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Conversion of Thermal Energy to Gas

Flow Kinetic Energy in the Bionic

Leaf Stomata. Agronomy 2022, 12,

1742. https://doi.org/10.3390/

agronomy12081742

Academic Editor: Mario Cunha

Received: 7 June 2022

Accepted: 20 July 2022

Published: 23 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agronomy

Article

Conversion of Thermal Energy to Gas Flow Kinetic Energy in the
Bionic Leaf Stomata
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Abstract: In the technical field, the potential energy of gas under pressure is converted into mechanical
kinetic energy by means of special complex channels. Leaf stomata perform a similar function in
plant leaves. The shape of leaf stomata channels is much more sophisticated compared to gas flow
transformation channels in energy production facilities. There is a biological prototype of a heat
engine in the leaf, where leaf stomata convert thermal energy into mechanical kinetic energy of
the flow with a change in leaf temperature. The paper presents experimental research on thermal
energy conversion into mechanical kinetic energy of the flow in plant leaf stomata. The values of
biological heat engine in a plant leaf and the associated processes are minute. The operation of the
biological heat engine in a plant leaf was proven by indirect experimental measurements. After
applying a light source flux to a plant leaf and inducing a temperature change in the tissues of the
plant leaf, the rotational movements of a freely hanging plant leaf about the suspension axis were
studied. When studying the dependence of plant leaf rotation movements on the area of the plant
leaf, it was found that at a 150 W light source, the angle of rotation increased as the area of the plant
leaf increased. For a plant leaf with an area of 52.5 ± 1.9 cm2, the angle of rotation reached 165◦;
29.1 ± 1.1 cm2—143◦; 16.0 ± 0.8 cm2—92◦; and 9.2 ± 0.6 cm2—44◦. The angular speed of plant
leaf rotation was from 0.070–0.262 rad/s. The influence of light sources on the rotation angle of the
plant leaf was studied; when illuminating the active leaf area of 25.0 ± 1.0 cm2 of the plant with a
40 W power light source, after 11 s, the rotation angle reached 31◦, 60 W—97◦, 100 W—131◦ and
150 W—134◦. The effect of light sources (from 40 to 150 W) on the angular rotation speed of the plant
leaf varies at 0.049–0.213 rad/s, respectively.

Keywords: bionic leaf stomata; conversions thermal energy; leaf gas exchange system

1. Introduction

In the technical field, the potential energy of gas under pressure is converted into
mechanical kinetic energy by means of special complex channels. Leaf stomata perform a
similar function in plant leaves. The historical development of plants spans across a long
period of time; therefore, plants have fully adapted to their natural habitat conditions [1].
The anatomical structure of plant organs has maximally adapted to the biological processes
inside the plant and physical factors of the habitat [2]. Temperature pulsations during
daylight hours [3] trigger the operation of the heat engine in the leaf stomata [1]. Stomata
protective cells have complex and robust membrane transport and control mechanisms [4]
where a heat motor acts in a derivative system of a plant leaf petal system. In the biological
prototype of the plant leaf heat engine, the leaf stomata play an important role.

For bionic purposes, plant leaf models are used to analyze the principles of vital
activity in the leaf [5–7]. Models are used to analyze the thermal effect of natural leaf
transpiration [6]. In bionic applications, the results of the studies of heat and mass ex-
change in a plant leaf were applied to develop agriculture irrigation technologies [5]. The
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patterns of plant-juice flow along the microchannels in the leaf tissue are applied for bionic
purposes in analogous pumpless fluid transport systems on microfluidic platforms [8,9].
The mechanical characteristics of plant leaves were also studied [10,11]. Most studies inves-
tigating the relationship between stomatal development or behavior and photosynthesis
were performed in the presence of steady light (square waves) [12,13]. The anatomical
structure of a plant leaf stomata and the processes inside it must be discussed in order to
evaluate the heat conversion processes in plant leaf stomata for the purpose of bionics.

Stomata come in a variety of shapes and sizes, and this may directly affect their
functionality [14]. It is known that the number of stomata in 1 mm2 of a leaf ranges up to
450 [15,16]. The maximum number of stomata per leaf area is limited by the size of the
stomata, but the density and size of the stomatal vary greatly between species, resulting
in different rates of gas exchange [17,18]. Plants with large and small stomata generally
have higher water efficiency but also lower photosynthesis rates compared to plants with
many but smaller stomata [19]. The size of the stomata opening in the leaves of different
plants ranges from 0.17 to 239 µm2, and the total area of stomata openings accounts for
0.52 to 5.28% of the leaf surface [11,20,21]. Water is a very important element in the process
of plant growth. The mechanism that controls the water balance and gas exchange in
the plant is the opening and closing of the stomata of the plant leaf [22,23]. The stomata
opening for physical and chemical reasons increases hydraulic/stomatal conductivity,
loss of water, and finally, leaf turgor [24]. Stomatal conductivity is further regulated by
opening and closing under a variety of environmental conditions [25–28]. Normally, when
exposed to light, stomata open to absorb CO2 [29]. However, about 90 to 95% of CO2
reaches the inside of the leaf in the process of gas exchange only through stomata, whereas
only 5 to 10% of plant metabolic gas diffuses through the epidermis and cuticle [11,20,21].
CO2, together with the ambient air, accessed the spongy tissue of the leaf through open
stomata; metabolites (O2 and water vapor) are also released into the environment through
open stomata [24,30]. It is often stated that every stomata serves its own gas exchange
system [31,32]. The shapes of stomata are different, and the size of their apertures changes
from closed to fully opened [21,33]. Thus, although the effects of stomata size and density
on gas exchange can be modeled [34,35], little is known about their effects on stomatic heat
motor performance.

In the technical field, the potential energy of gas under pressure is converted into me-
chanical kinetic energy through thermodynamic processes in special complex channels [36].
Leaf stomata perform the function of energy conversion channels. Plant leaf stomata have
shapes similar to the complex channels used in heat engines. Plant leaf stomata have very
different anatomical shapes. These shapes depend not only on the biological processes
inside the leaf and their anatomical structure but also on the climatic conditions of the
habitat [33]. In heat engines, the shape of energy conversion channels does not change. The
plant leaf can change not only the stomata shape but also the throughput of the gas flow.
The flow in energy conversion channels of energy equipment is unidirectional [36]. The
gas flow in plant leaf stomata is bi-directional. The plant leaf stomata shape is much more
complicated compared to flow conversion channels in technical equipment [33].

The operation of the plant leaf heat engine (biological prototype) is based on the
conversion of the potential energy of pressure in the leaf gas exchange system. This conver-
sion occurs when temperature in the plant leaf tissues changes. The potential energy of
gas pressure converted into kinetic energy in plant leaf stomata creates mechanical work
that promotes the processes of gas and energy exchange between the plant leaf and the
environment [1].

Investigation into bionic leaf stomata shows that the conversion of low temperature
heat into mechanical energy is possible in very thin plates when the plate structure in
principle resembles the anatomical structure of a plant leaf.

By dynamically controlling their pore openings, plants can regulate gas exchange as
a first response to many environmental changes, including light intensity, temperature,
humidity, and water availability [37–39]. During daylight hours temperature pulsations
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occur in the plant leaf and the plant’s heat engine (biological prototype of a heat engine)
operates in the gas exchange and stomata system. This is based on the theory of thermo-
dynamic processes in the plant leaf gas exchange system and the first and second laws
of thermodynamics [40,41]. The thermodynamic cycle of the heat engine operating in the
plant leaf is explained theoretically [1]. Here, we prove experimentally that a heat engine
operates in a plant leaf.

The model was developed to understand how plant cells respond to changes in the
environment, providing a thorough understanding of the plant’s potting mechanism, which
is both a heat engine and a protective part of the turgor. Although many physical models
have been proposed that mimic the temperature studies of plant leaves, there are fewer
studies on the modeling of plant leaf petals as a heat engine and the influence of light on leaf
rotation. This research focused on the stomatal heat engine in gas exchange. The effects of
stomatal morphology and stomatal distribution were described. However, it is important to
note that stomatal characteristics are often interrelated and functionally aligned, as are the
complex and interrelated mechanisms that often drive certain changes. Thus, the purpose
of this article was to reveal and experimentally substantiate the theoretical assumptions
that the transformation of heat into mechanical energy takes place in the plant leaf, which
intensifies the assimilation process.

2. Materials and Methods

The values of the biological heat engine in a plant leaf and the occurring processes are
minute. Using the capabilities of today’s laboratory equipment, direct measurements cannot
be performed. The operation of the plant leaf’s heat engine (there are up to 450 stomata on
1 mm2 of the leaf surface) can be demonstrated by indirect measurement. First of all, the
theoretical basis were performed and described, based on which the theoretical predictions
of the work of the stomatal heat engine of the plant were presented. Under laboratory
conditions, the plant leaf must receive a thermal input (in the form of illumination) and a
temperature change in the plant leaf tissues must be created.

During experimental investigation, broad-leaved linden leaves (Tilia platyphyllos Scop)
were used, for which half of each leaf was covered with a coating that prevented the action
of plant leaf stomata. To obtain a rotary motion and to prove that the plant’s stomata
worked in the leaf, it was necessary to ensure that only half of the plant’s stomata worked
(Figure 1). The plant leaf size was variable to test the efficiency of the plant leaf. In our
study, plant leaves with an area of 9.2 ± 0.6 cm2, 16.0 ± 0.8 cm2, 29.1 ± 1.1 cm2 and
52.5 ± 1.9 cm2 were used (Figure 2).
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Figure 1. Scheme of evaluation of torsional deformations of a hanging plant leaf in a galvanometer
thread: cross-section a–a—leaf suspension (rotation) axis; 1—a metal filament from a galvanometer;
2—active leaf blade surface area; 3—surface area of a leaf blade covered with heat reflecting coating;
4—light wave reflection mirror to measure the rotation of the leaf.
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To determine the effect of environmental factors on plant leaves, the rotational move-
ments of a freely hanging plant leaf about the axis of suspension were observed (Figure 1).
To demonstrate which factors work and how a plant leaf reacts when providing light
intensity (60 W) in a suspended plant leaf, the stamens began to work and created a driving
force. For this, a study was carried out on plant leaves of the same size, a dead leaf, and
leaves imitating a plant leaf made of paper and transparent film. To eliminate external
physical factors, the research was carried out under a transparent glass hood. During the
investigation, the change in temperature was determined by determining 9 measurements
per second (6 repetitions). Simulated plant leaves of the same parameters were used.

The plant leaf motion instigated by the impulse from a light source was measured by
the angle of leaf rotation around the axes of suspension. A special stand and an indirect
measurement methodology were developed to test the rotations of the leaf around the axes
of suspension. The research stand and the stand diagram are presented in Figure 3.
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Figure 3. Line diagram of experimental stand to test heat conversion in a plant leaf: 1—metal filament
to suspend the leaf; 2—transparent hood; 3—beam reflection mirror; 4—leaf holding mechanisms;
5—test item; 6—test item retaining rack; 7—stand foot; 8—height control handle; 9—stands;
10—specular reflection (laser point); 11—illumination source; 12—suspended leaf height adjustment
mechanism; 13—mirror illumination laser; 14—stand fixing mechanisms; 15—motion monitoring
ruler; 16—light source device; 17—laser beam; 18—laser beam reflecting from the mirror.
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The research object (plant leaf and plant leaf simulation model) was suspended on
a metal filament for which the mechanical properties were known. The metal filament
was required to be very thin because the gas flow leaving the plant leaf stomata creates a
very small mechanical reactive force. A metal filament (1) with a mirror (3) from a mirror
galvanometer M 17/13 was used to suspend the plant leaf. The hair cross-section was as
follows: 6.9 × 6.9 µm. The length of the filament was 100 mm. The plant leaf was fixed by
means of a special retaining mechanism (4) under the mirror (3) (Figure 3).

The plant leaf used for testing (5) was specially prepared according to the test type
and goal. Prior to suspending, half of the leaf surface along the axis of suspension was
covered with a light-reflecting material, namely aluminium foil (ε = 0.039–0.057) [42]. When
a half-covered leaf receives a light beam emitting source (further–light source) (Table 1),
the sides of the leaf along the axis of suspension receive different amount of heat from
the heat-emitting source. On the side of the leaf not covered with foil, the light source
stimulates the processes of exchange between the system of the plant cavities and stomata
and the environment; the plant leaf stomata engine then begins operating. When the
stomata engine on the side of the leaf not covered with the foil begins working, the hanging
plant leaf receives an impulse to rotate around the axis of suspension. The hanging plant
leaf’s rotation movement is then transferred to the metal filament (1) on which the leaf is
hanging. The plant leaf’s rotation angle is transmitted via the beam mirror (3) and specular
reflection (laser point) (10) to the leaf rotation angle monitoring ruler (15) (Figure 3).

Table 1. Correlation of light source power W under normal conditions in W/m2.

Light source power, W 150 100 60 40

Energy content under normal conditions W/m2 1135.9 1011.8 330.6 181.8

Energy content under normal conditions W/cm2 0.114 0.101 0.033 0.018

After being protected from the environment by the hood (2), the motion capture
equipment (4; 3; 1) was set up by attaching the plant leaf to the hanging stand (12). When
the laser device (13) was turned on, a red point laser beam (17) was obtained, which was
directed towards the mirror (4) hanging above the plant leaf, which was connected to the
calibrated galvanometer thread (1). After focusing the beam received by the laser (18) from
the reflection mirror (4) to the observation ruler (15), we obtained a clearly visible laser
reflection point (10) in the reflection ruler. Next, we turned on the light source (11), which
illuminated the plant leaf (5) and observed the leaf turning process.

The research ruler (15) consisted of a circle with a diameter of 1.49 m. The height
of the stand wall was 0.53 m. The wall was divided into 360 divisions. The value of one
division in the wall was 1◦. A source of light intensity (11) was placed inside the stand,
with a distance of 30 cm from the test object. The power of the light source was varied from
40 W to 150 W and used for 11 s on.

As a source of light and illumination, an incandescent lamp with a wide light spectrum
with bleached glass and a tungsten filament lamp of 40 W, 60 W, 100 W, 150 W electric
power were used. Measurements were performed with an AX-203 light meter (error ±5%).
Table 1 shows the energy content in W/m2 under normal conditions.

The constructed stand and the methodology of testing a specially prepared leaf allowed
us to create different temperatures on different sides of the leaf along the axis of suspension
and observe the work of thermal energy conversion into mechanical energy as performed by
thermodynamic processes in leaf stomata (plant leaf rotation around the axis of suspension).

The research was closely related to temperature measurements, which changed the
illuminance of the plant leaf. Low-thickness, thin research objects such as plant leaves,
plant stems, as well as interventions in the deep tissues of a plant leaf represent some of the
most difficult physical measurements. This is because the leaves of the plant are thin which
makes it difficult for them to live, and can affect vital processes. Accurate temperature
measurements were determined according to the physical data of the temperature sensor.
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The design and dimensions of the sensor and, most importantly, the way it is attached to
the object under investigation should be taken into account. Temperature measurement
was performed with temperature sensors made of Cu-CuNi wires with a welding point
diameter of 0.07 mm. The temperature sensors were connected to a special Normal ZA
9000-FSU Cu-CuNi connector, which connects to the electronic device ALMEMO 2590-
9 V5. Temperature sensors were fixed on the surface of the plant leaf according to the
isotherm with a length of at least 100 sensor diameters. The temperature was recorded with
the temperature measuring accumulator ALMEMO 2590-9 V5. The collected data were
stored in the measuring device ALMEMO 2590-9. Through the device connector (ZA-9000-
FSU), the temperature sensor wires were connected to the device in the ALMEMO 2590-9
connector with the memory chip. After conducting the measurements, the measurement
data of the ALMEMO 2590-9 V5 data storage medium were transferred to a computer,
where further data processing was carried out using a special program ARM-Control, and
the obtained measurement readings were transferred to Microsoft Excel.

Experimental studies examined the temperature change of plant leaves for illumination
using different light sources, determining the dependence of their rotation on the area of
the leaf and the dependence of the rotation on the power of the heat source. The light
sources used were only switched on for a limited time, i.e., up to 11 s, because after 11 s the
plant leaf had turned, the leaf movement process changed and the leaf began to vibrate
and oscillate. During the investigation, the change in temperature was determined by
determining 9 measurements per second (6 repetitions). Using the obtained research results
and the theoretical basis, a theoretical model of the dependence of the angle of rotation on
the given light source was derived.

After the measurements were made, a regression equation was derived from the data
results to determine the dependence. The derivative of the angular velocity of plant leaf
rotation with respect to time was determined (for the test time—11 s):

ω =
ϕ · π

180
t

, (1)

where:
ω—angular speed of plant leaf rotation, rad/s;
ϕ—plant leaf rotation angle, degrees;
t is the rotation time of the plant leaf.
In the statistical analysis, the data obtained during the investigation were analyzed

using Microsoft Office Excel software. Experimental data were processed using the student
t-test and summarized as means ± standard deviations. Differences were considered
significant at p < 0.05. To evaluate the results of plant leaf temperature changes using
different power sources, the results of the dependence of the leaf rotational speed on the
area of the active part of the leaf using different power sources were evaluated using
multiple regression analysis.

3. Theoretical Substantiation of Gas Flow in Leaf Stomata

The exchange of oxygen and carbon dioxide in leaves (as well as the loss of water
vapor in transpiration) occurs through stomata [43]. The anatomical structure of stomata
varies [32,44]. Stomata have different forms and a different aperture area from closed to
fully opened. Gas inside the stomata moves in both directions. In all cases, the anatomical
structure of stomata is presented as a complex gas flow channel [21,33,45]. Based on the
similarity of the gas flow (along engineered channels) theory, the anatomical structure of
plant leaf stomata supposedly is a channel with a nozzle and a diffusor [36,42]. The nozzle
inside the leaf turns into a diffusor and vice versa depending on the gas flow direction
(from the leaf to the environment or from the environment to the leaf) as can be seen in
Figure 4. For technical equipment it is not possible to change the gas flow direction in the
nozzles [42,46,47]. We believe that the direction of gas flow leaving the plant leaf stomata
is parallel (or near parallel) to the nozzle axis. The investigation into the gas flow along
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complex channels in engineering systems [42,48,49] resulted in creating the fundamentals
of modern energy theory and the development of the first energy machines.
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Figure 4. Diagram of gas flow along the plant leaf stoma: gas flow cross-sections a–a and b–b.

Based on the general theory of gas flow in channels [36], we previously claimed that
the critical pressure ratio βk in the plant’s gas exchange system p1 and the environment
p2 can be reached (βk = p1/p2 = 0.528 for diatomic gases), and the gas flow effluence
through the leaf stomata to the environment will depend on the pressure in the internal
gas exchange system of the plant leaf [36,42]. The motion of the plant leaf is caused by
mechanical force. This force is created by thermodynamic processes in the leaf’s gas
exchange system as the gas flows to the environment by means of the plant leaf stomata.
In nature, thermodynamic processes in mesophyll cells (gas exchange system) are caused
by a change in the temperature of leaf tissues. Under the test conditions, temperature
change in the plant leaf was induced using a thermal impulse from heat from a light source.
The changing temperature caused changes in the gas pressure in the gas exchange system.
Following higher gas pressure and higher potential energy created by the gas pressure in
the plant leaf gas exchange system, the gas flows into the environment with lower pressure.
The potential energy of gas pressure transformed into kinetic energy of the gas flow in the
plant leaf stomata led to a rotating movement of the specially prepared suspended plant
leaf. The mechanical work performed by the torque and transmitted to the suspended
plant leaf depends on the reaction of the gas flow displaced through the plant leaf stomata,
i.e., the reactive force generated by the outflowing gas.

The analysis of the plant leaf stomata. seen as a channel (Figure 4) where the potential
energy of the gas pressure is converted into kinetic energy of the flow, with the application
of the first law of thermodynamics leads to the following:

- The torque around the leaf suspension axis depends on the leaf surface area. Torque
increases with a higher leaf surface area. Subsequently, the rotational speed of the leaf
also increases.

- Torque depends on the difference in gas pressures ∆p = p2 − p1. With a higher differ-
ence between the pressures in the leaf’s gas exchange system and the environment,
the outgoing gas flow increases and the rotational force acting on the leaf also in-
creases. Consequently, the rotational speed of the leaf depends on differential pressure
∆p = p2 − p1. Gas pressure p1 in the plant leaf stomata framework changes depending
on the plant leaf temperature, i.e., the pressure increases at a higher temperature. Tem-
perature pulsations in the plant leaf produce pressure pulsations in the gas exchange
system of the plant leaf. Therefore, when the plant leaf is exposed to heat flow in the
form of a light source, the leaf’s temperature increases and the pressure in the leaf’s
gas exchange system also increases. With higher pressure, the gas flow displaced
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through the plant leaf stomata generates a higher reactive force on the illuminated
side of the suspended leaf. The rotational speed of the leaf will also increase.

- The velocity of the gas flow leaving the plant leaf stomata has a substantive effect on
the rotational speed of the leaf. This factor alone cannot be evaluated as it is directly
related and depends on ∆p = p2 − p1.

The experimental tests described below measuring the rotation of a suspended leaf
(with a different surface area of the leaf and the source of the heat acting on the leaf) confirm
the theoretical statement that, in nature, low temperature thermal energy is converted into
kinetic energy by the flow of gas inside plant leaf stomata.

4. Results
4.1. Variation of Plant Leaf Temperature for Lighting Using Different Light Sources

To experimentally confirm the thermal engine (biological prototype of the thermal
engine) operating in the formation of the stomatal system of the plant leaf, we studied the
dependence of leaf rotation on the area of the leaf blade and the dependence using different
power sources for lighting. The question arises as to how these processes would take place
under analogous conditions in dead materials that do not have the structure of the stomatal
system. What is the difference between a real living plant leaf and a simulated plant leaf?
First, the way a living plant leaf reacts to a light source was determined compared to
dead plant leaves and imitation leaves. Thus, the study was carried out using leaves of a
living plant (broad-leaved linden Tilia platyphyllos Scop), leaves of a dead plant and leaves
imitating plant leaves made of paper and transparent film.

From the research results (Figure 5), it was found that when a light source of 60 W
was used, a significant difference was found between a living plant leaf (curve 1) and a
dead plant leaf (curve 2), paper (curve 3) and transparent film (curve 4) (p < 0.05, n = 6).
The results of the live plant leaf show a significantly higher rotation angle, which reached
97.0 ± 3.8◦ at 11 s, than the dead plant leaf (25.5 ± 1.5◦) and the models of leaf-imitating
leaflets made of paper (26.7 ± 1.4◦) and transparent film (24.3 ± 1.2◦).
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Figure 5. Comparative data of a plant leaf and other materials in a transparent glass enclosure under
the influence of a light source with a power of 60 W: 1—a broad-leaved linden (Tilia platyphyllos Scop)
leaf; 2—dead leaf of broad-leaved linden (Tilia platyphyllos Scop); 3—white paper imitation plant leaf;
4—stabilized transparent 50 µm thick polyethylene film imitation plant leaf (p < 0.05, n = 6).

There was no significant difference (p < 0.05, n = 6) in the data of the dead plant leaf
(curve 2), the transparent 50 µm thick polyethylene film imitation plant leaf (curve 4) and
the white paper imitation plant leaf (curve 3). The difference between these curves in the
time interval of 11 s was about 2.4 ± 0.3◦. However, as we can see, these materials were
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still given a boost. The angle of rotation was determined by the heat generated by the light
source. The difference between a live plant leaf and a dead plant leaf was 71.5◦ (73.7%),
between a live plant leaf and paper it was 70.3◦ (72.5%), and between a live plant leaf
and film it was 72.7◦ (74.9%). These differences reflected the difference between a leaf of
a living plant that exists in nature and simulated models. It can be postulated that the
substantial increase in the rotation angle of living plant leaves was caused by the heat
engine (biological prototype of the heat engine) operating in the structure of the stomatal
system of the plant leaf.

Plant leaf temperature measurements revealed that the temperature of plant leaf
tissues is directly related to the power of the illumination source (the flow of heat). When
the maximum temperature in the leaf is achieved, the temperature begins dropping. This
process reveals the biological adaptation of a plant leaf to the new situation of energy
exchange, i.e., energy balance.

Figure 6 presents the variation of plant leaf temperature for lighting under 11 s of
different power sources (60 W; 100 W; 150 W). As we can see, the initial temperature of
the plant reached 25.9 ± 0.1 ◦C. The plant leaf reached its maximum temperature at 11 s
under the influence of the light source. After turning on the light source, the heat in the
plant leaf began to rise and after 11 s the temperature of the plant leaf reached 30.7 ± 0.1 ◦C
with a 150 W (curve 1) light source, 30.0 ± 0.1 ◦C with a 100 W (curve 2) light source and
with a 60 W (curve 3) light source—28.3 ± 0.1 ◦C. So, in this case, an energetic exchange of
gases with the environment in the plant leaf occurred, wherein the stomata of the plant leaf
performed mechanical work, as a result of which the plant cooled down.

Agronomy 2022, 12, x FOR PEER REVIEW 9 of 18 
 

 

There was no significant difference (p < 0.05, n = 6) in the data of the dead plant leaf 

(curve 2), the transparent 50 µm thick polyethylene film imitation plant leaf (curve 4) and 

the white paper imitation plant leaf (curve 3). The difference between these curves in the 

time interval of 11 s was about 2.4 ± 0.3°. However, as we can see, these materials were 

still given a boost. The angle of rotation was determined by the heat generated by the light 

source. The difference between a live plant leaf and a dead plant leaf was 71.5° (73.7%), 

between a live plant leaf and paper it was 70.3° (72.5%), and between a live plant leaf and 

film it was 72.7° (74.9%). These differences reflected the difference between a leaf of a 

living plant that exists in nature and simulated models. It can be postulated that the sub-

stantial increase in the rotation angle of living plant leaves was caused by the heat engine 

(biological prototype of the heat engine) operating in the structure of the stomatal system 

of the plant leaf. 

Plant leaf temperature measurements revealed that the temperature of plant leaf tis-

sues is directly related to the power of the illumination source (the flow of heat). When 

the maximum temperature in the leaf is achieved, the temperature begins dropping. This 

process reveals the biological adaptation of a plant leaf to the new situation of energy 

exchange, i.e., energy balance. 

Figure 6 presents the variation of plant leaf temperature for lighting under 11 s of 

different power sources (60 W; 100 W; 150 W). As we can see, the initial temperature of 

the plant reached 25.9 ± 0.1 °C. The plant leaf reached its maximum temperature at 11 s 

under the influence of the light source. After turning on the light source, the heat in the 

plant leaf began to rise and after 11 s the temperature of the plant leaf reached 30.7 ± 0.1 

°C with a 150 W (curve 1) light source, 30.0 ± 0.1 °C with a 100 W (curve 2) light source 

and with a 60 W (curve 3) light source—28.3 ± 0.1 °C. So, in this case, an energetic exchange 

of gases with the environment in the plant leaf occurred, wherein the stomata of the plant 

leaf performed mechanical work, as a result of which the plant cooled down. 

0 5 10 15 20 25 30 35 40
24

25

26

27

28

29

30

31

3

2

1

Time, s

T
em

p
er

at
u

re
, 

°C

 

Figure 6. The change in the plant leaf temperature when illumination sources of different power are 

used (the length of light impulse is 11 s): 1—change in the plant leaf temperature with 150 W lamps; 

2—100 W; 3—60 W (p < 0.05, n = 6). 

From the results of the research data, it can be seen (Figure 6) that when a plant leaf 

is provided with heat (including the mass of the plant leaf) from a light source lasting 11 

s, the temperature of the leaf varies linearly (linear); in all cases, the coefficient of deter-

mination reached R2 = 0.997, which was close to 1, i.e., the derived regression model fit the 

obtained data. Evidently, the process of heating the mass (including the mass of the plant 

leaf) depends on the amount of heat provided. This short-term process of heating the plant 

Figure 6. The change in the plant leaf temperature when illumination sources of different power are
used (the length of light impulse is 11 s): 1—change in the plant leaf temperature with 150 W lamps;
2—100 W; 3—60 W (p < 0.05, n = 6).

From the results of the research data, it can be seen (Figure 6) that when a plant leaf is
provided with heat (including the mass of the plant leaf) from a light source lasting 11 s, the
temperature of the leaf varies linearly (linear); in all cases, the coefficient of determination
reached R2 = 0.997, which was close to 1, i.e., the derived regression model fit the obtained
data. Evidently, the process of heating the mass (including the mass of the plant leaf)
depends on the amount of heat provided. This short-term process of heating the plant leaf
tissue highlights the influence of further studies, with a duration of 11 s, on the temperature
of the plant leaf tissue.
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4.2. The Relationship between the Rotation of the Plant Leaf and the Leaf Blade Surface Area

In a theoretical analysis of gas displacement from a gas exchange system of the plant
leaf through the leaf stomata, we found that the rotational force created by the displaced
gas flow depends on the leaf blade surface area nF. The rotational force increased with an
increase in the leaf blade surface area. A higher rotational force must then increase the
angular velocity of the plant leaf.

Specially prepared leaves of a broad leaved lime (Tilia platyphyllos Scop) with different
leaf blade surface areas were used for the experimental tests. The relationship between leaf
rotation and leaf blade surface area was tested by applying the same heat generated by a
light source. The relationship between leaf rotation and leaf blade surface area is presented
in Figure 7, for which the power of the light source was 150 W (luminous lux of 1400 lm).
An 11-s interval, for which the relationship between the plant leaf angular velocity and the
luminous lux was linear (since the coefficient of determination R2 is close to 1), was chosen
for the analysis. The data in Figure 7 show that when an increased area of the plant leaf is
illuminated, the rotation angle also increases; the rotation angle of the plant leaf with an
area of 9.2 ± 0.6 cm2 reached 44◦ after 11 s, 16.0 ± 0.8 cm2—92◦, 29.1 ± 1.1 cm2—143◦ and
52.5 ± 1.9 cm2—165◦.
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Figure 7. Broad leaved lime (Tilia platyphyllos Scop) leaf testing results (heat producing source power
is 150 W) (n = 6): 1—the curve illustrates the angular velocity in degrees of a plant leaf with active
blade surface area of 9.2 ± 0.6 cm2; 2—active blade surface area is 16.0 ± 0.8 cm2; 3—active blade
surface area is 29.1 ± 1.1 cm2; 4—active blade surface area is 52.5 ± 1.9 cm2. The dashed line marks
the 11 s limit.

The largest angular velocity using a 150 W light source was obtained with a leaf with
the largest active surface area of 52.5 ± 1.9 cm2 (Curve 4, Figure 7). Data analysis with
Curve 4 revealed that the biggest leaf reacted the fastest and experienced the greatest
change in angular velocity. The reason for faster rotation is a 1.81 times greater leaf blade
surface area (52.5/29.1) compared to Curve 3, 3.28 times greater leaf blade surface area
(52.5/16.0) compared to Curve 2, and 5.70 times greater leaf blade surface area (52.5/9.2)
compared to Curve 1. With a higher leaf blade surface area, the average angular velocity of
the leaf changed from 0.070 to 0.262 rad/s (Figure 8).
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Figure 8. The relationship between the broad leaved lime (Tilia platyphyllos Scop) leaf blade angular
velocity and active surface area (n = 6).

The analysis of the change in the average angular velocity of the suspended plant
leaf revealed that this change was related to the amount of heat received by the plant leaf.
At the regular thermal flux q and with the rotation of the plant leaf at angle α in relation
to the light source, the surface area of the leaf receiving the thermal flux q from a 150 W
light source reduces. Logically, we may expect that the angular velocity of the leaf will
reduce with a lower thermal flux. The calculations of average angular velocities for the
leaves with active leaf blade surface areas of 9.2 ± 0.6 cm2; 16.0 ± 0.8 cm2; 29.1 ± 1.1 and
52.5 ± 1.9 cm2 confirmed that the average angular velocity of the leaf drops in accordance
with a reduced thermal flux (Figure 8).

4.3. The Relationship between the Rotation of the Plant Leaf and the Power of Heat-Emitting Source

The theoretical analysis of gas displacement of the internal gas exchange system in the
leaf through the stomata revealed that the rotational force generated by the outgoing gas
flow depended on the gas pressure difference ∆p (∆p = p2 − p1). At a higher difference of
pressures in the internal gas exchange system of the leaf and in the ambient environment,
the rotational force of the leaf increased. The ambient pressure did not change during the
investigation. The gas pressure p1 in the plant leaf stomata and gas circulation framework
changed depending on the plant leaf temperature. Plant leaf temperature pulsations caused
pressure pulsations in the leaf’s gas exchange system. At a higher pressure in the leaf’s
gas exchange system, the gas displaced into the environment generated a higher reactive
force of the outgoing flow acting on the illuminated side of the suspended leaf. Figure 9
illustrates the relationship between the angular velocity of the broad leaved lime (Tilia
platyphyllos Scop) leaf (active surface area 25.0 ± 1.0 cm2) and the power of light sources at
the same light exposure duration. A heat emission duration of 11 s was selected because
the function of the plant leaf temperature and supplied heat flow is linear in this period
(since the coefficient of determination R2 is close to 1). It was found that the highest values
were achieved when the light source was of higher power. From the research data, it was
found that when illuminating a plant leaf with an area of 25.0 ± 1.0 cm2 with a 40 W light
source, after 11 s, the rotation angle reached 31◦, with a 60 W light source—97◦, with a
100 W light source—131◦ and with a 150 W light source—134◦. As we can see, the difference
between 100 W and 150 W power light sources was 2.2%, so it is believed that the exposure
of the leaf to light sources with a higher power than 150 W did not make a considerable
difference, because the stomata of the plant leaf no longer possessed a greater angle
of rotation.
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Figure 9. The relationship between the angular velocity of the broad leaved lime (Tilia platyphyllos
Scop) leaf (active surface area 25.0 ± 1.0 cm2) and the power of heat-emitting source (the length
of light source is 11 s): 1—angular velocity of the leaf with 40 W light source; 2—60 W; 3—100 W;
4—150 W. The dashed line marks the 11 s limit.

Calculations of the average angular velocity of the leaf when the power of the light
source was 40, 60, 100, and 150 W proved that the angular velocity of the leaf changed with
the rotation of the leaf and the change in heat received by the leaf. The data of angular
velocities are presented in Figure 10, showing that with the change in the power of the light
source, the angular velocity of the leaf changed from 0.049 to 0.213 rad/s.
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Figure 10. The relationship between the angular velocity of the broad leaved lime (Tilia platyphyllos
Scop) leaf (leaf rotation) and the power of light source.
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After analyzing the reason for the change in the suspended leaf’s angular velocity, it
was found to be related to the amount of heat received by the plant leaf and the rotation of
the leaf. The decrease in the supplied heat with the turn of the leaf blade may be observed
in the diagram presented in Figure 11.
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Figure 11. Plant leaf rotation scheme: A—suspended plant leaf; B—heat flow change with plant
rotation evaluation diagram; a–a—leaf suspension (rotation) axis; 1—a metal filament from a gal-
vanometer; 2—active leaf blade surface area; 3—surface area of a leaf blade covered with heat
reflecting coating; 4—light wave reflection mirror to measure the rotation of the leaf; 5—heat flux q;
6—plant leaf position (initial) perpendicular to the heat (light) waves; 7—plant leaf position after
rotation at angle α.

The reason for the change in the suspended leaf’s angular velocity (Figures 8 and 10)
was indicated to be related to the amount of heat received by the plant leaf. At the regular
thermal (heat) flux q and with the rotation of the plant leaf at angle α in relation to the
light source, the surface area of the leaf receiving the thermal flux q from the light source
reduced. The drop in the supplied heat with the turn of the leaf blade can be seen in the
diagram presented in Figure 11.

The reduced surface area of the active plant leaf blade with the change of the leaf position
with respect to the light source at angle α can be calculated using the following Equation:

∆Fx = FxB − FxC = F(1 − cos α), (2)

where F is the plant leaf surface area, in cm2;
∆Fx is the reduced surface area of the active plant leaf blade with the change of the

leaf position with respect to light source, in cm2;
FxB, FxC is the projection of the plant leaf surface area in positions 6 and 7 (Figure 11B),

in cm2;
α is the angle of the plant leaf position with respect to light source.
The second reason is the change in the amount of heat absorbed by the leaf in the

form of light waves when the leaf rotates with respect to the heat-emitting source. When
the leaf rotates with respect to the light source, the rate of heat (light) absorption by the
leaf changes because the travelling time of lightwaves in semi-transparent tissues of the
leaf increases.

The third reason is related to other factors influencing the rotation of the leaf; however, it
is not possible to evaluate the said factors due to the limited scientific information available.

The tests revealed that a suspended (specially prepared) leaf rotates around the sus-
pension axis after it receives the flux of a light source (in the form of light waves) causing a
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temperature changes in the plant leaf tissues. Leaves with a bigger leaf blade surface area
rotate faster due to the greater torque in the suspended leaf system.

5. Discussion

In the case of our research, after keeping the light source on for 11 s (with a 150 W light
source it reached 30.7 ± 0.1 ◦C, with 100 W—30.0 ± 0.1 ◦C and with 60 W—28.3 ± 0.1 ◦C)
and when the temperature reaches the maximum temperature in the plant leaf, a tempera-
ture decrease is observed, which was also described by a study of energy balance presented
by Klešnin [50]. According to Merlot et al. [51], leaf temperature depends not only on the
water vapor conductivity of stomata, but also on many other environmental and plant
variables, including absorbed net radiation, humidity, air temperature, and boundary layer
conductivity, which also determine leaf energy balance. In relation to these issues, there
is still a debate as to whether the cooling of the leaves is mainly due to convection or
transpiration. Classes of stomatal behavior, with the potential to alter stomatal responses
to environmental factors, were discussed by Merlot et al. [51] and Daszkowska-Golec and
Szarejko [52]. The researchers found that when the protective cells swelled, the stomata
opened because the ions and osmolytes in them increased size, which caused them to move
away from each other, resulting in an increase in the aperture of the stoma. Conversely,
when the closure possesses the opposite mechanism, the protective cells contract when ion
leakage occurs [51].

Plant stomatal pairs respond to the environment by facilitating transpiration cooling
for mesophilic enzyme activity, CO2 uptake, and transpiration water loss [53,54]. According
to Schymanski et al. [55] and Page et al. [56] it was found that leaf dynamics respond to
brief changes in microclimate and lighting. The temperature of the leaves of a plant is
thought to be highly dependent on physiological properties [57], and the temperature
gradient between leaves and air is paramount to the exchange of water and energy between
plants and the atmosphere [56]. In general, some researchers suggest that the dynamics
of transpiration vary depending on the climatic zone [58,59] and the time of day and sea-
son [60,61]. Additionally, it is further determined by the angle of the sun, the cloud cover,
and the shade [62,63], due to the overlapping leaves, different spectral properties, and light
intensity [12]. Hartt and Kortschak [64], Urban et al. [3] and Blonder and Michaletz [65]
found that the temperature of the leaf tissues of a plant depends on the power of the source
used for illumination, which also increases the temperature of the leaf. We confirmed this
with our research, which found that the temperature of the leaf and the angle of rotation
increase with the increase in the power of the light source, where when illuminating a plant
leaf with an area of 25.0 ± 1.0 cm2 with a 40 W light source (at the same time radiating
heat), after 11 s, the angle of rotation reaches 31◦, for a 60 W power light source—97◦, a
100 W power light source—131◦ and a 150 W power light source—134◦. However, we also
found that the rotation angles of plant leaves exposed to higher power sources (100 W
and 150 W) were not large and reached 2.2%. Thus, it is believed that light sources with
increased power (>100 W) acting on the leaves do not provide a considerably greater effect
difference, because the stomata of the plant leaf stop developing a greater angle of rotation.
Although other studies demonstrated that temperature did not affect stomatal [66,67], We-
ston and Bauerle [68] and Lahr et al. [69] demonstrated that elevated temperatures caused
stomatal closure.

Rapid changes in the flux density of photosynthetic photons allow for rapid changes
in leaf temperature, and higher conductivity provides greater vapor cooling and potential
protection from heat [12,55]. When sunflower leaves have open stomata, an increase in leaf
temperature may increase latent heat flux, but evaporative cooling may simultaneously
inhibit the rise in leaf temperature, resulting in a lower constant leaf temperature than
when stomata are closed [55]. It was also noted that the amount of leaf water affects the
slope of leaf temperature fluctuations and the stomatic conductivity affects the amplitude.
Leakey et al. [70] and Schymanski and Zwieniecki [55] found that the internal heat capacity
of a leaf failed to significantly reduce the temperature of the leaves. Merlot et al. [51] argued



Agronomy 2022, 12, 1742 15 of 18

that leaf temperature can be used as an indicator to detect mutants with altered stomatal
control because transpiration causes leaf cooling.

During the experimental studies, it was found that a temperature rise occurred with a
linear dependence during the daylight hours, while keeping the light source on for 11 s
(60 W; 100 W; 150 W). When analyzing the literature sources, it was observed that regardless
of the light source, when the light is turned on, the temperature changes through the layer
(temperature kinetics) show an exponential growth [71–73]. However, in the case of our
study, the subjects were examined during daylight hours with an additional sudden light
source, while in the reviewed literature, the studies were presented for a longer period
from dark to light.

Much attention has been paid to the issues of stomatal responses to light sources [74–77].
Studies have shown that the size and density of leaf dentate changed over geological terms,
where structural changes are interpreted using gas diffusion theories as improvements
in the regulation of gas exchange in plants [17,78–82]. As reported, the reflectance and
transmittance spectra of leaves are determined by the following two factors: the absorption
of the chemical content, which is related to the wavelength; and repeated reflection, the
permeability caused by the light scattering in the leaves, and the absorption that is related
to the refractive index and the internal structure of the leaves [83]. Mechanically, when a
model of stomatal motion is studied and transpiration is revealed, the diffuse gas flow F
(expressed in moles per unit area) through the perforated sheets of the stomatal depends
on the driving force (i.e., the difference in concentration along the diffusion path) and the
conductivity g (mol L−2 T–1) of various obstacles between the subatomic cavity and the
ambient atmosphere [15]. Studies have been performed even with the developed bionic
material and according to Yang et al. [7] spectral and persistence experiments show that the
bionic composite reflects almost the same reflectance spectrum as the green leaf reflectance
spectrum. However, data on how one responds to various light sourced for the movement
of the sheet and when exposed to the heat engine are not provided.

In the case of our research, it can be observed that leaves responds to light sources and
this depends on the light output, the flux of a light source, the distance between the source
and the plant leaf and the anatomical features of the plant leaf. Our research provides a
theoretical basis for the development and exploration for ways to intensify the process of
assimilation in plants. Thus, in future we can also model specific technological engineering
solutions using the investigated regularities of the plant leaf and the established principles,
which could be applied in indoor horticulture, greenhouses, or other contexts.

6. Conclusions

1. The presented experimental studies of the rotation of a suspended plant leaf (from the
surface area of the plant leaf and the light flux given to the leaf) confirm the theoretical
statements about the internal engine of the plant leaf, which activates the assimilation
process with its surrounding environment.

2. In a natural or artificial environment, the low-potential heat energy is converted into
kinetic—mechanical energy of the gas flow in the petiole of the plant leaf. When the
energy of the light flow is supplied to the plant leaf, the motor of the plant leaf begins
to work, which intensifies the energy and gas exchange with the environment. This is
shown by the observed difference between the live plant leaf and simulated plant leaf
models, which ranged from 70.3◦ to 72.7◦ (72.5–74.9%).

3. It was established that after providing the plant leaf with a light source flow (in the form
of heat rays) with a power of 150 W and causing a temperature change in the tissues
of the plant leaf, the hanging plant leaf rotated around the hanging axis, whereby a
plant leaf with an area of 9.2 ± 0.6 cm2 had a rotation angle of 44◦, 16.0 ± 0.8 cm2—92◦,
29.1 ± 1.1 cm2—143◦ and 52.5 ± 1.9 cm2—165◦. As the plant leaf area increased, so did
the angular rotation speed, which ranged from 0.070–0.262 rad/s, respectively.

4. By analyzing the influence of light sources on the rotation angle of a plant leaf, it was
found that when illuminating a plant leaf with an active leaf area of 25.0 ± 1.0 cm2
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with a 40 W light source, after 11 s, the rotation angle reaches 31◦, with a 60 W light
source it reaches 97◦, with a 100 W light source it reaches 131◦ and with a 150 W light
source it reaches 134◦. When the power of the light source changes from 40 to 150 W,
the angular rotation speed of the plant leaf also changes—0.049–0.213 rad/s.
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