analyses as thickness is systematically
incremented. The internal living space is approximated as a sphere with a diameter half the width of
the shell’s widest diameter, less its wall thickness (see Figure 8). Mass was determined empirically in
an experiment similar to wall thickness described above: shells of various sizes (1 = 22) were cut into
segments along their spire, and these segments were weighed individually to determine a curve-fit
equation for cumulative mass as a function of length.

Base diameter
Base radius = Living space diameter

Living space

Figure 8. Diagram showing the different measurements used for base diameter and living space.

2.2.3. Structural Capacity

Lastly, the parametric analysis examines how the shell’s addition of material affects its strength.
In structural engineering, the phrase form follows function implies that the architecture (form) of a
structure should support rather than detract from its structural integrity—the ability to keep a structure
from failing in a crisis (function). One simple assessment of integrity is to examine the structure’s
behavior under stress.

In three-point bending, brittle materials such as calcium carbonate typically experience tensile
failure; hence, tensile strength was the failure criteria of interest for the shell FE model. The tensile
strength typical of mollusk shells is 40.3 MPa (5845 psi) [31], and when this value was exceeded at any
location in the model, the shell was predicted to have fractured in real life. Typically, more material
(e.g., thicker walls) enables structures to withstand higher loads, and this was found to be the case for
the shell as wall thickness was incremented in the parametric analysis. (For details on how varying
thickness was implemented in the FE model, see Reference [27].) Figure 9 illustrates the bottom surface
of the shell under deformation (bending out of the page) and highlights the suture where fracture is
predicted. This location matched the failure observed in physical tests of shells [27].

As turret shells develop over time, they adapt and grow by depositing calcium carbonate to
strengthen and lengthen their structure. The addition of material is considered through parametric
analyses in two ways: (a) deposition at the aperture opening, slowly lengthening the spire as the
shell matures; and (b) deposition in terms of wall thickness, which affects the shell’s volume, mass,
and mechanical strength. Variations in percent thickness of the shell wall influence living convenience
and load capacity (b), and these changes can be examined over time with shell maturity (a). Thus,
it was determined that wall thickness is a significant variable in the shell’s adaptability. Incrementing
thickness captures the shell’s changes in 3D space, as shown in Figure 10.
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NODAL SOLUTION

STEP=1 Tensile failure
SUB =1

TIME=1 as gray sliver
51 (AVG)

DMX =.00559

SMX =29946.6

Tensile stress (psi)

X . 3896.67 5195.56
649.444 1948.33 3247.22 4546.11

Figure 9. Tensile failure occurs at a suture on the bottom surface of the shell. The color scale ranges
from 0 psi to 5845 psi, the tensile strength of calcium carbonate. The gray sliver in the cutout indicates
that the tensile capacity is exceeded and the location of the failure.

Living Convenience

A

+ % change in thickness — —
Age
W
Load capacity
at failure

Figure 10. Three-dimensional representation of the effects of varying shell wall thickness on living
convenience and load capacity, and natural addition of material on shell maturity.

The linear equation determined to best model wall thickness as a function of length was
t(x) = 0.0024 x d(x) + 0.029, (1)

where t(x) is the wall thickness, and d(x) is the diameter of the shell, in inches at any position x along
the columella. Equation 1 was developed from a series of measurements of T. terebra shell segments
in experimental studies [27]. Incrementing wall thickness in parametric studies was performed by
scaling the entire thickness equation by a factor in 5% increments, up to £20%. Because the study was
interested in overall trends, increments of 5% were deemed to provide sufficient resolution for the
parametric study; smaller increments would not have provided significant information to add to the
overall trend. These varying thicknesses were implemented in the FE model, and the results of the
model provided the corresponding load at which the shell fractured, as discussed in the next section.
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3. Results

Results from the parametric studies are summarized in three figures below by presenting data as
three separate planes, each with a pair of axes from Figure 10. While the data in each graph are primarily
governed by the x- and y-axis, the third parameter is illustrated as a color spectrum distributed across
that variable’s full range. Furthermore, the incrementation of thickness is superimposed on each
graph. The increments of £5% wall thickness are indicated as a spectrum that follows the curve of the
baseline thickness; percent changes are shown with red circular indicators, with the X’s representing
the +20% change to help orient the reader. For example, Figure 11 shows living convenience on the
y-axis, age (number of whorls) on the x-axis, and failure load shown in color. The baseline thickness
(0% change) is shown as a red line and can be seen in the center of the vertical spectrum as an asterisk.
Figure 11 shows that as thickness increases (moving towards red X), failure load increases and living
convenience decreases while age is held constant.

Living Convenience vs. Age (vs. Failure Load)

@& Magnitude of load at failure (Ibs)
018 F | * 20%increase inthickness
—#— 0% increase in thickness

0.16

Less thickness

01}

More thickness

Volumetric Capacity/Cumulative Mass (in 3r’oz)

10 12 14 16 18
Number of Whorls

Figure 11. Living convenience increases with age. Contour levels represent the failure load (Ibs).

Figure 11 shows that a mollusk’s living convenience increases as it grows—a shell with more
whorls is more efficient at increasing its living space while keeping mass low. The colored contours in
Figure 11 illustrate the magnitude of the load that causes failure (a darker shade indicates a smaller
load magnitude). It should be noted that the contour lines follow the load magnitudes, not the percent
change in thickness. The shell is able to withstand larger loads as it gets older, which is simply a result
of the boundary and loading conditions used in this model. As expected, by theoretically increasing
wall thickness at any age, the shell decreases its chances for failure, but marginally loses some living
convenience by doing so.

Figure 12 shows that as a shell adds more whorls, the load at which three-point bending failure
occurs generally increases. In other words, older shells are more resistant to breaking than younger
shells are, for the given boundary conditions. In Figure 12, the contours illustrate the living convenience;
the lighter colors indicate higher living convenience (i.e., high volumetric capacity to low mass).
As expected, a decrease in thickness would both allow for more volumetric capacity and lessen total
mass (thus, increased living convenience), but would also cause failure to occur more easily (at a
smaller load magnitude). Interestingly, the failure load increases more steeply in youth and appears
to stabilize after around 13-15 whorls, suggesting that immature shells are more intent on increasing
their load capacity, and that there may be an upper limit to load capacity.
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Failure Load vs. Age (vs. Living Convenience)
55 Fr—= ! ! ' '
o Living Convenience (in*/0z)

»* 20% increase in thickness
50 ["|—— 0% increase in thickness

More thickness

Load (lbs)

Less thickness

10 12 14 16 18
Number of Whorls

Figure 12. Shells are less likely to break with maturity. Contour levels represent living convenience
(in/0z).

Figure 13 shows the relationship of load and living convenience as age changes. It is to be noted
that the contours in this plot line up with the integer number of whorls. It appears that around
13-15 whorls, the rate of change drops off dramatically. In other words, after 13-15 whorls, the shell
can increase its living convenience but can only gain a minimal increase in load capacity from its
younger self. This is the same trend as seen previously: the young shell may be more intent on
preventing fracture, while a larger shell spends energy on increasing its living convenience (suggesting
that the shell may approach a limit of maximum strength). As demonstrated by the red symbols,
a decrease in thickness corresponds to a lower load capacity but an increase in volumetric capacity
to mass.

Failure Load vs. Living Convenience (vs. Age)

19

55 1
o More thickness 18
50 R
17
45 R
16
Less
- 40 - © thickness | 15
= (o}
i 14
o 35 1
g (o]
- 13
30 1
12
25 1
11
€& Age (number of whorls)
20 - * 20% increase in thickness |4 10
—#— 0% increase in thickness

. . . . . L 0
004 006 008 01 012 014 016 018 02

Volumetric Capacity/Cumulative Mass (in®/oz)

Figure 13. Shells fracture more easily with fewer whorls. Contour levels represent age. Load-to-living
convenience rate appears to stabilize after 13-15 whorls.
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4. Discussion

This project examines a simplification of the T. terebra’s structural adaptability to growth over
time. While direct parallels drawn to human structures are certainly fantastical (i.e., by no means
do we suggest that buildings should be shaped like spiraled shells), the purpose of the comparisons
made below is to demonstrate that connections can be found in Nature for engineering solutions.
This study also provides a basic example of quantitative biomimicry through the use of structural
modeling outside of its usual context.

4.1. Analysis of Shell Adaptability

As shown in Figure 11, the mollusk may become more efficient at increasing living space while
minimizing mass as it grows, but a simple thought experiment suggests that humans are not as efficient
with their usable space. A common measurement of usable living space in real estate is the floor area
ratio, which the total floor area of a building (usable space across multiple stories) as a percent of its
footprint. While the mollusk is able to capitalize on its internal capacity (volume approximated as
a sphere), only floor area is usable for humans. In real estate, the floor area ratio does not increase
as ceilings are raised. Take a skyscraper for which every floor adds area A and mass m: its living
space-to-mass ratio is essentially constant (A/m), unlike the shell. If we consider volume, instead—in
a direct comparison to the shell—we would find a similar increase in the living space-to-mass ratio
as the height (number of floors) increases. However, as much of our vertical space is unused, this is
best characterized as the space that requires heating or cooling [34]. In contrast to the shell, this is an
increasing relationship that we would like to avoid, as it necessitates an increase in energy costs.

Figure 12 shows that older shells (more whorls) are able to resist larger loads than younger shells
(fewer whorls); however, this is the opposite of what we observe in human structures. The geometries
and structures of shells versus buildings are obviously very different, but the fact remains that our
older structures are usually in a worse condition than newer ones. This is often due to poor upkeep
or not meeting current standards, but ultimately structural health does not tend to improve with age.
With regards to the shell’s length as a factor in resisting lateral loads, the simple analogy of building
height can be made. Lateral loads on buildings (like wind) affect the behavior of tall skyscrapers
more than shorter structures. The effect of changing wall thickness translates easily to buildings.
Engineers could build thinner walls, but they would likely compromise structural integrity in the
process. Similarly, walls that are overly thick interfere with internal occupant capacity.

In Figure 13, we see that the change in slope of load capacity-to-living convenience alters
dramatically after a certain number of whorls. This may suggest that the shell undergoes a
transformation after which it spends its energy on different development activities. At a younger
age, preventing fracture may be its focus, while after maturing and approaching a strength limit,
the shell instead focuses on increasing living convenience. Based on commentary by Etter et al. [35],
the importance of size on survival may be separate from that of load capacity on survival, since we
see that the shell does not stop growing as it approaches maximum load capacity. According to the
Encyclopedia of Tidepools and Rocky Shores:

A larger size and thicker shell reduce the efficacy of shell-crushing predators such as crabs,
fishes, and birds. For example, when crabs are provided with both thick- and thin-shelled
prey, the thin-shelled morphs suffer much greater mortality because they are easier to break.
Size is important because as snails increase in size, fewer predators can feed on them and
they may often attain a size refuge, where they are sufficiently large that most predators are
unable to consume them. [35]

This change in the need for protection may explain the continuance of growth even after maximum
load capacity is approached; increasing overall size may be more important than fracture strength
after a certain age. A similar change in purpose can be considered for buildings—does vulnerability
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to certain hazards change with size, age, or other properties? If so, can we design for a mid-life
transformation in performance demands?

4.2. Implications of Adaptability in Structural Design

The takeaway from this shell case study is not that we should design our buildings to look like
shells. In order to utilize bio-inspiration as a practical tool, as designers we need to look past surface
level aesthetics and examine the functions of the design. The spiraled turret shell was chosen as
a simplified analogy to human structures, which also protect and house their inhabitants. As the
shell grows, its adaptability for accommodating its inhabitant is crucial for its survival. The shell’s
adaptability is the critical function examined in this paper—what can we learn from biomimetic
adaptability to help our obsolescence-prone infrastructure?

As described in the introduction, while structural engineers are well-trained in considering
structural integrity, designers do not often consider future use and structural adaptability to be a
design parameter. This shell study provides some insight to structural designers into what we can
consider during the design process for more sustainable infrastructure. Here, we present two ideas that
reinforce the fact that planning must happen, even if only planning for the unknown, before construction
is set in motion.

4.2.1. Planning Is Crucial for Adaptable Design

Shelled gastropods are born with a protoconch, which is the initial part of the shell that develops
as a coil in the embryo. This prenatal spiral sets the pattern for the shell’s growth to follow for the rest
of its existence. This pattern is simple (defined by just a few parameters, as described in Section 2.1),
yet guided, leading to structured but unrestrained growth. This planning in advance to support
future growth is not a concept we often consider in human structures. As designers, we need to think
critically about how we can design structures to allow for the expansion that they will inevitably need,
effectively designing the “prenatal” structure that supports future growth. For example, increasing
occupancy numbers while maintaining access to natural light for occupants presents an interesting
design challenge. If, in the future, we begin to build ad hoc vertical expansion out of necessity,
how might we redesign structural components to be easily modified when an unknown number of
floors could be added? These are questions that structural designers need to begin considering in
the planning stages in order to set a path for growth, when working with what exists is a constraint,
and demolition is no longer an option.

While there are on-going studies of adaptable design in human structures, practical
implementation is currently rare. Ross et al. conducted a study to examine if there are particular design
strategies that professionals perceive to enable adaptability more than others [36]. Eleven strategies
(see Figure 14) were identified in the small but growing body of literature calling for an adaptable
design paradigm. Fifteen design professionals were asked to rank, in their opinion, the importance of
“adaptability enablers” such as the accuracy of drawings, open floor plans, and modular components.
These “adaptability enablers”—factors that enable a structure to be adaptable to its occupants’
needs—provide insight into what the construction industry can focus on to prolong the lifetimes
of structures.

One of the eleven parameters described in Ross’ work is designing for adaptability and deconstruction
(DfAD or DfD), a construction approach that emphasizes the importance of the design stage in
considering the life cycle of structural components (rather than just their usefulness) [37]. Ross posits
that, even though DfD sounds like a promising technique, it may have received a low perceived
effectiveness rating due to two factors. First, many of the other enablers overlap with design decisions
made in DfD; and second, while some practicing engineers may consider the after-life implications of
their designs, they may be unaware of DfD as a design framework, as it is not commonly applied in
the United States [36]. Both awareness and implementation of adaptable design are needed in the U.S.,
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and turning to Nature to learn how to design adaptable structures may provide engineers with tools
to better prevent obsolescence.

Plans
13.8% Modular

6.5%

Materials
7.3%
Reserve

11.7%

Connections
7.4%

Open
11.3%

Common
7.6%

Access

8.4%

Figure 14. Relative effectiveness of design-based adaptability enablers. Data from [36], Elsevier, 2016.
4.2.2. Planning Ahead Can Increase Efficiency

Cities may even be a better analogy for the spiraled gastropod shell than buildings.
While buildings do not usually increase their efficiency with scale, cities do. For example, New York is
the largest and, yet, most sustainable city in the United States [38]. We actually see that an increase in
population density increases infrastructural efficiency, since the physical components of infrastructure
(e.g., cables, pipes, subways) have less absolute area to span. On the other hand, the urban sprawl of
Los Angeles, caused by poor (or lack of) infrastructural planning, has stimulated wealth inequality
between the urban center and suburbia at the fringe.

There is a long history, from Mumford (1961) [39] to Batty (2013) [40], of studying the form of
human settlements. Recent work shows that some fundamental equations can be used to describe
human behavior and efficiencies in these cities [41]. For example, as cities grow, they require fewer
resources per capita and produce more innovations per capita. While such research derives equations
from the behavior of cities, this research hints at the potential to use equations to inform the design
of cities. As seen in Figure 11, the seashell grows in a way that is efficient for its occupant and also
becomes more efficient as it grows. Well-planned urban areas grow in an analogous manner—as a
city’s population grows, higher density commercial and residential structures tend to be constructed,
leading to more living space for less material, like the shell achieves. Studying Nature’s adaptable
structures for hidden yet practical lessons can inspire us to design and help us to plan for structures
and infrastructure that support our growing population.

5. Conclusions

This research explores biomimicry as a design approach for reimagining our building philosophy
to disrupt the current obsolescence-demolition culture. By turning to Nature, engineering systems
and quantitative analysis techniques can lead us to an understanding of how complex systems work,
and we may be able to discover fundamental model elements that affect adaptable behavioral response.

In this paper, the structural adaptability of the T. terebra spiraled turret shell is investigated
through finite element modeling and parametric studies. The shell is able to change its structure over
time to meet changing performance demands—a feat of adaptability that could transform our current
infrastructure design if implementable. Based on the results of the parametric studies, two design
applications are provided. First, we emphasize that the planning stage in the design process is crucial.
Current implementation of adaptability in the structural design process is rare; moreover, parallel work
in civil engineering has found that adaptable design is misunderstood and underutilized effectively.
Turning to Nature for biomimetic lessons in adaptability may help us better identify the critical design
parameters that lead to adaptability. Second, analogies are also drawn between the shell’s adaptability
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and city design. Our city planners can learn from the adaptable growth of the shell to more effectively
manage population and infrastructural growth. By planning ahead strategically, our cities are capable
of increasing infrastructural efficiency as boundaries and populations expand, much like the shell.

While shell and human structures are incommensurable, especially given the assumptions,
approximations, and simplicity of the shell model, the purpose of these analogies is to demonstrate
that the challenges that we face as engineers may resemble those already resolved in Nature. While we
may not have the step-by-step answers to how to design adaptable buildings yet, we show readers
that adaptable structures are possible, as demonstrated by the shell. Recent work has begun the search
for adaptability blueprints, but more effective solutions might be found through further biomimetic
studies. We encourage readers to consider biomimicry as a source of inspiration for their own research
and hope that this work will incite collaboration between disciplines, as natural forms do not conform
to artificial disciplinary boundaries. Some of the largest opportunities for scientific advances lie at the
convergence of multiple disciplines [42—44], and applying biomimicry to structural forms can place
structural engineers at the cutting edge of these advances.
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