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B
iomimetics is the field of study that identifies
potential useful biological processes and
mechanisms in nature and translates these

principles into the engineering domain. Utilizing
natures abilities has proven to be a powerful and
useful mechanism for innovation, and has led to
profound technical advancements and capabilities
in applied science disciplines and fields. The main
objective of this paper is to introduce a Biomimicry
analysis of the plants ability to maintain optimal
sunlight in order to maximize the photosynthesis
process. The main components and factors that
enable heliotropism are discussed as well as the
governing physics describing the processes needed
in order for this phenomenon to occur in nature.
The reader should emerge from this paper with an
understanding of how plants are induced by sunlight
as well as the long-term possibility of replicating this
phenomenon for human purposes.

Keywords: Biomimetics, Biomimicry, He-
liotropism, solar tracking, transdisciplinary research.

1 Introduction

In a time when energy costs continue to increase
and concerns associated with an over dependence on
fossil fuels, it is advantageous for engineers and com-
panies to capitalize on the technological advances
and capabilities that allow us to replicate nature’s
approach in harvesting energy. Biomimicry is leading
the approach to innovation by seeking sustainable
solutions to human challenges by emulating nature’s
time-tested patterns and strategies [1]. Biomimetic
engineering is an interdisciplinary approach that
identifies potential useful processes and mechanisms
in biological systems and imitates them in engineer-
ing systems [2]. This engineering approach is initi-
ated by identifying and analyzing a solution offered
by nature that may translate to an engineering prob-
lem. The underlying principles are understood and
transferred to the artificial realm through design,
simulation, and fabrication. If possible, affordances
and improvements are made within the confines of
the technological state [3]. Using the Biomimetic En-
gineering approach, a common phenomenon that oc-
curs with plants obtaining the most optimal amount
of sunlight will be examined, and this process will

Transdisciplinary Journal of Engineering & Science
ISSN: 1949-0569 online

Vol. 8, pp. 36-53, 2017



Jerome Moore and Adam Hines
Biomimetic Engineering Analysis of Heliotropic Plants 37

be considered to provide viable solutions that may
produce cost-effective renewable energy for human
purposes.

First, a common ground must be established for
photosynthesis and the effect heliotropism has in
enhancing its efficiency. This must be discussed to
show its importance to everyday life and its ability
to maximize a process that ensures our ability to live
on earth. In grade school, the science curriculum
commonly teaches that photosynthesis is responsible
for supplying all of the earth’s organic compounds
as well as the energy required to sustain life on the
planet. This process is a complex biological process
that harvests light energy from the sun and converts
it into biological energy [4]. The energy and carbon
is transmitted throughout the ecosystem as the pho-
tosynthetic organisms are consumed or decomposed
by other organisms in a continuous, revolving circle
of life. The principle inputs on the rate of photo-
synthesis are available water, light wavelength and
intensity [5]. However, the main factor that often
gets overlooked is how plants ensure they obtain
enough sunlight. Sunlight makes up 2 of the 3 im-
portant factors in the photosynthesis process. The
process responsible for obtaining the precise amount
of ideal sunlight for photosynthesis to occur is called
heliotropism.

As stated previously, heliotropism enables plants
to maintain an efficient level of sunlight in order to
initiate the photosynthesis process. However, just
knowing this definition at the surface level does
nothing to properly quantify the enormity of this ca-
pability’s impact on the world. Therefore, a number
of components and questions need to be addressed in
order to fully comprehend this complex everyday pro-
cess. First, heliotropism is defined as the directional
motion of plant parts in response to the direction of
the sun [6]. There are several questions that auto-
matically arise when you contemplate the dynamics
of a flower tracking and moving in response to the
sun. The major questions would be the following:

• How do plants detect the sunlight?

• What mechanisms enable the plant to track the
sun?

• What plant features enhance its heliotropism
capabilities?

• What are the fundamental physics involved in
the process?

The all-encompassing question is, “Can the plant’s
heliotropism principles be translated by Biomimetic
engineering to innovate or improve upon available
technologies/strategies employed to harvest renew-
able energy?” The main objective of this paper
is to address the questions above by introducing a
Biomimetic Engineering analysis of the plants’ abil-
ity to maintain optimal sunlight in order to maximize
the photosynthesis process. The main components
and factors that enable heliotropism are discussed
as well as the governing physics describing the pro-
cesses needed in order for this phenomenon to occur
in nature. The reader should emerge from this paper
with an understanding of how plants are induced
by sunlight as well as the long-term possibility of
replicating the principles of this phenomenon for
human purposes.

2 Observation: The Plant’s Ability
to Maintain Optimal Sunlight

Science has ingrained the principle that plants re-
quire the sun to grow. However, not all plants require
the same amount of sun in order to reproduce or
grow. Certain types of plants have heliotropic char-
acteristics to ensure they can initiate photosynthesis
due to climatic factors. The most common types
of heliotropic plants come from the legumes fam-
ily; whereas the most known heliotropic flowers are
Sunflowers as seen in Figure 1, Poppies, Marigolds,
Daisies, and the Snow Buttercup [4]. Other com-
monly known plants that show heliotropic abilities
are alfalfa and cotton [5]. Although, a distinction
needs to be made between heliotropic plants and
phototrophic plants which are closely related terms.
Phototropism is a higher level function in which or-
ganism respond to a light stimulus. For example,
when a potted plant is placed on a window sill, the
plant will be stimulated to lean towards the window
in order to obtain more sunlight and increase its
growth capabilities. Heliotropic plants follow the
direction of the sun throughout the day. Plants
exhibiting heliotropic capabilities are not only stim-
ulated by the sun, but physically track the sun’s
motion across the sky from east to west [6].

The first question tends to focus on how heliotropic
plants can move without muscles. The easiest answer
is that they have genes that work to an “internal”
clock that corresponds with the sun’s movement.
Scientists at the University of California Davis, de-
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Figure 1: The most commonly known heliotropic plant, the sunflower.

termined that genes stimulate growth on the west
side of the stems during the evening hours when the
sun is down in preparation of dawn. As a result, the
heads/leaves of the plant orient east. When the sun
rises, growth is directed to the eastern portion of the
stems at a rate that correlates with the movement
of the sun throughout the day. This growth rate is
calibrated to a precision that enables the plants to
“track” the sun to obtain the most amount of sunlight
[7]. After the sun has set again, some heliotropic
plants assume a random orientation; whereas others
enable chemical reactions to return the leaf or flower
back to the east facing orientation in preparation for
dawn. The movement and gene stimulation can be
attributed to the pulvinus or flexible sections of the
plant that change the pressure of localized tissues
by producing increased levels of potassium ions [8].

There have been numerous hypothesis as to why
these plants have this capability ranging from offen-
sive tactics to attract pollinators all the way to a
polar opposite theory that attributes this mechanism
as a sort of a self-defense mechanism to ensure its
survival. While some of these hypotheses may contra-
dict, scientists have reason to believe all the theories
may be correct. That in fact this phenomenon is a
benefit to not only the plant, but to all that come
into direct and indirect contact with the plants. The
three most common hypotheses will be discussed in
the following paragraphs.

2.1 The Heating Hypothesis

This theory focuses on a mutualism relationship in
which both pollinators and plants benefit by the
heating of the sun. The heat energy absorbed by
the plant enhances seed production. Generally, pol-
linators do not have the ability to generate their
own heat and rely on the sun’s heat to warm them.
Therefore, heliotropic plants are attractive to these
pollinators because they tend to be the warmest
plants in any given habitat because of their opti-
mal alignment with the sun at all day time hours.
This warming effect provides the pollinators with a
comfortable environment in which they can warm
themselves and/or feed off the nectar. Pollination
then occurs which leads to the production of seeds
[9]. The pollinator attraction hypothesis is a direct
reward for pollinators and the heliotropic plants [10].

2.2 The Growth Hypothesis

The growth hypothesis assumes that effective ab-
sorption of solar energy and the resulting rise in
temperature has an effect on pollen germination and
the growth of the pollen tube and seed production
[11]. At first glance, this hypothesis seems similar to
the heating mutualism theory; however, the growth
hypothesis simply states that the plants have this
ability for growth purposes only. This is not a mutu-
alism capability in which nature developed to benefit
both the pollinator and the plant. This hypothesis
believes the pollinator role is attributed to evolution
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in which pollinators have learned to take advantage
of this phenomenon. The heliotropic plants track
the sun to grow as abundantly and rapidly as they
can in areas in which the reproduction cycle is short
or limited due to environmental conditions. This
hypothesis is prevalent for heliotropic species in the
arctic climates.

2.3 The Cooling Hypothesis

The cooling hypothesis focuses on protecting plants
from being scorched by the sun in hot climates. The
heliotropic plants adjusts its position in reference
to the sun to avoid overheating. This thermal reg-
ulation mechanism of the leaves enables the plant
to control the amount of solar radiation incident to
any given leaf [12]. In the hotter environments, a
short growing season has led to adaptations that
allow the heliotropic plants to thrive by absorbing
as much light as possible and also the ability to pro-
tect itself once its optimal thermal range has been
exceeded. This defense mechanism has enabled he-
liotropic plants to cultivate an ideal reproduction
climate in some of the harshest environmental con-
ditions that are uninhabitable for most plant species
who do not exhibit this phenomenon.

2.4 Benefits of Heliotropism

Regardless of the theory or hypothesis as to why
plants have heliotropic abilities, it is a hybrid ability
that takes advantage of all the symbiotic relation-
ships in its environment. Heliotropism can be viewed
as an evolutionary modification of the characteris-
tics of a plant by manipulating its capabilities in
order to thrive in any environmental condition. He-
liotropism enables a plant to absorb more warmth
and light. This then leads to a warm and welcoming
environment for insects which leads to an increas-
ing likelihood of pollination, reproduction, and seed
germination. While at the same time, the oppo-
site can be true. Heliotropism enables a plant to
prevent overheating. Which will also lead to an in-
creasing likelihood of pollination, reproduction, and
seed germination [13].

Plants that face the sun reach higher internal tem-
peratures and also retain water more rapidly on
average than flowers that just face directly upward.
The same can be said for flowers who face the sun
versus flowers who orient away from the sun. There-
fore, heliotropic plants are less sensitive to ambient

temperature changes than non-tracking flowers be-
cause this ability enhances the plant’s capacity to
warm under cool conditions and heat up under cold
conditions. This ability allows the plants to avoid
heat or cold stresses and maintain energy to focus on
photosynthesis. The synergistic effects of heliotropic
plants enable it to adapt to various climates around
the world [14].

A common and persistent theme to heliotropic
plants is that they all thrive in harsh climates. These
plants can do this through the use of their adaptive
leaves/heads. The heliotropic movements regulate
the amount of solar radiation incident on a leaf.
Depending on the plant species or time of day this
regulation may be maximizing or minimizing the
amount of sunlight. On clear days, heliotropism
can reduce total radiant energy on the leaf blade
by 20-30%. Also, heliotropic plants can control the
factors that enable photosynthesis which leads to an
increased photosynthesis rate ranging from 29 to 42%
[15]. Therefore, these movements have a profound
impact on plant energy efficiency, leaf and plant
temperature, water efficiency, and most importantly
photosynthesis efficiency. The regulation of all these
factors gives these plants an advantage in growth,
seed production, and reproduction when compared
to plants with stationary leaves [8].

3 Main Components and Factors

The main components related to heliotropic plants
relate to their ability to follow the sunlight during the
course of a day. When heliotropic plants are closely
examined a few, specific factors will be discussed.
The sun comes up and sets every day and plants,
specifically the sunflower understands this process.
Sunflowers prepare for the morning sunlight by facing
east during the nighttime hours and following the
sun throughout the day as it sets in the west. The
second factor is phototropism. Phototropism is the
process that helps a plant focus its leaves in the
direction of sunlight. This focusing of the plant to
the sunlight promotes additional photosynthesis.

The path that the Earth takes around the sun on
its axis exposes the surface of the planet to repetitive
changes in quality and quantity of the sun light re-
ceived. This has created an environment where many
plants attempt to receive all the available sunlight

Transdisciplinary Journal of Engineering & Science
ISSN: 1949-0569 online

Vol. 8, pp. 36-53, 2017



Jerome Moore and Adam Hines
Biomimetic Engineering Analysis of Heliotropic Plants 40

Figure 2: Sunflower growth affected by the circadian
clock and sunlight [16].

provided by the sun for photosynthesis and healthy
growth. The natural environment responds to these
cyclic changes with rhythms in biological activity
driven by a molecular pacemaker called the circa-
dian clock [16]. Circadian clocks, as seen in Figure 2,
are signaling networks that enhance an organism’s
relationship with the rhythmic environment, such as
daylight and night coming each day. The plant cir-
cadian clock influences a wide range of physiological
and biochemical events, such as photosynthesis and
the induction of flowering [17]. This clock helps pre-
pare plants to receive all available energy resources
to support plant growth and pollination.

An additional growth pathway for plants is pho-
totropism, this is a process in which plants align
their photosynthetic organs with the direction of
incoming light. This occurs when plants receive a
light stimulus that then trigger growth in the cells
furthest away from the light source below. This far
side growth encourages plants to bend towards the
light source to increase photosynthesis and healthy
growth.

Heliotropism, or solar tracking, is a more dynamic
form of phototropism, this generally occurs in the
upper portions of the plant [19], [20]. Heliotropism
requires a moving light source as plants grown in
greenhouses or growth chambers with consistent over-

head lighting do not display heliotropic movement,
indicating that the behavior is dependent on a dy-
namic, directional light source [21]. Heliotropism is
generated by the combined action of light-signaling
pathways and the circadian clock. These two actions
working in parallel enhance the plant’s performance
in the natural environment. Sunflower stems exhibit
this movement such that their new growth on top
shifts from facing east at dawn to facing west at dusk
as they track the sun’s relative position [22], [23],
[24]. These additional pollinators promote healthy
plants. As a sunflower reaches full growth it no
longer follows the sun during the daytime and it
faces east permanently [22]. By facing east the full
size sunflower provides the warmest flower to the
pollinator without “following” the sun throughout
the day.

4 Governing Physics and
Parameters

The governing physics and biology parameters asso-
ciated with the plant’s ability to maintain optimal
sunlight through heliotropism has been established
through evolutional changes of the plant in order to
thrive in harsh environments. A heliotropic response
is a sequence of the following processes: reception
of the directional light signal, signal transduction,
transformation of the signal to a physiological re-
sponse, and the production of directional growth
response [25]. These heliotropic processes and pa-
rameters of the plant have taken advantage of fun-
damental laws of physics which can be attributed
to five common physics curriculum subjects. These
topics focus on pressure, osmosis, light, spatial orien-
tation, and surface area. The collaboration of these
principles into one phenomenon has enabled plants
to maintain an optimal amount of sunlight for the
photosynthesis process.

4.1 Pressure and Osmosis

Pressure: the continuous physical force exerted on
or against an object by something in contact with it
and is defined as force per unit area [26].

Osmosis: a process by which molecules of a solvent
tend to pass through a semipermeable membrane
from a less concentrated solution into a more con-
centrated one, thus equalizing the concentrations on
each side of the membrane [26].
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When discussing heliotropic plants, the type of
pressure used to move the plants is called turgor
pressure. Heliotropic plants use this law of physics
through its pulvinus organ. As mentioned earlier,
the pulvinus organ is located at the base of the leaf
or at the head of a heliotropic flower. The red lines in
Figure 3 point out the pulvinus portions of a plant.

Figure 3: Pulvinus organs on a plant.

As seen above, the pulvinus organ is a joint-like
thickening at the base of a plant leaf or flower head
that facilitates the physical movement of the plant.
They consist of a cavity of vascular tissue within
a flexible, bulky cylinder of thin-walled cells [27].
Pulvinar movement is caused by changes in pressure
leading to a contraction or expansion of the vascular
tissue located inside the joint. This vascular tissue
can be seen as the pockets of tissue indicated in
Figure 4.

Figure 4: A depiction of the pulvinus organ and
the plant’s cell membrane [28].

The response is initiated when an increased
amount of solute in the pulvinus decreases the water
potential and triggers an efflux of potassium ions
from the surrounding cells. This is followed by an ef-
flux of water, resulting in a sudden change of turgor
pressure in the cells of the pulvinus [28]. The process
is a direct result of osmosis and can be seen in ev-
eryday processes like filtering water or the human’s
body’s natural process of filtering blood [27]. Com-
mon examples of pulvinar movements include the
night movement of legume leaves into a protective
formation and the tracking of the sun by sunflowers
throughout the day.

Turgor pressure can be envisioned as the internal
pressure of a plant’s cell wall depicted in Figure 5
below. Turgor pressure is a mechanism employed
when the plant’s plasma membrane is pushed against
its cell walls. This pressure is caused by the flow
of water from an area of low concentration outside
the cell into the cell’s cavity, which has a higher
concentration [29].

Figure 5: As water enters inside the cell wall indicated
in blue through osmosis, the turgor pressure
increases due to the cell’s membrane enlarge-
ment [30].

The physical principle known as osmosis comes
into play to cause the water to flow from one area
of high water concentration and low solute to a
low water concentration area and high solute. This
process continues until the two areas have an equal
ratio of solute to water. The cell’s membrane permits
the flow of water in and out of the cell but restricts
the flow of solute.

Eventually, the cell’s membrane is enlarged such
that it pushes against the cell’s wall. Changes in
turgor pressure strongly depends on cell volume.
The turgor pressure of heliotropic plants can be
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attributed to pressure seen in hydraulics and ratios
seen in the osmosis process [31].

4.2 Light

Light: is defined as luminous, radiant energy in
the form of electromagnetic radiation ranging in
wavelength from 400 to 700 nm and propagated at
a speed of 186,282 mi./sec, considered variously as
a wave, corpuscular, or quantum phenomenon [26].

Light serves as the major energy resource to ini-
tiate the heliotropic process. Light’s wavelengths
trigger the heliotropic process through the perceived
blue or red light by the photoreceptors near the
major parallel veins. The photoreceptor molecules
detect illumination and whether it is directed toward
the tip or toward the base of the leaf. Whereas, the
light perception by the pulvinus organ precludes sig-
nal transmission over a long distance. Thus, there
are two different mechanisms for the detection of
light direction in leaves: 1) a vein mechanism that
senses light vectors 2) a pulvinar mechanism that
senses light gradients [32].

Plants rely on several laws of physics in order to
efficiently align the leaves to obtain the most/least
amount of sunlight. Most heliotropic plants respond
to the blue wavelength by aligning the leaves or
flowers to an incident angle to the sun’s wavelength.
Whereas other plants whose goal is to protect itself
from overheating will orient the leaves to reflect
sunlight [33]. As seen in the Figure 6, the ray of
light approaching the surface is known as the incident
ray.

The ray of light that exits the surface is referred
as the reflected ray. At the point of incidence, where
the ray strikes the mirror, a normal line can be
drawn perpendicular to the surface of the mirror.
The normal line serves as the median angle between
the incident ray and the reflected ray. The angle
between the incident ray and the normal is known
as the angle of incidence. The angle between the
reflected ray and the normal is known as the angle
of reflection [34].

As stated earlier, an important factor which could
seem obvious is the fact the light source must be
dynamic in order for plants to exhibit heliotropic
behavior. Scientists determined this behavior indi-
cates heliotropism is dependent on a dynamic and

Figure 6: Laws of Reflection [34].

directional light source [35].The Plants orient their
leaves in respect to these laws based on the purpose
they are aiming to achieve. If the goal is to cool the
plant, the leaves will orient to the angle of reflection
to reduce the heating and may orient several leaves
to offer shade in an orientation to reflect the sun’s
rays and heat. If the goal is obtain the most amount
of sunlight the plant will track the sun and orient
its leaves in the angle of incidence throughout the
day to maximize the photosynthesis process. During
the day, the sun warms the plants as waves of sun-
light are absorbed and the thermal energy excites
atoms in its leaves, triggering photosynthesis and
creating heating. Too little heat results in very slow
growth, but excess heat can be destructive. Plants
have evolved and adapted by producing leaves with
varying degrees of reflectiveness. Dark leaves absorb
the most energy from sunlight, whereas light colored
leaves reflect excess sunlight [36]. The plant’s ability
to change the angle of its leaves can reduce the total
radiant energy on the leaf blade by 20-30%. There-
fore, these leaf movements have a large impact on
leaf energy balance, leaf temperature, transpirational
water loss, carbon gain through photosynthesis, and
water use efficiency [37].

4.3 Spatial Orientation and Surface Area

Spatial Orientation: Defines the natural ability to
maintain orientation and/or posture in relation to
the surrounding environment (physical space) at rest
and during motion [26].

Surface Area: measure of how much exposed area
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a solid object has, expressed in square units [26].
Plants use a combination of spatial orientation and

the surface area of its leaves to ensure the maximum
amount of sunlight can be absorbed or reflected
through heliotropic movements. Up to now, the
movement of individual leaves was analyzed. How-
ever, the spatial orientation and surface area of all
the leaves in a plant’s canopy has to analyzed to
reflect the synergy of these aspects to form a system-
ized feature that enhances the plant’s photosynthetic
efficiency.

Scientists have determined that plants position
its leaves so that each collects its share without
interfering with any other leaf. This capability is
achieved through multiple mechanisms of changing
the posture of the leaves throughout the day as the
sun moves across the sky [38]. Leaves can move in
relation to each other on a non-interference basis by
moving at greater and more varied amplitudes. Wide
and ruffled blades prevent self-shading by spreading
themselves apart and increasing their exposure to
sunlight. This design allows the plant to control
the amount of sun light it receives but also limit
the amount of overheating. The leaves, through
convective heat transfer, cool by wind blowing across
the leaves [39].

If leaves overlap too much or are too closely spaced
vertically, then the shading and light interference
of the leaves will decrease the interception of the
light rays. This will result in a decrease of photo-
synthetic efficiency. Conversely, if the arrangement
of the leaves allow gaps in the canopy, then the
photosynthetic efficiency will still decrease because
the amount of sunlight will not be absorbed by the
plant’s leaves [40]. This arrangement can be seen in
Figure 7.

Therefore, an equilibrium must be established
between the amounts of space between each leaf in
relation to each other. The shape of leaves also
plays a big role in terms of the surface area. Curved
shaped leaves offer small surface area for plants in hot
climates. Whereas large leaves can capture as much
sunlight as possible in areas in which the season is
short. Thus, maximizing its photosynthetic efficiency
in short seasons. To maximize cooling, some plants
produce leaves with high surface area. Rough leaves
have more surface area than smooth leaves. This
provides more space for the transformation of liquid

Figure 7: Spatial orientation of leaves in a Tree’s
canopy to minimize light interference or
shade.

to vapor. As a result, there are greater cooling
benefits due to the high humidity surrounding trees
with rough leaves [41].

It is evident that the parameters associated with
heliotropic plants relies heavily on the fundamen-
tal laws of physics and biology. The mastery of
these laws has enabled the plant to tackle numerous
stresses and climates. The heliotropic plant’s ability
to use pressure, osmosis, light, spatial orientation,
and surface area to harness the sun’s rays is indeed a
phenomenon. The interaction of these elements and
parameters, that when combined, produce a total
effect that is greater than the sum of each of the
individual leaf contributions. In effect, the plant has
produced a redundancy to ensure its existence and
reproduction. The duplication of all these critical
components and functions as a system of efficient
light absorbing antennas with the single intention
of increasing its photosynthetic reliability has in a
sense provided a backup or fail-safe to ensure system
performance [42].

5 Describing the Physics

In a simplified manner, there are a few key concepts
to grasp about how plants can and in fact do track
sunlight. From the cycles of day and night to how the
plant has the ability to attract additional pollinators
by directing flowers and leaves towards a light source.
The ability of nature to process sunlight into energy
for the plant proves to be a complicated process. A
simplified version of photosynthesis and heliotropism
will be explored in the following sections.
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5.1 Circadian Clock

The path that the Earth takes around the sun on its
axis exposes the surface of the planet to repetitive
changes in quality and quantity of the sun light re-
ceived. This has created an environment where many
plants attempt to receive all the available sunlight
provided by the sun for photosynthesis and healthy
growth [43]. The natural environment responds to
these cyclic changes with rhythms in biological ac-
tivity driven by a molecular pacemaker called the
circadian clock [16]. Circadian clocks are signaling
networks that enhance an organism’s relationship
with the rhythmic environment, such as daylight
and night coming each day. The plant circadian
clock influences a wide range of physiological and
biochemical events, such as photosynthesis and the
induction of flowering [17]. This clock helps prepare
plants to receive all available energy resources to
support plant growth and pollination [44], [45].

Experiments conducted by Dodd have demon-
strated that the circadian clock allows plants to
increase photosynthesis. This occurs from the cor-
rect anticipation of dawn and dusk, and synchro-
nization of the synthesis of light-harvesting complex
proteins and chlorophyll [43]. Incorrect matching
of natural rhythms to environmental rhythms re-
duced leaf chlorophyll content, reduced assimilation,
reduced growth, and increased mortality [43]. Opti-
mization of these parameters by circadian resonance
has allowed plants to survive nature’s evolution.

5.2 Photosynthesis

The word photosynthesis can be separated into two
smaller words, “photo” which means light and “syn-
thesis” which means putting things together. Plants
require carbon dioxide (CO2), water (H2O) and sun-
light to produce their food. The plants put these
together with sunlight to produce food and oxygen.
Plants use this food for healthy growth, flowering
and even producing fruit. Carbon dioxide from the
air passes through small openings in the leaves called
stomata. This carbon dioxide is combined with wa-
ter absorbed by the roots of the plant and passes
through vessels in the stem on its way to the leaves.
Photosynthesis occurs in the cells of each leaf on
the plant. Inside each cell there are small struc-
tures called chloroplasts. Each chloroplast contains
a green chemical called chlorophyll which gives leaves
their green color and absorbs the sun’s energy. Eq.

(1) lays out what this process likes like in equation
form.

Sunlight

6CO2 + 6H2O → C6H12O6 + 6O2 (1)
Carbon Dioxide Water Glucose Oxygen

Photosynthesis uses the energy collected from the
sun by the chlorophyll to split water molecules into
hydrogen and oxygen. The remaining oxygen is then
released by the leaves into the atmosphere. Some of
the glucose that is created by this process is used to
provide energy for growth and development of the
plant while the rest is stored in leaves, roots or fruits
for later use by the plants.

5.3 Turgor Pressure

Turgor pressure is critical to plant function as plants
work like hydraulic machines moving fluids around.
Turgor pressure helps with growth, transport and
movement of fluids within the plant [44]. Plant cells
generate hydrostatic pressures known as turgor pres-
sure. The plants regulation of turgor pressure is
the result of a plant’s response to changes in nature,
such as additional sunlight or temperature changes.
A breakdown in this process of regulating the cell
pressure reduces the performance of a plant. This
breakdown occurs during stressful times of growth,
such as limited water supply or extreme tempera-
tures.

A major factor determining the magnitude of the
turgor pressure is the total number of solutes accu-
mulated inside the protoplast; the osmotic pressure
of the cell contents (π) provides a measure of this.
The osmotic (π) and turgor pressure (P) of a cell are
conveniently combined in the term water potential,
which is a measure of the energy state of the water
at any point [44]. Pritchard describes this equation
as shown below in Eq. (2).

Ψw = P − π (2)

The difference in water pressure between the cell
and its environment are the driving force that de-
termine if the cell takes on additional water. Water
travels from a higher to a lower water potential to
reach equilibrium. There are a number of factors
can reduce turgor pressure below what is predicted
but that is beyond what will be discussed here.

Cell extension drives nearly all plant growth and
occurs because turgor pressure stretches the cell wall
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[46]. These forces generated by the cells can be very
large, as can be seen by a plant’s root system. A
plant’s root system can force its roots through com-
pacted soil full of rocks and debris. Turgor pressure
also provides a hydrostatic skeleton to support leaves
and stems. This is evident when a plant wilts due
to lack of water. Although plants are planted in one
spot in the ground they can still manipulate them-
selves to gain a better incident angle with the sun
rays. A plant’s leaves and flowers move to track the
sun, maximizing photosynthesis and pollination. In
more extreme environments leaves turn away from
the sun to prevent overheating. Such movements are
caused by reversible variation in turgor on different
sides of the stem.

5.4 Heliotropism

As stated throughout the paper, Heliotropism is
a more dynamic form of phototropism, this gener-
ally occurs in the upper portions of the plant as it
usually requires new growth to provide the direc-
tional change to “track” the sun. Heliotropism in
the common sunflower is generated by the combined
action of light-signaling pathways and the circadian
clock. These two actions working in parallel enhance
the plant’s performance in the natural environment.
Plants that experience heliotropism have been shown
to provide about 9.5% increase in photosynthesis ver-
sus a stationary leaf [47]. This additional sunlight
provides additional resources to the plant to promote
healthy growth. Heliotropism is possible due to the
growth of cells in a plant that are furthest from the
light source. This growth promotes a directional
growth towards the light source. Phototropism and
heliotropism are complex biological responses in-
volving interactions of multiple photoreceptors and
multiple signaling pathways that together combine
to produce a growth gradient on the shady side of a
plant [48].

According to Shell, the ability of a plant to receive
sunlight is given by the variable I, irradiance. This
is the area of a leaf that is normal to the sun’s rays.
The larger this area the more significant the amount
of sunlight the plant can process and is displayed as
Eq. (3) [49].

I = fi(A)Ci (3)

Where fi(A) is the fraction of the total leaf area for
a given plant and Ci of cos θ being the angle between

the leaf-normal and the sun’s beam. By using this
calculation, it has been shown that the sunflower will
intercept significantly more radiation than could be
expected for a random leaf distribution. A random
leaf distribution would be a distribution that does
not follow any kind of process or sun tracking [49].

6 Experiment and Analysis

There are a few specific areas that could be focused
in on for additional research. The areas of interest
are listed below.

• Leaf Area Index

• Incident Angle / PFFD Transmission

• Leaf Temperature

• Turgor Pressure

6.1 Leaf area Index

Leaf area index can be calculated as seen below or
it can be measured using a ceptometer. If this is
measured, a reading can be taken in direct sunlight
and compared to a reading taken directly under the
canopy. These measurements can determine the
health of a plant’s canopy and be used as compar-
isons against past measurements. These measure-
ments can also be used to determine optimal plant
spacing and row directions during planting. This
would be critical information to define in an effort
to replicate this type of design in the engineering
realm.

Thermal time or growth degree day (GDD) con-
trols the amount of growth permitted by the plant.
This comes down to the more sunlight the plant re-
ceives the more it can grow and produce. Therefore,
testing the amount of sunlight each leaf receives or
trying to optimize the amount of sunlight to each
leaf will prove to be beneficial in this application.
There is a balance between leaf density versus the
size of the leaf. As the leaf gets larger the more of
a shadow it will cast on the other leaves, therefore
reducing photosynthesis in the other areas of the
plant. Below are the calculations to determine the
leaf area index for sunflowers. Growth degree (GD)
is calculated from Tb and Tc being defined as base
temperature and critical temperature respectively
[50].
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GD = Tb if T < Tb

GD = T − Tb if T > Tb

GD = Tc if GD > Tc

T is average daily temperature and growth degree
day (GDD) was calculated by accumulating GD
after the plant emerges from the surface. During the
initial leaf growth rate, from emergence to the end
of the vegetative stage, is referred to the period of
fast linear growth during which the LAI increases at
a constant rate and calculated by below in Eq. (4)
[50]:

LAI(i) = (LAImax/GDD1) ∗ (GDD(i)) (4)

if GDD(i) ≤ GDD1

Where LAImax equals the LAI at maximum
growth rate and GDD1 represents the accumulated
thermal time from emergence till the end of the
initial leaf growth rate [50].

The leaf area index in its simplest form is the
amount of leaf area divided by the amount of ground
surface area. This is a dimensionless number that
can help gauge the health of a broad leaf plant’s
canopy.

6.2 Incident Angle / Photosynthetic
Photon Flux Density

Incident angle is closely related to heliotropism in
the fact that the plant follows the sun in an attempt
to receive additional sunlight. The plant is trying
to maintain a perpendicular angle to sunlight rays.
Plants that experience heliotropism have been shown
to provide an increase in photosynthesis versus a
stationary leaf. This additional sunlight provides
additional resources to the plant to promote healthy
growth. Heliotropism is possible due to the growth
of cells in a plant that are furthest from the light
source. Phototropism and heliotropism are complex
biological responses involving interactions of multiple
photoreceptors and multiple signaling pathways that
together combine to produce a growth gradient on
the shady side of a plant [48].

According to Shell, the ability of a plant to receive
sunlight is given by the variable I, irradiance. This is

calculated by the area of a leaf that is normal to the
sun’s rays. The larger this area the more significant
the amount of sunlight the plant can use to process
carbon dioxide and water. This calculation is directly
based on the incident angle of the leaf against the
sun’s rays.

The verification of this comes in the form of pho-
tosynthetic photon flux density (PPFD). This is the
measurement of light (photons) that reaches the leaf.
This measurement can be verified and tested with a
ceptometer [51].

6.3 Leaf Temperature

Leaf temperature has an effect on how the plant
behaves in relation to the sun. For example, a leaf
that gets warmer than necessary will turn away from
the sun to protect itself. This optimal temperature
should be examined to help understand how nature
solves this problem. This temperature safety fea-
ture that plants exhibit could be implemented in a
slightly different way to provide safety to solar panels
should a hail storm or extreme weather be coming.
Understanding the temperature at which this hap-
pens on a plant will provide the details of how early
this process starts and when the plant knows its time
to start protecting itself. The test fixture pictured
below in Figure 8 is how a test setup to measure the
leaf temperature would be implemented.

Figure 8: Setup to test leaf temperature [52].

7 Feasibility, Limitations, and
Advantages
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Figure 9: SMAA Results [53].

7.1 Feasibility

A team of four decision makers (3 Engineers, and
1 Biologist) were asked to complete the exercise
using the Stochastic Multicriteria Acceptability
Analysis (SMAA). The purpose of this exercise
was to use SMAA with a set of criteria, derived
from Biologically Inspired Design (BID), to assist
multi-disciplinary decision makers evaluate biology-
to-engineering transfer risk for candidate-design
analogs. This framework guides decision makers
to a low-risk choice by using externally valid predic-
tors of design transfer risk [1]. The team decided to
increase the number of decision makers to have a dif-
fering perspective that included considerations from
a decision maker who was not an engineer. Also, the
increase of decision makers allowed a stabilization of
the standard deviation so that the results would not
be hypersensitive to differing scores from 4 decision
makers versus just two decision makers. The exercise
utilized the design problem with the candidates and
was completed in 3 rounds of scoring. The results
are included for each round [53].The results from the
analysis are shown below in Figure 9.

The first and second round did not provide a defini-
tive solution as no candidate was ranked over 0.1 in
the TFR Low category. After each round, a clarifi-
cation and discussion took place to help the decision
makers align on a common thought process when an-
alyzing the criteria and the ranking process. In the
third round, two candidates emerged as the lowest
risk options. The termite mounds and heliotropic

plants proved to be the lowest design transfer risk to
the engineering domain [53]. This analysis enabled
us to pursue further.

7.2 Limitations: Cost and Expertise

The current team analyzing this phenomenon, with
the intent of transferring this biological phenomenon
to the engineering domain, is restricted by its dis-
ciplines and formal education in this broad and ex-
tensive scientific field. Biology is a complex field
when trying to learn the underlying principles and
assess if the biological solution is better than the
existing ones available in today’s market and tech-
nology. The ability to describe the complexity of this
phenomenon is dependent on the approach. Each
field of science and engineering defines and views
complexity in different ways in the absence of a uni-
fying concept or general complexity theory [54]. No
one answer is correct and no one answer is wrong.
However, a plant biologist would be able to uncover
the most intricate components and processes to en-
sure no stone is left unturned. The expert would
be able to offer additional biological principles that
translate into the technological realm.

As of right now, the team consists of a mechanical
and electrical engineer. In order to successfully im-
plement a biomimetic engineering solution, a trans-
disciplinary perspective must be taken to ensure all
aspects of the phenomenon are questioned, tested,
and thoroughly examined. When solutions to com-
plex problems are purposed, there are many facets
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of the solution that must be considered. Many times,
these solutions must be considered through a trans-
disciplinary lens to examine the problem fully. The
objective of transdisciplinary is to understand the
present world, in all of its complexities, instead of
focusing on one part of it [54]. While many solutions
to complex problems have yet to satisfy all stakehold-
ers, improved processes have been added to remedy
the problems [55]. A complex problem that has not
been addressed through transdisciplinary research
and collaboration from all disciplines involved will
produce a less than optimal solution [56].

Additionally, this biomimicry project would re-
quire the assistance of a statistician. One who would
direct and frame the experiment and analysis portion
of the project. The contribution of the statistical
expert would focus on selecting and implementing
the optimal analytic strategy and procedures for the
data analysis of the experiments. Obtaining this re-
source would assist the team in collecting, inputting,
and managing the data. Also, an expert would know
the available software packages and tools that may
be able to collaborate results, distributions, and
theories. Understanding the various advanced sta-
tistical tests and models can correlate theories and
conclusive evidence that may lead to an engineer-
ing innovation based on the behavior of heliotropic
plants.

The cost to perform this research would be quite
expensive due to our lack of statistical expertise. The
experiment and analysis portion of our project fo-
cuses heavily on physical testing of the phenomenon
and its processes. Utilizing simulations that could
model the components/processes of the system
and/or the phenomenon would greatly decrease the
cost as well as offer a well-rounded analysis that
could cover abundant iterations of the experiment.
A cost-effective method in which the experiments
can sample from the population with reasonable com-
putational cost estimates based on a Monte Carlo
Method would drastically improve the depth and
robustness of the analysis and results while at the
same time provide a path in achieving data with a
high confidence interval [3].

7.3 Advantages: Applicability of Circadian
Clocks

The applicability of circadian rhythms and clocks
make this biomimicry project appealing and advan-
tageous due to the immeasurable applications tied

to circadian clocks. As mentioned earlier, circadian
clocks have been traced to mammals, plants, fungi,
bacteria and microorganisms and have a direct im-
pact on each organism’s health and behavior. Most
people refer to the circadian clock as the biological
or internal clock. Circadian clocks can be affected
by natural and artificial light sources from the envi-
ronment that cue influencing circadian rhythms to
turn on or turn off genes that control an organism’s
internal clocks. For instance, the brain, kidney, liver,
and hormonal system contain circadian clocks that
must stay in sync in order to ensure efficient and
healthy bodily functions in accordance with the time
of day [57]. As a result of this, circadian synchroniza-
tion within the cell and between organ systems is
critical to health and well-being, and any breakdown
of this time-based system can lead to harmful men-
tal or physical conditions because circadian rhythms
influence sleep-wake cycles, hormone release, body
temperature and other important bodily functions.
The interruption of this internal synchronization can
lead to sleep disorders, obesity, diabetes, depression,
bipolar disorder and seasonal affective disorder [57],
[58].There are at least 15 genes that scientists believe
make up the inner-makings of the circadian clock
mechanism. Due to the variation of genetics from
one person to the next, these components can result
in profound differences in circadian clocks from per-
son to person. This explains why some people are
early birds and others are night owls [59]. Therefore,
understanding how heliotropic plants correlate their
movement to the circadian clock could offer insight
to innovative applications or solutions in any or all
of the following fields: medical, biomedical, biology,
infectious diseases, pharmaceutical, and many more.

7.4 Emerging Technologies

1) Solar Cells Mimicking Photosynthesis

The emergence of existing technologies associated
with Photosynthesis, Turgor Pressure, and He-
liotropism make this topic advantageous to trans-
disciplinary and biomimetic engineers. Take for in-
stance photosynthesis and its intended purpose of
harvesting power from sunlight. Engineers have
taken advantage of the photosynthesis phenomenon
by replicating the harvesting of energy through the
use of solar cells to produce electrical energy for hu-
mans. An extensive literature and market research
of all the available technologies and products focused
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on solar cells led to the discovery of a solar cell de-
sign that utilizes the biological properties of the Ivy
Plant. A company known as SMIT (Sustainably
Minded Interactive Technology) designed their solar
cells, as seen in Figure 10, to mimic the ivy plants
by using Photovoltaic principles to convert wind and
solar energy into electrical energy. Each 4 foot by
7 foot strip of the ivy leaves can generate up to 85
Watts of solar power.

Figure 10: SMIT Solar ivy product.

This renewable energy will reduce heating and
cooling costs while at the same time offer aesthetic
and shading benefits to the structure [60]. The solar
ivy also solves the major issue of non-aesthetic solar
cells that take up large footprints of a building’s
roof. As seen in Figure 11, this product addresses
this issue by utilizing a solution that can be installed
on all the vertical sides of the structure that at the
same time is aesthetically pleasing to the inhabitants
of the building.

Figure 11: Residents view of the SMIT solar ivy
product.

In addition to Photovoltaic Solar cells is another
emerging solar cell technology focused on a dye-
sensitized solar cell. Dyesol has emerged at the
forefront of this developing solar cell technology and
market. The dye solar cell, as seen in Figure 12, is
a low-cost alternative solar cell that is based on a
semiconductor formed between a photo-sensitized
anode and electrolyte. Compared to conventional
silicon based photovoltaic technology, Dyesol’s tech-
nology has lower cost and produces electricity more
efficiently even in low light conditions and can be
directly incorporated into buildings by replacing con-
ventional glass panels rather than taking up roof or
extra land area [61].

Figure 12: Dye solar cell.

Dyesol’s latest product is the Perovskite solar cell
which has a potential impact for the future of re-
newable energy because it is easy to produce and so
flexible that it can be sprayed or painted on varying
surfaces. Conventional Photovoltaic solar cells have
peaked in regards to power conversion efficiency at a
level of 25% for the last 15 years. Perovskite on the
other hand is expected to reach the 30% efficiency
mark within the next three years. This technology is
already accredited to the current international stan-
dard IEC61646, which conducts temperature tests
at 85 degrees Celsius for over a 1,000 hour period,
in which solar cells cannot degrade in performance
by any more than 10% [62].
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2) Water Filtration Mimicking Heliotropic Cell
Membranes

In terms of Turgor Pressure and Osmosis, an emerg-
ing technology focused on water filtering relies on
the fundamental laws discussed earlier in this pa-
per. We can recall that turgor pressure relies on
the osmosis process to transfer liquids across the
plant membrane to achieve a desired level or equilib-
rium for the plant’s pulvinar movement in order to
track the sun. The Aquaporin Company has used
biomimicry to mimic the cell’s ability to transport
water back and forth across membranes by way of
a membrane cha” much like osmosis while at the
same time filtering out particles or ions that are
not particular to water [63]. This innovation has
offered a new filtration solution in both a forward
and reverse Osmosis process that can be employed
in industrial and household applications. Discov-
ery of the aquaporins has provided the explanation
for selective transport of water across the plasma
membranes of cells without allowing protons to pass.
The Aquaporin Forward Osmosis (FO), as seen in
Figure 13, offers an energy efficient product that can
be applied to difficult wastewater streams.

Figure 13: Aquaporin forward osmosis product.

The FO process uses only the osmotic pressure
difference between a feed water stream and the draw
solution as a driving force. The Reverse Osmosis
(RO) product, as seen in Figure 14, processes pol-
luted water into drinkable or reusable water.

Figure 14: Aquaporin reverse osmosis product.

The Aquaporin technology allows RO membranes
to have both improved water flux and higher rejec-
tion rates. Aquaporin is in the process of developing
solutions for brackish water and seawater [64].

8 Conclusion

Irrespective of the limitations of our team, the trans-
fer risk computed using the SMAA Tool indicated
there is a low likelihood of risk in transferring this bi-
ological phenomena to the engineering domain. The
Biomimetic Engineering goal is to create a product or
process that can enhance society’s capabilities. Us-
ing this approach to innovate a sustainable solution
mimicking the plant’s ability to maintain optimal
sunlight through heliotropism to maximize the pho-
tosynthesis process would solve an unquantifiable
number of current and future global issues.

The purpose of this paper was to offer an under-
standing of how plants are induced by sunlight as
well as the long-term possibility of replicating this
phenomenon for human purposes. All the questions
presented in the introduction of this paper has led us
to the fact that there are answers and solutions to the
question, “Can the plant’s heliotropism principles be
translated by Biomimetic engineering to innovate or
improve upon available technologies/strategies em-
ployed to harvest renewable energy?” By introducing
a Biomimetic Engineering analysis of the plants’ abil-
ity to maintain optimal sunlight in order to maximize
the photosynthesis process, we have covered complex
processes and parameters in multiple scientific and
engineering subjects. The thorough analyzation pro-
vided in this paper covering the mechanics, physics,
and features associated with heliotropism has led
us to the conclusion that this phenomenon can be
transferred to the engineering domain in a number
of various applications and fields. An engineering
replication of this biological phenomenon would en-
sure an innovative approach that would positively
impact crop production, energy resources, water re-
sources, medical/pharmaceutical solutions, pollution,
energy production, and most importantly the lives
of humans and organisms whose current long-term
sustainability is often apprehensively analyzed due
to the dwindling options of food and energy.
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